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Abstract

The purification of tin by a new method of zone refining is described. The
method is characterized by alternating high-speed clockwise and anticlockwise
rotations (0 to 3000 rpm) of the containing tube at short intervals (0.5 to 10 sec).
The experimental parameters which affect the degree of purification were
investigated in some detail. The concentration of major impurities was lowered
by about two orders of magnitude by 20 zone passes under standard operating
conditions.

INTRODUCTION

Numerous theoretical and experimental zone refining studies have
been reported since Pfann made an application of the technique to germa-
nium (7). In our laboratory an apparatus has been developed which reduces
a time-consuming process to a minimum as proposed by Bollen (2). This
apparatus is especially interided to purify substances which have melting
points up to 1000°C. The purpose of the present paper is to investigate
the effect of parameters on the purification of tin.

EXPERIMENTAL APPARATUS

In designing zone refining apparatus, it is necessary to obtain the re-
quired amount of material of specified purity with a minimum of time
and expense. The parameters that have to be taken into account are (a)
zone length /, (b) interzone spacing 7, (c) number of zone pass #, (d) zone
travel rate f, and (e) diffusion layer thickness 8. In this work / = 3 cm,
i=5cm,n=1to 20, and f = 0.23 to 1.7 mm/min. The value of d is a
function of the properties of the liquid, the rotation velocity of the con-
tainer, and the interval between alternating rotations.

1521
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Kirgintsev (3) and Iwano (4) suggested that the rotation of the container
is one of the most effective methods of promoting the stirring effect.

A schematic diagram of the apparatus is shown in Fig. 1. The apparatus
is composed of three main parts: (a) heaters and heater control units,
(b) clockwise and anticlockwise rotation mechanism of the container up
to 3000 rpm at intervals of 0.5 to 10 sec, and (c) heater driving unit. The
mechanism of zone travel is simple. As an Archimedes’ cam (L) rotates,
a brass pole which is connected to the heaters goes up at a constant
speed.

Five resistance heaters are placed around the container at 5 cm intervals,
The zone heaters currently in use are helical coils of Nichrome wire bent
into about 25 mm i.d. circular configuration. The heaters are controlled
independently, and the power of the four upper heaters is somewhat
less than that of the bottom heater which forms a new zone. In this work,
however, only the bottom heater was used to see the effect of experimental
parameters on the purification of tin. The container is cooled by com-
pressed air streaming from sets of orifices (C) which protrude from the
brass pole, further indicated as coolers. Heaters and coolers gradually
move 5 cm upward and fall rapidly to the initial position, thus transfer-
ring each zone to the upper heater.

The container is a Pyrex glass tube of 8 mm o.d. placed vertically and

Fi1G. 1. Schematic diagram of the apparatus. (A) Pyrex glass tube, (B) heater,
(C) orifice for air blast, (D) heater control unit, (E) dc motor, (F) timer switch,
(G) dc source, (H) tachometer, (I) revolution counter, (J) coupling device, (K)
compressed air inlet, (L) cam, (M) ac motor, (N) interrupter, (O) glass tube
supporter, (P) brass pole, (R) supporter, (S) sample, (T) graphite stopper.
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closed at its end by a high purity graphite rod inserted about 5 cm into
the tube.

Another feature of this apparatus is the direction of zone travel. Zones
moving from the bottom to the top guarantee a good contact of liquid
and solid at the freezing interface, and this satisfies the essential conditions
for obtaining a smooth interface. Of course, the upward zone movement
necessitates special precautions for preventing breakage of the containers
during zoning. Many attempts have been made to prevente the breakage
of containers (5). The details of the apparatus are reported elsewhere (6).

STARTING MATERIALS

Three tin mixtures were used in this work.

(a) =299.99% pure tin shot from Wako Pure Chemical Ind. Used for
multipass experiments.

(b) Sn + 1 wt-9 Pb. Pb was added because (1) it is the most common
impurity contained in commercially available tin and (2) it is rela-
tively easily determined by flameless atomic absorption spectropho-
tometry (AAS). This composition was used to obtain the optimum
or standard operating conditions.

(c) 1000 ppm Pb, Fe, Cu, Cd, and Bi added. Used to investigate the
behavior of impurities which commonly exist in tin.

PREPARATION OF SAMPLES

At first 500 g of the starting material tin shot was etched in dilute HCI
to remove oxide film, washed with deionized water, and then rinsed with
ethanol. The dried material was melted in a high-purity graphite crucible
of 40 mm i.d. and 100 mm depth in vacuum. During this process the
oxide which was included in the bulk of the tin shot formed a thin layer
on the melted surface. A desired amount of melted tin was sucked up in
a glass tube of 6 mm o.d. in a nitrogen atmosphere. The solidified tin was
then transferred to a larger glass tube and sealed at about 0.1 Pa. Although
a small amount of oxide was taken in the sample, the oxide layer was
easily collected on the top of the tin bar by melting the whole sample.
This did not affect the results of the experiments.

