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Abstract 

Interfaces in ternary oxide-oxide eutectic composites prepared by directional solidification are 

investigated at the atomic scale. Two systems are studied that both display a chinese script 

interconnected microstructure, associating three monocrystalline phases, alumina (A), yttrium 

aluminium garnet (Y) phase or a perovskite phase SmAlO3 (S), and zirconia (Z), i.e. Al2O3-

Y3Al5O12-ZrO2 (A-Y-Z) or Al2O3-SmAlO3-ZrO2 (A-S-Z). 

Most interfaces are semicoherent. The curved interfaces between A and Z nodules are 

strongly faceted and parallel to dense planes of both crystals or to dense planes of alumina. 

The same features occur for A-S interfaces, which show longer facets. The steps between 

facets accommodate the misfits. Y-A and   Y-Z interfaces are often parallel to a dense plane of 

one crystal owing to a slight deviation of the Y phase from the perfect orientation relationship 

(OR). The OR between Y and A phases found in binary eutectic is modified by the presence 

of Z. Similarly, although the same OR occurs between A and Z in binary and ternary eutectics 

with the Y phase, this OR is modified by the presence of S. The discussion emphasizes the 

predominant role of interfacial order on the final orientation relationships. 

 

Keywords: oxide/oxide eutectics, interfaces, atomic scale, transmission electron microscopy 
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1. Introduction 

Structural oxide-oxide materials in the systems Al2O3-RE2O3 (Called A-Y if RE: Y or A-E if 

RE: Er) prepared at eutectic composition by directional solidification from the melt display an 

interconnected microstructure of two entangled monocrystalline phases forming a three 

dimensional and continuous network [1-3]. They show outstanding mechanical properties up 

to the melting temperature of the order of 1700°C with a stable microstructure [1-9]. A-Y and 

similar systems are promising for gas turbines in place of Ni based superalloys whose 

working temperature does not exceed 1150°C. However they have a limited fracture 

toughness of about 2-2.5 MPa.m1/2 at ambient temperature [4, 6, 10]. This limitation is 

overcome by ternary addition of Z, which introduces thermo-elastic residual stresses, reduces 

domain size and makes interfaces more rounded and more finely faceted than in the case of 

A-Y [11-15]. Toughness values in the range  4-5 MPa.m1/2 were measured [7, 11-13].  

Binary or ternary eutectic composites prepared with alumina and a perovskite phase, either 

GdAlO3 [5, 7, 16,17] or, more recently, SmAlO3 [18, 19] display a similar microstructure. 

The Al2O3-SmAlO3 eutectic (called A-S) shows a high flexural strength, of the same order of 

magnitude as for the A-Y-Z ternary eutectic [18, 20]. 

Our previous works focussed on the overall microstructure, mechanical properties and 

deformation micromechanisms of the systems Al2O3-RE2O3(RE=Y, Gd)-ZrO2, namely A-Y-Z 

or A-G-Z [15, 21]. More recently the systems Al2O3-SmAlO3 (A-S) and Al2O3-SmAlO3-ZrO2 

(A-S-Z), revealed a good fracture toughness, higher than those of the A-Y-Z eutectic.  

Specific orientation relationships occur between the two main phases that can be modified by 

the addition of zirconia (Z).  For each system a small number of OR's are associated with an 

isotropic “Chinese script” microstructure. They may be related to the solidification method 

and the growth rate. Generally one of them is mainly encountered.  

The stability of the microstructure and the strength involve interface characteristics, whose 

analysis is fundamental to understand the final materials properties. Investigations of 

interfacial features in the as prepared materials are a prerequisite to further studies of interface 

behaviour during creep. 

Some interfaces between alumina and SmAlO3 have been investigated at the atomic level and 

the creep micromechanisms revealed in the system A-S-Z [19]. 
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The present paper will bring more results on the interfacial features in the same system. It will 

also present the interface structure between alumina and zirconia, in the A-Y-Z system. Some 

interfaces between alumina and Y3Al5O12, and zirconia and Y3Al5O12 have also been 

investigated, in a less detailed manner owing to a slight deviation from the parallelism of the 

zone axes. A better knowledge of interfacial features in these eutectic oxides could shed light 

on the role played by interfacial. 

The growth of eutectic phases corresponds to interfaces minimum energy configurations, 

which imposes the growth directions. 

