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ABSTRACT

Experiments were performed on bicryétals of high-purity
(99.986% and 99.9987%) tin to investigate the dependence of the
melting behaviour of grain boundaries, particularly those of the
"equiaxed™ type, on applied stress,ofientation differencs,
Boundary orientation, growth conditions, and purity. By a
comparison with previous work on columnar boundaries it was con?
cluded that there was no structural difference between equiaxed
and columnar boundaries having the same geometry. Any difference
in behaviour was attributed to the build~up of impurities at
the equiaxed boundary due to the zone~refining effect on growth,
Calculations on the diffusion of Pb,‘the major impurity in Sn,
show that the impurity content does not decrease appreciabiy
in the duration of the test, and éonsequent;y could be considered
constant from specimen to specimen. Thus, thg melting behaviour
is a property of the atomic structure of a grain boundary, quite
apart from any effect due to impurities. Tilt boundaries
exhibit no dependence of melting behaviour on orientation differ=~
ence above 16°, whereas twist boundaries do. A peak of minimum
disorder appeérs at 41°. The dependence is predictable from

coincidence plots.
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THE MELTING BEHAVIOUR OF

EQUIAXED GRAIN BOUNDARIES

1., INTRODUCTION

l.1 Object of the Investigation

The structure and properties of grain boundaries in

metals have been the source of considerable interest in recgnt
years, Studies of measureable intrinsic properties of a grain
boundary have led to conclusions concerning its structure. This
structufe is of fﬁndamental importance because grain boundaries -
have\a pronounced effect on the properties of metals. Attention
has been chiefly directed towards properties such as grain
boundary energy, diffusion, shear, and migration. However, only
a8 recently as 1957 have fesults of carefully performed experi-
ments on the melting behaviour of grain boundaries been reported,
by Weinberg and Teghtsoonianl. This thesis reports further

observations on grain boundary melting.

le2 Theories of Grain Boundary Structure

A grain boundary in a pure metal separates regions of
ordered lattice differing in crystallographic orientation. The
two earliest conceptions of the structure of a crystal boundary
were the amorphous layer theory and the transitional lattice

theory.



Bmgou@@ and Rosenhain3 proposed that metal grains were
cemented together by a supercooled viscous ligquid termed an

"amorphous cement" to account for the following facts:

(1) deformation by the slip mechanism within the grains gave
way to boundary sliding above a certain critical temp-
erature near the melting point4. (Recall that an
amorphous substance is hard aﬁd strong well below the
melting point but 1s capable of softening more rapidly
than a crystalline material as the temperature is

increased. )

(ii) the transition region between grains was considered to
be too thin to allow atoms to bind together as a

crystalline substance,

(111 ) a small stress produced intercrystalline facture a few
degrees below the melting point of a polycrystal without

producing appreciable distortion to the grainb,

The thinness of the boundary was not a valid argument
because of the short range of atomic forces, With this reaiiza-
tion, Hargreaves and Hil1s® proposed a much thinner transitional
lattice grain boundary model where the atoms were no longer
arranged randomly as implied by the term "amorphous", A
definite atomic pattern implied that the boundary in any bi-

» erystal is reproducible with respect to crystaliographic structure
if the relative orientation of the two bounding crystals and the

orientation of the boundary itself always remain the same. The



orientation difference dependence of grain boundary free

10’15,'diffusionlz’ls’l4, and melting behaviourl,21,

energy
provided the most incontrovertible evidence for thé transitiohal
lattice theory.

At first, the transitionsal lattice dould not explain the
ability of one grain to slip viscously over aﬁother. Mott's}
theory of islands of perfect lattice enclosed by regions of
misfit attempted to account for intercrystalline deformation.

At a critical temperature, the combined effect of the thermal
energy and the misfit energy was assumed to cause localized
melting. .Deformation could then proceed intergranularly with
neglibible slip resistance, |

From the close ergreement found between the activation
energy for viscous intercrystalline slip and that for volume
diffusion, K82 concluded that the ;ocai strucfuse of thé boundary
region responsible for slip was the same as the local structure
of the interior of the grain responsible for volume diffusion.

He proposed a boundary which consisted of disordered groups of

atoms or imperfections similar to the vacant lattice sites

2]

i

necessary for volume diffision, Between these groups there are
regions of relatively perfect lattigg; |

K& pointed out that any region of disordered lattice would
behave in a viscous manner. Therefore, fhe concept of a viscous

grain boundary was consistent with not only the amorphous

cement theory but also the transitional lattice theory. This

allows for the viscous behaviour of the transition boundary

during deformation,



A 'specific model for the transitional lattice was first
proposed by Burgersg. “He showed that the'fit of two sets of
differentiy oriented lattice planes could be accomplished by
an array of dislocations, This is represented diagrammatically

in Figure 1 for a tilt boundary in a simple cubic crystal.

1]

Figure 1, Simple small=-angle tilt grain boundary showing
the array of edge dislocations describing the
boundary.



Read and Shockleylo made an extensive study of dislocation
models of grain boundaries. They obtained an expression for
grain boundary energy as a function of the orientation difference,

kll analyzed dislocation contents as applied to a‘general

6. Fran
grain boundary of arbitrary orientation-difference and arbitrary
orientation of the boundary. This form {s restricted to small~
angle boundaries because, as © increases, the dislocations
approach so close to each other that they lose their identity.

For large differences of oriéntafion, it would appear that
mod els such as that of Mott or K are more plausible descriptions
of the bdoundary.

Another large-angle boundary model was proposed by
Smoluchowski12 as a result of the orientation dependence of
grain boundary diffusion13’14. He suggested that a grain
boundéry consisted of dislocations for small angles merging into
_rod-like reglons of misfit for intermediate orientation differ-
"ences, These then coalesce into flat slabs of disorder as the
condition for  maximum misorientation is approached. At this
maximum point, the boundary becomes a uniform layer of dis-
torted material, ' |

Aust and_cnalmerslS showed that the specific energy of a
erystal boundary in tin was dependent on the orientation differ-
éncé at the boundary, when this was less than 6°. This fufnished
very strong support for the transitional lattic; model of the

erystal,



1.3 Previous Melting Experiments

16 concluded

From experimehts in boundéry melting, Chalmers
in 1940 that grain boundaries of tin (Chempur 99.986%) exhibited
a depression in melting point of 0.14=C:°.'-t 0.0650° from the bulk
melting point under the application of a tensile stress between
the limits of 1000 and 3000 gm./cmaz. This was true for angles
of orientation difference in the range of 14° to 85°, No results
were reported for 6 smaller than 14° or greafer thaﬁ 85°. The
sharp melting poing excluded the possibility of an amorphous
cement boundary. The change from solid to liquid for an
amorphous substance ‘is gradual.

Chaudron, Lacombe, and Yannaquis17

estimated a boundary
mélting point depression of 0.,25C° in aluminum by observing
boundaries melting shead of the géneral interface,

Pumphrey and Lyon18 conducted tensile tests, near the
melting point, on aluminum., They found that the ultimate tensile
strength dropped to a small but measureable value at a tempera-~
ture of some 4 or 5 degrees below the melting point. Fracture
was intercrystélline; it was concluded that boundaries melt 4°
below the melting point of the crystal. |

The internal friction measurements of Boulangerl9 near the
melting point of aluminum and some of its alloys led him to
believe that no'incipient melting occurs at the grain boundaries
unless caused by impurities or high stresses.

