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ABSTRACT 

Al2O3-Er3Al5O12-ZrO2 eutectic ceramic rods were directionally solidified using the laser 

floating zone method at different growth rates, 25, 350 and 1200 mm/h. The 

microstructure obtained, in terms of both morphology and phase size, was strongly 

dependent on the growth rate. However, electron backscatter diffraction experiments 

showed that the growth directions were the same for all the processing rates, 

[0001]Al2O3//[100]EAG//[100]ZrO2. The microstructural stability was investigated up to 

1600ºC as a function of the growth rate. Ceramics with the largest phase size presented 

high stability, their microstructure remaining substantially unchanged at the highest 

annealing temperature for 100 hours. Eutectics processed at higher growth rates and 

with a finer microstructure showed coarsening after heat treatments. The sample grown 

at 350 mm/h coarsened at 1450ºC whereas the eutectic solidified at 1200 mm/h 

thickened at 1400ºC. The growth directions remain unaffected for all growth rates. The 

mechanisms of microstructural coarsening were investigated.   
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1. INTRODUCTION 

Directionally solidified eutectic ceramics (DSEC) are materials constituted by two 

or more eutectic phases whose microstructure can be controlled by the solidification 

conditions [1]. Most of the properties of the eutectics depend on the shape and size of 

the phases. The relationship between microstructure and properties allows the 

characteristics of DSEC to be controlled by the processing parameters.  

Among DSEC, those based on Al2O3 have been the subject of a large number of 

studies because of their outstanding mechanical properties up to temperatures very close 

to the melting point, and an excellent microstructural and chemical stability [2], which 

make them promising materials for structural applications at high temperatures [2, 3]. 

Most of the studies found in the literature have focused on eutectics of the 

Al2O3/Y2O3/ZrO2 system [4-7]. Mechanical properties have been reported to depend 

strongly on the microstructural size, showing a significant improvement when the size 

of the eutectic phase is reduced [8]. Outstanding flexural strength close to 5 GPa was 

obtained for the Al2O3-Y3Al5O12-ZrO2 ternary eutectic (AYZ), with nanometric phases 

due to the high rates used in processing [9]. In addition, high strength retentions up to 

1900K were found for the Al2O3-Y3Al5O12 binary eutectic (AY) [8]. 

Recently, other Al2O3-based DSEC including rare earth oxides in their eutectic 

composition have been studied. The incorporation of rare earth ions allows the field of 

applications of these materials to be extended. In addition to structural applications at 

high temperatures, they can be used in functional applications such as selective thermal 

emitters in thermophotovoltaic devices [10]. We should note that both applications 
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implicate high operating temperatures. When the materials are exposed to high 

temperatures for long periods of time, microstructural coarsening may appear, 

producing the degradation of the material performance. Martinez-Fernandez et al. 

studied the high temperature creep deformation of directionally solidified 

Al2O3/Er3Al5O12. They reported that the material presented a very high creep resistance, 

comparable to c-axis sapphire, concluding that creep deformation was diffusion 

controlled.[11] In fact, they limited the study of creep curves to temperatures below 

1500 ºC because of the microstructural evolution of the samples. Then, Mazerolles and 

co-workers studied the microstructure, interfaces and high temperature creep behaviour 

of Al2O3-Ln2O3 (Ln=Gd, Er, Y) DSEC.[12,13] They pointed out that the absence of 

intermediate phases at the interfaces and the crystallographic orientation relationships 

between phases give rise to a strong cohesion between components. They also 

confirmed that deformation climb process was controlled by bulk diffusion. The 

remarkable creep resistance of these materials would be related to the quality of these 

interfaces. Furthermore, they also extended their study to ternary eutectics with the 

addition of a toughening phase (ZrO2) Despite the significant interest in the 

performance of these materials at elevated temperature, the thermal microstructural 

stability of Al2O3-based DSEC has been scarcely investigated. Very few microstructural 

stability studies of the binary Al2O3-Y3Al5O12, Al2O3-Er3Al5O12 and Al2O3-GdAlO3 

eutectics [14-18] can be found in the literature and, to our knowledge, none related to 

any ternary DSEC. 

The aim of this paper is to study the microstructural stability of the Al2O3-

Er3Al5O12-ZrO2 (AEZ) ternary eutectic at a wide range of temperatures, up to 1600ºC. 

Al2O3-Er3Al5O12-ZrO2 eutectic rods were grown using the laser-heated floating zone 

method (LHFZ) and at different growth rates in order to investigate the influence of the 



4 
 

microstructure on thermal stability. For this purpose we studied, on the one hand, the 

evolution of the eutectic interspacing and interfacial area as a function of the annealing 

treatment using Field Emission Scanning Electron Microscopy (FESEM). On the other 

hand, we also determined by Electron Backscattering Diffraction (EBSD) the growth 

directions and orientation relationships of the as-grown eutectic phases and after the 

most extreme annealing was applied (1600ºC for 100h).  

