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a-Alumina (Al2O3) single crystals with different termination planes were used as heterogeneous
nucleation substrates for liquid aluminum to varying lattice misfits at the interface between
substrate and newly nucleated aluminum grain. Undercooling during the nucleation process was
measured for interface configurations with varied lattice misfit, while the solidified Al/Al2O3

interfaces were directly observed by high-resolution transmission electron microscopy
(HRTEM). Based on experimental results, the effect of lattice misfit on nucleation behavior
was systematically investigated following previous misfit-interfacial energy models, with
clarification being made by the undercooling measurement and HRTEM observations of the
interfaces in the Al/Al2O3 system. When the misfit is smaller than 13 pct, both experimental
results and theoretical analysis show that the currently existing models through modification
and incorporating energy calculation can be used to fit the detected undercooling of investigated
system. Beyond 13 pct, a new hypothesis was developed to accommodate lattice misfit with
stacking faults such as microtwins according to the HRTEM analysis. The interfacial energy is
then replaced by the stacking fault energy accumulated in the strained area. It is shown that the
lattice misfit plays an important role in determining the heterogeneous nucleation of liquid
aluminum. The nucleation undercooling is then able to be predicted by the theoretically
calculated interfacial energy using the integrated models developed in the work. The prediction
results were also verified by the HRTEM analysis on the nucleation interface of the Al/Al2O3

systems and detected undercooling on corresponding systems.
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I. INTRODUCTION

TO understand the solidification behavior of liquid
metal, classical nucleation theory (CNT) is formulated
with the interfacial energy and volumetric free energy
changes of the nucleus formation,[1] where contact angle
h acts as an important factor determining the nucleation
potency of a specific heterogeneous substrate. However,
for the nucleation on a potential catalyzer (potent
substrate), which happens in most of natural nucleation
systems, the contact angle is normally very small (close
to 0�), and it is hard to form a spherical-cap nucleus.[2]

Analyses carried out by X-ray scattering method,
atomistic simulation, and in situ transmission electron
microscopy (TEM) at high temperature,[3–6] showed that
the order of atoms in the liquid increases gradually
toward the solid–liquid interface, which is distinguished
from the spherical-cap assumption in CNT. Thus, in the
case of most natural nucleation systems, the interfacial

energy itself, rather than contact angle, becomes a direct
criterion for nucleation potency of the substrate.[2,3,7–9]

The interfacial energy is hard to be measured in
practice. Turnbull and Vonnegut[10] suggested that the
interfacial energy could be predicted by lattice misfit
between newly nucleated phase and substrate when
lattice misfit f is smaller than 5 pct. That is the first
report about the effect of lattice misfit on heterogeneous
nucleation of metals based on theoretical analysis and
statistics experimental results. Although the energy
barrier for the heterogeneous nucleation is induced by
the rearrangement of liquid structure toward solid, to
overcome the lattice configuration difference between
solid-like liquid clusters and substrates is the major
energy consumption for a distinct heterogeneous nucle-
ation system. The previous study on the relationship
between lattice misfit and interfacial energy was mainly
focused on small lattice misfit systems. For example,
Frank and van der Merwe[11] pointed out that the
interfacial energy is related to lattice misfit for bicrystal
when lattice misfit is less than about 4 pct, where elastic
distortion strain occurs in the nucleated phase to release
the small lattice misfit. For a larger misfit system where
edge dislocations will form in a short distance,
Matthews et al.[12,13] proposed a natural lattice model
defining the relationship between interfacial energy and
lattice misfit when f is greater than 3.4-4 pct. If misfit is
enlarged further into a poor fit system, the interface will
match with integral multiple planes by a coincidence
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lattice model.[14] Vook and Horng[15] observed these
coincidence dislocations with a relatively large lattice
misfit about 13 pct between Ag and Cu, with the spacing
of the coincidence dislocations at least an order of
magnitude larger than that of edge dislocations pre-
dicted by the natural lattice model theory.

The previous experimental results and related theo-
retical models described well the relation between inter-
facial energy and lattice misfit when the misfit is small.
However, an effective theoretical model for calculation
of the interfacial energy is absent for a system with large
misfit, the coincidence lattice misfit system for instance.
Besides, the current models are working for different
alloys and substrates with discrete lattice misfit range.
Most of the research on interfacial energy focus on the
system created through vapor deposition or molecular
beam epitaxy treatment. So far, there is no direct
evidence to demonstrate or to interpret the effect of
lattice misfit on heterogeneous nucleation behavior of
liquid metal, apart from the original discussions on the
relationship between misfit and undercooling[10,16] or
initial precipitation and undercooling.[17,18] It is also
believed that heterogeneous nucleation might be unprac-
tical when misfit f is greater than 14.4 pct. Furthermore,
the discussion in the previous studies was generally based
on theoretical analysis without any direct observation on
such interfacial lattice structure.

