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Abstract

Step-by-step in-situ near-atomic-resolution observations were presented for initial
crystallization in a liquid Al-10Mg (wt.%) alloy containing spinel (MgAl,O,) seeds.
Ordering of Al atoms was observed in the alloy at the interface with spinel at the
superheat of 73°C or 680°C, where three ordered layers of Al atoms formed and
disappeared alternately. When cooled to the approximate liquidus of the alloy,
607°C, three similar but more stable ordered layers of Al atoms formed. Subsequent
crystallization occurred first through the formation of partially close-packed Al atoms
on the solid-like outer ordered layer of Al atoms, followed by further crystallization

into more close-packed Al atoms.
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1. Introduction

Theoretical studies have predicted that at a liquid metal-solid interface, there should
exist a transition of a solid-like phase (e.g., ordered layers) that is typically a few

atomic layers thick [1], and this interfacial layer is expected to affect the subsequent

1


tel:+98-912-824

crystallisation. To date, only limited experimental evidence is available due to
challenges of detecting the ordering process in liqguid metals. Arai, Saka and co-
workers [2-5] first reported partially ordered Al atoms at liquid-Al-droplet/solid-Si-
particle interfaces via in-situ high-resolution transmission electron microscopy
(HRTEM). However, it was unclear if the liquid Al droplets were superheated or
supercooled. Also, no information was given about the subsequent evolution of the
ordered Al atoms on cooling. Oh et al. [6] observed ordered Al atoms at the liquid-
Al/Al,O3 interfaces at ~750°C using in-situ HRTEM, where Al,O3 is known to be an
ineffective nucleant for Al [7]. Similarly, they did not show the evolution of the
ordered Al atoms on cooling. The link between ordering and subsequent
crystallisation therefore remains unclear.

This study applied in-situ HRTEM observations to the interface between a
liquid Al-10Mg (wt.%) alloy and MgAIl,O, at both 680°C and the approximate liquids
of the alloy, 607°C. We focused on capturing instant structural changes in order to
provide some first-hand experimental evidence for initial crystallisation. MgAI,O, was
chosen because it is a potent nucleant for Al [8-10] and is more relevant to industry

practices.

2. Experimental procedure

A 2.5-kg Al-10%Mg melt was prepared from Al (99.96%) and Mg (99.97%) ingot
materials in a BN-coated steel crucible at 700°C under argon. MgAl,O, is more
stable at this temperature than MgO [11]. Since MgAl,O, tends to form as patches,
ultrasonic vibration (17.5 KHz) was applied to the melt sub-surface at 680°C for 60 s
to disperse MgAl,O, into the melt, which was then cast into 40mm diameter bars in a
water-cooled BN-coated steel mould. Disc samples of 3 mm in diameter were cut

from the ingot and thinned to ~50 pm mechanically. They were then ion-beam-



thinned using a Gatan precision ion polishing system for typical TEM

characterization.

A JEM-ARM 1250 ultrahigh-voltage HRTEM system was used for in-situ
observations. The system was operated at 1.25 MV and equipped with side-entry
objective lenses to achieve a resolution of 0.12 nm. Heating was achieved through
an automatic closed-loop temperature controller that surrounds the membrane which
monitors and regulates the temperature. The membrane material minimises the heat
loss during heating to ensure high-resolution observations at a specified temperature
within +1°C. In-situ observations were recorded using a special high-resolution

camera in the system which takes pictures at an interval of 4 ms.

The foil samples used were ~3 mm in diameter and ~100 nm thick. Two
samples were prepared. The first was used to test the planned in-situ observations
at both 680°C and 607°C including calibration, followed by the second formal test. In
each test, the sample was placed on the membrane with an identified MgAIl,O4
particle being set in focus. The temperature was first raised to 680°C in a second
and then kept constant to observe changes at the interface. Following observations
at 680°C, the temperature was lowered from 680°C to 607°C at 15°C/s and held at

607°C for similar observations.

3. Results and discussion

Fig. 1 shows the TEM characterization results of an a-Al/MgAl,O, interface observed
in the Al-10Mg alloy at room temperature (RT). A flat and coherent interface with one
atomic layer thickness of 193 pm was identified, Fig. 1(a). In addition, Al and
MgAI,O4 exhibited a cube-on-cube orientation relationship (Fig. 1(b)), characterised

to be (100) [001] MgAI,O,//(100) [001] a-Al. Both observations agree with Refs. [8-



10] and support the conclusion that MgAl,O,is a potent nucleant for Al. Similar to the
simulation results obtained by using EMAPS [12], (020)s is invisible in Fig. 1(b). In
addition, no Mg atoms were detected at the interface. The influence of Mg on

interfacial crystallization will be reported in another study.
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Figure 1 (a) TEM bright field image showing a coherent a-Al/MgAl,O, interface in as-
solidified Al-10Mg at room temperature. (b) SAED patterns of MgAl,O, and a-Al

along [001] direction, consistent with Ref. [8-10].

Subsequent in-situ HRTEM observations were focused on structural changes
at a selected a-Al/MgAl,O4 interface when heated to 680°C from RT. As shown in
Fig. 2, the following observations were notable:

o An atomically flat interface was observed on reaching 680 °C which

distinguished the solid MgAIl,O4 substrate from the liquid, Fig. 2(a).

o Three nearly parallel ordered layers of Al atoms were repeatedly observed at
the interface despite the large superheat (73°C) and the first layer showed

close contact with MgAl,O4 by HRTEM, Fig. 2(a, c).

o The interfacial structure was dynamic and unstable; the ordered layers of Al

atoms formed and disappeared alternately at regular intervals, Fig. 2(a, b, c).



