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1. Introduction.

Crystalline solid-liquid and solid-solid interfaces play an important role in controlling properties
of materials [1]. Between the dimensions on an atomic scale and the dimensions which character-
ize bulk material is to be found a size range where the surfaces and interfaces control the phase
transformation of materials. The melting of microcrystals at temperatures below the bulk melting
temperature was first demonstrated by Takagi [2]. The experimental and theoretical works after
the Takagi’s work have pointed out an important role of the properties of the surface and interface
[3-5] in the melting phenomenon of microcrystals. In order to reveal the role of the interfaces dur-
ing the melting process on In particles embedded in an Al matrix, an in-situ heating experiment
in a high resolution/high voltage electron microscope was performed [6].

2. Experimental procedures.

The Al-In system has a monotectic system [7]. The mutual solubility between In and Al is very
small below 300 °C. Thus, the processes of the melting and freezing of ‘pure’ In dispersed in an Al
matrix could be observed. An Al-4.5at%In alloy was prepared by splat-quenching from nominally
pure (99.999%) starting materials of Al and In [8]. TEM specimens were prepared by standard
electro-polishing.

The TEM observation was performed in Hitachi H-1250ST operating at 1000 kV. The specimen
was observed on a double tilting and heating holder. The temperature of the specimen in the
electron microscope was kept just below the melting point of In until the drift of the specimen
became negligibly small. Then, additional heating was introduced by focusing the electron beam
in a small selected area, leading to the melting of the In particles in that region. Lattice fringes of
In and Al were observed in the whole process of melting as shown in figure 1. The disappearance
of moire’ fringe between In and Al matrix following the melting of In (Fig. 1) was used to identify
the region of the molten In.
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Fig. 1. — High resolution images of the melting process of an In particle viewed along the <110> direction.
Moire’ fringes which are observed in the whole area (a) and in the left hand side of the In particle (b) indicate
the area of solid In.

3. Results.

The In particles were cuboctahedral in shape bounded by eight {111} 4, 1, and six {100} aj, 1n facets
as shown schematically in figure 2. In many cases, one void was observed on one of the {100} oj, i
facets of each particle. During the heating experiment, the sample was heated and cooled at a
heating and cooling rate in the range 1 ~ 2 K /hr around the melting temperature of In particles.
After the heating experiment for about 10° seconds, there was no change in either the In parti-
cle shape or the orientation relationship between the In particles and the Al matrix [6, 9]. The
melting process of In particles proceeds in six stages, at each of which one of the {100} facets
becomes covered successively with the liquid phase as illustrated in figure 2. Initially, the liquid
droplet is nucleated at a {100} facet or at the cavity which is in contact with one of the {100} facets
(Fig. 2a), and repeatedly expands and shrinks as shown in figure 3 (Stage 1). The liquid droplet
shows the most shrinkage in the shape viewed along a <110> and <100> direction in figures 3a
and 3c, respectively. The most expansion of the liquid droplet viewed along the <110> direction
is shown in figure 3b. The interface between solid and liquid In (In/In;) showed a flip-flop like
motion between two shapes. The time spent in this stage was longest in the whole process of melt-
ing. Stage 2 (Fig. 2b): the hemispherical Ins/In, interface started to propagate into the interior
of the In particle, and reached one of the four nearest {100} facets as shown in figure 4a. Stage 3
(Fig. 2c): the liquid phase expanded further and covered the other of the nearest {100} facets.
Stage 4 (Fig. 2d): the Ins/In, interface was anchored at the two vertices at each of which two {111}
facets and a {100} facet come together and bowed out (Fig. 4b). Stage 5 (Fig. 2e): one of the last
two {100} facets which had not been covered with the liquid phase now became covered with
the liquid phase, and the In,/In, interface became parallel to the {100} facet (Fig. 4c). Stage 6
(Fig. 2f): the Ins/In, interface propagated, while keeping the interface parallel to the {100} plane,
until the whole volume of the In particle melted. These melting processes were observed in the
particles whose {100} facet separations are larger than 100 A. These intermediate stages of melt-
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ing in the particle smaller than 100 A have not been observed. The difference of the melting
process between particles larger than 100 A and those smaller than 100 A is also suggested by the
relation between superheating temperature (AT') and reciprocal length of the {100} facet sepa-
ration (1/L) [8] as shown in figure 5. A T's of the particles smaller than 100 A are on the straight
line through the original point with a slop A T'L = 2000 A K. The straight line, however, could
not be drawn for the A T's of the particles larger then 100 A.

a (001)

Fig. 2. — Schematic diagrams of the melting process of the In particle embedded in an Al matrix. Hatching
indicates the liquid of In.