Armington (7) stated that the oxide could act as a precipitating medium
for impurities in the tin, and that several elements are present in a higher
concentration in the oxide layers than in the bulk of the tin. However,
in this work, zoning without the removal of the oxide film of the starting
tin shot gave a scattered impurity distribution.
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ANALYSIS OF THE ZONE REFINED TIN

The determination of impurities was conducted in the following manner.
Approximately 100 mg of filings was taken from near the starting point
of zoning (about 2 to 3 mm) in the determination of the effective distribu-
tion coefficient and every 5 mm in the determination of impurity distribu-
tion in multipass experiments. The sample was dissolved in 10 mL of 109
tartaric acid, 2 mL of HCI, and I mL of HNO,, as directed by Varian
Techtron (8). Then the solution was diluted with 0.1 ¥ HNO; to 100 mL.
The impurities in the sample were determined by graphite furnace AAS.

EFFECTIVENESS OF ALTERNATING ROTATION

Figure 2 shows the effectiveness of stirring when a mixture of naphthalene

-

| b
(A) (B)

FiG. 2. A: Stirring by alternating rotation with rotation velocity = 1000 rpm

and alternating period = 1 sec. B: Stirring by free convection. Effectiveness of

stirring in zone refining. Sample: naphthalene-sudan red (100 ppm). Zone

travel rate: 0.2 mm/min. (A) Heater, (B) region concentrated in Sudan Red,
(C) purified naphthalene, (D) orifice for air blast.
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and Sudan Red (impurity) was zoned as an example. It is apparent from
the figure that the melt region concentrated in the impurity forms a clear
ellipsoid of gyration. The transparent part is purified solid naphthalene.
By transferring the melt to the upper heater, the impurity can be collected
to the upper end. In the present case, although it is uncertain whether a
clear solid-liquid interface in Fig. 2 (A) forms or not, we suppose a
similar situation was realized because the degree of purification was far
greater in alternating rotation than in free convection as described below.

RESULTS AND DISCUSSION

The degree of purification can be increased by stirring the melt. This
is well understood from Burton, Prim, and Slichter’s equation (9):

ko
k
where k and k, are the effective and equilibrium distribution coefficients,
respectively, f is the zone travel rate, é is the diffusion layer thickness
which decreases as stirring is increased, and D is the diffusion coefficient
of the solute in the melt. When f decreases to zero, k approaches k.

= ko + (1 = ko) exp [—f4/D] Q)

OPTIMIZATION OF OPERATING CONDITIONS

The following experiments were performed to evaluate the influence
of some of experimental parameters on the degree of purification. The
degree of purification was characterized by the effective distribution
coefficient & which was obtained in the following manner. The mean
concentration of impurity in the charge is C,. As the zone begins its
advance, the initial concentration to freeze, at x/L = 0, is kC,. Thus
k is approximately obtained by taking the ratio of the concentration of
the initially purified charge to that of the original charge. In this alternating
rotation method, no constitutional supercooling nor striations in the
purified tin bar were observed because of constant mechanical stimuli
and the air blast.

Effect of Rotation Velocity and Alternating Period of Rotation

Although we were unable to observe the state of fluid flow of the melt,
it is obvious that there is a time lag for the fluid flow of the melt as it
follows the rotation of the solid body because the degree of purification
decreased to near a rest value when the melt rotated synchronously with
the glass tube. Therefore the stirring effect is believed to be affected
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markedly by both the difference of rotation velocity of the solid body
and the melt, and its time of duration. Yoshida (/0) reported that the
stirring effect depended greatly on the maximum rotation velocity of the
container and the time duration of angular acceleration. It is reasonable
to assume that the stirring effect increases as the rotation velocity of the
container increases. However, Fig. 3 shows that the stirring effect dimin-
ishes above 500 rpm.

According to Burton (8) and Wilcox (11), d is a function of the kinematic
viscosity of a sample v, the angular velocity of a rotating solid w, and
D:

8 = 1.6D/3y6gy 112 3]
When Eq. (2) is substituted in Eq. (1), we obtain
1 -k
log <T> =C, — Co /? 3)

where C, = log (1 — ko/ky) and C, = 1.6D~2/3 y'/®, These are constant
if the zone travel rate and the substance are determined.

Yoshida confirmed that Eq. (2) is applicable even in the alternating
rotation method if w is corrected by taking into account the maximum
rotation velocity and its time of duration. However, the relation between
log (1 — k/k) and (@eoprectea)” /* deviated from a straight line in the
present work. Mechanical turbulence, such as vibration or deflection of
the glass tube during rotation, affected k.