It took about 8 ms for them to form and became no longer visible by HRTEM

in the next 3-4 ms (the survival time).
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Figure 2 In-situ HRTEM observations of ordering in liquid Al-10Mg at the interface
with MgAl,O4 at 680°C. (a) 8 ms after reaching 680°C; (b) disappearance of ordered
layers in 4 ms following (a); and (c) re-ordering in 8 ms following (b) at the same

interface.

The temperature was subsequently decreased from 680°C to 607°C at
15°C/s. When reaching 607°C, three ordered layers of Al atoms, analogous to those
shown in Fig. 2(a, c), were observed. In contrast to 680°C, the ordered layers of Al
atoms remained stable at 607°C during the next 36 ms until abrupt crystallization
occurred from the solid-like outer ordered layer of Al atoms into the liquid. Fig 3(a)
shows such newly crystallized Al atoms captured at the 36™ ms at 607°C. These
newly crystallized Al atoms were stable until they unexpectedly transformed into a
more close-packed state, as shown in Fig. 3(b). This transition revealed that the
initially crystallized Al atoms shown in Fig. 3(a) just rearranged themselves into a

‘partially crystallized’ state rather than a fully crystallized state. It can be an easier
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pathway for a liquid to crystallize through an intermediate ‘partially crystallized’ state
due to the smaller driving force required. The newly crystallized Al atoms exhibited a
different growth direction, which has presumably offered a low energy pathway for

solidification to occur.
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Figure 3 Ordering and subsequent crystallization at 607°C. (a) Ordered layers
formed at 607°C and were stable for 36 ms until crystallization occurred from the
outer ordered layer. (b) The partially crystallized Al atoms in (a) changed to a more

close-packed state in the next 8 ms.

It was noted from Figs. 2 and 3 that the bright spots are only ~0.05 nm in size,
which is much smaller than an Al atom (0.236 nm at RT [13]). We believe that each
bright spot captured during in-situ HRTEM observations represents only part of an Al

atom, rather than the largest cross-section of the Al atom. This appears to be



reasonable due to the high vibration frequency of Al atoms at the observation

temperatures (680°C or 607°C).

The driving force for ordering at the interfacial liquid can be attributed to the
work of adhesion (Ws,) [14], described by the Young-Dupré equation through Wg_ =
v.(1+cos6), where @is contact angle and vy, is surface tension [14]. The value of Wg_
for a ceramic-metal contact is typically in the order of 1 J m™ [15]. The contribution of
wetting to Ws, for a liquid metal-ceramic contact has been discussed in detail [15,
16]. Only chemical wetting, i.e., the electrostatic forces including the ionic type, can
give a work of adhesion in the order of 1 J m™ between ceramics and metals. For
adhesion of metals to ionic ceramics such as Al to MgAIl,O,, the image interaction

can give the order of 1 J m? if ions are treated as point charges [16].

Taking the typical value of 1 J m™ for Ws_, the work of adhesion arising from
MgAl,O4 is equivalent to applying a force of adhesion of 10° N um™ to the interfacial
liquid of Al along the length or width direction of the substrate. This force of adhesion
changes the packing of Al atoms in the interfacial liquid but it is still insufficient to
entail full crystallization of the liquid Al atoms compared to the latent heat of fusion of
Al (10.7 kJ mol™ [17]). A greater work of adhesion is required for close-packed Al
atoms to form or crystallisation of liquid Al atoms to occur at the substrate surface.
The effect of Wg, is short-ranged, which becomes less significant from about three

atomic layers away from the interface at both 680 °C and 607 °C (Figs. 2 and 3).

The formation and disappearance of ordered layers of Al atoms are a result of
the battle between Ws, (ordering) and the mobility of liquid Al atoms (disordering),
both being temperature dependent. In that regard, the spacing between the ordered

layers may be treated as a measure of Wgs.. The surface tension of molten Al
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decreases with increasing temperature [18]. Accordingly, the driving force (Ws.) for
ordering will decrease but not significantly. Hence the observations shown in Fig. 2

are also expected to occur at other temperatures around 680°C.

Summary

e Ordering of Al atoms was observed at the superheat of ~73°C or 680°C in Al-
10Mg at the interface with MgAI,O4

e The ordered layers of Al atoms that formed at 680°C were unstable; they
formed and disappeared alternately at 680°C.

e The ordered layers of Al atoms that formed at the liquidus of the alloy (607°C)
were relatively stable and entailed subsequent crystallisation, which occurred
first through forming partially close-packed Al atoms from the solid-like outer
ordered layer of Al atoms and then through further crystallisation into a more

close-packed state.
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Figures and figure captions
Figure 1 (a) TEM bright field image showing a coherent a-Al/MgAl,O, interface in as-
solidified Al-10Mg at room temperature. (b) SAED patterns of MgAl,O, and a-Al

along [001] direction, consistent with Ref. [8-10].

Figure 2 In-situ HRTEM observations of ordering in liquid Al-10Mg at the interface

with MgAl,O4 at 680°C. (a) 8 ms after reaching 680°C; (b) disappearance of ordered
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layers in 4 ms following (a); and (c) re-ordering in 8 ms following (b) at the same
interface.

Figure 3 Ordering and subsequent crystallization at 607°C. (a) Ordered layers
formed at 607°C and were stable for 36 ms until crystallization occurred from the
outer ordered layer. (b) The partially crystallized Al atoms in (a) changed to a more

close-packed state in the next 8 ms.
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