In order to clarify the relationship between heteroge-
neous nucleation behavior of liquid and lattice misfit at
interface in a real alloy system, especially in an extended
range of lattice misfit, a liquid Al/single crystal Al2O3

system was designed to demonstrate an undercontrolled
heterogeneous nucleation with various lattice misfits in a
common solidification process. The undercooling and
interface configuration of the couple were measured to
examine the relationship between lattice misfit and
nucleation behavior. Interfacial energy of the system
for different couples was calculated using the integrated
models based on the previous models and the direct
observed results obtained through high-resolution trans-
mission electron microscopy (HRTEM). The validity of
the results was examined by measured undercooling of
the couples.

II. EXPERIMENTAL

A. Materials

High-purity aluminum (>99.999 pct) and Al2O3 single
crystals were used to form Al/Al2O3 couple in the study.
Different crystallographic termination planes, such as
(11�20) and (10�10) planes, of the oxide single crystal were
cut from commercial sapphire with the orientation
±0.5�, to vary the lattice misfit with aluminum. The
dimension of single crystal plates was 5 9 5 9 0.5 mm,
and their surface roughness was less than 0.5 nm. The
high-purity Al was used to ensure the nucleation of Al
with minimum intrinsic heterogeneous nuclei. The
weight of Al specimens was about 0.02 g. Every Al
specimen was further purified through melt flux treat-
ment before experiment.

B. Undercooling Measurement

The undercooling during heterogeneous nucleation of
Al on the single crystal Al2O3 substrates was precisely
recorded using a pyrometer with an accuracy of ±1 K
(�C). A detailed description of the setup for the under-
cooling measurement can be referred in Reference 19.
Before experiment, the single crystal Al2O3 substrates
were thoroughly cleaned in acetone for 3 minutes with an
ultrasonic cleanser and then placed on a gas cooling
platform in a high vacuum chamber (the pressure was
2910�4 Pa). An aluminum sample was placed on such an
Al2O3 substrate and Al/Al2O3 couple was heated up to
1300 K (1027 �C) by a laser beam with a heating rate of
20 K (�C)/s. The sample was holding at the temperature
for 3 minutes before the laser beam was switched off, and
then cooled down at a controlled cooling rate 20 K (�C)/s
under a flowing argon atmosphere. The cooling curve of
Al droplet on Al2O3 substrate was recorded, from which
the undercooling was defined as the temperature differ-
ence between the recalescence temperature and nucle-
ation temperature. The measurement was made in
multiple experimental runs in order to ensure the
reliability of the experimental results.

C. Lattice Misfit of Al/Al2O3 Couples

Lattice misfit can be obtained through Turnbull’s
one-dimension model[10] where only the low index
directions on low index planes of a nucleation system
will be calculated. Bramfitt[16] extended this model into a
two-dimension model where 3 directions will be con-
cerned in low index planes of a system. Apart from these
two models, edge-to-edge matching model[20–25] based
on minimization of the strain energy of the interface and
actual atom rows matching[21] was used to predict the
orientation relationships and the corresponding habit
planes (the interface between the new and parent phases)
over a range of lattice misfit less than 10 pct, where the
misfit was calculated either at the edge matching
direction or at the matching parallel planes for the
diffusion-controlled phase transformation couples and
epitaxial growth systems. In our system, the nucleation
plane was triggered on the selected terminated planes of
substrate. The artificially created nucleation interface is
part of over the range of the above models. To facilitate
the real-matching planes, X-ray diffraction (XRD),
carried out by Rigaku Ultima IV X-ray diffractometer
with monochromatic CuKa radiation
(k = 0.154060 nm), was employed to determine the
matching planes between the solidified Al and Al2O3

substrate with various termination planes. The XRD
patterns in Figure 1 show that the strongest peak, i.e.,
the most preferred orientation of the solidified Al varies
with the termination planes of the substrate.
Theoretically, the two-dimensional lattice misfit f of

two matching planes was calculated based on the
following Bramfitt equation[16]:

f
ðhklÞs
ðhklÞn

¼
X3

i¼1

d½uvw�is
cosh� d½uvw�in

���
���

3d½uvw�in
� 100 pct; ½1�
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where d[uvw]s, d[uvw]n are the interatomic spacings along
direction [uvw]s, [uvw]n and h is the angle between [uvw]s
and [uvw]n. The subscript s and n stands for substrate
and nucleated crystal, respectively. It should be noted
that planes of (hkl)s and (hkl)n used in this work are not
the low index planes as stated in Bramfitt’s model. Due
to the single crystal feature of the substrate, (hkl)s in the
equation is termination plane of substrate, [uvw]s is a
low index direction in (hkl)s, (hkl)n is the growth plane of
the newly nucleated phase, and [uvw]n is a low index
direction in (hkl)n.

Taking into account the lattice expansion at high
temperature, lattice parameter a of Al is 0.412 nm, and a
and c of a-Al2O3 are 0.478 and 1.306 nm, respectively,
when Al solidified on the surface of Al2O3.