 

2. Experimental procedure 
 
The oxide-oxide eutectics were prepared by solidification from the melt by using a floating-

zone translation device consisting of an arc-image furnace operating with a 6 kW xenon lamp 

providing radiation. The synthesis procedure started with isostatic pressing at 150 MPa of 

cylinders made from high-purity commercial powders (99.9%) of Al2O3 (Baikowski Chimie, 

France), Y2O3 (Rhodia, France), Sm2O3 (Rhodia), and ZrO2 (Th. Goldschmidt 

Industriechemikalien, Germany). Then, the cylinder bars were consolidated by sintering at 

1673K before melting. All specimens were solidified at constant rates. They display a 

cylindrical symmetry with dimensions of about 7mm in diameter and 30mm in length.  

Some samples with same compositions prepared by another crystal growth technique (micro 

pulling down) [22] were also studied for purposes of comparison. 

The cell parameters of each phase were determined by X-ray diffraction and Rietveld 

refinement on powder samples. Orientation relationships were performed determined by  

EBSD (Electron Backscatter Diffraction) (detector Oxford) on a Zeiss Merlin microscope. 

Conventional Transmission Electron Microscopy (CTEM) was performed on a JEOL2000EX 

microscope and High Resolution Transmission Electron Microscopy (HRTEM) was 

performed on two microscopes, a TOPCON ABT002B (resolution 0.18 nm) and a Cs-

corrected ARM200F (resolution 0.85 nm). For image simulations we used the software 

MacTempas developed by Roar Kilaas [23].  
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TEM thin foils were obtained from cut platelets perpendicular to the growth direction, by 

polishing down to a few micrometres thickness using the tripod technique. A final thinning 

was performed by gentle ion milling followed by carbon coating. 

 
3. Results 

3.1 Interfaces in the alumina/ Y3Al5O12 garnet/ zirconia ternary eutectic 

The A-Y-Z ternary eutectic is prepared with 65%mole Al2O3, 16%mole Y2O3 and 19%mole 

ZrO2. Cubic zirconia is stabilised by 17%mole Y2O3. The cell parameters are as follows: 

Alumina (a=0.4759 nm, c=1.2999 nm), Y3Al5O12 (a=1.201 nm), zirconia (a=0.5165 nm). The 

eutectic composite solidified at 10 mm/h displays a "chinese script" microstructure (Fig. 1).  It 

shows a pronounced grain elongation along the solidification direction [18] The overall 

microstructure, crystallographic orientation relationships (OR's) and mechanical properties 

are detailed in previous works [18, 19, 21, 24]. 

 

Fig. 1 Bright field image showing the 

microstructure of the ternary eutectic 

Al2O3-Y3Al5O12-ZrO2 (A-Y-Z). 

 

 

The OR's are defined by parallel growth directions and parallel planes containing the growth 

direction. Family crystal planes between braces are given with the smallest indices. For 

specific planes in brackets, the dense planes correspond to the shortest allowed vectors in the 

diffraction pattern or to planes defined in a HRTEM image. 

Specimens prepared by arc-image furnace or micro Pulling Down display the following OR’s, 

where the subscripts "A"  stands for alumina, subscript "Y" for Y3Al5O12 and subscript “Z” 

for zirconia: 
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1010 !// 001 !,  

for the planes, two OR's are encountered between YAG and alumina,  

OR1: 0001 !// 210 !, or OR2: 0001 !// 100 !, the first OR being mainly found  

The OR between A and Z is always the same and corresponds to the OR determined for 

binary A-Z eutectic [25] and also for epitaxial growth of Z on A [26]: 

1010 !// 001 !, 2110 !// 100 !,  0001 !// 010 !  

The experimental OR is perfect for A/Z interfaces and is generally deviated from the perfect 

OR for A/Y and Z/Y interfaces. Thus A/Z interfaces were more widely investigated. The 

images are recorded with a zone axis parallel or close to the growth axis. 

3.1.1 Interfaces between alumina and zirconia 

The interfaces between alumina and zirconia phases are rounded at a microscopic level (Fig. 

2). At the atomic scale, interfaces are strongly faceted with short facets (length ≤ 7 nm), 

parallel to the above dense planes of both phases. The projection axis is the growth direction. 

Three types of planes containing the projection axis have been found, the schema in Fig. 3 

shows a Z crystal included in A phase, the dots correspond to lattice sites. The plane  

(1123)! is deviated by 2.2° from the 210 ! plane.  

 
 

Fig. 2 Bright field image showing rounded 

interfaces between alumina and zirconia. 

