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MACROSEGREGATION DURING PLANE FRONT DIRECTIONAL SOLIDIFICATION OF

Csl-1 wi% Tl ALLOY ? 2 g’

1.M.S. Sidaw!® and S.N. Tewarl”
ABSTRACT

Macrosegregation produced during vertical Brldgnian directional solidification
of Cs|;1 wi% TII in crucibles of varying diameter, from 0.5 to 2.0 cm, has been
examined. Gravity driven convection Is present in the melt even Iin the smallest
crucible diameter of OV.5 cm. Observed solutal proﬂlés are In agreement with the
analytical boundary layer model of 'Favler which describes macrosegregation In the
presen:ce of cpnvection. The scintillation efficlency of Csl decreases along the
specimen length as the thallium lodide content of the alloy increases.

INTRODUCTION

'Becaus.e of the Improved yield and quality crystal growers would ideally like tc.
produce directionally solidified single crystals with a uniform distribution of solute
(dopant) both along the length (axial) and across the diameter (radial). The Bridgman-
Stockbarger technique of crystal growth where an alloy melt is directionally solidified
by withdrawing the crucible ata constant speed (R) while a constant thermal gradient
(G) Is Imposed at the liquid-solid interface, Is used extensively in growing electronic
materials. In the absence of convection the growing solid Is expected (Refs. 1-2) to
show an initial transient with continuously Increasing solute content (for alloys with

solutal partition coefficlent, k<1). The initial solute build up In the melt at the liquid-
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e rejection becomes equal to the rate of

solid Interface stops when the rate of solut
y diffusion into the melt. Further steady-state growth produces a solid with
tion, C,). Because of the

transportb
a constant solute content (equal to the initial alloy composi
al boundary layer with the last portion to solidify a final

Impingement of the solut
translent of sharp solutal bulld up occurs near the end of the solidification
Fluld flow can result from destabilizing thermal profiles (density gradients inthe

erse to the gravity vector) even during directional solidification with a
e. Such radial thermal

melt transv
positive thermal gradlent in the melt at the liquid-solid interfac
slble to eliminate because of the mismatch in the thermal

gradlents are virtually impos
properties of the solid, liquid and the crucuble materials at the interface near the wall
(Refs. 3,4). These radial gradients may Initiate natural convection even In alloys where
the solute enrichment results In increased melt density
Convection énhances the solute transport into the meit and mﬂuences the axial
énd radial dopant distributions Numerical (Refs. 5,6) and analytlcal (Refs. 7-10)
models have been presented in the literature to predict the influence of convection on

the dopant distribution. Burton, Prim and Slichter (Ref. 7) visualized the development
um boundary layer thickness (9) inside which the solute was transported

of a moment

by diffusion. The rest of the melt, beyond the distance d from the interface, was mixed

and had a uniform composition. For 5<<(D/R) they predicted the resulting axial solutal
profile in terms of an effective partition coefficient (k =k/(k+(1-k)exp(-OR/D))), where R

Is the grthh speed and, D, the solutal diffusivity In the melt). Using a similar
avier (Refs. 8,9) analyzed the dopant distribution during Bridgman growth

approach F . 8,
In the presence of convection However, unlike the previous analyses which were
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pure diffusion [5>>(D/R)] or extensive convection

valid only for the two extremes,

[5<<(D/R)], he was able fo predict the behavior for the whole range of A=5R/D, values.
This analysis showed a good agreement with the more accurate analytical solutions

at both the extremes; for 5>>(D/R) It agrees withrBurton, Prim and Slichter (Ref. 7) and
for 5<<(D/R) it agrees with Tiller, Jackson, Rutter and Chalmers (Ref. 2).
- Theaxial and radlal macrosegregations during Bridgman growth of binary alloys
have been extensively Investigated. However, there is no study where the actual fluid
flow and the liquid-solid interface have been observed during crystal growth and
correlated with the resulting solutal profiles. The purpose of this study was to

observe the natural convection and examine ifs influence on the resulting dopant
distribution during plane front solidification of Csl-1 wt% Tll. The Csl-Tll system was

selected because the liquid Is transparent to visual light, it can be directlo}\ally
solidified In transparerit quart'z' ampoules and the alloy has a simple phase dlagram

with large soldbility and a reasonable partition coefficlent, about 0.3 (Ref. 11).
Thallium doped cesium iodide Is also an important commercial scintillator materlal