[26–28] A series
of theoretical lattice misfits between Al and Al2O3 were
obtained according to XRD results and are listed in
Table I. It is noted that the intensity of (111) and (200)
peak is almost close to each other when Al solidified on
(10�11) Al2O3 substrate and the theoretical lattice misfits
of (111) Al/(10�11) Al2O3 and (200) Al/(10�11) Al2O3 are
nearly the same. A smaller lattice misfit of (200) Al/
(10�11) Al2O3 is selected for the further analysis. So does
the misfit of (111) Al/(10�14) Al2O3.

D. TEM and HRTEM

In order to further investigate the crystal orientation
and in-plane textures of nucleated crystal Al at the Al/
Al2O3 interface, thin cross-sectional foil specimens were
prepared by mechanical grinding, and then extracted
and thinned by focus ion beam (FIB) using FEI Helios
600i system at 30 kV for TEM and HRTEM

examinations. TEM and HRTEM were carried out
using a Tecnai G2s-Twin microscope operating at 200
kV, with the point resolution 0.24 nm.

III. RESULTS

A. Nucleation Undercooling of Al/Al2O3 Systems

The measurements of the nucleation undercooling on
different termination planes are listed in Table I,
together with the theoretically calculated lattice misfit
and plotted in Figure 2. It is observed that the under-
cooling is closely related to the lattice misfit. When f<
~13 pct, the undercooling increases from 3.5 K ± 1.4 K
(�C) with f = 7.77 pct to 39.6 K ± 5.4 K (�C) with
f = 12.90 pct. As suggested by Bramfitt,[16] the trend of
the undercooling can be fitted with a parabolic relation-
ship when the lattice misfit is smaller than 12.49 pct in
the study

DT ¼ 0:09 � f2 ½2�

where the coefficient of correlation, R2, of the para-
bolic relationship is 0.9120. It is found that the under-
cooling exceeds the predicted value at about 13 pct in
our experiments, so do the data of Fe/WC 29 K (�C)
with misfit 12.7 pct.[16] Given f > 13 pct, the under-
cooling sharply increases to 25.2 K ± 2.0 K (�C)
where the misfit is 16.36 pct. Then the undercooling
decreases slightly to 19.0 K ± 1.3 K (�C) with a misfit
increasing to 25.03 pct, with a linear relationship at
this range as follows:

DT ¼ 37:31� 0:73 � f ½3�

Fig. 1—XRD patterns of Al surface adjacent to Al2O3 substrates with (22�43), (10�10), (1�102), (10�11), (10�14), (0001), (11�23), (31�42), (11�20) termi-
nation planes.
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where the coefficient of correlation, R2, of the linear
relationship is 0.9845. The decrease of undercooling
indicates that the nucleation mechanism varies when f>
13 pct.

B. Characteristics of Al/Al2O3 Interfaces

To further investigate the variation of nucleation
behavior, samples solidified on (10�11), (0001), and
(11�20) planes were examined using TEM and HRTEM,
with the lattice misfit f being 12.77, 16.36, and 25.03 pct,
respectively. The bright-field TEM images in Figure 3
show that there are two different types of interface.
When f < 13 pct, a clear and sharp interface was
observed as shown in Figure 3(a). When f > 13 pct,
however, an extra plate phase was found at the Al/Al2O3

interface, as marked ‘‘A, B’’ in Figure 3(b) and (c),
respectively. Energy dispersive spectrometry (EDS)
revealed that the extra phase at the interface was
composed of pure Al, as described in a previous
study.[19]

1. Al/Al2O3 interface with 12.77 pct misfit
Figure 4(a) is the inverse fast Fourier transformation

(IFFT) image of cross-sectional HRTEM of the sample
solidified on (10�11) plane (f = 12.77 pct), with the Al
crystal being viewed along its [001] zone axis. The lattice
arrangement of Al2O3 and Al is clearly seen in the lower
and upper area, respectively, in Figure 4(a). The inter-
face between Al2O3 and Al is marked with white dashed
line. It is seen that (20�22) plane of Al2O3 is parallel to
the interface and the arrangement of (20�22) is same to
that of (10�11). That is to say the (10�11) plane is parallel
to the interface. Meanwhile, every five (0�20) planes of Al
crystal with d-spacing of 0.198 nm matches with three
(10�1�2) planes of Al2O3 substrate with d-spacing of 0.346
nm. The lattice arrangement of Al and Al2O3 is marked
with yellow and red circles, respectively. The coincidence
matching between Al and Al2O3 at the interface is
schematically illustrated in Figure 4(d). The total dis-
tance associated with three lattice rows in the substrate
is somewhat smaller than that associated with five lattice
rows in the crystal, so that the coincidence structure
places the crystal under compressive stress. Figure 4(b)
is the FFT pattern of Al/(10�11)Al2O3 HRTEM inter-
face, where the incident beam is aligned along [001] of
Al zone axis. At the same time, the Al2O3 substrate is
viewed along its [1�210] zone axis. A schematic index of
the pattern is shown in Figure 4(c), where the open and
filled circles represent Al and Al2O3 respectively.