Fig. 3 Parallel or nearly parallel dense planes 

in alumina (orange) and zirconia (blue) lattices 

sharing a common 1010 !// 001 ! 

projection axis. 
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An interface whose facets are parallel to {0001}A // {010}Z is shown in Fig. 4. In the interface 

plane, the misfits between parallel dense planes are relatively small, equal to 7% for  

(1210)!// 200 ! . It is accommodated by dislocations every 13 planes (1210)! and 12 

200 !  planes, the residual misfit being equal to 0.3%. The steps have a dislocation character, 

and are thus called disconnections. The step height corresponds to two (0003) planes in 

alumina (Fig. 4(b)). 

A Burgers circuit around a step is drawn on a constrained dichromatic pattern with a perfect 

matching of (1210)!// 200 ! (Fig. 4(c)). The Burgers vector has a component along the y 

direction that induces a rotation between the two crystals of 0.8°, clearly visible in Fig. 4(b). 

It is worth noticing that the sense of the rotation depends on the step height. Introduire 

figure 4(d)??? 

 
 

 

Fig. 4(a) HRTEM image of an 

interface parallel to a basal plane in 

alumina and a (020) plane in 

zirconia (image Topcon, 1010 !//

001 ! projection axis). 

(b) Enlarged view of Fig. 4(a): 

Circuit around a step. 

Circuit of Fig. 4(b) 

reported in a 

constrained 

dichromatic pattern 

(blue: zirconia, 

orange: Alumina).  

 

 

In Fig. 5, the mean interface plane is tilted by 23° from the basal plane of A, and presents 

facets alternately parallel to basal and prismatic (1120)! planes. For this specific orientation, 

the misfits for each pair of planes ((0006)!// 020 !and (1210)!// 200 !) are located at 

the same place at the upper edges of the facets that accommodate both misfits. 
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A 2D atomic model is superimposed on the image (Fig. 5(b)). The white dots correspond to 

Zr columns in Z and are close to oxygen columns in A. The interface is centred on oxygen 

columns, as expected, considering that planes parallel to the interface are polar planes for 

each structure. Strong variations in the contrast along interfaces occur in all images, probably 

due to internal stresses resulting, in part, from the sample preparation by mechanical thinning. 

Contrast simulations required to add a small tilt angle to the electron beam that introduced a 

dissymmetry in the contrast of oxygen columns.  

 

 

Fig. 5(a) HRTEM image showing an interface 

between alumina and zirconia faceted along 

dense planes of both phases. The misfit 

dislocations that accommodate both misfits are 

localized at the left end of basal facets (blue and 

red dots), 1010 !// 001 ! projection axis. 

(b) Enlarged view of a facet parallel to the 

basal plane in alumina with 

superimposition of simulations and 2D 

structural model. 

 

Fig. 6 shows an example of the second type of interfaces parallel to dense planes of both 

crystals. The facets (length ≈ 4.5 nm) are parallel to the prismatic (1120)! plane and to 

200 !. There is a nearly perfect matching between six (0006) planes in A and five (020) 

planes in Z, the residual misfit is small equal to 0.7%. The steps have a disconnection 

character, a circuit around the step reveals a component (perpendicular to the interface) of the 

Burgers vector that implies a rotation of 0.7° between the two phases, experimentally 

observed. It is worth noting that the sense of the rotation is opposite to that found in the 

previous case. The image in Fig. 6(b) is close to the zero focus, and the white dots correspond 

to oxygen atomic columns in both phases. The interface is centred to oxygen columns that 

show a corrugated arrangement as in the A phase. An accurate determination of the interface 
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structure requires to image the interface with another zone axis. Such experiment has been 

performed previously in a binary A-Z eutectic composite [25]. In Fig. 7, the projection axis is 

[0001]. The interface presents facets (length ≈ 5.2 nm) separated by monoatomic steps. The 

white dots correspond to the cations columns in both phases and the interface is centred on 

oxygen columns. The facet structure is incoherent, as shown by the small templates 

superimposed on the image. Thus there is no preferred interfacial structure along the direction 

1010 !. We also note that 3030 ! are not dense planes of A. 

 

 

Fig. 6(a) HRTEM image showing an interface 

between alumina and zirconia with large facets 

parallel to (1210)!// 200 !. 1010 !// 001 ! 

projection axis. 