used mainly for gamma ray detection (Refs. 12-14). lts scintillation efficiency (light
output) is expected to depend on the dopant distribution. However, despite Its

commercial importance the dependence of Its scintillation efficiency on Tll content has

not been systematically investigated (Ref. 13).
< EXPERIMENTAL

ALLOY PREPARATION AND DIRECTIONAL SOLIDIFICATION: Typically about a 30

gram charge of ceslum-lodide (99.99% purity) and thalllum-iodide (99.99% purity)

obtained from Anderson’s Physics Laboratories was transferred Into a quartz tube
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inside a dry glove box. The charge was vacuum encapsulated after degassing for 60
minutes (10° Torr, 770 K). It was melted, mechanically mixed and rapidly quenched
by pouring water on the quartz outer walls. The solid thus obtained was then crushed
inside the dry glove box to provide material for subsequent directional solidification
or phase diagram determination. The Csl-1wt%Tll alloy pr;apared in the above manner
was vaéuum encapsulated in cy;lindrlcal ampoules (0.5 cm, 1 cm and 2 cm diameter,
26 cm long) for directional solidification. Length of the initial meit column were
respectively 10.4 cm, 8.2 cm and 6.9 cm for 0.5 cm, 1 ém and2cm ID ampouleé.
Fig. 1 shows a schematic view of the directional solidification furnace. The
resistahce heated transparent qﬁartz furhace is composed of four separate uniformly
wound heating zones (each 12.7 cm long and 3.8 cm ID), whose temperatures can be
separately programmed and controlled. The nickel-chromlum alloy heating elements
(1.0 mm Siiamete[ wire) are located in the gap between two coaxial quartz tubes, as
shown In F}g. 1. The cylindrical quartz ampoules containing the charge are supported
by“a fine nichrome wire. The ampoule can be translated by the help of a stepping
motor at speeds from 0.01 to 50 ums™. Some of the ampoules had a capillary quartz
well (~0.5mm ID) into which fine refractory coated chromel-alumel thermocouples (0.05
mm diameter) were inserted to measure the temperature inside the solidifying
specimen. Temperatures close to the outer surface of the ampoules were also
recorded at several locations along their length. The liquid-solid interface location and
shape werc; observed and recorded by the help of a video camera. Any change In the
Interface location was observed with respect to one of the stationary heating coils In

the view. The four heating zones were first brought up to the predetermined
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temperatures to melt the charge completely. The ampoules were then lowered at 0.4
um s* through a thermal gradient (G) of 34 K cm™ In the melt at the liquid-solid
Interface to obtain the directionally solidified material.

MACROSEGREGATION AND SCINTILLATION EFFICIEN'CY: Thin slices (about 2-4 mm
wide) cut along the length of the directionally solidified specimens were analyzed by
atomic absorption spectroscopy to obtain the distribution of thallilum. Some of these
slices (for 1 and 2 cm diameter samples) were mounted and metallographically
polished for examining the radial macrosegregation by electron microprobe. Very low
intensity electrdn beams (15 kva, 0.05 pa) were-used for the microprobe analysis to
avold charging and damage to the Csl crystals. The transverse sliceé from the 2 cm
diameter specimen were Initially used for the light output measurerment before being
destroyed for the subsequent atomic absorption analysis. ‘

Fig. 2 shows a schematic view of the apparatus for measuring the scintillation
efficiency (light output) of the alloy specimens. VA collimated beam of 60 kev gamma
line (corresponds to an absorption distance of about 0.2 cm in Csl) produced from an
Am?' source Impinged on the crystal. The light intensity recorded by the
photomultiplier kept within the dark box was amplified and recorded on a multichannel
spectrum analyzer. This technique allows a spatial resolution of about 0.3cm.
PHASE DIAGRAM: Since the Csl-Tll phase diagram Is not accurately known for low
thallium lodide content, a Perkin Elmer differential scanning calorimeter (DSC) was
used to obfaln the phase diagram for Til content up to 2.5 wt%. Typically five to six
specimens were examined for each alloy composition to obtain the solidus