2. Strained area at the interface with misfit of 16.36 pct
Figure 5 shows the cross-sectional HRTEM image of

the sample solidified on (0001) surface. As shown in
Table I, the misfit between the newly nucleated Al and
Al2O3 (0001) substrate is calculated to be 16.36 pct, if
(100) Al matches the (0001) basal plane of Al2O3. In
Figure 5(a), the incident electron beam is parallel to
[1�100] axis of Al2O3, with its (0001) planes being parallel
to the interface. The interface is marked with black
dashed line. Above Al2O3 crystal, the plate contains a
few periodic lattice site arranging layers with average
spacing of the interlayer parallel to interface about
0.839 nm and the plane spacing along horizontal direc-
tion about 0.285 nm. Above the plate, Al crystal with
(200) planes grows on the plate in Figure 5(b).
The SAED patterns on the interface between plate/

Al2O3 and plate/Al both show overlapped spots in

Table I. The Theoretical Lattice Misfits (f) Between Al and Al2O3 Single Crystal Substrates and the Corresponding Undercooling

Obtained on Different Substrates and its Standard Deviation

No Matching planes f (pct) DT (K) r (K)

1 (100) Al/(22�43) Al2O3 7.77 3.5 1.4
2 (100) Al/(10�10) Al2O3 9.45 5.8 0.8
3 (111) Al/(1�102) Al2O3 12.49 16.0 2.5
4 (100) Al/(10�11) Al2O3 12.77 32.7 4.9
5 (111) Al/(10�14) Al2O3 12.90 39.6 5.4
6 (100) Al/(0001) Al2O3 16.36 25.2 2.0
7 (111) Al/(11�23) Al2O3 17.10 25.1 4.2
8 (110) Al/(31�42) Al2O3 21.42 22.4 2.7
9 (311) Al/(11�20) Al2O3 25.03 19.0 1.3

Fig. 2—Nucleation undercooling of Al solidified on different single
crystal Al2O3 substrates related to theoretical lattice misfit. When f<
~13 pct, the trend of the undercooling follows a parabolic relation-
ship with lattice misfit as DT = 0.09 f2, while the undercooling ex-
ceeds the predicted value at about f = 13 pct. After f> 13 pct, the
undercooling sharply increases to 25.2 ± 2.0 K (�C) where misfit is
16.36 pct and then the undercooling decreases slightly, with a linear
relationship at this range as DT = 37.31-0.73Æf.
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Figure 5(c) and (d).Through the analysis of the SADPs,
there are both three sets of diffraction patterns. In
Figure 5(c), one set is hexagonal structure with d-spac-
ing of 0.432 and 0.238 nm corresponding to {0003} and
{11�20} planes of Al2O3 as indexed with large open
circles. The other two sets are characterized by satellite
spots shifting about 1/3 distance from the principal
reflection spots, with the same d-spacing about 0.285 nm
corresponding to {110} planes of Al and 0.839 nm
without any corresponding plane for Al or Al2O3. The
spots have typical feature of twins with habit plane (100)
and invariant direction [001] as schematically illustrated
with filled white and red circles in the pattern. The same
principal and satellite spots also occur in Figure 5(d),
and the third set is face-centered cubic structure with
plane spacing of 0.202 nm and 0.143 nm corresponding
to {200} and {220} planes of Al being viewed from its
[001] zone axis.

From the above analysis, we found that the interlayer
spacing of planes parallel to the interface is just equal to
the spacing related to the unidentifiable spots in SADPs
and the other spacing corresponds to the {110} planes of

Al. Combined our results with the analysis of micro-
twinned structure reported by Pérez-Sierra,[29] it is
believed that the structure is microtwin and there are
two or three atomic layers in each twin layer. The layer
adjacent to the interface is a little ambiguous possibly
due to the disorder stacking sequence, overlapped
lattices of the plates, or the presence of strain at the
interfaces.

3. Strained area at the interface with misfit of 25.03 pct
Similar plates were also observed at the interface in

Al/Al2O3 (11�20) system with the incident electron beam
parallel to [0001] axis of Al2O3, as shown in Figure 6(a).
The misfit between newly nucleated Al and Al2O3 (11�20)
substrate is calculated to be 25.03 pct, if (311) Al
matches (11�20) the basal plane of Al2O3. The interface is
marked with white dashed line. It is seen that (11�20)
plane of Al2O3 is parallel to the interface. The SADPs
on the interface also show overlapped spots in
Figure 6(b). Among the spots, a set can be identified
as Al2O3 in [0001] zone axis as indexed. The other two
sets have typical feature of microtwins with habit plane

Fig. 3—The cross-sectional TEM bright-field images of (a) Al/Al2O3 (10�11) with f = 12.77 pct, (b) Al/Al2O3 (0001) with f = 16.36 pct, (c) Al/
Al2O3 (11�20) with f = 25.03 pct. The discontinuous plates were composed of pure Al by examination of energy dispersive spectrometer (EDS)[19]

at the interface adjacent to Al2O3, as marked ‘‘A, B’’ in (b), (c).