(b) Enlarged view of a facet with 

superimposition of a 2D structural 

model (Blue: Oxygen, green: 

zirconium, Red: aluminium) 

 

 

Fig. 7 HRTEM image showing an 

interface between alumina and 

zirconia with large facets parallel to 

(1210)!// 200 ! in a binary 

eutectic. The projection axis is [0001] 

in alumina. The white arrows indicate 

the steps. The small templates (blue 

and orange dots) reveal the 

incoherent character of the interface. 
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Fig. 8 shows an interface with facets alternately parallel to basal and (1213) planes of A 

(facet length ≈ 4nm). The (1213) plane is the third densest plane of A for this projection axis 

and is not parallel to the (240) plane in Z. The dislocations that accommodate the misfit 

between (1210)! and 200 ! are located in the middle of the (1213) facet, the basal facets 

showing perfect coherency. This last example suggests a preferential selection of dense A 

planes during the eutectic growth. 

 

Fig. 8 HRTEM image showing an 

interface between alumina and zirconia 

with facets parallel to (1213)!. The 

inclined facets are parallel to the basal 

plane in alumina and to a (020) plane in 

zirconia. 1010 !// 001 ! projection 

axis. 

 

3.1.2 Interfaces between alumina (A) and Y3Al5O12 garnet (Y)  

The localisation of zirconia at the interfaces between A and Y phases made challenging a 

thorough analysis of these interfaces. The OR1 defined above between A and Y is mostly 

encountered in ternary eutectics, and is different from the OR reported in binary A-Y 

eutectics, 1010 !// 110 !, and 0001 !// 100 ![18,27].  

Interfaces are preferentially parallel to dense planes in the Y phase. In Fig. 9, the interface 

presents large facets parallel to a {020} plane in the Y phase and far from a dense plane in A. 

The small facets are parallel to the A basal plane.  

 

Fig. 9 HRTEM image of a faceted 

interface in a ternary eutectic A-Y-Z. 

(projection axis 1010 !// 001 !). Large 

facets are parallel to the (400)Y plane. The 

small facets are parallel to the basal 

alumina plane. 
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The fact that the observed OR between Y and A changes when Z is added could be related to 

a preferred OR between Y and Z. 

 

3.1.3 Interfaces between Y3Al5O12 garnet (Y) and Zirconia (Z) 

Léo: pour ce paragraphe, je vais metre explicitement chaque plan  

The interfaces between Y and Z are straight or faceted. In most cases the orientation deviates 

from the perfect OR. The dichromatic complex in Fig. 10 reveals the parallelism of {420}Y  

and {200}Z planes, which display a small misfit (4%). Thus interface planes parallel to dense 

planes {420}Y // {200}Z could occur, as well as  {400}Y // {420}Z planes.  

 

Fig. 10 Dichromatic complex showing 

parallel dense planes between Y and Z 

phases (Blue: Aluminium in Y, orange: 

Zirconia lattice). 1010 !// 001 ! 

projection axis. 

 

 

A (240)Y plane is effectively parallel to a (200)Z plane in case of a perfect OR between phases  

(Fig. 11). The small misfit (4%) is accommodated by dislocations. For all other cases, which 

present a deviation from a perfect OR, interfaces are parallel to a dense plane of one crystal, 

either {400} (Fig. 12), {220} or {420} of the Y phase, or {200} or {210} (Fig. 13) of Z. In 

summary, these features are similar as those encountered for Y/A interfaces. 
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Fig. 11  HRTEM image of an interface 

between Y and Z. 001 !// 001 ! 

projection axis. 

 

 

Fig. 12 HRTEM image of an interface 

between Y and Z showing nanofacets 

along the (040)Y plane. 001 !// 001 ! 

projection axis. 

 

 

Fig. 13 HRTEM image of an interface 

between Y and Z. The interface is parallel 

to a (210) plane in zirconia. 001 !//

001 ! projection axis. 

 

 

3.2 Interfaces between alumina (A) and SmAlO3 perovskite (S) in the ternary eutectic A-

S-Z 

The overall microstructure is perfectly isotropic, displaying a similar microstructure in all 

space directions (Fig. 14). The A and S phases have similar sizes, the Z phase being dispersed 

along the interfaces or included in the A phase. The cell parameters are as follows: alumina 

(a=0.4758 nm, c=1.2998 nm), perovskite (a=0.5282 nm, b=0.7469 nm, c=0.5285 nm), 

zirconia (a=0.5203 nm). The growth direction of A is not unique as in A-Y-Z eutectics, and 

the   <1120> may occur, rarely found in the A based eutectics. 
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Fig. 14 Bright field image showing the 

microstructure of the ternary eutectic A-S-

Z. The white arrow indicates a basal twin 

in the alumina phase. 

