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In-situ transmission electron microscopy (TEM) observa-
tions reveal a permanent chaotic motion of nanosized liquid
Pb inclusions embedded in thin aluminum foils. Individual
trajectories of the inclusions were analysed to determine
the character of their motion. The inclusions moving freely
inside a crystal display motion with three-dimensional ran-
dom walk characteristics while inclusions attached to dislo-
cations display spatially confined random motion localized
to the close vicinity of the dislocation lines. The diffusion
coefficients of inclusions moving freely in the matrix were
determined using Einstein’s classical equation for diffusion
of Brownian particles. The diffusion coefficients of inclu-
sions trapped on dislocations were found using an equation
based on Smoluchowski’s analysis of Brownian motion of
a particle under the action of a linear elastic restoring force.
The dependence of the diffusivity on the size of the inclu-
sions suggests that their mobility is controlled by kinetic
processes on the inclusion/matrix interfaces. The Arrhenius
analysis exhibits two regions with different temperature de-
pendencies. We suppose that this is related to the existence
of {111} facets on the inclusion/matrix interfaces.
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lead inclusions in solid aluminum; Random motion; Effect
of dislocations; Effect of temperature and size on diffusion
coefficient

1. Introduction

It is well-known, that the mobility of pores, gas bubbles,
and liquid and solid inclusions in solid multiphase materials
held at elevated temperature has a strong impact on the rate
of evolution of the microstructure of materials and, thus, on
their lifetime [1]. This is clearly demonstrated for noble gas
bubbles in reactor materials [1, 2]. A high mobility of sec-
ond phase inclusions may control the kinetics of high-tem-
perature creep in dispersion-hardened alloys and the ki-
netics of recrystallization [1]. For example, the influence
of second phase particles on the rate of migration of grain
boundaries has been shown theoretically and in experimen-
tal studies, where anomalous grain boundary migration was
observed in Al-rich Al-Pb alloys containing liquid Pb in-
clusions [3]. In addition, a strong destructive effect of pores
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and second phase inclusions is expected in circuits of mod-

ern nanodevices [4, 5]. These examples indicate the import-

ance of basic investigations on the behavior of bubbles, in-
clusions, pores, etc. in solid matrices, e. g. studies of:

1. The mechanisms controlling their mobility;

2. The effect of their structure and morphology on their
mobility;

3. The influence of microstructure elements such as dislo-
cations, grain and interphase boundaries, on their ki-
netic behavior.

In the present paper the results of our in-situ TEM studies of

the kinetic behavior of nanoscale liquid Pb inclusions in

thin aluminum foils are described. In these studies the mo-
tion of free inclusions as well as inclusions attached to dis-
locations is investigated. “Pb inclusions in Al” is an ex-
tremely good model system for studying the motion of
inclusions in a solid matrix 1) because the extremely good
electron-microscopy contrast of Pb inclusions in Al allows
precise investigations of their morphology and structure
[6—8], 2) because the low melting point of lead and the
low miscibility between liquid lead and solid aluminum
means that the liquid lead inclusions are chemically inert,
and to a first approximation may be considered as individ-
ual confined systems, and 3) because the high mobility of
liquid Pb inclusions in Al gives the possibility to conduct
quantitative in-situ TEM studies of their motion and to
observe the influence of matrix defects on their motion
[9-13].

2. Experimental procedure

The samples used in our studies were prepared from ribbons
of alloys of Al with about 1 at.% Pb. They were obtained by
rapid solidification from a temperature above the Al-Pb
liquid immiscibility gap (Fig. 1) by melt spinning tech-
nique. A stabilized microstructure of the samples consisting
of nanosized Pb inclusions in the polycrystalline Al matrix
was obtained by a subsequent annealing in an Ar atmos-
phere.