Fig. 4—The inverse fast Fourier transformation (IFFT) (a) and FFT (b) image of cross-sectional HRTEM of Al/Al2O3 (10�11) interface taken
along Al [001] axis. (c) Schematic showing the index of the FFT pattern along [001]Al zone axis, where the open and filled circles represent Al
and Al2O3, respectively. (d) Schematic illustrating the coincidence matching between Al and Al2O3 at the interface. Every five (0�20) planes of Al
crystal with d-spacing of 0.198 nm matches with three (10�1�2) planes of Al2O3 substrate with d-spacing of 0.346 nm. The lattice arrangement of
Al and Al2O3 is marked with yellow and red circles, respectively.
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(100) and invariant direction [001] as schematically
illustrated in the pattern. The microtwins have the
average spacing of plane parallel to interface which is
about 0.845 nm and the other spacing along horizontal
direction which is 0.286 nm.

IV. DISCUSSION

Although extensive researches regarding growth of
various materials on potent substrates have been
performed over the decades, a straightforward demon-
stration of lattice misfit effect on nucleation behavior
is still lacking, without mention of a reasonable
explanation for the effectiveness of nucleation sub-
strate. Combining with the experimental results and
misfit-interfacial energy models presented here, a
hypothesis for the effect of the lattice misfit on the
nucleation behavior of liquid Al is given in the
following sections.

A. Misfit-Interfacial Energy Models for Al with Various
Misfits

In this research, different lattice misfits arise when the
substrates with different terminating planes were varied
for nucleating. The newly nucleated phase may occur
with elastic distortion or misfit dislocations in case of a
noncoherent interfaces.[11–15]

1. Nucleation with lattice distortion
Interfacial energy for the system with small lattice

misfit was explained by van der Merwe[30] on the basis of
the Peierls–Nabarro’s single dislocation model.[31,32] In
this model, the total interfacial energy Etotal per unit
area consists of two parts, the strain energy Es in each
half-crystal and the mean energy of misfit Em due to the
sinusoidal force at the interface.[30] Taking into account
the growth of crystalline phase,[33] a critical thickness hcs
of homogeneous strain layer exists,

hcs ¼
Esð1� 2mÞ
G 1� mð Þf2 ; ½4�

where bulk modulus G = 16.2 GPa, poison ration
t = 0.369,[34] and f is lattice misfit. The total calculated
interfacial energy, the mean energy of misfit, the strain
energy per unit area, and the critical thickness of the
homogeneous strain layer as a function of lattice misfit
for nucleation of Al with distortion are shown in
Figure 7 according to Reference 30. It is seen that the
upper limit of lattice misfit for pure distortion strain
interface is 3.1 pct, where the minimum critical thickness
at this point is 0.3 nm, about one atomic layer thick of
Al.

2. Nucleation with natural misfit dislocations
Natural lattice misfit model (NLM) was proposed by

Matthews and his coworkers[12,35,36] to describe the
misfit accommodated by dislocations and residual
strain. The concerned misfit range is beyond van der
Merwe model. The model predicted the interface

structure and the critical thickness for the formation
of edge dislocations from force balance. People and
Bean[13] extended the model from pure edge dislocations
to screw types by energy balance. The upper limit of
lattice misfits for introducing edge and screw disloca-
tions are 5.8 and 5.4 pct, where the critical thickness
values are 0.3 and 0.8 nm, respectively, about one or
three atomic layers, the minimum thickness for edge
dislocation, and screw dislocation.
However, according to the previous calculation, there

is an overlap misfit range where both edge dislocation
and screw dislocation are able to be introduced.
Actually, the total energy of Al/Al2O3 system relaxed
by edge dislocation and residual strain is smaller than
that of screw dislocation. Given an interfacial energy
over the minimum limitation of screw dislocation, the
edge dislocations will be easily introduced first and then
the rest of energy might be settled by screw dislocations,
i.e., a mixed-type dislocation could be introduced. In
fact, edge, screw, and mixed-type dislocations[37,38] were
all observed at the interface between the epitaxial GaN
thin films and sapphire substrate. Thus, it is reasonable
to propose the modification of natural lattice model
from single-type dislocation toward mixed-type disloca-
tion. For simplification, we assumed that (a) the energy
of mixed-type dislocation is dominated by screw dislo-
cation; (b) the minimum thickness for mixed-type
dislocations is also fixed by thickness introducing screw
dislocations. Then the lattice misfit f for the formation
of mixed-type dislocations can be given by

f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� m
1þ m

� �
1

16
ffiffiffi
2

p
pa0

b2cos2u
hc

� �
ln

hc
bcosu

� �s

½5�

where hc = 0.8 nm, the minimum thickness for screw
dislocations, u is defined as the angle between the
Burgers vector and line direction of the dislocation
(0<u<65 deg). Beyond hc = 0.8 nm, mixed disloca-
tions will be introduced, where misfit is 4.3 pct. The
maximum lattice misfit f is 7.8 pct at the angle
approach 0. The energy of mixed-type dislocation on
Al/Al2O3 system for 4.3 < f < 7.8 pct per unit area
can be calculated as