 

2. MATERIALS AND EXPERIMENTAL DETAILS 

Eutectic rods of Al2O3-Er3Al5O12-ZrO2 were directionally solidified by the LHFZ 

method. Ceramics were prepared with a mixture of commercial powders of Er2O3 

(Aldrich, 99.99%), Al2O3 (Sigma-Aldrich, 99.99%) and ZrO2 (Aldrich, 99%) in the 

ternary eutectic composition (65.9 mol% Al2O3, 15.5 mol% Er2O3, 18.6 mol% ZrO2) 

[19]. Precursor rods were prepared by cold isostatic pressing of the powder for 3 min at  

200 MPa. The obtained rods were sintered in a furnace at 1500ºC for 12 hours. The 

final precursor rods had a typical diameter of 2.5 mm. 

Eutectic rods were obtained by directional solidification with the LHFZ method 

using a continuous wave CO2 laser at 25 mm/h, 350 mm/h and 1200 mm/h growth rates. 

To eliminate the precursor porosity, different densification stages were applied at a low 

growth rate (100-250 mm/h). The final directional solidification was always performed 

with the grown crystal travelling downwards and without rotation of the crystal or the 

precursor. Processing was performed in a nitrogen atmosphere with a slight 

overpressure of 0.1-0.25 bar respect to ambient pressure [20] in order to avoid the 

presence of voids in the solidified rods. The final processed rods had typical diameter 

values of 1-1.5 mm. From now on, the different processed rods will be referred to using 

the acronym AEZx where x is the solidification rate. 
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For the microstructural stability study, annealings were performed in air at 

temperatures ranging from 1350ºC to 1600ºC in steps of 50ºC, for fixed periods of 25 h, 

50 h and 100 h. The heating and cooling rates were 3ºC/min and 5ºC/min, respectively.  

Microstructural characterization was performed in polished transverse and 

longitudinal cross-sections of the as-grown and heat-treated rods by means of back-

scattered electron images obtained in a Merlin Field Emission Scanning Electron 

Microscopy (FESEM) from Carl Zeiss (Germany). The energy of the incident electrons 

was 0.75 keV and we used an in-lens detector equipped with a filtering grid to reject 

electrons with energy lower than 0.72 keV in order to increase the contrast between the 

different phases. Specimens for this characterization were prepared using conventional 

metallographic methods. The eutectic interspacing, λ, and the amount of interfacial area 

per unit volume or surface density, Sv, in both as-grown and heat-treated rods, were 

measured using linear interception methods [21]. Due to the complex microstructure in 

these eutectics consisting of three phases in irregular arrays, the interspacing was 

defined as the length between two consecutive EAG crystals. It was calculated from 

transverse cross-section micrographs using a maximum of twenty randomly drawn lines 

containing at least four λ. The surface density was obtained from micrographs of the 

transverse and longitudinal cross-sections using the number of interphase intersections 

in a counting circle, in order to avoid texture effects.  

In order to determine the growth directions and orientation relationships between 

phases, for the as-grown material and after the most extreme ageing treatment (100 h at 

1600ºC), EBSD experiments were performed in transverse cross-sections using the 

FESEM equipment mentioned above. The accelerating voltage was of 10-15 kV with 1 

nA probe current. The specimens were tilted at 70º, at distances of 14.5-17.5 mm from 

the pole piece and 178.5 mm from the EBSD detector (HKL, Oxford Instruments, UK), 



6 
 

which consisted of a CCD camera set at resolution of 514 x 384 using 4x4 binning. Two 

Kikuchi patterns were acquired (90-100 ms of acquisition time) every 0.02-0.15 µm, 

averaged out and automatically indexed (7 bands out of 50 reflectors) to determine the 

crystal orientation at every point [22]. In order to avoid charge accumulation on the 

sample surface due to the AEZ being an electrical insulator, the specimen was not 

coated but instead an N2 micro jet was pointed towards the surface of the sample during 

the experiments for charge compensation. [23] 

The specimen preparation for EBSD experiments required a special method 

because the electron diffraction patterns are generated on a very thin surface layer (~40 

nm thick) that has to be free of strains [24]. It consisted of polishing transverse cross-

sections of the samples in progressive steps using Struers LaboPol-4 automated 

polisher, first with SiC paper (15 µm and 10 µm particle size with the polishing wheel 

rotating at 40 rpm and under a load of 2.5 N), subsequently with diamond paste (3 µm 

and 1 µm particle size, 120 rpm, 2.5 N) and finally with colloidal silica (0.04 µm 

particle size,100 rpm, 2.5 N) for 15 min. 