4. Discussion.

The relation among the interfacial energy per unit area of the interfaces concerning the melting
process could be determined as the result of the detailed observation of the process. The rela-
tionship between the interfacial energy per unit area of the interface between soldi Al an In on
the {100} (o) and the {111} (o3) facet can be written as higo /o1 = h111/02 using by Curie-Waulff
theorem. Where h,oo and h;;; are the one half of the {100} and {111} facet separation, respec-
tively. Substituting the value of k = hjgo/h111 measured from figure 1a, we obtain o; = 1.20
(£ 0.06) o2. The interface between solid Al and liquid In parallel to {111} persists after the In
particle becomes molten completely. That means that the interfacial energy per unit area on this
plane (o3) is much lower than that on the plane with other orientations (o) . The relative values
of the interfacial energies per unit area o,, 02, 03, 04 and those of the Ins/In, interface (o) were
determined from the contact angles between interfaces during the melting process as follows.

In stage 1, a droplet of liquid In is nucleated on a {100} solid Al/In interface. As illustrated in
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Fig. 3. — TEM micrographs of the melting process of an In particle viewed along [011] (a,b) and [001] (c)
and schematic diagrams (a’,b”) and (c’) corresponding to (a,b) and (c), respectively. The areas indicated by
S and L correspond to solid and liquid In, respectively.

figure 3a’, the relation among o;, o4 and o5 can be written by
04 +05c08 6, =0 (1)

where 6, is the contact angle between the Ing/In, interface and the interface between solid Al and
liquid In, which is measured from figure 3a to be 30° £+ 10°. This relation is more apparent in
figure 3c. The droplet is not expanding fully on the {100} facet, so that we can observe that the
interface between solid Al and In on the {100} plane is in a balance against the Ins/In, interface
and the interface between solid Al and liquid In as illustrated in figure 3c. The geometrical relation
between figures 3a and 3c is illustrated in figure 6 schematically. At the largest bowing out of the
In droplet in stage 1, as illustrated in figure 3b, the relation among o2, 04 and g5 can be written
by

04 = 09 + 05 COS O (2)

where 0, is the contact angle between the In;/In, interface and the interface between solid Al and
In on the {111} plane, which is measured from figure 3b to be 30° & 10°. In stage 4, as illustrated
in figure 4¢’, the relation among o3, 02 and o5 can be written by

03 = 09 + 05C08 O3 (3)
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Fig. 4. — TEM micrographs of the melting process of an In particle viewed along [001] (a,b,c) and a schematic
diagram (c’) corresponding to (c). The areas indicated by .S and L correspond to solid and liquid In, respec-
tively.

where 03 is the contact angle between the In;/In, interface and the interface between solid Al and
liquid In on {111}, which is measured from figure 4c to be 60° £+ 10°. Equations (1, 2) and (3) give
the following relation among o1, o2, 03, 04 and os.

o1 = 1.20(£0.06)03 > 04 = 1.105(£0.038)05 > 03 = 1.067(+0.042)05 > 0y
> g5 = 0.122(£0.048) 5 (4)

Allen, Gile and Jesser [10] analyzed the superheating temperature A T of particles embedded in
a matrix by thermodynamic theory [4]. They describe the relation between the A T and the radius
of the particle (r) using the model of spherical shape particles as follows

AT = (Tp/A H){3(0s — o) /r — A E} (5)

where T, is the melting temperature of bulk In, A H the latent heat, A E the change in strain
energy density on melting, o and oy, the interfacial energy per unit area between the particle and
matrix before and after melting, respectively. According to equation (5), the relation between
A T and 1/7 will draw a straight line. That is corresponding to the region of the particles smaller
than 100 A as shown in figure 5. Now we know not only the detailed shape on the In particle
but also the relation among the interfaces concerning the melting process. This means that the
assumption of the spherical shape of the particle is not required and the detail of o5, o1 can be
written. The interfacial energy between solid Al and In (4 T2 Us) can be written by

d4rr?os=A; o1+ Az 09 (6)
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Fig. 5. — The relation between superheating temperature (A T') and reciprocal length of the {100} facet
separation (1/L) [8]. The A T's of the particle smaller than 100 A are on the straight line through the original
point with a slop A TL = 2000 AK.

Fig. 6. — Schematic illustration of the relation between the shape of the liquid droplet (hatching in (a)) of In
on the (100) facet viewed along [011] (Fig. 3a) and [001] (Fig. 3c). Although the droplet does not expand full
of the (100) facet (a), the [011] projection (b) shows that the (100) facet is covered by liquid In, completely.
The solid Al and In interface which surrounds the liquid droplet on the (100) facet can be observed in the
[001] projection (c).

where A; and A, are the area of the interface between solid Al and In on {100} and {111},
respectively. These two areas A; and A, can be calculated as a simple geometrical problem of
cuboctahedron. The specific lengths from [ to I of cuboctahedral In particle, which will help the
calculation of A; and A,, are shown in figure 7a. All these lengths can be described using by the
{100} facet separation L (= 2h10o) and the ratio between the {100} and {100} facet separation
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k (= hioo/h111) . The geometrical representation of the calculation of A; and A, are illustrated
in figures 7b and 7c, respectively. A; and A, can be written by

