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ABSTRACT

This paper investigates the correlations betwetsrfacial reaction, crystallographic
orientation relationship on the interface and tbguired undercooling for nucleation
on different crystallographic planes of MgO. Thelmaaalysis and high resolution
transmission electron microscopy were used to stineyucleation behavior of liquid,
high-purity Al droplet on single crystal MgO sulafs using a DSC with an
integrated image capture system and a sessileagnogratus. The results showed that
the original substrate MgO would be completely aepd by the reaction product
MgAI,O, at the interface owing to the chemical reactiotwien liquid Al and the
MgO substrates. In addition, the same crystal &iracwith the original MgO
substrate is achieved in the new Mg@J{ layer. The orientation relationship between
MgAI,O, and Al is consistent with the theoretical prediotiaccording to the
Bramfitt’s lattice misfit theory and Edge-to-Edgedel. Consequently, the generated
MgAI,O, significantly influences the detected undercoaling

Keyword

Heterogeneous nucleation; Orientation relationshiycleation undercooling;
Soldification.

1. Introduction

Adding an effective nucleating substrate to liqmeétal, known as inoculation, is a
common practice to achieve significant grain refieat of castings and ingots.
Nucleation theory identifies the importance of hegeneous substrates as a
mechanism for reducing the free energy barrier dcleation [1]. Revealing the
mechanisms of heterogeneous nucleation of a liongthl on an effective substrate is
not only of great scientific interest but also @tlinological importance [2]. Therefore,
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the study of heterogeneous nucleation has beemmaoriant topic in the metal

solidification field for decades, attracting numésoresearchers using various
techniques and materials to meet industrial requergs and for alloy chemistry. In

general, the nucleating potency of a heterogensoibstrate can be attributed to
structure mismatch and orientation between solido¢onucleated and substrate,
material chemistry including interaction and segtemn to the interface, and

temperature such as undercooling. Theoreticallgumber of factors affecting the
nucleation potency include-the-effect of the siad-size distribution of the nucleating
particles [3, 4], the surface roughness of a satest[5], the cavity geometry of

substrates [6], the structure and composition ef riicleating surface [7], and the
chemical reaction between the liquid metal and tsates [8].

In a study on nucleation catalysis in supercooiedid tin, Sundquist [9] postulated
that the nucleus is a layer of atoms adsorbed enflét substrate when liquid tin
nucleates with a low undercooling, and the adsorlagdr can be arranged as a
nucleation embryo in the liquid. Oh et al. confidrt@at an in-plane, ordered pure Al
atomic layer exists at the liquid Al/solid &; interface through experimental
investigation [10]The latest experimental and theoretical studieswagest that the
adsorbed layer formed at the liquid/substrate fateris a general phenomenon for a
nucleation interface and may impose important ¢fean nucleation [11]. The
adsorption layer can be described as a solid-likecysor, and the lattice
mismatching between the precursor and substrates liecomes the major energy
barrier for the nucleation of liquid. It means thia¢ lattice misfit between substrates
and precursor becomes essential to determine [éatien will occur [12-14]. Much
of the research involving ATi/TiB, suggests that the interface composition and
structure are the key points to improving the poyeof nucleation [4, 15]. Recently,
Wang et al. [11] and Li et al. [16] studied the reggtion of Cu at the interface
between the AlD; substrate and the Al-Cu alloy. The solute elemienthis case Cu,
can modify the lattice matching of the nucleatiaterface, and the preferred crystal
orientation was affected by the substrate strucB@ased on the lattice misfit effect on
heterogeneous nucleation, Wang et al. have caouea series of experiments with
varied lattice misfits by changing the .8 crystal plane of the substrate and
formulating the experimentally measured undercaphmth corresponding lattice
misfits [17] and proposed an integrated model &t the nucleation undercooling.
Experimental studies by Perepezko’s team [18-2@ emmputer simulations [21]
have all indicated that the orientation relatiopshind lattice mismatch between
substrate and nucleus are important factors tlfilateimce the potency of the substrate
and the undercooling required for nucleation. Thtds the lattice matching is, the
higher the nucleation potency. Minimization of sireenergy at the interfacial
boundaries between the two phases requires goatctoatching. Brown et al. [22]
observed in situ the orientation relationship oé timterface plane between the
substrate and nucleus, and also revealed it wdtédtahe potency of the substrate
and the required undercooling for nucleation.
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MgO and MgA}O, are believed to be effective heterogeneous nuteaigents for
Al based alloys due to their similar lattice stuues and small lattice misfits [23, 24].
However, most information on the interaction of tanlaluminum with MgO was,
until now, gathered through wetting experimentsthimi temperature ranges up to
1137°C. Fujii et al. [25] identified the presendeftd,0; at the interface between the
MgO and liquid Al. McEvoy et al. [26] reported ththe reaction product of molten Al
with MgO was MgA$O,. Morgile et al. [27] clarified that the MgAD, was an
intermediate product and that,®; was a final product of the reaction. It should be
noted here that most researchers [8, 23, 25-28)rtexh that interfacial reaction
between molten Al and MgO substrates occurred ratieh higher temperature than
the normal casting temperature between 700-800”@nd et al. [8] have investigated
the nucleation mechanism of Al nuclei on MgO at é&x@erimental temperature of
1027°C, and found that the nucleation behavioraesentomplicated due to the varied
chemical reaction at this high temperature. Newedetis, less attention has been paid
to the nucleation behavior of pure Al melt on MgQbstrate and the generated
reaction products at the normal casting temperataraddition, no literature has been
reported with respect to the formation of a perfecgstal and the orientation
relationship between the MgO crystal and reactiaapcts.