 

3. RESULTS AND DISCUSSION 

3.1. Microstructural stability and coarsening kinetics 

The FESEM micrograph analysis of samples with different heating treatments was 

used to study the evolution of the microstructure with temperature and time. From this 

study we quantified the coarsening of the eutectic phases in order to investigate 

coarsening kinetics.   

Figure 1 shows electron images of transverse cross-sections of the as-grown 

eutectic rods processed at (a) 25 mm/h, (b) 350 mm/h and (c) 1200 mm/h. Three 

different phases can be observed for all the growth rates, Al2O3 (dark phase), Er3Al5O12 
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(EAG, grey phase) and cubic Er2O3-stabilized ZrO2 (ESZ, light phase), all of them 

identified by energy dispersive spectrometry (EDS). The erbia content in the ESZ phase 

had been previously determined by X-ray diffraction and reported to be 15 mol% [25]. 

The experimental volume fractions of 39 ± 1%, 40 ± 1%, and 21 ± 1%, obtained from 

image analysis for Al2O3, EAG, and ESZ, respectively, were roughly close to the 

volume fractions calculated using the eutectic composition (42 ± 2%, 38 ± 2%, and 20 ± 

2%, respectively) [25]. 

As can be seen, both the morphology and the phase size depend on the growth rate. 

For samples grown at 25 mm/h the microstructure consisted of a geometrical array of 

EAG prismatic columnar crystals and columnar domains formed by an Al2O3-ESZ 

interpenetrated network (figure 1 (a)). For samples processed at 350 mm/h the 

microstructure was a three-dimensional irregular interpenetrated microstructure of the 

three eutectic phases (figure 1 (b)). Finally, the eutectic rods grown at 1200 mm/h 

showed a fibrillar microstructure consisting of bundles of nano-sized sapphire three-fold 

shaped rods aligned in the growth direction (figure 1(c)), embedded in an EAG matrix 

with the ESZ phase placed at the EAG-Al2O3 interphases. For all the processing rates, 

the grains were elongated along the growth direction (figure 2(a)). In addition, the size 

of the eutectic phases decreased with the processing rate. The eutectic interspacing, λ, 

decreased from 4.8 µm for AEZ25 to 300 nm for AEZ1200.  Table 1 shows the eutectic 

interspacing determined in the as-grown eutectic rods for all the growth rates. 

The microstructure of the ceramics was investigated after the different heat 

treatments. Figure 1 shows the transverse cross-sections of AEZ25 (d) and (g), AEZ350 

(e) and (h), and AEZ1200 (f) and (i), after annealing at 1450ºC for 100h and after 

annealing at 1600ºC for 100h, respectively. In addition, table 1 presents the interspacing 
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obtained after the most extreme annealing for rods grown at 25 mm/h, 350 mm/h and 

1200 mm/h.  

The eutectic processed at 25 mm/h and with the largest phase size presented a high 

thermal microstructural stability. The microstructure of AEZ25 remained substantially 

unchanged even for the highest annealing temperature and the longest time, 1600ºC for 

100h. The only variations observed were a slight thickening of the ESZ phase after 

annealing at 1600°C for 100h probably due to the submicrometric size of the ESZ 

phase, and a variation of EAG columnar crystal shape, becoming more rounded after the 

highest annealing temperature and the longest time. The eutectic interspacing (λ) 

remained constant for all the heat treatments (see table 1). High thermal microstructural 

stability has been also reported in some binary DSEC, with similar size of the phases as 

in Al2O3-Er3Al5O12 eutectics processed at 25 mm/h [12] and Al2O3-Y3Al5O12, Al2O3-

Er3Al5O12 and Al2O3-GdAlO3 eutectics processed at 5 mm/h [14, 15]. 

However, for AEZ samples grown at higher rates and, therefore, with finer 

microstructures, significant coarsening was observed. The coarsening was 

homogeneous throughout the sample cross-sections and there was no evidence of 

exaggerated localized coarsening, contrary to that observed in binary Al2O3-Er3Al5O12 

[16] and Al2O3-Y3Al5O12 [18, 26] eutectics. 

In the case of AEZ350 the microstructure was invariable up to 1400ºC. After 

annealing at 1400ºC for 100h, spheroidization of the eutectic phases was observed. 

When samples were annealed at higher temperatures, the microstructure coarsened. 

Finally, AEZ1200 was the eutectic with the lowest thermal microstructural stability, 

with coarsening being observed at lower temperatures. After annealing at 1350ºC, 

rounding of the eutectic phases and thickening of the ESZ phase were observed. The 

ESZ phase was placed linking close Al2O3 crystals.  At 1400ºC and above, coarsening 
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appeared for the rest of the phases. Figure 2 shows the longitudinal cross-section of the 

as-grown eutectic AEZ1200 (a) and after annealing at 1600ºC for 100h (b). The 

elongation of the grains along the growth direction disappeared when the phases 

coarsened, the grains becoming equiaxial.  