In-situ TEM studies of diffusion of the inclusions were
carried out in a 200 kV Phillips CM 20 microscope using a
single tilt heating stage (Gatan). The observations were re-
corded on video with a velocity of 25 frames per second.
Coordinates of the positions of centers of individual inclu-
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sions were obtained from frame-by-frame measurements on
digitized images. Points of trajectories of individual inclu-
sions were obtained by subsequent correction for sample
drift during the observations. The diameters d of all inclu-
sions have been measured as well. The accuracy of the rela-
tive changes in sample temperature is estimated to be
around 1 K, while the error in the absolute value of the tem-
perature determination is regarded as to be around 5 K.

3. Kinetic behaviour of inclusions attached to
dislocations

TEM observations show that a large fraction of the inclu-
sions are attached to defects — quenched-in dislocations
and grain boundaries. Trajectories of inclusions connected
with dislocations are localized to the vicinity of the disloca-
tion lines. Their shape depends on the orientation of the dis-
locations relatively the image plane. Thus, in Fig. 2a the
dislocation is oriented along the normal to the image plane,
and in Fig.2b the dislocation is inclined. Sometimes a
trapped inclusion is seen to detach from the dislocation
and move freely for relatively short time until it either
disappears at a free surface of the foil, coalesces with an-
other inclusion, or becomes re-trapped by another defect.
Figure 2c shows the trajectory of such an inclusion. Initially
the trajectory is localized and after breakaway it becomes
non-localized until the inclusion finally disappears at the
free surface.

Figure 3a shows a set of two inclusions with diameters of
14 nm and 15 nm respectively attached to one dislocation,
which is out of contrast in the micrograph. Their motion
was observed at 720 K. Indeed, the trajectories of the inclu-
sions as a whole displayed in Fig. 3b overlap partially in
space but not in time, and hence coalescence of the inclu-
sions was not observed during an observation time of
around 10 minutes.

The trajectories of inclusions attached to dislocations
suggest that their movements are random oscillations with
small amplitudes in a plane perpendicular to the dislocation
line and with large amplitudes along the dislocation,
Figs. 2a, b and Fig. 3b. This is indicated clearly by the time
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Fig. 3. (a) TEM micrograph of the system of two inclusions trapped on
one dislocation. The Z-axis lies along the invisible dislocation line. (b)
The trajectories of the inclusions. For better visibility the two traces are
shifted relative to each other along X-axis.
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Fig. 4. The time dependence of (a) transverse and (b) longitudinal dis-
placements of the two inclusions shown in Fig. 3a for the 110 s long
observation. The traces depict random oscillatory behavior. After [11].

dependencies of their transverse displacements (Fig. 4a)
and longitudinal displacements along dislocation line
(Fig. 4b). The distributions of the x- and z-displacements
in the transverse and longitudinal movements respectively
are close to the Gaussians (Fig. 5a, b) that correspond to
spatially confined random motion. The standard deviations
of the oscillations of 14 nm and 15 nm inclusions are
oy=104nm and o, =0.89 nm in the transverse plane,
and o, = 11.3 nm and o, = 11.9 nm along the dislocation,
respectively. These confinements are not purely geometri-
cal as, for example, a random motion of a particle between
two elastically reflecting walls (square potential well) since
in the latter case we should obtain a rectangular distribution
of displacements [15].

In order to study the motion of inclusions in the transver-
sal plane the ensemble of inclusions presented in Fig. 6 was
used, as most of them displayed trajectories similar to the
one shown in Fig. 2a. They were investigated at 720 K.
The inclusions marked by the white circles in Fig. 6a had
broken away from their dislocations to move freely along
non-localized trajectories. They were used to study free ran-
dom motion.

Figure 7 demonstrates again that x- and y-components of
transverse oscillations of trapped inclusions are close to
Gaussian distributions with similar standard deviations of
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Fig. 5. (a) Probability distributions of positions of the inclusions in the
direction of X-axis perpendicular to the dislocation line. The close-to-
Gaussian shapes are due to the elastic action of dislocation on the in-
clusions. (b) Probability distributions of positions of the inclusions
along the dislocation line. Their close-to-Gaussian shapes are due to
mutual repulsion of the inclusions and their repulsion from the fixed
ends of the dislocation. The ends of the Z-axis segment correspond to
the ends of the dislocation.

o, = 1.08 nm and ¢, = 1.17 nm. It indicates that the two-di-
mensional distribution of transverse oscillations have an
axial symmetry. This is confirmed by the trajectory shown
in Fig. 2a. Within the experimental error the standard devia-
: — (52 24172 ;

tion 6, = (ox + 03) '~ does not depend on the size of the
inclusions (Fig. 8). Since in the present case the pinning
dislocations are expected to be edge-on and identical,
Fig. 8 suggests that the magnitude of g, is controlled by
the dislocation characteristics rather than by the size of in-
clusion. For the 14 inclusions used in Fig. 6 the average of
o, is equal to 1.15 nm.