In this work we utilized thermal analysis and higgsolution transmission electron
microscopy to study the nucleation behavior of ewlAl on single crystal MgO

substrates, using a differential scanning calo@mébDSC) incorporating an image
capture system and a sessile drop system. The fathisopaper was to clarify the
reaction product and the corresponding orientateationships at the interface of
Al/MgO heated to a maximum temperature of 750°Cd gmesent the resulted
undercooling to understand the heterogeneous rigleaf molten Al on single

crystal MgO.

2. Experimental apparatus and procedure

As illustrated in Fig 1, a modified DSC measuremapparatus (Thermal Analysis
Company, Selb Germany) has been used to investigateogeneous nucleation, with
the apparatus consisting of four parts: furnacggenacquisition system, extrusion
device, and evacuating system with a rotary pungpaaturbo molecular pump.

MgO and MgA}O;, single crystals with dimensions of X40X0.5 mn?, used as
substrates in this study were purchased from Slaanglengda Optics and Fine
Mechanics Co., Ltd. These single crystals werespeli to an average roughness (Ra)
of less than 1 nm using a nano-diamond slurry.adlgh purity aluminum (99.9995%)
was employed as the solid to be nucleated in exyetiation. Prior to the DSC
experiment, both the substrate and Al specimen waraeersed in acetone and
ultrasonically cleaned, then the substrate wasepldworizontally on the temperature
sensor while the Al specimen was placed in a higfitypalumina tube with a 1 mm
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diameter hole in the bottom.

The furnace was first evacuated to< 50° Pa, and then heated to the designed
temperature of 750°C in a vacuum with a heating c@tl5°C/min. The alumina tube
can be evacuated through the hole at the bottom #eesame atmosphere with the
furnace. The chamber was filled with high puritg@r with oxygen content less than
0.1 ppm, and then molten Al was extruded througbla at the bottom of the alumina
tube and dropped onto a single crystal substrateeép 3 mins at temperature of
750°C before cooling. In this way, the initial ogidon the Al surface was
mechanically removed as the liquid passed through hole. In the current
experimental set up, the hemispherical droplet $amwas kept at about 1.5 mm in
diameter. The sample was cooled at a rate of 15tC/iiter cooling down to room
temperature, the Al sample with the substrate weasoved from the chamber. The
temperature was recorded by a platinum-rhodiunmirlat thermocouple with an
accuracy of +0.1°C. The experiments were repeatad fimes to ensure the
repeatability of the experiments and the reliapiit the results.