Emd ¼ Eed þ Esd ¼ Gbfsin2u
2pð1� mÞ ln

0:8 � 10�9

bsinu
þ 1

� �

þ Gb2cos2u

8p
ffiffiffi
2

p
a0

ln
0:8 � 10�9

bcosu

� �
:

½6�

The strain energy Es per unit area is given by

Es ¼ 2G
1þ m
1� m

� �
ð0:8 � 10�9Þf2 ½7�

The calculated total interfacial energy, the energy of
dislocation, the strain energy per unit area, and critical
thickness for introducing dislocations as a function of
natural lattice misfit for nucleation of Al with natural
misfit dislocations are plotted in Figure 8.
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3. Nucleation with coincidence dislocations
In order to spread dislocations to a poor fit system,

coincidence lattice misfit model[39–43] was suggested
based upon the matching of multiple lattice planes
across the crystal–substrate interface. However, the
relationship of interfacial energy and coincidence lattice
misfit is absent. Based on the explanation of coincidence
in previous studies,[44–47] the total interfacial energy for
coincidence lattice misfit is given on some assumptions.
Since the coincidence means the periodic extra or
missing planes at the interface, the critical thickness
hcd to introduce the coincidence dislocations can be
calculated according to the critical thickness of edge
dislocations,[35] where natural lattice misfit is replaced
by coincidence lattice misfit F

hcd ¼ b
F

1

4p 1þ mð Þ ln
hcd
b

þ 1

� �
: ½8�

The distance of coincidence dislocations is mao, so the
total length of coincidence dislocations will be 1/mao per
unit area. The coincidence dislocation energy Ecd per
unit area can be modified as

Ecd ¼ Gb2

4pð1� mÞ ln
hcd
b

þ 1

� �
� 1

mao

� �
: ½9�

The strain energy Es per unit area at the interface can
be calculated as

Es ¼ 2G
1þ m
1� m

� �
hcdF

2: ½10�

The total interfacial energy, the energy of coincidence
dislocation, the strain energy, and the critical thickness

Fig. 5—The cross-sectional HRTEM images of interface between the plate and the Al2O3 (0001) substrate with f = 16.36 pct taken along Al2O3

[1�100] axis (a) and between the Al crystal and the plate viewed from Al [001] axis (b). The interface is marked with black dashed line. (c) The
SADPs on the interface plate/Al2O3 show overlapped spots. Among the spots, one set can be identified as Al2O3 in [1�100] zone axis as indexed
with large open circles. The other two sets have typical feature of twins with habit plane (100) and invariant direction [001] as schematically
illustrated with filled white and red circles in the pattern. (d) The SADPs on the interface plate/Al show a set of Al crystal with large open cir-
cles and the other two sets are twin as marked with filled white and red circles. The microtwins have the average spacing of plane parallel to
interface which is about 0.839 nm and the other spacing along horizontal direction which is 0.285 nm.
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of coincidence dislocations as a function of correspond-
ing natural lattice misfit can be plotted in Figure 9. For
f = 7.8 pct, m(n) is about 13, the critical thickness hcd of
the coincidence dislocations is 0.49 nm, slightly bigger
than critical thickness of a monolayer of Al. If f = 20.6
pct, where m(n) = 5, the critical thickness is 0.3 nm,
about a monolayer thick of Al. Thus, the limitation of
the model can be defined within 7.8-20.6 pct. Beyond
this range, when a dislocation will be introduced below a
thickness of an atomic layer, the model fails.

4. Nucleation with stacking faults
From HRTEM results of the system with f> 13 pct,

the misfit may not be able to be accommodated simply
by dislocations and residual strain. Some stacking fault
defects like microtwins would be introduced as shown in
Figures 5 and 6. The interfacial energy is replaced by the

stacking fault energy (ESF) accumulated in the strained
area.

Etotal ¼ ESF ½11�

In our case, the stacking fault energy consists of the
twinning energy and other strain energy. It is believed
that the twin forms through the change of stacking due
to the passage of partial dislocations in f.c.c. materi-
als.[48] Therefore for the simplification of calculation, we
take the twinning fault energy (ET) as the stacking fault
energy. For multi twin layers, ESF is calculated by

ESF ¼ n � ET; ½12�

where n is the number of twin layers. The average
microtwin layer numbers for Al/Al2O3 (0001) and Al/

Fig. 6—(a) The cross-sectional HRTEM image of interface between plate and Al2O3 (11�20) substrate with f = 25.03 pct taken along Al2O3

[0001] axis. The interface is marked with white dashed line. (b) The SADPs on the interface show overlapped spots. Among the spots, a set can
be identified as Al2O3 in [0001] zone axis as indexed. The other two sets have typical feature of twins with habit plane (100) and invariant direc-
tion [001] as schematically illustrated in the pattern. The microtwins have the average spacing of plane parallel to interface which is about
0.845 nm and the other spacing along horizontal direction which is 0.286 nm.