 

The following OR's are mainly found:  

<1120>A // <001>S or <100>S  and <1010>A // <011>S or <110>S  

with common orientation relationships between the three eutectic phases whatever the growth 

direction: {0001}A // {110}S //{100}Z 

The different areas analysed by HRTEM in several thin foils always reveal the OR <1120>A // 

<001>S or <100>S that is also found in the binary eutectic. The S phase has a pseudo-

tetragonal symmetry, with a and c parameters nearly identical. Several domains with various 

orientations are found, even within a same S crystal, owing to the cubic/orthorhombic phase 

transformation that occurs at high temperature. 

Only A/S interfaces could be analysed. Although the OR between A and Z is perfect, the 

projection axis <1120>A // <100>S is not parallel to a dense direction in Z. 

The A phase presents two orientation variants related by the basal twin orientation 

relationship, such that the growth axis is parallel to 2110 ! or to 2110 ! (Fig. 14). Two 

dichromatic patterns reported in Fig. 15 correspond to the orientation relationships 2110 !//

100 !  and (0001)!// 011 !  or 2110 !// 100 !  and (0001)!// 011 !  and show the 

interpenetrated lattices of the two phases. Dense planes of each phase nearly parallel are 

highlighted in Fig. 15(a).  They present close interplanar spacings. The best fit occurs for the 

basal plane (0003)! in A parallel to 011 !(0.432 nm and 0.431 nm respectively). The 

highest misfit occurs for the (0112)!// 020 ! , equal to 7%. The angles between parallel 

planes are at most equal to 3°. Thus the two lattices are nearly coincident in the projection 

plane.  
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Fig. 15 Dichromatic patterns showing parallel or 

nearly parallel dense planes in alumina and 

perovskite (a) 2110 !// 100 ! zone axis. 

(b) 2110 !// 100 ! zone axis. 

 

 

All interfaces mentioned in Fig. 15(a) have been observed. Interfaces parallel to (0114)!  ≈

// 002 ! and to (0118)! ≈// 021 ! have been described in a previous paper [19]. The first 

one present facets strictly parallel to both dense planes and centred on oxygen columns (facet 

length 4.8 nm), the second one is straight and is parallel to the A plane (0118)!. The 

examples shown below allow to go further in the knowledge of interfacial features. Fig. 16(a) 

shows a strongly faceted interface (facet length 5.8 nm), the step height corresponds to three 

(0112)! A planes. The angle between dense planes nearly parallel to the interface is 2.9° and 

corresponds to the theoretical value.  The facets present a nearly perfect parallelism of dense 

planes in each phase, and accommodate the misfit between vertical planes (0114)! ≈

// 002 !. The same features occur for the faceted interface (0114)! ≈// 002 ![19]. An 

analysis in the dichromatic complex reveals that the interface passes through the coincidence 

sites (Fig. 16(b)). 
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Fig. 16 (a) HRTEM images of a stepped 

interface with facets parallel to 0112 !  and 

020 ! planes ( 2110 !// 100 ! zone axis). 

(b) Dichromatic pattern between A and S: 

The mean interface plane shares near 

coincidence sites. 

 

Finally an interface parallel to (0001)!// 011 ! (not shown) is straight; a one dislocation 

array accommodates the misfits between the dense planes across the interface. This interface 

corresponds to the parallelism of planes in the orientation relationship and is also found for 

the variant orientation of A 2110 !// 100 ! as illustrated below. 

In Fig. 15(b), the dichromatic pattern for the second OR between A and S reveals only two 

sets of dense planes parallel in both phases, (0001)!// 011 ! and (0118)!// 012 !. These 

two interfaces have been found, a third one (not shown) displays short facets (2 nm length) 

parallel to the (0112)! in A and far from any dense plane in S. 

The interface (0001)!// 011 ! displays facets (2.7 nm length) separated by steps, the step 

height being one interplanar distance (Fig. 17).  An analysis in the dichromatic complex 

reveals that the interface passes through the near coincidence sites (Fig. 17(b)). The facets 

show a perfect agreement between dense planes across the interface and the steps 

accommodate the misfit, as already found for the (0112)!// 020 ! interface. 