The crystal structure of solidified samples at ihterface was characterized using
high-resolution transmission electron microscopy R{lHEM) technique. Thin
cross-sectional foil samples for HRTEM observatiware prepared according to
standard metallographic practice, and then miliedolcused ion beam (FIB) using a
FEI 600i dual-beam system under the condition df\V3@onventional TEM and
HRTEM analyses were conducted using a JEM-2100Fosgope operated at an
accelerating voltage of 200kV.
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Fig.1 Schematic illustration of the improved DSCasigrement
3. Results

3.1  Nucleation undercooling

Fig. 2 presents measured DSC curves at the coiegof 15°C/min for the liquid Al
solidified on the different MgO substrates with @1,0(110) and (111) crystal planes.
In this study, the undercooling is defined as #magerature difference between the
equilibrium melting temperature (660.3°C) and thamimal start of solidification
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temperature J As shown in Fig. 2, the value of; &chieved in the twelve DSC
experiments are varied between 652.7 and 656.9f@ddtlition, the variation of sT
can be observed even if the DSC measurements epeatedly performed by using
the substrate with the same crystal plane. Figsd ahows the corresponding
undercooling AT = 660.3 — T) of Al on MgO substrates with the three different
crystal planes. The fluctuation of undercoolingrie@ from 3.4°C to 7.5°C, can be
found in these twelve DSC experiments of AlI/MgO. relaver, since the fluctuation
range is almost the same by comparing the achiemddrcooling of Al solidified on
MgO substrates with different crystal planes, ditates that the undercooling is not
influenced by the crystal planes of the MgO sulbstra
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168 Fig.2 DSC solidification exotherms of Al droplet MgO substrate with different
169 lattice planes of (a) (100), (b) (110) and (c) (1afithe cooling rate of I6/min (The
170 curves with 4 different colours means that the @Sferiments are repeated four
171 times with different samples).
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173 3.2  Characterization of AI/MgO interfaces
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In order to further investigate the crystallograplarientation and variation of

nucleation behavior, samples solidified on (10Q10) and (111) planes of MgO
substrates were examined using TEM and HRTEM. Bida-f) shows the TEM

images and EDS on the interfaces between the ngstatand MgO substrates. It can
be observed that these interfaces are straightliatidct, and intermediate layers with
distinct image contrast can be distinguished beatw#e aluminum and MgO

substrate. The thickness of the intermediate lagebetween 10 and 40 nm. In
addition, the intermediate layer in Fig. 3(b) afdig continuous and straight, which
differs from the small islands and local formationsFig. 3(d). With TEM-EDS

analysis, it was confirmed that the upper rightiarerresponds to Al phase, while the
lower left is the MgO substrate. The EDS mappireadly shows that the distribution
of the Mg, O and Al elements is similar in the mtediate layers of these three
samples respectively solidified on MgO substrafed.00), (110) and (111) planes. It
indicates that the generated intermediate layemmposed of aluminum, oxygen and

magnesium, may be the same phase in these thrgdesamside-from-thislayer-the

Fig.3 TEM images of (a) Al/(100)MgO, (c) (110)Mg() (111)MgO nucleation
interface take along MgO [001],[001] and [Q1separately. And corresponding EDS
of (b),(d),(f), and the accompanying lines showangjribution of oxygen, magnesium

and aluminum.

To further investigate the phase composition anacgire of the nucleation surface,
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samples solidified on (100), (110) and (111) planes examined using HRTEM.

Al/MgO (100) interface. The HRTEM image of cross sections of the Al/Mg@QQ)L
interface are shown in Fig. 4. The formed interrateliayer completely takes up the
interface of MgO, which means that it would actaasew nucleation substrate. Fig.
4(b) and (c) show a magnified HRTEM image of therface viewed along the [001]
zone axis of the MgO substrate. Well-defined atornies and lattice planes can be
identified. Fast Fourier transformation (FFT) amsaédyindicates that the intermediate
layer is a face-centered cubic (FCC) structure withspacing of 0.201-0.204 nm and
0.279 nm, which corresponds to the spacing of MQA[400) and (220), respectively.
Since both the crystal structure and lattice sgpcine consistent with that of
MgAI,O, (FCC, a=0.804 nm) rather thaa-Al,O3 with the hexagonal close packed
(HCP) structure and lattice spacingasf0.475 nm and=1.297nm, it means that the
phase of the intermediate layer is only composadd@il,O,. Moreover, as shown in
Fig. 4(c), it can be found that the (400) planeMgfAl ,O, is perfectly parallel to the
(200) plane of the interface of the MgO substraedose the lattice arrangement of
(400) is identical to that of (200). The latticeaargement of Al and the new phase
MgAI,O, is clearly observed in Fig.4(b). Using FFT anaysi was found that the
(200) planes of Al have @&spacing of 0.200 nm and are parallel to the (40&)es of
the MgALO, phase with al-spacing of 0.201 nm. According to the present¢ité
plane shown in Fig. 4, the orientation relationsteym be summed up as [001] (400)
MgAl 04/ [001] (200) MgO and [001] (220) MgAD.// [001] (220) Al.
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Fig.4 HRTEM image of Al/MgO(100) taken along [OMPO zone direction (a);