Shewmon?0 presented a thermodynamic argument showing that
any difference in the melting point of a grain boundary and that

of the bulk material would evolve only from nonequilibrium effects

such as the nonequilibrium concentration of solute at the boundaries,



In contrast to the above work, Weinberg and Teghtsoonianl

did not detect any depression of the melting point of the grain
boundary in bicrystals of pure tin and pure aluminum., Results
- were reported for 99.9966% Sn, 99.999%.Sn, 99.9999% Sn and
99.995% Al. For small-angle boundaries there was no tendency for
the crystals to part at the boundary but preferential boundary
melting did occur for large angles. The transition from non-
melting to melting occurred at an 6rientation differance of
12° for tin, and 14° for aluminum, Boundary separation took
pléce a finite time interwval, t*, after the specimen had reached
the mélting plateau. The additién of solute caused melting point
depressions which agreed with those predicted from egquilibrium
phase diagrams, Tﬁe vaiue of t* was dependent upon the applied
stress, the heating rate; the purity of the material, and the
orientation difference in the range 11°-15¢.
| Weinbergzl has recently investigated the boundary melting
behaviour of aluminum and zinc. The absence of a melting point
-depressgion for aluminum was confirmed within an experimental
uncertainty of 0.05C° and verified in zinc within 0.020C°. 1In
addition, boundaries in zinc did not sepérate for angleé between
0°~26° and 168°-180°. There is an indication of a dependence of
boundary meltiﬁg on the boundary orientation in close-packed
hexagonal metals because boundaries of angle & behave unlike
those of angle (180-86)°.

'from d;rectional melting tests on zone-refined lead and

Qilute alloys of tin, silver or gold in lead, Bolling and



Winegardzz

concluded that the presence of a small amount, namely
0.005-0.05%, of a second element in a pure metal enhancés or
even prombtes grain boundary melting.

chalmer815 has differentiated between two types of bqundary
classified according to the manner in which they ars produced,
that is, their origin. One is familiar with columnar and
equiaxed grains as they appear in a casting. Columnar boundaries
delineate grains which grow side-by-side, normal to the advancing
solid- liquid interface. In contrast, equiaxed boundaries are
those resulting from the impingement of separately nucleated
grains, Another difference between columnar and equiaxed bound-
aries is the mechanism by which impurities tend to segregate at
the boundary. Chalmers maintained that the latter necessarily
contain an excessive amount of impurities as a result 6f a zone-
refining effect during solidification. On the other hand, there
is no tendency for excezsive segregation at a columnar boundary.

‘To date, no evidence that the intrinsic structure of a
boundary depends on its origin has been published. In this thesis,
the results of an investigation of the melting behaviour of
equiaxed grain boundaries are reported. An attempt was made to
determine whether the melting behaviour is a function of crystal-
lJographic structure, guite apart from the effect of impurity

segregation at the boundary.



2. EXPERIMENTAL

2.1, Specimen Preparation

20le1l, Material
The material used was tin obtained from the Vulcan
Detinning Co. and was of two grades:
(i) Vulcan electrolytic: 99.9867 Sn with Ni, Sb, Fe and Pb

as the major detectable impurites.

(11) Vulean extra pure: 99.9987% Sn with Pb as the major
detectable'impurity.

Most of the tests were performed on the extra pure tin.

2.1.2, Seed Crystals

The standard seed was chosen with an orienfation of
(oo1) [110], ‘that is, the (001) plane was initially horizontal
“and the [ilé] direction parallel to the growth direction.

All seeds were grown by a method commonly referred to as
the modified Bridgman techniquels. In detail, a single crystal,
approximately 5 cm. long was placed at one end of a boat which
did not react with tin, Graphite was used, A thin plate of
graphite in the bottom of the boat facilitated the removal of
the solidified crystal. Deviatipns from the standard orientation
were obtained by inserting suitable pieces of graphite into the
boat. Rotations about the ﬁlQ] direction led to seeds which
were used to produce bicrystals which contained a columnar tilt
boundary. The formation of an eguiaxed tilt boundary required

seeds which were rotated about the Di@] direction.



The boat was allowed to heat up for a time before molten
tin was poured into it. Thereupon the furnace was.pulled over
the boat and a short length of the seed crystal was melted,
To enhance seeding the liquid ad jacent to the solid-liquid inter-'
face was agitated with the end of a glass rod. After the
'interface had reached an equilibrium position the furnace was
removed at the consfant rates of either 0.3 or 1,0 mm./min., On
solidification, -the crystal was etched in a ferric chloride
reagent (Hy,0 80; HCl 10; Fec;3lo) to reveal any spurious changes
of orientation, and to remove the thin oxide layer,

All cutting was done with:a jewellert's saw using 2/0 blades.
The cut face was etched electrolytically (Hp0 90; HCI 10) to |
remove any iron filings that might have come from the blade.
Also, the deformed surface layer resulted, on occésion, in recry-
stallization when etching was omitted. Previous work has shown
no detectable difference in results of testé on saw-cut and flame-
cut specimens,

The heating element of the furnace consisted of nichrome
strip wound around five tubular ceramic insulators attached to
two transite end pieces, This core was encased in firebricks
- mounted on a trolley. The furnace was driven by a synchronous
motor. Two speeds were obtained by utilizing two pulleys of

different diameters on the output of a géar reducer,

2.1.3 Columnér Bicrystals

For ease of notation, bicrystals containing columnar

boundaries are referred to as "columnar bicrystals", Similarly, .
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an "equiaxed bierystal" contains an eqhiaxed boundary,

A columnar bicrystal was grown from two seeds, each of
which differed in orientation from the standard (001) [110]
by virtue of a rotation, in opposite sense, of &/2 about the
[}1@ direction. This resulted in a :-symmetrical tilt boundary
of orientation difference & as illustrated in Figure 2, The
growth procedure was similar to that applied to the seed
erystals, The same furnace, driven at the slower speed, was
used. A slow growth rate provided a boundary which was relatively
straight. A high growth rate sometimes‘caused the boundary to
curve towards. the side of the specimeﬁ so that its geometry

ceased to be that originally desired.

Trdete ofa P

~,

Trace of the 50undary
(oo") plane =

Plane_
P
i

NN ool /
- ~ . ]S
T [

~—
—

(oo1]

(110)

00

Standard
Orientation

Figure 2. Columnar bicrystal'pontainihg a symmetrical
‘ tilt boundary of orientation difference 6°.
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The bicrystals were approximately 20 mm. wide, 5 mm. thick,

and anywhere up to 100 mm. longe.

2,1.4. Equiaxed Bicrystals

A problem arose here because an equiaxed boundary nec-
essarily forms parallel to the freezing isotherm. Hence,
solidification proceeds from a seed at each end of the boat

towards the middle., Two basic furnace regquirements had to be met:

(i) a steep temperature gradient which provides fairly sensi-
tive control of the positions of the two solid-liguid

interfaces even though the furnace remains stationary.

(11) enough heat to melt part of the seeds.

>

To satisfy (1) and_(ii) simultaneously is difficult
because of the maximum heat that can be derived from a unit
length of chromel A ribbon before it burns out. However, a
satisfactory arrangement was achieved as shown in Figure 3. The
heating element consists of 14 windings spaced about 2 mm. apart
for a total width of 5 em. This core is encased in two fire-
bricks mounted on a trolley. It was necessary to make the boat
supports, which serve as heat sinks, symmetrical about the middle
of the boat. Thesse cbnsist of two pairs of brass plates, one of
which can be swung out to permit the furnace to be moved away

when pouring the molten metal.