4. Model for effect of dislocation on motion of
inclusion

The above analysis suggests that a fixed dislocation will act
as an elastic string, returning the inclusions to their equilib-
rium positions defined by the conditions where the disloca-
tion has its minimal length. This model is shown schemat-
ically in Fig. 9, which shows an inclusion P attached to the
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Fig. 6. TEM micrographs of the foil area studied. (a) The first and (b)
the last frames from the analyzed video sequence. The inclusions
marked in frame (a) broke away from their dislocations to move freely
and disappear on the surfaces of the foil after a short time. They are ab-
sent in frame (b). The large bright spot in the frames is a thinner and
possibly oxidized area of the foil.
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Fig. 7. Probability distributions of x and y of one of the trapped inclu-
sions shown in Fig. 6. The solid line is a Gaussian fit. N, is the total
number of measurements. After [13].
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Fig. 8. Dependence of g, of the inclusions trapped by the dislocations
shown in Fig. 6 on their diameter. The dashed line fits the experimental
points. Its slope is zero within the error. The average o, = 1.15 nm.

dislocation segment of length 2L, whose fixed ends “—L”
and “L” lie on the Z-axis.

Here p is the displacement of the inclusion from the
straight dislocation geometry and z determines its distance
from the midpoint O of the dislocation segment. The arrow
F in this figure shows the restoring force due to the elastic-
ity of the dislocation. A projection of the force on the Z-axis
causes the repulsion of the inclusion from the closer fixed
end of the dislocation (‘L in Fig. 9).

Using the above model, the random oscillations of
trapped inclusions can be analyzed as a random walk under
the action of an elastic force. The problem of one-dimen-
sional Brownian motion of a particle under action of a
restoring force P = — f- x (fis the force constant) was ana-
lyzed by Smoluchowski [15]. He showed that the stationary
distribution of the deviation of the particle from its equilib-
rium position x = 0 is Gaussian with a standard deviation
O, = (kT/f)” 2, where k is the Boltzmann constant, and 7 is
the temperature. Then, in the case of central symmetry
(fx = f,) the distribution of p = /x? + y? is Gaussian with
the standard deviation o, = QKTIH.

Generally speaking, the motion of inclusions attached to
dislocations is a three-dimensional problem. However, the
assumption of axial symmetry reduces this problem to a
two-dimensional one. In contrast to Smoluchowski’s model,
in the case of motion of an inclusion attached to a dislocation
the restoring force is not linear, and, the force constant is a
function of p and z. The displacement of an inclusion to a
point P(p, z) causes an elongation of the dislocation line

AL:\/(L+z)2+p2+\/(L—z)2+p2—2L (1)

-L 4

Fig. 9. Schematics of the geometry of the ‘dislocation — attached in-
clusion’ system. The arrow F shows the elastic restoring force acting
on the attached inclusion P, which is due to the elasticity of the disloca-
tion.

which increases the elastic energy of the system by
AU = UyAL, where Uy is the energy of the unit dislocation.
The function AU = AU(p, z) determines the elastic energy
field. Then, the elastic restoring force acting on the inclu-
sion is F = —grad(AU) or assuming an axial symmetry

OAU p OAU z

dp p 0z z

F = —f,p — f:z, where f,=f,(p, z) and f; = f,(p, z) are the
force constants for the inclusion motion perpendicular and

. The force can be written as

1 OAU
parallelag) Z-axis, respectively. They are f, = — —— and
1 0AU
f=- 5 The expressions for f), and f; can be obtained
z 0z

assuming that (p/L)* < 1, which is a good approximation
as it is suggested by Fig. 2b and Fig. 3b.