image of HRTEM of AlI/MgA}O, interface,which corresponds to frame (B) of (a),

and the FFT image of HRTEM (b); image of HRTEM ofiM,0O./MgO interface,
corresponding to frame (C) of (a), and the FFT iem@QHRTEM (c)

Al/MgO (110) interface. Fig. 5 is the HRTEM image of the sample solidifed the

MgO (110) plane, with the Al crystal being vieweldray its [001] zone axis. The
interface of Al, intermediate layer and MgO werearly seen in the Fig. 5(a),
respectively, which are marked with yellow dasheed. Fig. 5(b) and (c) display a
magnifying HRTEM image of the interface, which weafsselected area in Fig. 5(a).
Through FFT analysis of the HRTEM, the interplangystal spacing of the MgO
substrate was 0.148 nm and 0.216 nm, and theyatesglg correspond to the planes
of (220) and (200). It is worth noting that thetitzg structure of MgO (220) is
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identical to that of (110), therefore, the (11Qr# of MgO is parallel to the interface.
Meanwhile, the intermediate layer is a FCC strieetwith d-spacing of 0.203 and
0.276 nm respectively corresponding to the (40@) @20) planes, which suggests
that the intermediate layer is also Mg@l. In addition, it was also noted that the
(220) and (200) planes of MgO are perfectly paratighe (220) and (400) planes of
MgAI,O,, while being parallel to the (220) and (200) Ahpés. In other words, the
orientation relationship among them is (220) [Q01] (220) [001figaros // (220)

[001]mgo, and (29_0) [0014 // (400) [001}sgaz04 // (200) [001f1go.

_______________

...........

......
i

Fig.5 HRTEM image of Al/MgO(110) take along [001)g& zone direction and the
FFT image of HRTEM(a); image of HRTEM of Al/Mg#D, interface, which
corresponds to frame (B) of (a), and the FFT imaigdRTEM (b); image of HRTEM
of MgAI,O4/MgO interface, corresponding to frame (C) of @)d the FFT image of
HRTEM (c)



245

246  Al/MgO (111) interface. A similar analysis method was adopted to observe the
247  interface in AI/MgO (111) with the incident eleatrbeam being parallel to the [0j1
248  axis of MgO, as shown in Fig. 6. The interface wasked with a yellow dashed line.
249  The FFT image is shown in Fig. 6 by taking a Faumansform of the HRTEM. The
250 FFTs correspond to Al, MgAD, and MgO, separately. The interplanar spacingen th
251  middle area was consistent with a FCC structurd wiacing of 0.473 nm for the
252 (111) lattice plane. Since the crystal structuré #re corresponding spacing shown in
253 the middle area is also the same as that of MQAIlit means that the produced
254  intermediate layer is still MgAD, as already found in Al/MgO (100) and (110).
255  Moreover, TEM examination confirmed that the reactproduct MgAIO, displays
256  the (111) plane as the natural surface. It careba that the (111) plane of Mg&l,
257 is parallel to the (111) plane of MgO and Al aslvesl the interface, as shown in Fig.6.
258  The orientation relationship was thus establisteelal)y, // (111)gaizoa /(111 )go.
(iR D)
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260 Fig.6 HRTEM image of Al/MgO(111) take along [[JIMgO zone direction(a) and
261 the FFT images of HRTEM(b),(c) and (d)