Figure 3¢ Furnace used for the growth of
equiaxed bierystals.,

Equiaxed bicrystals were grown from two seeds, each of
which differed in orientation from the standard (001) [;1@ by
virtue of a rotation, in the opposite sense, of ©/2 about the
[110] direction. This resulted in a symmetrical tilt boundary
of orientation difference 8. The [}1@ direction was conse-
quently no longer oriented in the direction of growth. AsS a
consequence, unwanted changes of orientation occurred because
ﬁlé] is a preferred growth direction. A specimen containing

an equiaxed boundary is illustrated in Figure 4,
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fool}
Trace of the
To) : .
(o] (ivo) ' boundary plane
foo) |
1TO ) :
Standard {7l I g 7o) o7 - Trace of &
Orientation : i\ /= [00/] ’o/ane

Figure 4., ©Equiaxed Bicrystal containing a symmetrical tilt
, boundary of orientation difference 0.

A graphite boat with a graphite base plate was used as
previously. No particular consideration was given at first to
the heat flow problem in the boat. It was assumed that the
equiaxed'boundary thus produced approached as closely as poss-
ible to an ideal one as formed in the equiaxed zone of an ingot.
However, anomalous observations led to the investigation dis~-
cussed in Section 2.4,

The bicrystals were about 18 mm. wide, 6 mm. thick and

170 mm. long.

2¢le5. Test Specimens

Test specimens 10 mm. wide were cut transversely from the

columnar bierystals to give a boundary area of 0.5 cmz.



The equiaxed bicrystals had to be sectioned twice trans-
versely to cut out a 20 mm, length of the bicrystal containing
the boundary, and longitudinally in order to obtain two specimens
9 mm, wide, Again the boundary area was about 0.5 cmz.

Every specimen was notched at both ends for gripping pur-
poses, Chromel wire of gauge 32 proved strong enough. Two
notches were also cut for the wire holding the specimen to the
thermocouple block.

Subsequent to the cutting operations, the test specimens
were etched electrolytically until the boundary became visible
on the cut surface, A large scatter in experimental values on
only slightly etched bicrystals made the above an essential step
in the preparation,

Figure 5 shows the two types of bicrystals, and the test

specimens cut from then,

Figure 5, Top view of a columnar and an equiaxed bicrystal,
showing typical test specimens,
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2¢1l¢6, Orientation Determination

The crystallagréphic orientation of the singlé and .
bicrystals was determined by the back-reflection Laue method %3, 24,
The photographs were interpreted readily by using a Greninger |
chart and the standard projection of the crystal.

A colbalt target X-ray tube was used to which a voltage of
26 KV and current of 15 ma. were applied., The exposure time was
15 minutes,

The inherent uncertainty encountered in the determination
of orientations by this method was found to be I 0.5°, However,
the growth of erystals from the melt will result in fhe disdrieﬁ-
tation of neighbouring sections by rotatiéns of a degree or so
about the growth direction. These sections may extend the entire
length of a crystal but are only of the order of a mm. in dimen~
sion in the transverse direction., Consequently, the presence of
such a growth imperfection, known as lineage structure, inereases
the error to approximately tl°. To illustrate this, five Laue
photographs were taken across-the 20 mm, width of one crystal of

an equiaxed bicrystal, with the following results. (Table 1}.

Table 1

X~-ray Traverse Across8 an Equlaxed Bicrystal

of 99.9987% Sn.

Rotation About Rotation About
[110] L1o] |
1.5 23.0
1.0 23.0
2.5, 0.5 23.0, 23.0
2.0 23.0
0.5 23.5
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The third exposure was particularly enlightening because
it showed directly the existence of lineage. Two sets of Te=~
flections are obtained when the X-ray beam is incident on a
lineage boundary.

Since the error in the determination 6f the crystal-
lographic orientation of a single crystal is %1°, the orientation
difference at a columnar grain boundary may be found to within
i2°, and that of an equiaxed bqundary, by 1fs geometry, to
within ¥0.5°, Note that the effect of lineage on the melting

-behaviour of the grain boundaries is not in question at this time.

2.2. Experimental Procedure

2.,2.1 Temperaturse Indication

A chromel-alumel thermocouple of 28 - gauge wire was cast
into a tin "thermocouple block" of 99.9987% Sn, similar in size
to the specimen. The junction was fused in an oxygen-gas f;ame
-and annealed at 325°C for a minimum time of one hour. This temp-
erature was found td be critical for adequate temperature char-
acteristies, Subsequent to annealing, 2 cm., of the end was
coated with sodium silicate to insulate the bare wire from the
tin. The thermocouple block had to be recast after each test,
and the life of the thermocouple itself was usually three tests.

The specimen was wired to the thermocouple block., Contact
between the two was established with minimum restriction to the
movement of the upper crystal of the bierystal should failure

occur at the boundary.
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2.2.2, Melting Apparatus

The -experimental arrangement that was adopted is shown in
Figure 6, ©Care was taken to suspend the specimen ~ thermocouple
bloek symmetrically in the cavity and the same distance from the
bottom each time. Faillure to do this could result in an undetec-
table variation in the rate at which heat flows into the specimen

from test to test,.
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Figure 8a. Schematic representation of the
' melting apparatus,



Figure 6b. General view of the melting apparatus.

2.2,3., Temperature Measurement

A Pye Cambridge potentiometer and a Scalamp galvanometer
were used to make the temperature measurements,

The apparatus was kept at 190°C between tests to reduce
the time of heating. After the specimen was inserted, the power
was increased in small increments to obtain a constant heating
rate. The temperature was measured every minute up to 225°C.
In the range 225°C to 231°C, the potentiometer readings were
8till recorded every minute. However, in addition, the galvano-
meter was used as a deflection instrument, with deflections being
observed 30 seconds after potentiometer measurements, The latter
was taken as a zero reference point for the deflections.

Above 231°C Snly the galvanometer scale deflections were

observed at 15 second intervals until failure occurred, When



the plateau was investigatgd to completion the weight was not
-allowed to fall far enough after failure to remove the specimen
from the cavity and thereby disturdb its thermal state. Since
this necessarily precludéd,visual examination the test was
usually stopped 1mmediately after separation of the bicrystal,
The galvanometer scale deflectién was calibrated in
/#V./mm. by observing the change in deflection when the potentio-
meter was altered by a definite amount during a period of steady

deflection.,

2.2.4, Quality of the Measurements

In order that the instant at which the boﬁndary melts be
accurately determined, it was necessary to obtain a heating
éurve in which the rise was constant and fairly steep, the trans-
ition froh rise to the plateau sharp, and the plateau flat,

The heating rate was kept constant to within 0.05 C /min.
for 4 or 5 minutes before the transition point was reached. No
effect of a variation from the value of 1.0 C /min. was in-
vestigated., The dependence of the time to boundary separation
upon heating rate has been previously establishedl.

