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The temperature dependences of the ratio of the surface tensions of special and general grain boundaries

at temperatures from 0.85T, to the melting point T,
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Crystallography of triple junctions consisting of {001}
§311t boundaries used to detsrmine the temperaturs depandences

- the relative surface tension 0;/0;. Junctions consist of
special boundary (denoted by 1 and characterized by a mis-
ntation -angle ¢;) and two identical general boundaries {2

3, ¢ = 93 = (90° = T4)/1}. The special boundary is repre-
d as passing through the (100) plane of the lattice of L17
ident sites.
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o, /o, were determined from the shape of triple junctions between special and general boundaries. The
investigation was carried out on [001] tilt boundaries in tin in the misorientation angle interval ¢ = 25.5-30°
. It was found that the temperature dependences o,(T)
for boundaries with misorientation angles 26.5-29.5" had kinks due to transformation of these special X 17
boundaries into general boundaries of the 2| type on increase in temperature. A study was also made of the
orientational dependence of the surface tension of boundaries with 7 = 26.5-29.5" at 7'~0.977,,, deduced
from the shape of the thermal étching channel at the point of emergence of a boundary on the outer surface.
. The orientational dependences of the mobility of boundaries with g = 26-29.5° were determined at six

§ temperatures in the range (0.94-0.98)T,, . The results obtained made it possible to plot the line of the $17-21
gransition using the temperature and misorientation angle as the coordinates. This line was dscnbed well by g
assuming a dislocatiqn structure of the special grain boundaries. S p R
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FIG. 3. Temperature dependences of the velocity of a general

boundary (1) (boundary 2 or 3 in Fig. 2} and of a triple junction
(2). The velocities are reduced to the same driving force. The
velocity of a triple junction is governmed by the mobility of
general grain boundaries and it is not limited by the intrinsic
mobility of a junction.

were already rectilinear and the ratio ¢/a did not
exceed 0.1. As shown in Ref. 3, the shape of a
moving triple junction was in equilibrium, i.e., it
was governed by the values of o,, ¢,, and o, if
the velocity of a triple junction was limited by the
mobility of grain boundaries and not by the mobility
of a junction. The Treduction in the velocity of
general boundaries in a junction (Fig. 3) was en-
tirely due to a reduction in the driving force acting
on these boundaries, which decreased from 2o,/2a
to (Zog ~ 0,)/2a. Therefore, we determined the
equilibrium values of the angel at the vertex of
the investigated triple junction.

The geometry of the triple junctions was such
that a change in the misorientation angle ¢, of a
special boundary altered also the misorientation
angles of general boundaries ¢, = ¢;. Consequently,
we could not plot orientational dependences og(9¢)
because we did not know in general how the sur-
face tension oy varied. Therefore, the orienta-
tional dependence of the surface tension of tilt
boundaries with ¢ = 26.5-29.5° (at a temperature
0.97 Tpp) was found using thermal etching channels.
These cgannels were formed as a result of anneal-
ing in 10”3 Torr vacuum for 770 h. The profiles
of the thermal etching channels were determined
using a microinterferometer with a laser light source

at 200-300 points for each sample, which increased
the precision of determination of the ratio ogfogypf-

As pointed out in Ref. 1, special boundaries
differ from boundaries of the general type not only
in respect of their structure, but also in regard
of the properties. Therefore, we investigated the
orientational dependences of the mobility of boun-
daries with ¢ = 26-29.5% at different temperatures.
The mobility was determined for a constant migra-
tion-driving force.

2. RESULT

We determined the temperature dependences
of the ratio o,/oy for ten [001] tilt boundaries
in tin with misorientation angles from 25.5 to 30°
at temperatures from 0.85Tpy, to Tpp, Figure 4
shows the temperatures of the ratio cllog. These
dependences are arranged in increasing order of
the misorientation angle ¢. The first two tem-
perature dependences (a and b) are almost per-
fect straight lines and the ratio o¢,/0g rises,
reaches its maximum at T, and then falls. The
shape of these maxima is such that we should des-
cribe them as kinks rather than inflections of the
temperature dependences of o,/0x. The tempera-
ture T, increases on increase in 5 reaches its
maximum at ¢ = 28.3°, which is close to ¢ = 28.07°
for the $17 boundaries, and falis again. In the
case of the last temperature dependence of o,/o
representing the boundary with the misorientation
angle ¢ = 30° again there are no singularities. The
positions of the kinks in the temperature depen-
dences of o,/0g is independent of the force driving
a junction (Fig. 5a), of the sequence in which the
temperature dependences are recorded, i.e., where
the temperature is increased or reduced (Fig. 5b),
and of the misorientation angles of the general
boundaries in a junction (Fig. 5c¢).