262

263 4. Discussion

264 41  Formation of MgAl,O4 0on the AI/MgO interfaces

265

266 A number of researchers have investigated thefadiet reaction on the Al/MgO
267 system [8, 23, 26-29]. Zhang et al [8] reported tbaction products of AD; and
268  MgAI,O4 between liquid Al and MgO at the temperature o272 for 30 s, and
269  similar reaction products formed on the interfaceravalso found by Morgiel et al
270  [27]. However, when investigating the wetting ofltea Al on the MgO substrate in
271  the temperature range of 1000°C to 1200°C, Shah[e®B] found that more complex
272  interfacial reactions produced different phaseélgD; on Al/MgO systems, with no
273  MgAI,O, being detected. In their study, the final reactiproducts have been
274  identified as primarilyu-Al,O3 phase for (100) MgO and-, k- andé-Al,0O3; phases
275  for (110) and (111) MgO, without a pronounced Mg phase [29]. McEvoy et al
276  [26] investigated the Mg concentration profile insaction of MgAIO, formed
277  through interfacial reaction between molten Al &dgO. Their experimental results



278 revealed that the reactions between Al and MgO teatles are sensitive to the
279  substrate orientation. Since the oxygen framewonrkgO is quite similar to that in
280 MgAI,O4, the layer may be supposed to grow epitaxiallydbfusion of Al or Mg
281 metals through a relatively unchanged oxygen E@]. However, our experimental
282  results demonstrate that only the Mg@J phase is produced as a new substrate to
283  connect the Al and MgO regardless of the substaéntation when the Al melt was
284  cooled from 750°C.

285

286  After the molten aluminum was dropped on the sabstrin the present study, the
287  following chemical reaction[27, 30] may take place:

288 2[Al] + 4MgO = MgAl,O4 (nucleated on MgO) + 3[Mg] (1)
289  The brackets indicate that the elements were mdigtate. In reality, the reaction
290 direction is dependent on the change of the Gildss énergy for the reactidxG;. If
291  AGis negative, the direct reaction could take pl&gtherwise, the reverse reaction
292 would occur. According to Equation (1), the changethe Gibbs free energy for the
293  reaction can be described as:

3
204 AG, = AG?(MgAI,0,,) — 4AG? (MgO) + RT 1n(0‘Mg/a2 ) @)
Al

295 where AG{ (i) is the standard Gibbs free energy change ahétion (J/mol)R is the

296 gas constant (J/(mol-K)J, is the absolute temperature (K) amds the activity of
297 componenj in the solution. The thermodynamic conditions g teaction of MgO,
298  MgAI,O, and Al were also discussed by Shi et al [30] itaidleUsing Equation (2)
299 and corresponding thermodynamic data from thealitee [30], we calculated the
300 change in the Gibbs free energy for the reactichettemperature of 780 and 660
301 °C is estimated as -44.4 kJ/mol and -7.4 kJ/molpaesvely. It means that the
302 reaction time between the molten Al and MgO substisaabout 9 mins.

303

304 According to the DSC curves shown in Fig. 2, thakpir the chemical reaction is
305 not observed, which means the influence of chemiegction heat on the
306 undercooling should be ignored. As mentioned, thekhess of the MgAD, is on
307 the nanometer scale, indicating that the reacti@s wot significant under our
308 experimental conditions with a lower temperaturd arshorter period of time for this
309 reaction in comparison with previous research perénl at 1023°C [24]. Another
310 phenomenon found in this study is that the thicknesthe produced MgAD;, is
311  between 20-40nm as shown in Fig.3, which is fas ldgan the thickness of the
312  produced intermediated layer in AI/MgO shown in firevious research [8]. It may
313  be due to the higher temperature and longer timewlere employed to sufficiently
314  provoke the interfacial reaction in the prewous;da&s Jheice#ere—ﬁ—is—reasenable to
315 3% .

316 #elﬂmatien—ef—a—newlsfp#edeeed—layer.

317 4.2  Orientation relationship induced by heterogeneous crystal
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In our studies, the HRTEM images of MgO/Mg®l/Al regions show that there is a
specific orientation relationship among the MgOsttdde, reaction product MgAD,
and Al. Orientation relationships were found toobéhe kind shown in Fig. 7, namely
(100Mgo//(100Mgaiz04// (100, [001]mgo//[001]mgaiz0a//[001]ar;
(110)go//(110Mgaiz04//(110), [001}ugo//[001]ugaizoa//[001]a;
(112)go// (111 Mgarzoal/(111), [011]mgo//[011]mgarz04.
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Fig.7 Schematic illustration of interface matchfog Al on (a) (100), (b) (110) and (c)
(111) planes of MgO substrate.