20 1 200 p?

hETT Ao ™M EE T pa oy

(2)
where A = z/L [16]. Since L/p ~ 100, so f, < f,. In this case
the transverse (p) motion is much faster than the z-motion
along the dislocation and we can use the adiabatic approxi-
mation for the longitudinal motion in comparison with the
transverse motion. So after averaging over transverse oscil-
lations the motion of the particle is reduced to one-dimen-
sional longitudinal motion. It can be shown analytically in
the same approximation that the density of the steady-state

Table 1. Comparison of experimental values of the root mean squared displacements ¢, and o, with the theoretic calculations.

Data source L (nm) o, (nm) o, (nm) o,lo,
Exper. (4kTLI5U)"? Exper. L/V5 Exper. (4kT/U,L)'"?
Fig. 8 100* 1.15 0.99 - 44.7 - 222-1072
Fig. 5, 15nm ~60 1.26%* 0.77 11.9 26.8 0.11 2.86-1072
Fig. 5, 14nm ~60 1.47%* 0.77 11.3 26.8 0.13 2.86-1072
ok 93 0.83%:* 0.96 10.5 41.6 791072 230-1072
* half the foil thickness assumed; ** ¢, = V2 a,, ¥** the attached inclusion at 722 K [17]
Z. Metallkd. 96 (2005) 10 1175
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probability distribution of A is [16]:
w(2) =14(1-2%) 3)

Using Eq. (3) we obtain o3 = 1/5, where g, is the root mean
squared value of A [16]. It is interesting, that an analysis of
one-dimensional random motion of free particle between
two elastically reflecting walls spaced by 2L gives
o7 = 1/3 [15]. According to the law of equipartition of ki-
netic energy and accounting for harmonic oscillatory mo-
tion in the transverse plane (Eq. (2)) we have equivalence
of kinetic and potential energy. Hence

fio /2 =f;(0r +0})/2 =kT/2+KkT /2 = kT (4)

where o, is the root mean square value of p. Using
Eqs. (2—4) one can obtain the expressions for average force
constants of tlée transverse 321/1{1% longitudinal oscillations
: K UO K
given by f/ :Tandfz =17
determined by the elasticity of the dislocation, and f; is
governed by the energy of thermal motion. For the mean
square displacements in the transverse and longitudinal
movements we finally get 6% = 4kTL/5Up, o> = L*/5 and
(ap / 02)2: 4kT /UyL. Since the elastic energy of the dislo-
cation UyL is much larger than the thermal energy kT, the
trajectories of inclusions attached to dislocations are elon-
gated in the direction of the dislocation line. The inclusion
size has no effect on either f; and f7, or on g, and g, in
agreement with the results in Fig. 8. In Table 1, and o, de-
termined from the experimental data in Fig. 5 and Fig. 7,
are compared to the values estimated from the elastic mod-
el. In the calculations we have used U, ~ ub*/2, where u is
the shear modulus and b is the Burgers vector. Here
p#=19.7GPa is calculated using the expression u =
(c11 — c12 4 3caq)/5 [18] with the elastic moduli ¢y, ¢1o
and cy4 for Al crystals at 720 K obtained by linear interpola-
tion of data obtained by Gerlich and Fisher [19]. In fcc met-
als b=a/\/2 , where a is the lattice constant equal to
0.405 nm for Al [20]. Other parameters used in the calcula-
tions are given in Table 1. One can see that the theoretical
estimates of g, and o, agree reasonably with their values
determined from the experimental data. The larger discrep-
ancy in o, may be caused by the stronger repulsion of Pb in-
clusions from the ends of the dislocations than in the frame-
work of the elastic model, where the real situation may be
somewhat simplified. Nevertheless, the comparison carried
out in Table 1 in general supports the elastic model
accepted for description of the motion of the trapped Pb in-
clusions.