The misfits between parallel or nearly parallel dense planes on each side of the interface plane 

are smaller than 11% for all studied interfaces.  
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Fig. 17 (a) HRTEM images of a stepped 

interface with facets parallel to the basal plane in 

alumina and the 011 ! plane ( 2110 !// 100 ! 

zone axis). 

Fig. 17(b) Schematic model of the 

interface (lattice sites in blue (S) and 

orange (A)). 

 

A large facet is parallel to the (0118)! plane, at 2 degrees from 012 !, confirming that 

faceting occurs preferentially along dense A planes (Fig. 18). 

 

Fig. 18 HRTEM image of a faceted 

interface showing a large facet parallel to 

a (0118)! plane in alumina. ( 2110 !//

100 ! zone axis). 

 

 

4. Discussion 

Interfaces play a predominant role in the growth features and final microstructure of 

directionally solidified eutectics. As a matter of fact, the growth directions 1010 ! and [001] 

or [110]Y most often encountered are different from the preferred growth directions in single 

crystal, [0001]A and [111]Y. In A-Y-Z the presence of Z modifies the OR's, in particular the 

parallel planes. Binary eutectics show a parallelism of densest planes {0001}A and {112}Y, 

although ternary eutectics show a parallelism of {0001}A and {210} or {100}Y planes. This is 

in agreement with a simultaneous growth of the three phases, also present with the A-S-Z 

eutectics. Several OR's are encountered between A and S, some of them being similar in 
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binary and ternary eutectics. The OR's between the three phases are perfect, at variance with 

the A-Y-Z eutectic. Besides, the A/Z OR is not modified by Y addition, although it is 

modified when S is present. The discussion attempts to understand some of these features by 

considering possible occurrence of interfacial order.  

 

4.1 Interfaces in A-Y-Z eutectics 

Previous works on binary or ternary eutectic composites with various orientation relationships 

are summarized as follows: At first the deviation from a perfect OR between Y and A is most 

often present, it increases with the growth rate. Addition of Z modifies the overall 

morphology of interfaces between phases, from straight interfaces in binary eutectics to more 

curved interfaces in ternary eutectics. At the atomic scale, the interfaces between Y and A 

may be wavy [28, 29]. In binary eutectics straight interfaces or large facets are parallel to 

densest planes {0001}A//{112}Y [30, 31]. In ternary eutectics, facets are parallel to Y planes 

{400} (this work), {220}[28] or {112} [30, 31], most often not parallel to dense planes of 

alumina. Locally a parallelism of small facets prismatic 1120 !// 220 ! is observed [29]. 

In two cases the interface has a tendency to facet on basal A plane, regardless of the 

orientation of the Y phase [28,30].  

The dichromatic pattern between Y and A phases does not reveal a preferred near coincidence 

between dense planes or directions for the first OR. Even for the OR2, it was noticed that a 

disregistry value corresponding to a residual misfit for a close coincidence between n planes 

in one phase and (n+1) planes in the other phase is high for interfaces A/Y [32]. The Y phase 

seems to facet along its dense growth faces.  

It has been shown that a small misorientation from the exact, high-symmetry OR improves 

the lattice coincidence density between the fiber and matrix lattices in the system LaB6-ZrB2 

[33]. In case of growth of spinel MgAl2O4 on alumina, a rotation of 5° around an axis 

contained in the interface plane induces a perfect parallelism of  1104 !// 400 !"#$%& 

across the interface [34]. For the OR1 defined above, a rotation of 4.3° between growth axes 

around 1210 ! would lead to a parallelism of dense planes 1012 ! and with a 7% misfit. 

No image with such a projection axis is available. Moreover, various deviation angles occur 

according to the solidification method and the growth rate, thus no specific preferred interface 

seems to be found from an energetic point of view.  
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 The fact that the observed OR1 between Y and A changes when Z is added could be related 

to a preferred OR between Y and Z, as suggested by the good coincidence between dense 

planes of both phases for this OR.  

Interfaces Y/Z are parallel to dense planes of Y, or to dense planes of Z. It is shown that a 

near coincidence does occur between Y and Z, but the parallelism of corresponding dense 

planes is observed only in a one case. Previous works also found faceted or straight interfaces 

{200}LnAG [32,35,36]  or {210}Y [29]. In one case (020)Z is close to (040)Y [32]. In most 

cases, this near coincidence is not maintained during growth. This is expected from the 

systematic perfect OR between A and Z. However it could play a role in the OR selection 

between Y and A at the beginning of solidification.   