It follows that the position of T, correspond-
ing to the kinks in the temperature dependences
of 0,/0y is governed only by the misorientation
angle oF the special boundaries with o, and is in-
dependent (within the limits of the experimental
error and in the investigated range of the parame-
ters) of other thermodynamic, geometric, and kine-
tic (transport) factors. The presence of kinks in
the temperature dependences of o¢,/0y means, in
our opinion, that at the temperature T, a special
boundary of the 17 type is transformed into a
general boundary. The curves in Fig. 4 agree well
with the hypothesis of a first-order phase transi-

tion. Figure 6 shows the dependence of the kink
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FIG. 5. a) Temperature dependence of 01/0g (Fig. &) for ¢ =
28.2° plotted for different driving forces on & /a, = 2.2. b)
Temperature dependence of 0, /q, measured during consecutive in-
crease (1) and consecutive reduction (2) of temperature in the
case when the misorientation angle was ¢ = 28.2° corresponding
to the (120) plane of the coincident-site lattice. c¢) Same tem-
perature dependence as in Fig. 5b, but for ¢, * ¢,, ¢, = 23°,
and ¢; = 39.

temperature T, on the misorientation angle of the
grain boundaries. The thin vertical lines in Fig.

8 represent the range of temperatures in which a
given boundary behaves as one of the general type.
We have thus plotted a line separating the range

of existence of the 17 special boundaries from
boundaries of the general type. This produces

a nearly symmetric bell-shaped curve with its ver-
tex line at ¢ = 28.3° and 215 t 2°C (0.97Tmp).

We also investigated the orientational depen-
dence of the surface tension o, at T, = 213 & 2°C,
slightly below the peak of the bell-shaped curve
in Fig. 6: this surface tension was deduced from
the shape of the thermal etching curves. The de-
pendence obtained is shown in Fig. 7. It is in the
form of a nearly horizontal line with two points
that do not fit this line. It is clear from the phase
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FIG. 6. Phase equilibrium line of the I 17 special boundaries

and the [1 general boundaries in tin, plotted using the tem-
beratures T, (Fig. 4). The lowar part of the figure gives the
Published data on tiie structure of special I17 twist boundaries
in gold at T/Tp, = 0.2 (Ref. 4) and in magnesium oxide at T/Tgp =
0.1 (Ref. 5): 1) network of secondary grain-boundary disloca-
tions is observed; 2) diffraction by primary grain-boundary dis-
locations is observed.
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FIG. 7. Orientatinal dependence of the surface tension of [001])

tilt boundaries in tin Igb found by measuring the angle at the
vertex of a thermal etching channel at the point of emergence
of grain boundaries on an outer surface. Here, O ., ¢ is the sur-

face tension of a free (001) surface; T = 0.97I-p.

diagram in Fig. 6 that these two points lie precisely
in the range of existence of the 17 special boun-
daries. Therefore, the surface tension og of the
£17 special boundaries at less than the surface ten-
sion of the general boundaries oy at the tempera-
ture in question. The value of g, is almost inde-
pendent (within the limits of the experimental error)
of the misorientation angle ¢. If the kinks in the
temperature dependences of the surface tension

o,;/ay are indeed associated with the transformation
of the £17 special boundaries into those of the
general type, then this transformation should also
destroy the special properties of the boundaries.
For example, the difference between the mobilities
of the special and general boundaries should dis-
appear. Therefore, we determined the orientational
dependences of the reduced velocity of migration

va of boundaries with the misorientation angles

¢ = 26-29.5° at different temperatures (Figs. 6 and
8). We plotted in Fig. 8 the dependences of va on
the misorientation angle ¢. These orientational de-
pendences exhibited discontinuities of the reduced
velocity and in the range of existence of the 117
special boundaries the reduced velocity of the
boundaries was higher than outside this range. The
positions of the discontinuities of the reduced velo-
city were independent of the migration-driving foece a.

We thus established that the orientational de-
pendences of the surface tension of the boundaries

]Z'ﬂ
7+ dee
FIG. 8. Orientational dependences of the reduced velocity of
{001} tilt boundaries in tin with the misorientation angles from
26 to 29.5°%, obtained at various temperatures T (°C}: 1) 221;
2) 2193 3) 213; 4) 208; 5) 204; 6) 200.
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deduced from the thermal etching channels and the
orientational dependences of the velocity of migra-
tion of boundaries at different temperatures were
in satisfactory agreement with the phase diagram
in Fig. 6.

3. DISCUSSION OF RESULTS

The results of our investigations of the tem-
perature and orientational dependences of the sur-
face tension and of the velocity of migration of {001]
tilt boundaries in the tin near the 717 misorienta-
tion are, in our opinion, evidence of a phase transi-
tion transforming the I17 special boundaries into
those of general type. The nature of the tempera-
ture dependences of the surface tension g, allows
us to assume that this is a first-order phase transi-
tion. The boundaries lying close to the coincidence
misorientation have a lower energy than the boun-
daries of the general type® and their properties
{mobility,”»® grain-boundary diffusion parameters,’s!®
and mechanical characteristics!) are very different
from properties of boundaries of the general type.