The transition from the rise to the plateau took place
within 15 seconds, The plateau was constant within 0.02 C° over
a period of approximately 15 minutes at which point the thérmo-
couple block had usually melted completeiy. Frequently, no
deviation from the flat portion whatever was detectable on the
galvanometer scale., |

Another important consideration involved the verification
of the initial assumption that the thermocouple imbedded in the

block of tin gave the true temperature of the specimen, and,
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thereby; of the boundary. Measurements were made on a system in
which the specimen had been replaced by a second thermocouple
block,

Below the melting point it was possible to read the poten-
tial of each thermocouple every minute only. On nearing the
plateau switchling back and forth between the two coupies did not
deflect the galvanometer off scale. Deflections could then be
recorded at intervals of 15 seconds, and, consequently for each
couple, at intervals of 30 seconds. The melting curves in
Figure 7 show the parallel behaviour exhibited by the two thermo-
couple blocks; This indicates that either one may be used to
measure the temperature of the other relative to the melting
plateau. Therefore, replacement of one by a specimen was
justified. |

Utilizing the galvanometer as a null-indicating instrument
an experimental uncertainty in potential of iﬂv’ and in tempera-
ture of 0.02C° was possible. By obseriing scale deflections the
uncertainty was reduced to 0.0l¢°: However, this applies only
to deviations from an absolute vélue since thé deflections are
based on a zero determined by null-inciation. The experimenta;
error in the determination of the time interval, t*, from traps-
ition to boundary separation was considered to be 0.2 minutes;

or less than 15 seconds.

2,3+ Observations ¢

The failure of a specimen was indicated by the falling of

the weight. Two modes of failure were observed. One was a



result of separation at the boundary and the other, excessive
melting at the supports. Both occurred a finite time interval,

t*

, after the onset of general melting as manifested by the
plateau in the heating curve. At no time was a difference
detected between the bulk melting point and the temperature at
which boundary separation took place, within the stated accuracy
of 0.02C°, From the appearance of those bicrystals which sep-
arated at the boundary, it was evident that little melting of

the component crystals had occurred. The surface of separatin/
at the boundary of a columnar bicrystal of 99,9987% Sn was éﬁooth,
shiny, and flat in appearance. This was independent of stress,
boundary orientation, and the type of boundary, that is, tilt

or twist. On occasion, a few sub~boundaries were visible, running
parallel to what was originally the growth direction, ‘@ld »
parallel to the boundary plane. Microscopic examination revealed
the presence, in a few instances, of very localized polyerystalline
regions on the surface,

A dgcrease in thelpurity of the tin from 99.9987% to 99.986%
resulted in a significant change in the conditéén of the surface
at which failure took place, namely, from smooth to irregular.

The irregularity consisted of a family of ridges, running paréllel
to the @ld] direction.

No dependence of the édrface structure on the applied stress
or orientation difference was found.

In the case of equiaxed boundaries, the surface of separa-

tion, even for the extra pure material, was covered with small



nipples. They became more -pronounced when the impurity‘content
was increased from 0,0013% to 0.014%, and resembled somewhat the
decanted solid-liquid interface shown in Figure 1l1. However,
the sharp boundaries which delineated the hexagonal cells of a
decanted specimen were absent from the surfaces of separation of
a test specimen.,

The effect of stess, orientation difference, boundary orien-
tation, purity, and growth conditions, on the melting behaviour
of equiaxed boundaries is reported., One set of results on the
ef fect of stress on the t* values of columnar boundaries is

included,

23+.1. ©Stress

The stress that was applied to the test épecimens ranged
from 50 to 2000 gm./cmzo It was believed that by the application
of a stress in this range one could dispel the possibility of
plastié deformation. The critical shear stress for/ﬁfsn, with
8lip plane (11V) and slip direction @Oi] is quoted by-Bax_'re't:tz5
as 13,000 gm./cm®., Consequently, a stress of 2000 gm./cm2. is
not nearly high enough to cause slip.

For a series of tests at a constant streés level,
500 gm./cm?. was applied.

The effect of stress on the time, t*, to boundary separa-
tion was investigated'in both equiaxed and columnar doundaries,
?he latter served as a tie between the results of earlier work

on columnar boundaries, and this work on equiaxed boundaries,



The observations in Table 2 were made on 45° columnar

tilt boundaries of 99.9987% Sn.
Table 2

Type: Columnar Tilt; Size: 45°; DPurity: 99.9987%
iype 21z8 furivy

Stress (gm./cm2,) t¥ (min,)

50 4,0
100 Sed
200 2.6
500 l.5

" 2.0

" 1.9

" 1.0

" l.4

" l.4

" 1.4

1000 0.9

" l.2

2000 0.7

The mean t*° for 500 gm./cmZ, is 1.5 min. and repeated tests
fell within 30 sec, of this value., Curve I in Figure 8 illustrates
the nature of the variation of t* with applied stress, The
Ssmoothness of the curve, and the closeness of the agreement with
the previously defermined results plotted in Curve Ivaas con-
sidered sufficient justification for performing only one or two
teéts at the other stress levels. Curve Il summarizes workl on
45° columnar tilt boundaries of 99.999% Sn, but for a heating
rate of 0.75 C°/min., instead of the 1.0 C°/min. utilized here.

Tables 3, 4 and 5 list the results of mélting tests on
45° equiaxed tilt (99.9987% Sn), 41° équiaxed twist (99.9987% sSn),
and 41° equiaxed twist (99.986% Sn)‘boundaries respectively. They

are plotted in Curves III, IV and_V.
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TV = 41° equiaxed twist boundary:purity 99.9987% Sn

V = 41° equiaxed twist boundary:purity 99.986% Sn.
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Table 3
Type: Equiaxed Tilt; Size: 45°; Purity: 99,9987% Sn
*
Stress (gm,/cm.) " (min.)
50 2.6
100 1.5
150 0.8
200 0.8
400 0.7
500 0.6
1000 0.2
2000 0.3
Iable 4

Type: ©Equiaxed Twist; Size: 41°; Purity: 99.9987% Sn
Iype Size Purity |

Stress (gm./cm2.) t* (min.)
200 10.5
350 8.3
' 500 7.0
500 6.1
750 6.2
1050 3.7
1600 3.4

Table 5
Type: Equiaxed Twist; Size: 41°; Purity: 99,986% Sn

Stress (gm./cmz.) ¥ {(min.)
350 ’ 4,7
500 2.8
750 2.2
1000 1.5
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2,3.2, Orientation Difference

\

Tests were conducted on equiaxed tilt boundaries of 99.9987%

Sn of orientation difference in a range 8° to 29°, and at
approximately 45°. The results of tests 6n 23 sﬁecimens are
tabulated in Table 6., All specimens which -contained an equiaxed
boundary of 12° or more separated at the boundary. Those of 11°
or less failed.at the grips due to general melting. On occasioh,
a groove was observed at the 11° boundary upon removél of the

bicrystal from the melting apparatus after a grip failure.

Table 6

Type: ©Equiaxed Tilt; Size: Variable; Purity: 99.9987% Sn

Orientation Stress t*
Difference (gm./cm?.) (min.)
{degrees) g
9.0 234 (7.3)"
9.0 187 -~ (11.0)
8,0 183 (14.4)
8.5 163 (13.4)
840 1610 (0.5)
9.0 1720 (1.5)
10.0 500 (l4.4)
10.0 500 - {15.1)
11.0 1180 (13.2)
11.0 958 , (7.4)
11.0 1130 (8+3)
11l.0 2000 (no reading)
12.0 2600 no reading
- 12.0 1040 2.8
12.5 500 9.4
13.0 500 8.3
13.0 " 11.1
15.5 n 7.0
17.0 " 0.7
18,0 " 0.6
18.0 " 0«3
20.5 " 0.4
2845 " 0.4

+ - Brackets indicate absence of boundary separation.
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When the purity was reduced to 99.,986% Sn, 2 out of 6
bicrystals tested in the range 99‘to 10° failed by separation
at the boundary (Table 7). . |

The length of time that a small-angled Spécimen remained
on the melting plateau before sufficient latent heat had been
supplied to cause a grip failure was approximately 15 min. This
interval was independent of the applied stress, provided that
the grooves for the gripping wire were cut deeply enough (over
3 wire diameters) and far enough from the end of the specimen

{about 3 mm.) for effective gripping.