The interfacial free energy at the nucleating iatez is the dominating factor in
heterogeneous nucleation from a thermodynamic pofnview. However, it is
determined by chemical reaction, interface stratwrettability etc. Therefore, a
simple description of this energy is difficult [231, 32]. In practice, nucleating
potency can be assessed by comparisons of thecper$s of the lattice matching. A
smaller lattice misfit means a low lattice strainemyy between two phases, and
therefore a smaller undercooling required for naibben [33]. A favored orientation
relationship always corresponds to a low interfael@ergy and a relatively stable
mode thermodynamically [34].

A theoretical approach to assess the nucleatirgnpgtis to calculate the lattice misfit
at the interface between the substrate and mathkiecording to Bramfitt's
two-dimensional misfit theory [31] and the detecpddne of a new crystal with the
substrate (see Fig. 7), we figured out that thtecamisfit for Al(200)/MgALO4(400),
Al(220)/MgAIl,04(220) and Al(111)/MgAdO4(111) are all 1.17% in Al/MgO system.
Here, the lattice misfit was calculated based @ndbefficients of thermal expansion
at the equilibrium melting point of pure Al of 66035, 36]. It should be noted that
the planes in this work are exactly the low indéanps as stated in Bramfitt's model,
which is consistent with the obtained misfit val@iesn HRTEM.

Moreover, the edge-to-edge model [12, 13, 37-4§ wsed to verify the orientation
relationship between two components based on thmlacrystal structures and the
corresponding atom positions. The model is basethematching of rows of atoms
and habit plane across the interface. Al, MgO angiAMO, have the same FCC
structure with a lattice parameter of 0.4046nm200hm and 0.8080nm, respectively.



354  Table 1 shows the space group, SG number and panameters. As discussed in the
355 literature [34], they have the same close packesttions and planes, and accordingly,
356 the derived packed directions are [100], [110] &tid], while the planes are (100),
357 (110) and (111) respectively.

358 As reported in the literature [12], the interatormsmacing misfit along the matching
359 directions and the interplanar spacing misfit oftchang planes were required to be
360 less than 10% and 6%, respectively. Due to thefate reaction, the MgAD, would
361 take up the original interface of Al and MgO. Hendke probable orientation
362 relationship between Al and MgA), was calculated, with the result shown in Table
363 2. It can be seen that there are three possiblehmgt pairs, which are [100]
364  Al//[[100]MgAIl,Q4, [110]Al//[110]MgAI>O4, where the interatomic spacing misfits are
365 all 0.16%. In the same way, the possible matchitapgs are (200) Al//(200)
366  MgAI. Q4 (220) Al//(220) MgAbO, and (111) Al/(111) MgAIO4, which were
367 calculated to be 0.16%. According to the edge-tgeaniatching model, the matching
368  directions should belong to the matching planesiddethe orientation relationship
369 between Al and the MgO substrate could be predic(2d0)Al//(200)MgALO.,
370 [OO01]Al//[001]MgAl,O4 or  [011]AI/[011]MgAlLO4;  (220)Al//(220)MgALQO,,

371 [001]Al//[001]MgAI,O4 or [11 OJAI/[1 1 0]MgAIO4 (111)Al//(111)MgALO,,
372 [110]Al//[110]MgAI,O4, which can be confirmed by our experiment results.

373 Table 1. The space group, SG number, crystal sységtice parameter and atom
374 position of Al and MgO
Compound Space SG Crystal Lattice Atom position
group number  system parameter
Al Fm-3m 225 Cubic 0.4046 0.5,0.5,0
MgO Fm-3m 225 Cubic 0.4200 Mg:0,0,0
0:0.5,0.5,0.5
MgAI 04 Fd-3m 227 Cubic 0.8080 Mg:0.5,0.5,0.5

Al:0.125,0.125,0.125
0:0.264,0.264,0.264

375 Table 2. Interatomic and Interplanar spacing mafppossible matching directions
376 and planes between Al and MgO
A|/MgA| 20, f]_ A|/MgA| 20, fz
[100] [110] [111] (200) (220) (111)
[100] 0.16 29.40 13.54 (200) 0.16 29.4 15.28
[110] 29.40 0.16 22.2§ (220) 5.87 0.16 8.69
[111] 18.48  15.28  29.4( (111) 13.54 2228 0.16