The effect of an alternating period of rotation on k is presented in Fig.
4. The alternating period was varied from 0.5 to 10 sec. The degree of

]
=
(=]

T

L L ) ] L
0 5 10 15 20
Rotation velocity (x10*rpm)

FiG. 3. Effect of rotation velocity on the effective distribution coefficient.
Zone travel rate = 0.23 mm/min. Alternating period = 1 sec.
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FiG. 4. Effect of alternating period on the effective distribution coefficient.
Rotation velocity = 1000 rpm. Zone travel rate = 0.23 mm/min.
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Fic. 5. Effect of zone travel rate on the effective distribution coefficient. Rota-
tion velocity = 1000 rpm. Alternating period = 1 sec.

purification increased as the alternating period decreased. It is important
that the direction of rotation of the glass tube be alternated before the
melt reaches solid body rotation.

Effect of the Zone Travel Rate

The effect of the zone travel rate on & is presented in Fig. 5. The effec-
tive distribution coefficient decreased almost linearly as the zone travel
rate decreased. By rearranging Eq. (1):

In (L;—k> =1In (1 ;ok°> — f8/D, fork <1 @
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Therefore the values of k, and 8/D can be obtained by measuring k in
the charge purified at different zone travel rates with identical stirring
conditions and by plotting In (1 ~ k/k) against the zone travel rate f.
The result is shown in Fig. 6. By using the method of least squares, the
value of 8/D was obtained as 1.1 and the equilibrium distribution coeffi-
cient k, as determined from extrapolation of the zone travel rate to zero
was 0.11. This value is in good agreement with that from the phase diagram
12).

OPTIMUM AND STANDARD OPERATING CONDITIONS

From the above discussion, the best degree of purification is achieved
when a high rotation velocity, a short alternating period of rotation of
the container, and a slow zone travel rate are applied. Therefore, the
following conditions are recommended as optimal in this work:

rotation velocity 2000 rpm
alternating period 0.5 sec
zone travel rate 0.23 mm/min

However, taking into account the mechanical stability of the apparatus
and the zone refining efficiency which, of course, is a function of the degree
of purification and the time required for purification, the following
conditions are suitable for routine work (standard operating conditions):

rotation velocity 1000 rpm
alternating period 1 sec
zone travel rate 0.83 mm/min
2P,
T
-~
ERly
L)
L L n A
% 10

20
Zone travel rate (mm/min)

F1G. 6. Determination of the equilibrium distribution coefficient of lead in tin.
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EFFECTIVE AND EQUILIBRIUM DISTRIBUTION
COEFFICIENT

Table 1 gives a summary of measurements of the effective distribution
coefficient for some impurities obtained under standard operating condi-
tions. The equilibrium distribution coefficient estimated roughly from
phase diagrams and the effective distribution coefficient reported by
Armington (7) and Pfann (13) are compared with experimental data.
The values obtained in this work indicate that these are in good agreement
with the trend of Pfann’s results and are also in good agreement with the
equilibrium distribution coefficient.

MULTIPASS EXPERIMENTS

The effect of the number of zone passes on the degree of purification
is presented in Fig. 7. It is obvious that the degree of purification increases
as the number of zone passes increases. If theoretical purification were
to be achieved, it would be expected that the initial concentration of im-
purities would decrease at a rate of k", where n is the number of zone
passes. However, in general, theoretical purification cannot be achieved
by various kinds of mechanical and thermal turbulence.

In addition to single pass zoning, several multipass experiments were
performed to see if the apparatus works well. The tin in this case was
subjected to more than 10 zone passes. Figure 8 shows the distribution

TABLE 1

Comparison of Equilibrium Distribution Coefficients with Effective Distribu-
tion Coefficients

k
k »
Element  Ref. 12 This study® Ref. 7 Ref. 13
As ~Q0.1
Bi 0.2 45
cd 0.3 0.5
Cu ~0.1 0.12 1.1~2 <1
Fe ~0.1 2.5~3.3 <1
In 1.7~2.3
Ni <0.6
Pb 0.08 0.4 2~3 <1
Sb 1.6
Zn 0.1

“Operating conditions: rotation velocity = 500 rpm, alternating period = 1 sec, zone
travel rate = 0.23 mm/min, zone length = 3 cm, interzone spacing = 5 cm.
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F1G. 7. Effect of number of zone pass on the degree of purification. C; in the
vertical axis indicates the concentration of impurity in the initially purified
charge.

1 L
0 02 04 06 08 10
("

Fic. 8. Impurity distribution after 20 zone passes. Initial concentration of
impurities = 1000 ppm. Rotation velocity = 1000 rpm. Alternating period =
= 1 sec. Zone travel rate = 0.23 mm/min. (O) Pb. (J) Cu.

of impurities when Sample 3 was used. The major impurities (Pb, Cu,
and Cd) show a 100-fold decrease as a result of 20 zone passes. Similar
behavior has been observed for undoped Sn, although analysis at low
concentrations may not be too reliable. The time required for purification
is ~10 hr under standard operating conditions.
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