Table 7

Type: Equiaxed Tilt; Size: Variable; Purity: 99.986% Sn

Orientation Stress t*
Difference _
_(degrees) (gm./cm?. ) (min.)
9.5 2230 (15,0)
9.0 1820 10.9
965 2090 (9.2)
9,0 1980 8.6
10.0 1090 10.7
9.5 500 15.8

Note that the preceding observations all refer to equiaxed
tilt boundaries, Tests conducted on equiaxed twist boundaries
of orientation difference 15° to 63°, using 99.9987% Sn yielded

the results in Tablse 8, shown plotted in Figure 9,



Table 8
Type: Equiaxed Twist; Size: Variable; Purity: 99.9987% Sn
Constant Stress of 500 gm./cm=.
Orientation t¥
Difference ) (min.,)

(degrees)

4

15.5 8.4
20.0 6.4
24.5 3.2
35.5 0.8
41,0 6.1
38.0 1.2
43.0 2.3
45,5 0.7
43,5 1.3
53.0 0.6
59.0 0.8
63,0 0.7

2,.3.3. Boundary Orientation

In this phase of the investigation the reference ahgle e =0
corresponded to a hypothetical grain boundary where.the (o01)
planes were parallel to the plane of the boundary, Thus the
standard orientation of the seeds was chosen as (1f0) El@ instead
of (001) @l@] originally specified in Section 2.l1.2. This change
was introduced in order to comply with Weinberg;s_zl choice of a
e = b in zinc bicrystals such that the (000l) basal planes were
initially parallel to the boundary, Cénsequeﬁtly, tests were
conducted on columnar tilt boundaries of orientation difference
in the rangse Oé to 90° bvased on rotations from the (lIO) [}lq]
standard, The rénge §O° to 180° has been dealt with previouslyl
using tin of the same purity. fhe transition from boundary

melting to non-melting occurred at 168°,



No boundary separation occurred at orientation differences
less than 12° but did so for angles greater than 13°, - The values
of t* were not measured in order to determine the possible
existence of an orientation difference dependence in the range

13° to 25°, However, no detectable dependence was found between

25° and 90°,

2:3.4, Growth Conditions

Preliminary experiments showed no appreciable difference
in the meltiné behaviour of equiaxed and columnar boundaries,
At this time equiaxed bicrystals were being grown in a graphite
boat containing a graphite base plate, as were columnar bi-
erystals, It was observed that the boundary trace on the under-
side of the equiaxed specimen was very irregular. - - As a result,
the boundary no longer met the specification of symmetry. In an
attempt to produce a straighter boundary the heat flow conditions
in the boat wefe altered by the substitution of a pyfex base
plate for the graphite one., Subsegquently measured values of t#
did not agree with those obtained originally. Decantation ex-
periments were performed to determine a suitable boat configura=-
tion for the formation of the most ideal equiaxed boundary poss-
ible., This is discussed in Section 2.4, |

Table 9 shows the results of melting tests on equiaxed

specimens grown under the various stated conditions.



Table 9

Effect of Boat Configurations on the Time to Boundary Separation

Type: Variable; Size: 45°; Purity: 99.99874 Sn

Type of Boundary Boat Configuration t* gmin.l

A, Columnar Graphite boat with 1.5
: bottom; graphite
base plate.

B. Equiaxed As sabove. 1.5
c. Equiaxed Graphite boat with 0.7
bottom; pyrex base
plate.
D. Equiaxed Graphite boat with 0.8

bottom removed; pyrex
base plate; glass side~-
walls,

A variation of the rate of growth from 0.5 to 5 mm./min.
had no detectable effect on the melting behaviour in 99.9987% Sn.
Growth difficulties precluded the use of a higher growth rate

than 5 mm./min,

2.3.5, Purity

Only one series of tests was performed to investigate the
effect of purity on melting behaviour, Curves 1V and V of
Figure 8 show the relative effect of a small decrease in.purity
of the material used, from 99.9987% to 99.986%, as reported in
Section 2.3.1. No depression of the melting point was detected

at this lower purity.



2.4. Decantation Experiments
2.4.1. Purpose j |

From the observations, as cited in Section 2.3.4., it was
clear that the conditions initially believed suitable for the
growth of an ideal equiaxed boundary led to t¥ values which agr eed
very well with those for columnar boundaries, To account for
‘this similarity in behaviour, in view of the different results
obtained under subsequent conditions of growth, decantations were
performed at various stages of solidification for several boat
configurations.

The microstructure and macroscopic form of the solid-liguid
interfaces were examined in the light of the applicability of

the term "™equiaxed”,

2.4.2., Procedure

Seeding and solification of the melt was carried out'in
the manner specified previously. The graphite inserts and seeds
were secured by wire wound around the boat. TFive boat configura-

tions to give five diffefent heat flow conditions were studied:

(i) graphite base plate in a grabhite boat.
(1i) pyrex base plate in a graphite bdoat.
{iii) pyrex base plate in.a bottomless graphite boat.
(iv) glass side-walls with (ii).

{v) glass side-walls with (iii).

Growth rates fell in the range of 1 to 5 mm./min.



The molten tin was poured off by tightly clamping the boat
at one end, removing the furnéce, and tipping the whole boat and
support assembly. The time lag between the removal of the
furnace and dumping did not exceed 5 seconds, Decantation was
performed at a time when it was thought that the solid-liquid
interfaces were as close together as possible without actually
coming into contact, aﬁd, alternatively, when the interfaces werse
1l to 2 cm., apart. The latter was done in order.to show'the shape
of the advancing interfaces at an earlier stage of growth.

The two seeds had been rotated for the formation of a 28°
symmetrical tilt boundary as discussed in Section 2.1l,4.

The glass walls were made by cutting a microséoﬁe slide in
half longitudinally. These and the pyrex base plate were coafed
with a fine suspension of colloidal graphite in water to prevént

the solidified tin bicrystal from adhering to them.

2.4.3., Results
The effect of each of the five configurations is diécusggd
in the order in which they were introduced. R
(1) Solidification occurred preferentially adjacent to the
graphite base plate. With the solid~-liquid interfaces still
13 mm. apart at the top, a thickness of 1 mm. of tin joined the
seeds at the bottom. The growth rate was 4 mm./min., A reduction
of the rate of advancement of the interfaces to 1 mm./min. had

no effect on this method of solidification, (The sketches in each

sub-section illustrate the manner in which growth proceeded.)
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The microstructure consisted of irregularly shaped hexa-
gonal cells over the whole decanted interface.,

Upon complete solidification, the boundury trace was
straight at the top surface but crooked at the bottom. It was
smooth microscopically.

(11) Wheﬁ the graphite‘base plate was replaced with a
pyrex glass one, a preferential heat ﬂlow was introduced along
the sides of the boat because the thermal conductivity of grappite
is roughly six times that of pyrex. When the interfaces ad-
vanced at the rate of 1 mm, /min., they were slightly convex into

A

the liquid,




The photomicrographs in Figure 10 and 11 show the cellular
substructure that is typical of the solid-liquid interfaces
revealed by decénting specimens grown at rates in the specified
range of 1 to 5 mm./min. Increasing the growth rate suppressed
the prqjections at the cell centres, but did not destroy the hexa-
gonality of the cells although it reduced them in size. The
regularity of the cell geometry decreaged in traversing the inter-
face from the bottom to the top surface of the specimen.

Boundary traces were straight but saw-toothed.