For one-dimensional motion of a Brownian particle un-
der action of a linear restoring force Smoluchowski had ob-
tained the dependence of the mean squared displacement of
the particle <Ax*> from its initial position as a function of
elapsed time At [21]:

respectively. Thus, f; is

<A > = 202[1 — exp(—DyAt/a?)] (5)

The average is taken over the trajectory. As above g, =
(kT/f)”2, and D, is the diffusion coefficient of the particle.
Here D, can be determined from Eq. (5) if the particle tra-
jectory is recorded with the time steps small enough to obey
the relation D,At/a> < 1. At D,At/a? < 1 this equation is
transformed to Einstein’s equation for one-dimensional dif-
fusion [22]. In the two-dimensional central symmetric case
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(0, = ay) the equation analogous to Eq. (5) is
<Ap*> =20,[1 — exp(—2D,At/3))] (6)

Here <Ap”> = <Ax*> + <Ay*> is the mean squared dis-
placement, and aﬁ = 20)26.

In the following we will apply Eq. (5) and Eq. (6) to de-
termine the diffusion coefficients of inclusions attached to
dislocations using the data on their longitudinal and trans-
verse motion, respectively. Of course, in this case the o,
and o, are parameters, whose meanings differ from those
in Smoluchowski’s model.

5. Mobility of liquid Pb inclusions in aluminum

5.1. Free inclusions

In Fig. 10 the dependence +/<Ap?> versus  is plotted in
log—log coordinates for the inclusion (~17 nm) before
(curve 2) and after (curve 1) its breakaway from the disloca-
tion at the temperature of 720 K. Here <Ap>> =
<Ax*> + <Ay*>, where Ap is the projection of the dis-
placement of the inclusion during the elapsed time Af onto
the XY image plane, and Ax and Ay are the projections of
Ap on the X- and Y-axes, respectively. The averages are ta-
ken over the trajectory of the inclusion. Curve 1 is fitted
well with Einstein’s equation [22]

D, =<Ap*> [4At (7)

shown by the dashed straight line in Fig. 10. This confirms
the free random motion of the inclusion. According to the
fitting procedure the diffusion coefficient is equal to
1.09 - 10" m?*s~'. Curve 2 is the transverse motion of the
same inclusion before its detachment from the dislocation
fitted with the Smoluchowski equation (Eq.(6)), and
although the movement on the time scale that we can re-
cord, is spatially confined, the small-time extension of the
curve is nearly parallel to curve 1 for the free particle. The
diffusion coefficient obtained from the Smoluchowski fit is
0.72 - 10~ '* m?s~" that is fairly close to the value for the
free movement. The non-monotonous behavior of the
curves in Fig. 10 and Fig. 12 at larger values of Ar is due
to geometrical constraints of the paths and poor statistics.

100+ :

104

<4p"> (nm)

0.1 L L T T

At (s)

Fig. 10. Root mean squared p-displacement of the 17 nm inclusion in
the free (curve 1) and the trapped (curve 2) states as a function of
elapsed time. The dashed straight lines show the fitting of curve 1 with
Einstein’s equation and curve 2 by Eq. (6). After [13].
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Fig. 11. Diffusion coefficient of free inclusions (solid circles) and of
the longitudinal motion of the 14 nm and 15 nm trapped inclusions
(open circles) as a function of their diameter. The solid line fits the free
motion data points by Eq. (9). After [13].

The dependence of the diffusion coefficient D, of free in-
clusions (the solid circles) on their diameter d is shown in
log—log coordinates in Fig. 11. The linear fitting gives a
slope of —4.0 £ 0.5. The inclusion inside the bright area in
Fig. 6, which is a thinner and possibly oxidized region of
the foil (it is marked by the black circle in Fig. 6a) is not in-
cluded in the analysis, as this inclusion depicted anoma-
lously slow mobility.

5.2. Motion of attached inclusions along dislocation.

Figure 12 shows the experimental results of the root mean
square longitudinal displacements of the 14 nm and 15 nm
inclusions (Fig. 3a) v/ <Az2> as a function of elapsed time
At at 720 K plotted in log—log coordinates. Both curves
have slopes close to '/, at small Az indicating free random
motion of the inclusions. In contrast, at larger Ar the mean
square displacements become independent of Af and ap-
proach constant values as they should for confined random
motion pattern.