Fig. 7—The calculated total interfacial energy (Etotal), the mean en-
ergy of misfit (Em), the strain energy (Es) per unit area, and the criti-
cal thickness (hcs) of the homogeneous strain layer as a function of
lattice misfit (f< 3.1 pct) for nucleation of Al with lattice distortion.

Fig. 8—The calculated total interfacial energy (Etotal), the energy of
dislocation (Emd), and the strain energy (Es) per unit area and criti-
cal thickness (hc) for introducing dislocations as a function of natu-
ral lattice misfit (3.1< f< 7.8 pct) for nucleation of Al with natural
misfit dislocations.
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Al2O3 (11�20) system are about 85 and 76, respectively.
Taking the twinning fault energy ET = 160 mJ/m2,[49–51]

the interfacial energy of Al/Al2O3 (0001) and Al/Al2O3

(11�20) per unit area can be given as 13.6 and 12.2 J/m2.

B. Experimental Verification on the Models

1. Distortion-only nucleation when f< 3.1 pct
The success of using various substrates to gain

high-quality and specially oriented thin film of oxides
has opened a new window for the advanced materials
fabrication. Tiwari[52] grew epitaxial (100) NdNiO3 films

on (100) SrTiO3 substrate with lattice misfit only 2.4 pct.
This small lattice misfit makes a cube-on-cube epitaxial
growth with limited lattice distortion. The misfit
between Al and TiB2 (Al3Ti) is also small enough, so
that an enhanced heterogeneous nucleation is achieved
by adding TiB2 (Al3Ti) inoculants.[53] The theoretical
upper limit of misfit for distortion-only nucleation is 3.1
pct for Al. Within the misfit range, Al can nucleate on
the substrate with limited lattice distortion and the
undercooling of Al alloy is less than 1 K (�272 �C), such
as the undercooling for nucleation of Al by Al-Ti-B
inoculants.[54]

2. Nucleation with natural-dislocation when 3.1< f<
7.8 pct
An isolated dislocation will be introduced into inter-

face when misfit is over 3.1 pct. Narayan[55] found two
kinds of edge dislocation with Burgers vectors of a/2
101h i and a/2 110h i at GaAs/Si interface when misfit
was 4 pct. Lu[38] identified major edge and mixed-type
threading dislocations with Burgers vectors of a/3 11�20

� �

and (a+c)/3 11�23
� �

at GaN/Al2O3 interface. These edge
and mixed-type dislocations nucleate at the free surface
during the growth process and glide to the interface to
relax the misfit. The number of edge and mixed-type
dislocations is small due to low lattice misfit, for
example, there is only one dislocation that can be seen
within 0.1 lm length for GaN/Al2O3 system.
In our system, Al can nucleate on the substrate with

introduced edge and mixed-type dislocations at free
surface and its undercooling is only several degrees at
the misfit range of 3.1-7.8 pct such as ~3.5 K in (100) Al/
(22�43) Al2O3 system. Similarly, the small nucleating
undercooling of liquid iron catalyzed by TiN, TiC, and
SiC[16] was also found within this misfit range.

3. Nucleation with coincidence dislocations when 7.8<
f< 13 pct
The coincidence misfit is based upon matching of

integral multiple lattice planes of crystal and substrate.
Pant and Zhou[55–57]found the coincidence misfit dislo-
cations at the (11�20) ZnO/(1�102) Al2O3 interface. The
experimental results in this work verified Al nucleates on
the substrate by introducing coincidence dislocations
when the misfit of the system is located in the range of
7.8<f< 13 pct. The undercooling is also increased to
dozens of degrees, such as in (200) Al/(10�11) Al2O3

system, so does the nucleating undercooling of liquid
iron catalyzed by ZrN and WC.[16]

4. Nucleation with stacking faults as f> 13 pct
Combining HRTEM observations on Al/Al2O3 inter-

face with misfit of 16.36 and 25.03 pct and correspond-
ing interfacial energy analysis, the misfit at this type of
interface would be accommodated by stacking fault
defects like microtwins and so on. The interfacial energy
is replaced by the stacking fault energy accumulated in
the strained area when f > 13 pct. According to the
detected undercooling within this range, a linear rela-
tionship between the interfacial energy and lattice misfit
was assumed as follows

Fig. 9—The calculated total interfacial energy (Etotal), the energy of
coincidence dislocation (Ecd), the strain energy (Es) per unit area,
and the critical thickness (hcd) of coincidence dislocations as a func-
tion of corresponding natural lattice misfit (f) within the range of
7.8-20.6 pct. The upper limit of corresponding natural lattice misfit
is about 20.6 pct as the interfacial energy can be balanced by strain
and coincidence dislocations, where m(n) = 5 and the critical thick-
ness of the coincidence dislocations is 0.3 nm, slightly more than a
monolayer of Al.