(1ii) The removal of the graphite bottém decreased the
relative heat flow through the pyrex base plate, and resulted in

the following surface contours,

A cellular substructure was again observed at the solid-
liquid interface.

(iv) The insertion of glass walls into the graphite boat
with a pyrex-graphite bottom decreased the lateral heat flow
through the edges but still yielded solid-liquid interfaces which

had a considerable convex curvature towards the liquid.,



Figure 10.

Figure 11.

Decanted interface of a Sn ecrystal showing projections

on the hexagonal cells, Growth rate: 1 mm,fuin.
Unetched, 100 x

Decanted interface of a Sn erystal showing nipples
projecting irom nexagonal cells, Growth rate:
2 mm./min.

Unetched, 100 x
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The vertical slope and microstructure remained unchanged
from (ii).

(v) Recalling that the bottomless boat with a glass base
plats led-to preferential solidification from the edges of the
specimen towards the centre, nearly planar interfaces were
achieved by introducing glass sides to this system in order to

reduce the relative laterai heat flow,

The boundary traces were still saw-toothed on the micro-~
scopic scale, but appeared straight to the eye. Hexagonal cells

were observed on the decanted surface.
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2.4,4, Discussion

A prismatic cellular substructure was first reported by

Rutter: and Chalmersg6

at the decanted interfaces of tin crystals
for growth rates of 1 mm./min, and greater. There is a close
agreement between the microstructure that they observed and those
found in this work,

It is important that the solid-liquid interfaces which afe
to meet at the equiaxed boundary be as parallel as possible.
Otherwise, the term "equiaxed™ does not apply because solidifica-
tion gives a boundary that is, in faect, grown normal -to the ad-
vancing interface, technically a "columnar" boundary. Experi-
mental results bear out thé columnar nature of a boundary in a
bicrystal grown under condition (i), the farthest removed from
ideality., Consequently, a bottomless graphite boat, pyrex base
plate and glass side-walls were utilized to grow the equiaxed

bierystals whose behaviour is to be compared with that of columnar

bound aries,



3, DISCUSSION AND CONCLUSIONS

3.1, Summary of Experimental Observations

.(l) The transition from the rise to the plateau of the heating

curve took place within a period of 15 seconds,

(2} The melting plateau was constant to within 0.02C°, that

is, a melting point depression was detectable to within 0,02¢C°.

(3} The error in the measurement of orientation differences
+ .
was determined to be ¥ 1° for columnar boundaries, and = 0.5°

for equiaxed boundaries,

(4) Boundary separation occurred a finite time interval, t* ’

after the onset of generai nmeltinge.

(5) Boundary separation was not accompanied by appreciable

melting of the component crystals,

(6) The surfaces of separation at a columnar boundary of
99.9987% Sn were smooth, shiny, and flat, with the exception of
some very localized polycrystalline regions. A decrease of purity
to 99.986% resulted in the presence of ridges running parallel to

the growth direction.

{7) Nipples covered the separated surfaces of equiaxed boun-

daries, becoming more pronounced with increased impurity content.

(8) Generally, the surface structure was independent of stress,

orientation difference, and type of boundary (twist or tilt).
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(9) The t* values decreased with an increase in applied stress

‘for all boundaries,

(10) At a constant stress level, the time to boundary separa-
tion increased in the following order, according the character-

istics of the boundary:

Type Size Purity
Equiaxed tilt - 45° ' 99.9987% Sn.
Columnar tilt 45° 99.999% Sn.
' (Heating rate of 0.75
¢c°/min. )
Columnar tilt 45° 99.9987% Sn.
Equiaxed twist 41° 99.988% Sn.
Equiaxed twist 41° 99.9987% Sn.

Refer to Figure 8, page 26.

{11) The transition from non-separation to boundary separation
occurred between 11° and 12° for both columnar and equiaxed tilt

boundaries of 99,9987% Sn material.

(12) A decrease in purity to 99.986% Sn reduced the transition

to somewhere between 9° and 10°.

(13) A rapid, approximately linear, decrease in t* was observed

from 12° to 17° for equiaxed tilt boundaries,

(l14) A significant orientation difference dependence of t* was
evident in large-angle equiaxed twist boundarieé, with a maxi-
mum t* value occurring at 41°. The value of t¥ at that point

was approximately ten times that for tilt boundaries under the



same stress, and of the same orientation difference. Refer to

Figure 9.

{15) The transition from non-~separation to separation occurred
at 8° and (180°-6)° in columnar tilt boundaries, that is,

between 11° and 12°, and 168° and 169°,

(16). A graphite boat with bottom removed, pyrex base plate and
glass side-walls inserted, produced the most ideal type of

equiaxed boundary.

(17) A prismatic celldlar substructure was observed at the de-

canted interfaces of an equiaxed bicrystal.,

3.2, General Discussion

It is first necessary to establish whether the occurrencs
of boundary separation is due to melting, ror to fracture, of the
bound ary region. The observations of Weinberg and Teghtsoonian
indicate that melting was the cause of failure at the boundary,
They showed that: |

(1) the visual appearance of the separated interfaces

was independent of the applied stress.
(11) Dbvoundary separation occurred at the bulk-melting
point at some considerable time after the onset of
general melting.
(1i4) s8specimens of tin with added impurity exhibited a melt-
ving point depression such that separation occurred at
a temperature between the solidus and liquidus tempéra-

tures according to the phase diagram of the system.



The first two observations were confirmed, In addition,
localized polycrystalline areas were observed on the surfaces of
some of the columnar bicrystals exposed by separation during a
test. Althoggh such regions are abundanf.on thé exposed boundary
gurfaces of equiaxed bicrystals they are attributable tq the
existence of an internal cellular substructure, parallel to the
growth direction, that is, normal t§ the surface. However, the
presence of more than one grain at the surface of a columnar
boundary seems to have no explanation other than the rapid hetero-
geneous solidification of a molten layer at the surface,

It now remains.to determine the cause of the preferential
melting at a grain boundary. Preferential melting will occur in
a region whose energy relative to the rest of the lattice has
been changed, The energy difference is a resultrof elther atomic
disorder due to a discontinuity in the periodicity of the lattice,
or to a segregation of impurites to some region in the lattice.

As it happens, a grain boundary represents just such a region,
namely, having some degree of disorder, and also, at which impur-
ity atoms tend to concentrate., For this reason, it is an in-
teresting problém to try to differentiate between the two effects.

Note that a melting point depression was not observed,
merely a preference for melting.

With this fundamental problem in mind, the effects of
stress, orientation d;fference, boundary orientation, growth

conditions, and purity are discussed in turn,
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3eB3e Stress

A stress was applied to the test specimens to further
increase the absolute energy of the boundary. The strain energy
thus introduced increases as the square of the applied stress.
Sufficient strain energy is not added to lead to a’meaéureable
melting-point depression, within the experimental accuracy of
0.02 C°, It is the presence of disorder that initially promotes
the preferential melting but the application of a stress enhances
it a controlled amount. Consequently, the shape of the stress -
t* curves roughly follow .axr inverse square form, That 18, the
greater is the applied stress, the less time it will take to melt

the boundary,

3.4, Orientation Difference

A critical orientation difference @, 18 seen to exist
below which no preferential melting occurs at a boundary, and
above which boundary melting is prevaleﬁt. This 8, is the same
(between 11° and 12°) for columnar and equiaxed boundaries of
approximateiy-the séme'purity (99.996% Sn and 99.9987% Sn re-
spectively). Read -and Shockley'sa7 boundary energy equation for
tin leads to a maximum at 12° corresponding favourably with Oce
Let us assume éhat the columngr symmetrical tilt boundary may be
représented by an array of edge dislocations which become more
numerous as the orientation difference increases., Presumably
then, the boundary energy, as governed by the dislocation content
of a small~-angle boundary, is sufficient at 6, to induce pre-
ferential boundary melting. Once this critical energy is

exceeded, the transition from non-melting to melting is sudden,
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As 8 increases from ec to 16°, a boundary energy increase is
further manifested by a lowering of t* values. At 16° the over-
lap of the dislocation cores, about four atomic diameters apart,
‘18 80 serious that the result is a loss of identity of individual
dislocations. The values of t¥ remain constant from 16° to 45°
80 that little may be said ébout the nature of the tilt.boundafy
structure above 16°.