] —
e 15nm
o 14 nm
E
£ 104 i
N 4”
V L ]
1 T T T L) 5
10 10" 10° 10' 10° 10°

At (s)

Fig. 12. Root mean squared longitudinal displacement of 14 nm and
15 nm inclusions at 720 K as a function of elapsed time. The dashed
lines are the fits to Eq. (5).

Z. Metallkd. 96 (2005) 10

Fig. 13. Video frame showing micrograph of the 12 nm inclusion
(shown by the arrow) attached to the invisible dislocation lying along
Z-axis. Its ends are fixed by the two larger inclusions.

The fitting results give values for the diffusion
coefficients of D,=2.64-10""m’ ™" and D,=2.14-
107" m?s~! for 14 nm and 15 nm inclusions, respectively.
They agree with the size dependence of the diffusivities of
free inclusions, Fig. 11 (open circles). Thus, the effect of
the dislocation on the longitudinal mobility of the trapped
inclusions is not strong. It also indicates that the micro-
scopic mechanism controlling the mobility of free and
trapped inclusions is likely to be the same.

5.3. Effect of temperature on mobility

The longitudinal motion of an inclusion with a size of
12 nm was used to study the effect of temperature on the
diffusion coefficient. The inclusion is shown by the arrow
in Fig. 13. In this experiment the temperature was stepped
down in the range from 688 to 622 K and the movement of
the inclusion was observed for ten different temperatures.
Figure 14 presents the longitudinal displacements of the in-
clusion as a function of time at different temperatures. The
amplitude of the oscillations diminishes as the temperature
goes down. The diffusion coefficients of the inclusion were
determined using Eq. (5). The Arrhenius plot of the diffu-
sion coefficient (Fig. 15) is non-linear. It can, however, be

400 T T T T T T
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MM 398°C
200 _W 387°C |
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Fig. 14. The time dependences of longitudinal displacements of the
12 nm inclusion at different temperatures.
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fitted to two linear segments representing two temperature
regions characterized by different activation enthalpies.
The low-temperature activation enthalpy is equal to
3.05 £ 0.15 eV while the high-temperature value is 1.60
0.23 eV. The transition zone is around 650 K.

6. Discussion of the mechanisms of mobility

According to the Al1-Pb phase diagram [14] (Fig. 1) a satu-
rated solid solution of Pb in Al and a saturated liquid solu-
tion of Al in Pb are in equilibrium at the surface of the in-
clusions. However, thermal and concentration fluctuations
can give rise to local growth and dissolution of matrix crys-
tal at the surface of the inclusions, i.e. causing local
displacements of the inclusion/matrix interface. It is natural
to suppose that this may lead to net shifts of the centers of
the inclusions, and, consequently, to their motion. Motion
of inclusions in the crystalline matrix is necessarily related
to local destruction of the crystal lattice in the direction of
the motion, and its creation at the opposite side. Thus, the
displacement of an inclusion is accompanied by detach-
ment of atoms from the matrix crystal, their consequent
transfer and rejoining to the crystal lattice.

The rate of the dissolution — growth process Vof a crystal
can be described for small enough supersaturation Ac of so-
lution near the crystal surface by the following equation
(23]

V= AcBi(1 +BID) 8)

Here f is the kinetic coefficient of crystallization, D is the
coefficient of atomic diffusion controlling the mass trans-
fer, and ¢ is the width of diffusion boundary layer near the
crystal surface. Eq. (8) shows that the rate is controlled by
diffusion (the diffusion regime) if 6/D > 1, and by crystal
growth-dissolution at the crystal-solution interface (the ki-
netic regime) if /D < 1. A sign of Ac determines whether
growth or dissolution of the crystal takes place.