377 Note: f; is the interatomic spacing misfit of the close kst directions; £ is the
378 interplanar spacing misfit of close packed planes

379

380

381 4.3  Undercooling of molten Al nucleated on MgO substrate
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Undercooling of 22-28°C and multi nucleation intexds in AI/MgO were reported in
the literature [8]. However, the undercooling of #dlidified on MgO substrate
achieved in the present study is only between &@ It is mostly likely due to the
significantly different measurement methods andeexpental conditions between the
current study and that employed in the literat@&elfl, 16]. Our experimental results
have shown that the intermediate layer is only aosed of MgA$O, phase, which is
the new substrate for the nucleation of Al meltatidition, the crystal orientation of
newly produced MgAl, phase is driven by the orientation of the origivdO
substrate, and the perfect orientation matchingvéen the produced Mg#D, and
the original MgO are observed. Hence, in ordeutther confirm the undercooling of
Al/MgO achieved in our study, DSC experiments oftero Al solidified on MgAbO,
(110) and (111) were performed and the correspgnaiimiercooling is shown in Fig.8.
It can be noted that the undercooling of the Al/Nig# system is very close to that of
Al/MgO. This further confirms that the newly formeédgAl,O, acted as the
nucleation surface, and the initially terminatednas of the MgO substrates were
isolated by the MgAD..

The variation of undercooling for each AlI/MgO(10(10), (111) may be due to the

essential feature of heterogeneous nucleation. rlgup to the classical nucleation

theory, there is a critical radius for the occuceerof nucleation. In practice, the

structure or energy fluctuation is necessary topetipthe embryos whose size is
closed to the critical size to trigger nucleatitirshould be noted here that the size of
embryos close to the critical size is not a pourtd size range, which will lead to the

nucleation temperature varied in a correspondimgeaas well as the variation of

undercooling.

301 Our experiment Zhang|[8]
25
204 }
8 ) Al/MgO
~ 154
< AUMgALO,
l Al/MgO
104 anmealo,
J 4 v
54 8 A ¥
[} A v
[ J
T v

(110) (111) (110) (111) (110) (111) (110) (111)
Lattice plane

Fig.8 Undercooling of Al on MgAD,, and MgO substrates with different lattice
planes. In contrast, the experimental undercoofiotyides the other data for liquid Al
nucleated on the same substrates from literatdre [8



410 In this study, a new and single substrate M@Alwas formed through chemical
411 reaction. The new MgAD, buffer layer has the same crystal structure witéa t
412  original MgO substrate other than the lattice patmbeing twice that of the original
413 one. Comparing the experimentally determined oai@m relationships with the
414  theoretically predicted orientation relationshifsis clear that the predictions from
415 the edge-to-edge matching model are consistent with experimental results.
416  Theoretically, a good matching interface is mofeative in triggering the nucleation
417  of a new crystal. The detected nucleation undenegaf Al/MgO in this study is also
418  confirmed by the results from Al/ Mg4QD;.

419 5. Conclusion

420

421 In this study, thermal analysis and high resoluti@msmission electron microscopy
422  were used to study the nucleation behavior of lpghty liquid Al on single crystal
423  MgO substrates by measuring the undercooling amdnystal orientation relationship
424  between nuclei and substrate. The results show that to the chemical reaction
425  between liquid Al and substrates, the original snabs MgO would be completely
426  replaced by reaction product Mgé8l,. Consequently, the detected undercooling is
427  controlled by the newly produced Mg, The interface characterization of
428 different exposed planes was observed by HRTEM,clwhs supported by a
429  well-defined orientation relationship with the eeplent lattice misfit of 1.17%, and
430 the orientation relationships of (1Q@b // (100Mgaizoa // (100); (110Mgo //
431 (110)\/|gAl204 Il (110)“ and (111|)|go Il (111)/|gAl204 Il (111)“
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(1) Only MgAI,O, layer is produced at the interface of AI/MgO system due to
chemical reaction occurred from 750°C to 660 °C.

(2) The well-defined orientation relationship is achieved at the interface of Al/
MgAl,04/MgO.

(3 MgAIl, O, layer has asignificant influence on the heterogeneous nucleation of Al.