The above discussion deals only with atomic disorder. At
this stage, an equally satisfactory explanation lies in the pres-
ence of foreign atoms at the boundary, if the impurity concentra-
tion is directly related to the boundary orientation.

Curves I and III in Figure 8 indicate a difference in melt-
ing behaviour between large-angle (45°) boundaries of thé
columnar and equiaxed tilt orientatioﬁ. The consistently lower
values for the equiaxed tilt boundaries may be attributed to the
presence of the impurites built up at the boundary during growth.
This is discﬁssed in Appendix I.

The equilibrium solute concentration would be the same for
both types of boundary provided that their sffuctures were
identical., The method of growth of an equiaxed bicrystal nec-
essarily forces an excess amount of impurites to the boundary
region due to a zone-refining effect. Such a non=-equilibrium
concentration does not exist at a columnar boundary because it
is grown along with the bound;ng crystals. However, there is
little reason to believe that this concentration of impurites
at an equiaxed boundary in tin decreases appreciably in the

course of the time allowed for solid state diffusion., Each of



the test specimens remains at a temperature range of 220°C to
232°C for a maximum of one hour., Approximate calculations in
Appendix II show that the amount of Pb, the principal impurity,
diffusing away from the boundary is negligible, even after 100
hours annealing just below the melting point.

Thelsignificance of the above is that, for a given initial
purity of tin, the impurity content of the boundary is constant
from specimen to sSpecimen, as closely as can be controlled by the
growth conditions, Consequently, the only variable is orienta-
tion difference, that is, atomic struecture, There is some guestion
as to whether atomic structure is in fact reproducidble with orien-
tation difference once a dislocation array no longer describes
the boundary. However, since the tf values remain constant for
& constant, the structure of a iarge-angle tilt or twist boundary
may be considered to be reproducible, whatever its structure may
be., It is concluded that variations of melting behaviour with
variations of orientation difference are attributable to varia-
tions of boundar& geometry.

The difference in t* values is not great from columnar to
equiaxed boundaries. ’It is then not surprising that the trans-
ition from non-melting to melting was the same for both. The
value of t* 1s more sensitive to changes in purity and stress than
the actual transition. For example, a variation of stress from
50 to 2000 gm/cm, does not change the transition, but alters the
t* considerably. The only evidence of the presence of an excess
amount of impurites at an equiaxed boundary as far as the trans-
ition was concerned was the groove at an 11° boundary trace after

grip fallure,



The most interesting, and unexpected, result of +the
investigation was the orientation difference dependence of the
melting behaviour of an equiaxed twist boundary. It was dy
"accident that a 41° boundary was tested in the study of large~
angle behaviour, Previous investigators concluded that large-
angle columnar twist boundaries behave like tilt boundaries,
Their tests included only 45° boundaries, whereas the peak of the
curve in Figure 9 is sharp at 41° and therefore easy to miss, It
is believed that this dependenceAis an inherent structural prop-
erty of the twist boundary in tin and not of its equiaxed nature,
‘The variation of t* with @ is predictable from a study of the
crystallography of the system made in Appendix III.

The degree of mismatch, as determined from the coincidence
plots in Appendix III (Figurq 13 to 16) is shown to vary with
orientation difference in a similar manner to that observed ex-
perimentally. In fact, a minimum mismateh is found, theoretically,
at 41°, at the exact orientation difference where the experimental
peak occurred in Figure 9, A decrease in the disorder results in
a decrease in boundary energy, and consegquently, in a longer time
interval, t* , to boundary melting. The t* value at 41° is
approximately ten times that at 46°, and the measured mismatch
.at 41° is one-fifth that at 46°, The agreement is considered
sufficiently close to justify fhe method of analysis without

implying that this method of evaluating the disorder is uﬁique.



3.5, Boundary Orientation

Since a dependence of melting behaviour on boundary orienta-
tion was found in zinc, a close-packed hexagonal metal with
c/a = 1.86, it was thought that tin might show a similar tendency.
The latter is tetragonal at room temperature up to its melting
point, with a = b and ¢/a = 0.55. Contrary to expectations the
results indicate that the transition from non-meting to melting
occurred at 6 and (180-6)°, namely, about 12° and 168°. Therefore
one may canclude that the atomic disorder is'not detectably
different at these two boundary angles, and that the melting

behaviour is not a function of the boundary orientation in tin.

3.6, Orowth Conditions

Refer to Section 2.,4.4. for a discussion on the effect of
boat configuration on melting behaviour.

Frém Appendix I it 1is evident that the growth rates
utilized to grow all of the equiaxed test specimens, that is,
0.5 to 5 mm./min.: led to appreciable segregation at the boundary
region. Not until a rate of approximatély 15 mm./min, is reached
would the solute concentration at the boundary approach the mean
concentration Co, excluding an& tendency for equilibrium grain
boundary segregation., Difficulties in pfoducing satisfactory

bicrystals interfered with increasing the growth rate beyond

5 mm./min.

It is to be expected that the concentration of impurities

at a boundary in 99.986% Sn would be more than in 99.9987% Sn.



As a consequence, the melting-point of the material in the grain
boundary will be lowered, according to the phase diagram,.by an
amount depending on the concentration of the impurity. The con-
centration was at no time large enough to produce a detectable
melting point depression. Nevertheless, the presence of impur-
jties was manifested by a lowering of the t* values and of the

transition from non-melting to melting.



4. SUMMARY

The following are the main conclusions that have been
reached,

(1) Equiaxed boundaries do not differ in structure from
columnar boundaries, The difference in their behaviour is due
to a presence of impurites built up during growth as a result of

a zone-refining effect.

(1i) The variation of the melting behaviour of a grain
boundary with a variation in orientation difference is.primarily
due to a changé in the atomic structure of the boundary, with

solute atoms being of secondéry importance,

(iii) Large-angle twist boundaries in tin have some degree

of order, unlike tilt boundaries,

(1v) Boundary melting is established as a measureablei
intrinsic property of a boundary, justifying its use to study

boundary structure,



5. RECOMMENDATIONS FOR FUTURE INVESTIGATION

There is an absence of dafa on the melting behaviour of
large-angle columnar twist boundaries, It is suggested that
boundary melting tests be made, particularly on 41° bouhdaries,
in order to confirm the fact that the orientation &ifference
dependence is an inherent property of a twist boﬁhdary and not
due to its equiaxed nafure.

It would be revealing to investigate the whole range of e,
that is, beyond 53°, There is a suspected theoretical peak at
81°, but was not cénfirmed experimentally.

| Since the role of impurities necessarily enters the picture,
an investigation of segrégation in columnar and equiaxed boun-
daries of varying orientation difference using radio-active

tracers would be of éonsiderabie interest,



APPENDIX I

Impurity Segregation to an Equiaxed Boundary

One may calculate the effect of any growth rate on the
distribution of the prinecipal impurity Pb in Sn by using the

equation28 which describes segregation caused By normai freezing:
C=kCo (1 ~g)k~1?
where C = concentration in the solid at the point where

a fraction g of the original liquid has frozen.