Interfaces A/Z show a parallelism of densest planes of both phases, (1120)! and basal A 

planes being parallel to {200} planes in Z. The OR’s probably results from the building of 

low energy interfaces: It is also observed in binary eutectic, and for epitaxial growth of Z on 

basal and prismatic planes of sapphire [25,26]. The common feature observed for these 

interfaces is a similar stacking sequence on both sides of the interfaces consisting in alternate 

cationic and anionic planes or layers with close interplanar distances (d(1120)!  = 0.238nm, 

d(200)Z= 0.257). The oxygen planes located at the interface allows the transition between 

both structures, leading to compatible interatomic distances and the local electroneutrality at 

the interface.   

 

As a result from the Z phase morphology, most interfaces are curved and interfaces are 

strongly faceted. The disconnections present at the facet edges induce a rotation of the crystal 

and thus angular incompatibilities that must be accommodated. Disconnections are introduced 

to relieve the coherency strain on the terraces. The rotation sense and value depend on the 

step height and facet length and involve a minimisation of defect energy.  

For the other interface planes, only the 1123  plane of A has been found, the third densest 

plane parallel to the projection axis. The plane {210} in Z is not parallel to the interface plane. 

It is assumed that the Z adapts its orientation with its densest planes parallel to dense planes 

of A.  

 

 

4.2 Interfaces in the A-S-Z eutectic 
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In the ternary eutectic A-S-Z, the orientation relationship between A and Z is less favourable. 

No image of the interfaces A/Z could be obtained at the atomic scale owing to an orientation 

of the Z phase not suitable for high resolution. However, some comments can be made on the 

experimental orientation relationship found by EBSD, which occurs systematically whatever 

the orientation relationship between A and S: 

1010 !// 011 !, 1210 !// 022 !,  0001 !// 020 !  

The parallelism between basal planes of A and Z is common to all found alumina/zirconia 

OR’s. In the A-S-Z eutectic, the misfit between 1210 ! and 022 ! planes is 26%, larger 

than the misfit between parallel 1210 ! and 002 ! planes in the A-Y-Z eutectic. Moreover 

the {220} planes are not polar planes. From these geometrical arguments it can be assumed 

that the A/Z interfaces are probably more energetic in the A-S-Z eutectic, and that Z modifies 

its OR with A to better adapt the S phase.  

 

Various OR’s have been found in the A-S-Z system. However, whatever the OR, the 

parallelisms between following planes between S and Z are observed: {200}Z // {220}S and 

{022}Z // {121}S. A near coincidence occurs in the {022}Z // {121}S interface plane with a 

parallelism of the densest planes 111 !// 101 ! (Fig. 19). 5 111 !match 4 202 !, with a 

residual misfit of 0.26%, and 5(200)Z match 6(220)S, with a residual misfit 0.3%. 

 

 

Fig. 19 Dichromatic pattern between 

SmAlO3 and zirconia (projection along 

[011]Z axis). 
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 The systematic parallelism of dense planes of both crystals and the crystallographic 

characteristics could explain the change in the A/Z OR when S is present. It is worth noting 

that the relation {200}Z // {220}S also occurs in case of epitaxial growth of a perovskite 

manganite film on a Z substrate [37]. 

Interfaces between A and S show a near parallelism of several dense planes of both phases, 

the deviation being less than 3°. Facets are strictly parallel to dense planes; the interface 

passes through the near coincidence sites and the steps accommodate the misfits. For all other 

interfaces, faceting occurs preferentially along dense A planes.  

For polar interface planes, the interface is centred on oxygen columns. All these features 

probably induce low energy A/S interfaces. 

The presence of cohesive interfaces with low energy is a favourable factor to the good 

flexural strength behaviour of ternary A-Y-Z eutectic and eutectics containing a perovskite 

phase. 

5. Conclusion 

The variation in orientation relationships according to the number of phases involved in the 

growth of eutectic oxides reflects the predominant role of interfacial energy on the OR 

selection. 

Alumina-zirconia interfaces are semicoherent, strongly faceted, and are parallel to dense 

planes of both phases or parallel to dense planes of alumina. The OR is the same in binary and 

ternary eutectics.  Zirconia modifies the OR between Y3Al5O12 and alumina found in the 

binary eutectic, and geometrical arguments show that the Y3Al5O12 and zirconia have a 

preferred orientation in ternary. Interfaces between Y3Al5O12 and alumina are parallel to 

dense planes of one or two phases, the OR between Y3Al5O12 and alumina being however 

most often deviated from the perfect OR 

Alumina-perovskite interfaces are semicoherent or incoherent, and are parallel to dense planes 

of both phases or parallel to dense planes of alumina, as found for alumina zirconia interfaces. 