(corresponding to the average of the onset of melting during heating, Th,, and the end
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of solidification during cooling, T¢,) and liquidus (corresponding to the average of the

onset of solidification during cooling, Tc,, and the end of melting during heating, Th,)

temperatures from the DSC output.
RESULTS

The experimentally observed Csl-Tll phase diagram for the low solute contents
of our interest Is shown In Fig. 3. Circles denote the liquidus and diamonds denote
the solidus temperatures. Typical scatter, about 5 K, Is shown In this figure for only
one datum for the sake of clarity In the presentation. The solidus and liquidus lines
approximately represent an averége behavior through the data points. A ‘range of
melting points, 899 to 903 K, have been reported for pure Csli in the Iiteratufe (Refs.
11,15). Our measurements Indicated this temperature to be 903 K. The soluté
partition coefficient varies from 0.1 to 0.12 with the increasing thalllum lodide content
up to about 1.5 wt%. These values are much smaller than k=~0.3, which would have
been estimated by extending the Ilferature reported (Ref. 11) liquidus and solidus lines
for the slgnlficantiy larger solute contents, 11 mole% Csl. We will use a k value of
0.12 for analyzing our macrosegregation data.

The typlcal thermal profile used for our experiments Is shown In Fig. 4. The
data points represent the imposed thermal profile, as recorded on the outer surface
of the quartz ampoules. The temperature profile along the ampoule axis within the
sample Is represented by the broken line. The central axis of the liquid region of the
specimen is slightly cooler (up to 5 K) than the ampoule outside temperature.
Whereas the central axis of the solld region of the sample Is slightly hotter than the

ampoule outer wall. This s expected because In the melt portion the heat flows Into
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the ampoule from outside and in the solid portion the heat flow Is from Iinside the
ampoule towards outside. The thermal gradient measured in the liquid at the solidus
temperature was about 34 K cm™.

Fig. 5 shows a typical view of the liquid-solid Intgrface for the specimen grown
in a 2.0 cm diameter ampoule. The heater wires, stationary with respect to the
ampoule seen in this figure, were used to accurately measure the interface growth
speed, as opposed to the ampoule withdrawal speed. The planar liquid-solid interface
was observed to bev convex towards the liquid, the extent of convexity varying with the
distance solidified. Convexity of the interface is clearly visible in the beginning of
solldification (Flg. 5(a), distance éolidified ~0.6 cm). The convexity de-cr-eases-
significantly and the interface becomes reasonably flat after about 1 cm of growth (Fig.
5(b), distance solidified 3.3 cm), and then onwards it retains such a shape for most ot
the solldification distance. Towards the end it again develops significant convexity
towards the liquid (Fig. 5(c), distance solidified ~6.0 cm).

Fig. 6 shows the change in fluid velocity as a function of distance from the
solid-liquid interface for the specimen grown in the 2.0 cm diameter ampoule. The
convective speeds were experimentally measured by recording the motion of some
dark impurity particles occasionally present in the specimens. The Inset in Fig. 6
shows a typical path followed by one such particle, rising Into the melt towards the
back side of the ampoule and coming down approximately along the central axis of
the ampouie, and repeating this cycle again and again. The particle speed, while
rising from the Interface, decreased from 0.06 cm s’ near the Interface to about 0.03

cm s at a distance of 1.2 cm from the Interface. The particle then moved forward,
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towards the ampoule axlis, before starting its descent towards the interface. Its
downward speed Increased from about 0.02 cm s’ to 0.04 cm s”, before it moved
backward, towards the back of the ampoule, and again started its upwards journey.
A qulescent melt layer (where there was no convectiop) of about 0.17 ¢cm thickness
was observed at the interface.
MACROSEGREGATION: Fig. 7 shows the effect of ampoule diameter on the axial
macrosegregation in directionally solidified Csl-1 wt% TII. This figure plots the
thaIIiufn lodide content as a function of the fraction distance solidified (F,). All the
'.three specimens show éxtensive macrosegregation. The 1 and 2 cm diameter
specimens show the classical macrosegregation behavior expected for é well mixed
fluid (Ref. 7). The 0.5 cm diameter sample has a larger scatter, and it appears to show
a's iype of curve, a béhavlor expected when the solutal boundary layer thickness d
Is of the order of D/R (Ref. 9). For our growth conditions the D/R value is about 0.25
cm (D,~10°cm?’s™). | |

Fig. 8 shows the variation in light intensity (output) along the length of the
directionally solidified specimen (2.0 cm diameter). With the Increasing fraction solid
the light output decreases, the decrease being very large near towards the last portion
to solidify. The light output is plotted as a function of the thallium lodide content of
the alloy In Fig. 9. Higher TIi content results in reduced light output. This figure
Indicates that the maximum scintillation efficiency possibly occurs at thallium-iodide
content of.even less than 0.23 wt%. There is therefore a need to investigate this
behavior for Csl-Tll alloys containing 0.05 to 0.1 wt% TIl to obtain the most optimum

TII content.
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Fig. 10(a) shows the radial macrosegregation as observed by the light output
variation In radial direction on three locations along the length of the directionally
solidified sample (2.0 cm diameter). Each data point represents an average of four
measurements taken ata given radial distance from the center. These measurements
would indicate that despite a large axial macrosegregation in this specimen there Is
little radial macrosegregation.