C. = mean conentration.

W
"

effective distribution coefficient.

The equilibrium distribution coefficient, k, , i8 defined
as the ratio of the solute concentration in the solid to the
solute concentration in the liquid in equilibrium with the solid.
Assume that k, is constant and therefore calculated from the
solid solubility of Pb in Sn , 2.5 welght per cent, and the

eutectic composition 38,1 weight per cent. Then

X 2.5 = 0.
o % 3E.T 0.07

The above equation holds, theoretiéa;ly, for a constant k ,
and constant density on freezing. Since it is impossible for k
to remain unchanged over the whole range of' g 5 the equation 1is
only an approximation at best, particularly above g = 0.9 .

The effective distribution coefficient k may be found

from:



Ko

k; + (1 - kg) e'fS/D

where f = growth rate, ¢m./sec.

S = thickness of diffusion layer at
the solid-liquid interface.

D = diffusion coefficient of the ligquid,

Taking 4/D of the order 102, Prann0 shows a plot of the
above equation for several values of k, . At a growth rate of
zero cm./sec., k = k, . Interpolate to find any required k ,

given ko and f .,

Table 10

Values of the Effective Distribution Coefficient
Corresponding to the (Given Growth Rate, f .

f (cme./sec.) f (mm,/min,) k
'0+003 1.8 0.1
0.010 6.0 0.2
0.028 1408 0.6

rhe values of C/C, are calculated for each of these three
effective distribution coefficients, The data are plotted in

Figure 12 for g ranging from 0.6 to 0.99.
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Table 11

Relative Imﬁurity Concentration C/C. Corresponding to
the Given Value of the Effective Distribution Coefficient.

- C/Co (k = 0.1) C/Cy (k = 0.2) C/Co (k = 0.6)
0.7 0.296 0.523 0.971
0.8 0.426 ‘ 0.724 ' - 1l.143
0.9 0.794 1.26 1,507
0.95 1.496 2.20 1,988
0.96 l.811 2.62 . 24,173
0.97 24350 3430 . 24438
0.986 3.381 5.76 2.871

0699 | 64310 - 7.94 S 3.784
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APPENDIX II

Diffusion of Impurity from an Equiaxed Boundary

Consider the grain boundary as an infinite plane at which
a total amount M of solute is deposited at time t = 0.

After a time t , and at a distance x from the boundary,
the concentration is given as

) _ 2
c = M o~X /Dt
1/2

2 (nDt)

The concentration at the boundary after a time t is, of

course, just

= M
2 (npt)L1/2

]

At time t o, = 0 if x>0, and at x =0, € 1is

M
the total amount of diffusing material,

n Bla

infinitely large. M 1
énd C 1is the concentration of impurity per amount of solvent.
In the infinite boundary plane there is assumed to be no Solvent
at t = 0, which accounts for the value of C/M.

This solution is obtained from the diffusion equation by
an analogy to the Kelvin heat-source after applying the given
initial and bouﬁdary conditions.

The'self-diffusion coefficient for san30 perpendicular to
the ¢ - axis (Dy) is

3.7 x 108 e- 5900/RT cm?. /sec,



and parallel to the ¢ - axis (D“ ) is

1.2 x 1075 e°l°’5°°/RT em?, /sec,

Since diffusion away from the boundary must proceed,
relatively, perpendicular to the ¢ - axis, D; is used, 1In
addition, D; is believed to be of the correct order of magnitude
for the diffusion of Pb in Sn,

A specimen remains at témperature approximately one hour
before the completion of a test, -Therefore, take t = 3600 seconds

and x = 0., At 227°C, D) = 1,0 x 10~10 cm.z/sec., C = 470. 1In

&l

addition, the C/M values after 25, 50, and 100 hours are given in

Table 12.
Table 12

C/M For Given Annealing Times

. Time
(hours) c/M
1 470
25 94
50 60
100 47

The large values of C/M indicate that the relative con-
centration of the impurity Pb, at the boundary, even after 100

hours of annealing, is very high.



APPENDIX III

Coincidence Plots

The structure of tin at room temperature and above consists
of two interwoven body-centered tetragonal lattices., 1In fact,

a unit cell couid be thought of as containing a body~centering
atom, {(1/2, 1/2, 1/2), and the following atoms in the faces:
(1/2,0,1/4) and (0, 1/2, 3/4).

As outlined in Section 2.1.3. a rotation of the presecribed
standard orientation (001) [;l@ about the [Iid direction
produced an equiaxed tilt boundary. From the existing knéwledge
of tilt boundaries, as © increases the disorder is expected to
inerease also without interruption until & becomes 90°, This is
borne out by the experimental results,

Now suppose one rotates each of the crystals comprising a
bicrystal by small successive rotations /2 about @1@] to pro-
duce an equiaxed twist boundary. Accordingly, the (110) planes
rotate but always remain parallel to the boundary. This mis-
match, or disorder, is a result of this rotation. The transla-
tion of one crystal with respect to the other in a bierystal does
not alter the magnitude of the mismatch.

It is necessary first to investigate the qualitative naturse
of this disorder, and then assess it quantitatively. Consider
the positions of the atoms in the two (110) planes ad jacent to
the boundary., Figure 13, ‘for example, gilives a picture of these
planes considering the boundary to lie in the plane of the page.
The black dots represent atoms -in the (110) plane above the

boundary, and the circles, atoms in the (110) plane below the



- 60 =

twist boundary

‘equiaxeo

Coinciaénce plot for @ 14

Figure 15.
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equiaxed twist boundary.

Coincidence plot for a 33%°

Figure 1h4.
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equiaxed-twist'boundary.

Coincidence plot for a 33°

Figure 1k4.
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Figure 15. Coincidence plot for a 41° equiaxed twist boundary.
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Coincidence plot for a 46° equiaxed twist boundary.

Figure .16.
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boundary. If one atom falls directly above the other, that is,
coincidence occurs, then this is shown as a dét inside of a A
circle, Thse réﬁreséﬁtétioﬁs in Figures 13, 14: 15 and 16 are;'-
termed coinciaence ploté, for orientation differences of l4°,ﬂ
33°, 41° and 46°. As eAchanges, the initially perfect coinéiQI
deﬁce is destroyed to different degreés, depending on the magni-
tude of 8, At 41° every other atom ié in coinéidence, represent-
ing the minimum large-angle mismatch.

To evaluate this, the traces of a family of parallel planes
perpendicular to the boundary, or page, were,dfawg. A family was
chosen such that the distance*betweeniplanes was a maximum and yet
esach atom in the two (110) planes fell in one of the plahes. This
permits one to associate one black dot with one circle, through-
out the plot thereby accounting for all of thé“atoms in the
rectangular area. Vectors are drawn between the two atoms of a
pair. The vectors actually represent the projected distances
between the atoms in the two planes under consideration. The
lengths are summed over the rectangular plot and the avefage
length is taken as a relative measure of the mismatch.

Table 13 gives the relative mismatch for several orientation
differences,

Table 13

Relative Measure of the Disorder of a Twist Boundary

orientation

Difference Relative £ ¥ (min.)
{degrees) Disorder:
14 1.8 9.5
33 2.5 0.7
41 0.62 6.1
46 3.1 0.7
53 2.5 0.7
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