: L/k

: (V3/k-DL/y2
vV 3W3-KL/V2
: (2-v3/KL/V 2
: (V3-1/K)L/2

%;\_ \l// 1s : Vv 3(V 3-1/K)L/2v2
—

le + 3(V3-1/K)L/2v 2

<001>

(1) a-gx1e
6 ((V'3/k-1)L/yv2)?
=3(3/k-1)?L,2

A2=8X{1/2XV73/2x1,¢ 3x(1/2xy 3/2x1,2))
=8x[1/2xV 3/2x{v 3(vV 3-K)L/y 2} ?
=3X1/2xy73/2x{(2-V"3/K)L/V 2}%]
=3v 3{(v'3-k)*-(2-v 3/K)? L2

Fig. 7. — Schematic representation of the geometrical property of cuboctahedron. The lengths from g to
lg can be described by L and k (a). The area of A; is six times of the area of a {100} facet, which can

be written by 12 (b). The area of Aj is eight times of the area of a {111} facet, which can be written by
1/2 x /3/2 x 13 = 3x (1/2 % v/3/2 x 13) (o).
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Ay =61} = 3(/3/k — 1)°L? (7a)
Ay =8x{1/2x/3/2x 13 -3x (1/2x/3/2x 13)}
=3v3{(v3-k)? - (2— v3/k)*} L? (7b)

The interfacial energy between solid Al and liquid In (4 7 r? 1) can be written by
4771’0 = A3 03+ Ay 04 (8)

where A3 and A, are the area of the interface between solid Al and liquid In on {111} and other
plane, respectively. The area of A3 and A4 are approximately equal to A, and A, respectively.
The volume of a particle V; can be written by

Vo = {1-v3/2(v/3 - k)* + (2 - v3/k)*/2} L* (9)
If we put
a1 = 3(v3/k = 1), ap =3V3{(v3— k)’ — (2 v/3/k)’}
vo = {1 - v3/2(v3 - k) + (2 - v/3/k)*/2} (10)
Equation (5) can be rewritten using by equations (6,7,8,9) and (10) as follow
AT = — (T, /A H){(01 a1 +020a2) —(03a2+0401)} JvoL-AE (11)

The corresponding value of L in spherical model is the diameter 2r(= 0.91L) of the particle.
In the region of the L is less than 100 A where the thermodynamic theory [4] is controlling the
melting of the particle, we can put the value of A T'L = 2000 A K into equation (11). The value
of the bulk In of A H was used for the calculation. As the result of the substitution of equation
(4) into equation (11), the absolute values of the interfacial energy per unit area oy, 02, 03, 04
and o5 were determined as follows

o1 = 257 +115 (erg/cmz)
g9 =242+ 121 (erg/cmz)
o3 =253 +124 (erg/cmz)
g4 =231+ 99 (erg/cmz)

o5 = 31+ 20 (erg/cmz)

The interfacial energy per unit area of the interface between solid Al and liquid In determined by
dihedral angle method [11] to be 322 + 24 erg/cmz, which can be calculated by equation (14) in
reference is in good agreement with the value of o3 and o4. The interfacial energy per unit area
on Ing/In, interface o5 also shows good agreement with the value determined by Allen et al. [12].
These agreements mean the following results.
1) That is a proof of that the thermodynamic theory [4] is controlling the melting process of the
particle smaller than 100 A.
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2) The value of bulk material of A H can be applied to the calculation means that the difference
of the pressure due to the volume change on melting which will cause the change of latent heat
A H and also strain energy density A E on melting is negligible. That is presumably due to the
presence of the void contacting the particle. The formation of the void can be understood when we
take into account the process of solidification of this material. In the Al-In phase diagram [7], Al
solidifies at 912 K and In rich liquid is left in the Al matrix at the composition of our sample. The
In rich liquid will deposit Al onto the interface between solid Al and the liquid between 912 K
and 450 K. At the melting point of In, pure In liquid will be left in the Al matrix. The volume

change (V; — V;) /Vi = —2.6% on solidification of In causes the void which is in contact with the
In particle. That void would have enough volume to cancel the volume change on melting of the
In particle.

3) The step by step propagation of the melting of In into the particle (six stages of melting
process) lowers the superheating temperature of the particle larger than 100 A.

5. Conclusions.

The melting process of In particles embedded in an Al matrix, which was prepared by splat quench-
ing, has been observed, continuously. The interfacial energies of solid-liquid interface of In, the
interfaces between solid Al and In, and solid Al and liquid In were thermodynamically analyzed,
and the following results have been obtained.

1) In the region of the particle larger than 100 A, melting started either at a cavity or at one
of the {100} facets and proceeded into the interior of the In particle in six stages in such a way
that, at each of the stages, one of the {100} facets became covered with the liquid phase. These
processes lower the superheating temperature of the particles compared to the particles smaller
than 100 A.

2) In the region of the particle smaller than 100 A, these intermediate stages of the melting have
not been observed and the relation between superheating temperature and the particle diameter
obeys the thermodynamic theory [4].

3) The absolute values of interfacial energy per unit area for all interfaces concerning the melt-
ing process were determined.

4) The effect of volume change on melting process is negligible in the case of the In particles
embedded in an Al matrix.
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