The spatial resolution of electron microprobe technique Is much better (2.0 pm)
than the light output measurement method described earlier (0.3 cm). Therefore
rrilcroprobe analysis was used to obtain a semiquantitative characterization of the
rédlal magroseg:regation for the 2.0 cm dia;n-eter sample élbng its length as shown in
Fig. 10(b). This figure hlots the intenslity of the thallium K, line as a function of the
radial distance from the center of the ampoule for four transverse sections. The
fraction solid values corresponding to the transverse sections are Indicated in this
figure. The liquid-solid interface morphologies corresponding to these fraction solid
were shown in Fig; 5. This figure shows the above described axial macrosegregation,
increase In thallium content with the fraction distance solidifled (F,). This figure
shows that there Is a tendency for solute build up as one moves towards the outer
periphery of the specimen cross-section. The radial macrosegregation is quite smali
for most of the specimen length, F .=0.14, 0.35 and 0.50, (Fig. 5(a)). However, towards
the end of solidification (F.=0.85) when the thallium content of the melt is large and
the quuld-s-olld Interface Is convex towards the liquid (Fig. 5(c)) considerable radial

macrosegregation Is observed, thallium content increasing radially from the center

towards the outer surface.
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DISCUSSION
RADIAL MACROSEGREGATION: The solutal profile in the melt ahead of the liquid-
solid Interface during plane front directional solidification of Csl-1wt% Tl alloy, with
melt on top and solid below with gravity pointing down), is expected to be stable
against natural convection (density of Tll, 7.29 gcm™, Is farger than Csl, 4.51 gem™).
However, the radial thermal gradlentin thé melt (liquid along the ampoule axls was up
to 5K cooler than the ampoule outer wall, Fig. 4) is expected to cause convection
ahead of the liquid-solid Interface. The convection currents would be composed of
the warmer liquid rlsln‘g along the outer periphery and the cooler liquld coming down
tdwards the Interface along the ampOL‘lie' axls. This is In égreement with the
experlmehtally observed fluid flow behavior (Fig. 6). Such a fluid flow pattern will be
expected to transport solute near the liquid-solid interface from the central axis of the
crystal towards its outer periphery. This will result in an Interface shape which is
convex towards the mélt (solute rich outer periphery will have a lower melting point),
as Is observed (Fig. 5). It will also produce the observed radial macrosegregation,
thallium content Increasing radially from the center towards the outer surface (Fig.
10(b)).
AXIAL MACROSEGREGATION: We will examine the axial macrosegregation behavior
in our samples In terms of the solutal boundary layer model of Favier (Refs.8,9).
According to this analysis, the solute content during the Initial translent (as a function
of dlstance' (x)) In the presence of convection Is given as,
C,(x)/C,=k(&){1- A,(4) exp(-B, Rx/4D))}

where,
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A,(A)=[8(1-ko)[k°+(1-ko)exp(—A)]sin’a1]/(ﬁ,A[1-2cos’a,/[A(1-2k°)})
and p= 1+(1-2k ) Tan’(@)
and o, Is solution of the following equation,
2a,cosa,-(1-2k,) A sin(a,)=0
if (2k,-1)A/2 < -1, then p=1-(1-2k,)* Tanh*(a,). -
Favier gives the following relationship as a function of distance from the location
where the initial transient region Is finished (X)) for a total length of L.
C.(4/C,=C,(X)*+ TK(AVI1-K(AN] * [1-C )T THL-X)/ (LX)} -1]
where A'=.Bt‘>/D,'Is the pararﬁeter of Burton, Prim and Slichter.