The structure of the special grain boundaries
differs from the structure of the general boundaries:
they consist of parts of a special boundary with
the ¢ = ¢ structure separated by grain-boundary
dislocations. At some value of the misorientation
angle close to the special value

remyp, + N

we can expect in principle two different structures
of the boundary: that consisting of primary dis-
locations with the period d,; described by

d.= dy [y =19, + A9) = b, |2 sin (y/2)}

or of regions of a special boundary with the
periodicity

a1, = dy (¢,) == b,/[2 sin (3,/2)].

separated by secondary grain-boundary dislocations
with the period

dy == dy (39) = by/[2 sin (39/2),

where by, is the lattice Burgers vector and by =
Bp//f_ is the Burgers vector of secondary grain-
boundary dislocations. The actual definite which
is formed is that which has a lower free energy.
When 4¢ is increased the enrgy of a wall of secon-
dary dislocations increases and at some defintie
value of A¢ there is a change in the type of the
boundary structure. Such a change in the struc-
ture should, in our opinion, alter the nature of
the phase transition. The special-general phase
transition may be induced also by a change in
temperature, since the free enrgy of the less
ordered general boundaries decreases more rapidly
on reduction in temperature than does the free
energy of special boundaries. As already pointed
out, the nature of the temperature dependences
of the surface tension of the investigated grain
boundaries allows us to assume that the z17-Il
transition is of the first order. We shall consider
the thermodynamics of such a transition and using
the concept of the dislocation structure of grain
boundaries we shall plot the equilibrium line of the

I17 and :l1 phases using T and ¢ as the coordi-
nates.

We shall consider equilibrium betwen two
grain-boundary phases in the one-component system.
At the transition point the chemical potentials of
the atoms u§ and u3 are the same in the two phases:
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FIG. 9. Comparison of the L17—ZL1 equilibrium line (points) and

the predictions of the dislocation model at the transition tem-
perature I, (continuous line). Here, ¢ is the misorientation
angle; T = 220°C - T,.

s = u;s- The grain-boundary phase equilibrium
curve is governed by the surface along of the
Clausius—Clapeyron equation. If the variables are
o and T, then

da A (dnt/oT),

(&), =~ aram;
do Ase

(HT),:_AT'

It therefore follows that the first-order phase
transition of a grain boundary is accompanied by
an abrupt change in the entropy 4SS and in the
specific are AA occupied by one mole of the sub-
stance in the boundary. If we consider boundaries
with different misorientation angles ¢, then the

equilibrium temperature of the phase transition
varies with the misorientation angle as follows:

i %)1=-:_:'(%) i

A change in the misorientation angle of a special
boundary by a¢ gives rise to a wall of secondary
grain-boundary dislocations with the period d,.
The energy of a tilt boundary then increases by
Ao, which is given by

REEES (Tﬁb-f—_T)) sin Jq:(i +In ;:;. —In A?).

Here, r; is the cutoff angle, and G and v are the
elastic moduli. We then find that

AA [ Gbgsin dg by ]

T.;"—[lh:(i—v) ("*‘"’ET,‘“‘“A") :

Figure 9 shows our dependence T.(¢) plotted
in the form of the dependences (AT/sin a¢) -
(Ina¢). The intercept on the abscissa can be used tc
findr,: r,=z1.9b;. Therefore, we find that the width
of the cores of secondary grain-boundary dislocations i
twice their Burgers vector. This is in agreement
with the concept of greater width of the cores of
grain-boundary dislocations is twice their Burgers
vector. This is in agreement with the concept of
greater width of the cores of grain-boundary dis-
locations. ** The angle A¢* at which the cores of
the grain-boundary dislocations merge can be esti-
mated from the condition d, = 2r,, and we then find
that a¢* = 17°.

The slope of the straight line in Fig. 9 can
be used to determine the value of aA/ aSS. If
G = 18 GPa (Ref. 13), v = 0.330 (Ref. 13), and
by = a//17 = 7.8 nm, we find that ASS/aA = 0.04
J'm~2-K™*, The value of 4S8/AA can also be esti-
mated from general thermodynamic considerations
which yield 45 = L/T,. Melting of tin requires
Ln/Te = 14 J'mol™!-K™ (Ref. 13) and we have

AT=_“
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2A = AV Vipeop/a = 7-102 m2/mol (Ref. 13). We
therefore obtain ASS/aA = 2:1072 J-m~2-K~!. It
therefore follows that the value of ASS/sA obtained
in our experiments for the :17-f1 transition is

an excellent agreement with the estimates obtained
for a typical "bulk" phase transition.

The authors are grateful to S. I. Prokof'ev
and V. E. Fradkov for valuable discussions.
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