6.1. The diffusion control of mobility.

In the diffusion regime the mobility of the Pb inclusions in
Al can be controlled by diffusion of Al through the liquid
Pb inclusion, diffusion of Pb through the Al matrix, and dif-
fusion of Al along the interface of the inclusion. The differ-
ent mechanisms will correspond to different size dependen-
cies of the diffusivity of the inclusions [24, 25]:

Dy ~ d~* for diffusion through inclusion;
D, ~d =3 for diffusion through matrix;
D, ~d ~*  for interfacial diffusion.

The dependence D, ~ d =% found for liquid Pb inclusions in
Al (Fig. 11) indicates that in the diffusion regime their mo-
bility is controlled by diffusion along the Pb/Al interface.
The interfacial diffusion coefficient Dy, is estimated by
fitting of the experimental data using the relationship of
Nichols [25], which is adapted to the case of liquid fcc met-
al inclusions,

D, = (6/V2m) (d/a”) ™" cDin 9)

The atomic size is set by the expression a* = (1 + ) a,
where y = 0.035 is the relative volume increase during melt-
ing of lead, and a@ = 0.495 nm is the lattice constant of solid
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Fig. 15. Arrhenius plot of the diffusion coefficient obtained for longi-
tudinal motion of 12 nm trapped inclusion. The standard errors of D,
are less than the size of the data points markers. D;, is the coefficient
of interfacial diffusion obtained with Eq. (9).

lead [20]. The parameter ¢ in Eq. (9) is the interfacial con-
centration of atoms participating in the diffusion. Assuming
c =1 the fitting by Eq. (9) (dashed straight line in Fig. 11)
gives Dy = (1.29 £ 0.16) - 10~ ' m?*s~! at 720 K. Applica-
tion of Eq. (9) to the data of Fig. 15 gives the values for the
pre-exponents of Djn: (Dinp)o = 23.3 m?s~! for the high-
temperature region and (D), = 4.36 - 102 m?s~! for the
low-temperature region.

Unfortunately, data for diffusion on the Al surface are not
available. Instead, we wuse the empirical equation
D,=74-10772 exp(=307,,/T) m?s~ !, which was proposed
by Gjostein for surface self-diffusion in fcc metals at
T>0.77T,, [26]. This equation gives the activation enthal-
py of surface self-diffusion, which numerically is equal to
307, kcal/mol. The latter is about of 1.2 eV for Al, that
is comparable with 1.60 eV obtained by us for the
high-temperature region. Also this equation gives
D=23-10"""m%"" in Al at 720 K comparable with
Dine=1.29 - 107 ' m?s~! obtained by us. The values of D,
obtained with Eq. (9) using the data of Fig. 15 are in a rea-
sonable agreement with Dy as well. Thus, we conclude that
in the high-temperature region diffusion along the
Al/Pb interface may be the mechanism controlling the mo-
bility of Pb inclusions.

The low-temperature activation enthalpy 3.05eV ex-
ceeds significantly those of atomic diffusion mechanisms
possible in the AI-Pb system (1.5 eV for bulk diffusion of
Pb in Al [27]). This indicates that dissolution of Al matrix
at the interface rather than diffusion may govern the mobil-
ity of the inclusions in the low-temperature region. Actu-
ally, the pre-exponential factors, especially the one
(4.36 - 10"?m?s~") obtained for the low-temperature region,
are many orders of magnitude larger than the pre-exponen-
tial factors typical for diffusion [28].

6.2. The dissolution kinetics control of mobility.

In the kinetic regime an activation enthalpy AH can be re-
lated roughly to the energy of detachment of an Al atom
from the free surface of an Al crystal. In the framework of a
nearest neighbor model with pair interactions, AH = Zg/2,
where Z is the number of nearest neighbours of the atom,
which breaks away, and ¢ is the interatomic bond energy.
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This can be estimated as 2AH/Z,, where AH, is the subli-
mation enthalpy (3.36 eV for Al [20]), and Z, is the coordi-
nation number (= 12 for fcc lattice). Then, Z = Z,(AH/AH,).
An account of the energy balance of dissolution of
the detached Al atom in the Pb melt gives AH=
(Z1Z,) AHg + AH,;x , where AH ;. is the enthalpy of mix-
ing in Al-Pb solutions (0.37 eV), which is obtained from
the Al partial free energy of mixing in the Pb-rich liquid
given in [14]. Therefore,