Fig. 11 shows the experimentally observed macroéegregatlon behavior for the
samples solidified in three different diameter ampoules. Becaﬁse of their varying
specimen lengths the data for the three diameters, 0.5, 1.0 and 2.0 cm, are plotted
separately in Fig. 11. The curves correspond to the predicted behavior from the above
model for various A values. A diffusion coefficlent (D) \ialue of 1.05X10° cm?s™ has
been used In obtalrnlng these plots. As indicated by Favier (Refs. 8,9) the shape of the
macrosegregation profile is concave upwards for small A values (0.5 to 1.0). For the
larger A values of (2 to 4) the macrosegregation profiles has a’S’ type of shape. The
experimental data for the 0.5 cm diameter (Fig. 11(a)) appear to show a tendency for
the 'S’ type of behavior. The 1.0 (Fig. 11(b)) and 2.0 cm (Fig. 11(c)) diameter
specimens clearly show the ‘concave upwards’ proflles expected for the small A
values assbclated with more intense convection. These plots show the expected
increase In the Intensity of convection with increase in ampoule diameter. The 1.0cm

diameter specimen shows the best fittoa A value between 1 and 2; whereas the 2.0
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cm diameter specimen shows the best fitto a A value of about 0.5. The A value of 0.5
corresponds to a solutal boundary layer (5) of about 0.13 cm. This Is in a good
agreement with the boundary layer thickness observed experimentally (zone of no
observable fluid motion next to the Interface, Fig. 6) al?out 0.17 cm.
CONCLUSIONS

Convection during plane front directional solidification of a transparent Csl-1
wt% TIl alloy has been examined in this study and correlated with the resulting radial
and axial macrosegregation. Following conclusions can be drawn from this
investigation.
(1) Radial thermal gradlenté cause eitenslve convection in the méli'despite't.rle
expected stabilizing influence of the Tlirich solufal boundary layer ahead of the liquid-
solid interface. (2) Decreasing the ampoule diameter reduces the convection.
However, itis not eliminated even for the smallest diameter of 0.5 cm examined in this
study.
(3) Axial macrosegregation along the growth direction of the directionally solidified
crystals Is in reasonable agreement with the behavior predicted from the solutal
boundary layer model of Favier (Refs. 8,9).
(4) Scintillation efficiency of Csl crystals, as indicated by their light output, decreases
with Increasing thallium lodide content (0.23 to 1.82 wt% TlI). Lower Til content alloys
should be examined for determining the optimum dopant content.
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1. A schematic view of the transparent directional solidification furnace and the
ampoule.
2. Experimental assembly for measuring the scintillation efficiency (intensity of

output light) in Csl-Tli alloys.
3.  The Csl-Tll phase diagram as determined In this work.

4. Thermal profiles used during directional solidification. The symbols represent
the Imposed thermal profile (as measured on the outside wall of the crucible) and the
solid line represents the temperature Inslqe the sample, along its axis.

5. Typlcal views of thé liquid-solid interface for the 2.0 cm diameter sample grown
at 0.4 ums’ with a thermal gradient of 34 kem at varlous solidification distances.
(a) 0.6 cm, (b) 3.3 cm, and (c) 6.0 cm.

6. Fluid velocity as a function of distance from the Interface, the upward and
downward velocities are indicated by open and filled symboils. The Inset shows one
typical current as observed by motion of small Impurity particle for a 2 cm diameter
specimen growing at 0.4 pms™ with a thermal gradient of 34 kem™.

7. Macrosegregation along the length of directionally solidified Csl-1 wt% Tll alloy
as a function of the ampoule diameter (G=34K cm™ and R=0.4 um s™), 0.5,1.0,and 2.0
cm. :

8. Varlation In scintillation light output aloﬁg the length of the directionally
solidified Csl-1wt%TIl specimen (34 K cm™, 0.4 um s, crucible diameter=2.0 cm).

9. Dependence of the scintillation efficlency (intensity of output light) on the
thallium lodide content of Csl alloy.

10. Radial macrosegregation on transverse slices cut at three locations along the
directionally solidified length (ampoule diameter=2 cm). The corresponding fraction
solidifled Is Indicated In these figures.

(a) The scintliliation light distributions.

(b) Electron microprobe analysis of thalllum.

11. Comparison of the experimentally observed macrosegregation with predictions
from the solutal boundary layer model of Favier (Ret. 8).

(a) 0.5 cm diameter ampoule

(b) 1.0 cm diameter ampoule

(c) 2.0 cm diameter ampoule
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10.  Radial macrosegregation on transverse slices cut at three locations along the

directlonally solidified length (ampoule diameter=2 cm). The corresponding ’fraction
solidified Is Indicated in these figures.

‘(@) The scintillation light distributions.
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