Interfaces pass through the near coincidence sites. The OR of zirconia with alumina is 

different from this OR in the eutectic with Y3Al5O12 phase, probably in order to get low 

energy interfaces between zirconia and perovskite. 

For both systems, these results show that variations in OR are in favour of a simultaneous 

growth of the three phases at the beginning of solidification.  
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Captions  

Fig. 1 Bright field image showing the microstructure of the ternary eutectic Al2O3-Y3Al5O12-

ZrO2.  

Fig. 2 Bright field image showing rounded interfaces between alumina and zirconia. 

Fig. 3 Parallel or nearly parallel dense planes in alumina and zirconia lattices sharing a 

common 1010 !// 001 ! projection axis. 

Fig. 4(a) HRTEM image of an interface parallel to a basal plane in alumina and a (020) plane 

in zirconia (image Topcon). 

Fig. 4(b) Enlarged view of Fig. 4(a): Circuit around a step. 

Fig. 4(c) Circuit of Fig. 4(b) reported in a constrained dichromatic pattern (blue: zirconia, 

orange: Alumina).  

Fig. 5(a) HRTEM image showing an interface between alumina and zirconia faceted along 

dense planes of both phases. The misfit dislocations that accommodate both misfits are 

localized at the left end of basal facets (blue and red dots). 

Fig. 5(b) Enlarged view of a facet parallel to the basal plane in alumina with superimposition 

of simulations and 2D structural model. 

Fig. 6(a) HRTEM image showing an interface between alumina and zirconia with large facets 

parallel to (1210)!// 200 !. 

Fig. 6(b) Enlarged view of a facet with superimposition of a 2D structural model (Blue: 

Oxygen, green: Zirconia, Red: Aluminium) 
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Fig. 7 HRTEM image showing an interface between alumina and zirconia with large facets 

parallel to (1210)!// 200 ! in a binary eutectic. The projection axis is [0001] in alumina. 

The white arrows indicate the steps. The small templates (blue and orange dots) reveal the 

incoherent character of the interface. 

Fig. 8 HRTEM image showing an interface between alumina and zirconia with facets parallel 

to (1213)!. The inclined facets are parallel to the basal plane in alumina and to a (020) plane 

in zirconia. 

Fig. 9 HRTEM image of a faceted interface in a ternary eutectic Al2O3-Y3Al5O12-ZrO2. 

(projection axis 1010 !// 001 !"#). Large facets are parallel to the (400)YAG plane. The 

small facets are parallel to the basal alumina plane. 

Fig. 10 Dichromatic complex showing parallel dense planes between YAG and zirconia 

phases (Blue: Aluminium in YAG, orange: Zirconia lattice). 

Fig. 11  HRTEM image of an interface between YAG and zirconia. 

Fig. 12 HRTEM image of an interface between YAG and zirconia showing nanofacets along 

the (040)YAG plane. 

Fig. 13 HRTEM image of an interface between YAG and zirconia. The interface is parallel to 

a (240) plane in zirconia. 

Fig. 14 Bright field image showing the microstructure of the ternary eutectic Al2O3-SmAlO3-

ZrO2. The white arrow indicates a basal twin in the alumina phase. 

Fig. 15 Dichromatic patterns showing parallel or nearly parallel dense planes in alumina and 

perovskite (subscript SAP) (a) 2110 !// 100 !"# zone axis (b) 2110 !// 100 !"# zone 

axis. 

Fig. 16 (a) HRTEM images of a stepped interface with facets parallel to 0112 !  and 

020 !"# planes ( 2110 !// 100 !"# zone axis). 

Fig. 16(b) Dichromatic pattern between alumina and SAP: The mean interface plane shares 

near coincidence sites. 

Fig. 17 (a) HRTEM images of a stepped interface with facets parallel to the basal plane in 

alumina and the 011 !"# plane ( 2110 !// 100 !"# zone axis). 
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Fig. 17(b) Schematic model of the interface (lattice sites in blue (SAP) and orange (alumina)). 

Fig. 18 HRTEM image of a faceted interface showing a large facet parallel to a (0118)! 

plane in alumina. 

Fig. 19 Dichromatic pattern between SAP and zirconia (projection along [011]Z axis). 

 

 

 

 