Z= Zo[(AH_AHmix)/AHs] (10)

Equation (10) gives Z = 9.6 for the low-temperature region
(AH=3.05¢eV), and Z=4.4 for the high-temperature re-
gion (AH =1.60 eV). The number of nearest neighbors of
atoms in the {111} facet is 9, while Z ~ 4 ... 5 may be rea-
sonable for a rough surface. If so, the mobility of liquid Pb
inclusions in Al in the high-temperature region may be con-
trolled by the detachment of Al atoms from the rough sur-
face of the Al matrix and in the low-temperature region by
their detachment from {111} facets. This assumption does
not contradict available data on the morphological behavior
of Pb inclusions in an Al matrix which are given shortly be-
low.

The equilibrium shape of solid Pb inclusions in Al is a
cuboctahedron with atomically flat {100} and {111} facets,
Fig. 16a [6]. Melting of Pb inclusions in Al is accompanied
by rounding of the {100} facets while larger liquid inclu-
sions retain flat {111} facets up to temperatures of 700 K
and higher, Fig. 16b [7]. The temperature of this roughen-
ing process is size dependent. It could easily be anticipated
to take place at 650 K for the 12 nm inclusion studied.
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Thus, in the kinetic regime in the low-temperature region
the higher activation enthalpy obtained from the Arrhenius
plot may be related to the existence of {111} facets on the
surfaces of liquid Pb inclusion. If this assumption is valid,
i.e. that the transition in the Arrhenius plot is caused by
the faceting of the inclusions, then, a detailed study of diffu-
sion of inclusions may give the an alternative and possibly
more accurate possibility of determining the temperature
of the roughening and faceting transformations on their sur-
face. Besides, our studies show that the liquid inclusions in
the solid matrix are mobile at elevated temperature, there-
fore their observed shape can be distorted because of their
motion.

7. Resume

Motion of free nanosized liquid Pb inclusions and inclu-
sions trapped by dislocations in thin aluminum foils is
studied using in-situ TEM. Liquid Pb inclusions attached
to dislocations show random oscillations localized in the
vicinity of the dislocation line. This is due to effect of the
elasticity of dislocations on the trapped inclusions. Free in-
clusions move randomly along non-localized trajectories
before they disappear on free surfaces or coalesce with
other inclusions.

The model for kinetic behavior of particles attached to
dislocations considered as an elastic string is developed. It
is shown that the transverse and longitudinal motion of the
particles are only weakly coupled and that they can be con-
sidered separately. The expression for the density of the dis-
tribution of positions of the particle on a dislocation line is

1179

Basic



Basic

E. Johnson et al.: Diffusional behavior of nanoscale lead inclusions in crystalline aluminum

derived. The mathematical relations for the effective force
constants and standard deviations are obtained for the trans-
verse and longitudinal motion of the particle. They are in a
reasonable agreement with the experimental values.

The diffusion coefficients are determined by Einstein’s
equation for motion of free inclusions, and Smoluchowski’s
equation are applied to estimate diffusion coefficients using
transverse and longitudinal motion of trapped inclusions.
The agreement between the diffusion coefficients of free
and trapped inclusions indicates that it is the same micro-
scopic mechanism that is responsible for their motion, pos-
sibly perturbed by a weak effect of the dislocations.

The dependence of the diffusion coefficient of the inclu-
sions on their size indicates that the mobility is controlled
by kinetic processes at the Al/Pb interface, e. g. diffusion
along the Al/Pb interface in the diffusion regime and disso-
lution of the crystalline Al-matrix in the kinetic regime.

It is assumed that the low-temperature activation enthal-
py of diffusion of the inclusion (3.05 eV) is related to the
detachment of Al atoms from {111} facets of Pb/Al
interface, and the high-temperature activation enthalpy
(1.60 eV) corresponds to detachment of Al atoms from the
rough Pb/Al interface. Then, the transition region (around
650 K) is associated with the appearance of the {111} fa-
cets of the inclusions.
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