Fig. 10—The total interfacial energy per unit area of various inter-
faces as a function of natural lattice misfit within the range of
0~25.03 pct, with distortion-only nucleation for small lattice misfit (f
< 3.1 pct), nucleation with natural misfit dislocation for misfit range
of 3.1-7.8 pct, nucleation with coincidence dislocation for large lat-
tice misfit system (7.8 < f < 13 pct), and stacking faults within the
range of 13-25.03 pct.
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E ¼ a � fþ b: ½13�

Given, f = 16.36 pct, Al/Al2O3 (0001) system, total
energy is 13.6 J/m2 and f = 25.03 pct, Al/Al2O3 (11�20)
system, total energy is 12.2 J/m2. The factors of Eq. [13]
can be fixed as a = �0.16, b = 16.24. Based on this
assumption, the average thickness of the stacking fault
layer should have linear relationship with lattice misfit
as well. There is an indirect evidence that only one layer
microtwins were confirmed at the interface of Al (111)
film and Al2O3 (0001) substrate by depositing
method,[58] where the lattice misfit is 6.08 pct. But due
to the fabrication method difference, the lattice misfit
limitation for introducing stacking fault may move
forward.

5. Integrated interfacial energy model through the
range of f< 25.03 pct

The total interfacial energy per unit area of various
interfaces as a function of natural lattice misfit within
the predictable range of 0-25.03 pct of Al/Al2O3 system
is shown in Figure 10, calculated through van der Mere
model (f < 3.1 pct), modified NLM model for misfit
range of 3.1-7.8 pct, coincidence model for large lattice
misfit system (7.8<f<13 pct), and stacking fault model
within the range of 13-25.03 pct, respectively.

C. Predictable Heterogeneous Undercooling Using
Integrated Model

According to the CNT, the undercooling for nucle-
ation DTc is simply related by

DTc ¼
2rLSTm

DHV � r
ffi 2rLS

DSV � r
½14�

where rLS is the solid–liquid interfacial energy per unit
area, Tm is the melting point of metal, DHV is the
enthalpy change, DSV is the entropy of fusion per unit
volume, taking an available value[59] DSV = 1.1129106

J/K mo13, r is the particle radius and usually at the range
of 0.1-10lm, setting the value as the average radius of the
Al crystals on the interface, r = 1lm here. Replacing
rLS with the above calculated interfacial energy Etotal, the
undercooling of Al as a function of lattice misfit can be
predicted for f<13 pct, as shown in Figure 11 left. For f
> 13 pct, the interfacial energy can be replaced by
stacking fault energy as predicted in Eq. [13]. Thus, a
linear relationship between undercooling and lattice
misfit can be obtained under the newly developed
stacking fault model, as shown in Figure 11 right.
The undercooling of Al nucleated on various Al2O3

substrates in our experiment were plotted in the
figure along with the data obtained from liquid Al
nucleated by Al-Ti-B inoculants[54] and liquid iron
catalyzed by different carbide and nitride additions.[16]

It shows that the predicted undercooling with the
modified existing misfit-interfacial energy models agrees
with experimental results very well even when f> ~13
pct where stacking fault energy dominates the interfacial
energy for nucleation.

V. CONCLUSIONS

The available experimental evidence obtained in Al/
Al2O3 systems in the present work indicates that the
lattice structure of nucleation substrate does affect the
nucleation behavior of new crystals. A series of lattice
misfits were obtained by nucleating Al on different
termination planes of single-crystal alumina substrates.
The undercooling of the nucleating system can be
predicted through integrated misfit-interfacial energy
models. Within small lattice misfit (f < 3.1 pct), the
nucleated phase fits the substrate with limited lattice
distortion which follows van der Mere model. With the
increase of lattice misfit, the edge dislocations or
mixed-type dislocations are introduced and a modified
NLM model was proposed for misfit range of 3.1-7.8
pct. In a large lattice misfit system (7.8< f<13 pct), the
misfit is accommodated by strain and coincidence
dislocations according to coincidence misfit model.
Stacking fault model involving misfit-interfacial energy
was developed for lattice misfit beyond 13 pct, where the
misfit is accommodated by some stacking fault defects
like microtwins and the interfacial energy is replaced by
stacking fault energy such as twinning energy. Thus, a
general misfit-interfacial energy model for heteroge-
neous nucleation interface is developed in this work
within an extended misfit range (f<25.03 pct). HRTEM
analysis indicates that the singularity of undercooling vs
misfit plot is due to the existence of an intermediate
heavily twined plate (Al phase) when lattice misfit is
larger than 13 pct.

Fig. 11—The relationship between the predicted and experimental
undercooling as a function of lattice misfit. The experimental under-
coolings include the data of Al nucleated on various Al2O3 sub-
strates in our experiment and other data for liquid Al nucleated by
Al-Ti-B inoculants[54] and liquid iron catalyzed by different carbide
and nitride additions.[16] The predicted undercooling with the modi-
fied existing misfit-interfacial energy models agrees with experimental
results very well when f< ~13 pct and a linear relationship between
undercooling and lattice misfit presents beyond 13 pct under newly
developed stacking fault model.
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