The eutectic interspacing in AEZ350 and AEZ1200 samples as a function of time at 

annealing temperatures is presented in figure 3. The major coarsening of the eutectic 

with the smallest phase size, AEZ1200, is noticeable. In particular, in this eutectic, λ 

increased from 0.3±0.03 µm to 2.1±0.3 µm after annealing at 1600ºC for 100h. 

In addition to eutectic interspacing, the surface density variation with heat-

treatments was also investigated. Table 2 shows the Sv values obtained from transverse 

and longitudinal cross-sections for AEZ25, AEZ350 and AEZ1200 in as-grown and 

annealed rods. Note that the Sv values obtained in the as-grown rods increased with the 

growth rate, due to the reduction of the eutectic phase size which results in a higher 

number of interphases. However, for the more extreme heat-treatment, Sv values were 

very similar for all the rods because of the major coarsening observed in the samples 

with finer microstructures. We can also observe in table 2 that the Sv obtained from 

longitudinal cross-section micrographs is slightly lower for all the growth rates due to 

the grain elongation along the growth direction. In the case of AEZ1200 after the heat-

treatment at 1600ºC for 100h, the elongation of the grains along the growth direction 

practically disappeared (figure 2 (b)) and, as a consequence, Sv calculated in the 

transverse and longitudinal cross-sections are similar. Finally it is emphasized that 

although λ did not show variations in AEZ25, the surface density showed a slight 

reduction after annealing at 1600º C because of the thickening of the ESZ phase.   

Figure 4 shows the surface density as a function of the annealing time for different 

temperatures of samples AEZ350 (a) and AEZ1200 (b). We can observe that in both 
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cases Sv significantly decreased with increasing temperature and time, with the surface 

density reduction being especially evident in the rods grown at 1200 mm/h.  

The lower thermal microstructural stability of the AEZ350 and AEZ1200 eutectics 

compared with that of AEZ25 is due to the smaller size of the eutectic phases. The 

driving force of eutectic microstructure coarsening is the reduction of the interfacial 

energy [27, 28].  The smaller the phase size, the microstructure involves a greater 

number of interfaces and, hence, the higher the interphase energy. The coarsening of the 

finer eutectic microstructures produces a reduction in the interfacial area (see figure 4) 

and thus, a decrease in the energy of the system. In addition, the smaller phase size 

favoured coarsening at elevated temperatures as the large number of interfaces in 

AEZ350 and AEZ1200 enhanced the diffusion process.   

Analysis of the microstructure size as a function of time allows more information 

about coarsening kinetics to be obtained. From the phase size dependence with time it is 

possible to establish the process that controls the phenomenon of phase thickening [29]. 

For eutectic microstructures, where the volume fraction of the eutectic phases remains 

constant, the rate-controlling process can be determined by obtaining n from the 

following equation [27] 

2/Sv = c·t1/n         (1) 

where c and n are constants. If the process is diffusion-controlled, n is equal to 3 or 4 (3 

for diffusion through volume [28, 30] and 4 for diffusion through the grain boundary 

[31, 32]), while if the process which controls coarsening is the dissolution of atoms 

from one phase to the other phase, n is equal to 2 [27]. 

 Therefore, to determine the rate-controlling process in AEZ eutectic coarsening, 

ln(2/Sv ) was plotted vs ln(t) and the n value calculated from the slope.  For both 

eutectics that presented coarsening, AEZ350 and AEZ1200, n was between 3 and 4, 
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indicating that the coarsening in AEZ is controlled by diffusion rather than by interface 

reaction (n=2). Non-integer coarsening exponents in coarsening processes have been 

previously reported [33] and associated to a combination of diffusion paths (bulk and 

interfacial). The coarsening rate will be governed by the diffusion rate of the slowest-

moving species.  

The activation energy of the coarsening, Q, could also be calculated from the 

surface density variation, using the same procedure as Park et al. [17]. From the 

Arrhenius law, logarithm of 1/Sv-1/S0 versus 1/T was plotted (being S0 the surface 

density of the as-grown eutectic samples and T the annealing temperature). From the 

slope of the Arrhenius plots the Q-values for AEZ350 and AEZ1200 were determined. 

In AEZ350 the obtained Q-values were (259±49) kJ/mol and (288±73) kJ/mol, for 

transverse and longitudinal cross-sections, respectively.  In the case of AEZ1200, the 

calculated Q-values were (350±42) kJ/mol and (319±55) kJ/mol, for transverse and 

longitudinal cross-sections, respectively. The obtained activation energy values were 

very similar in both eutectics and practically independent on the cross-section analysed, 

~ 300 kJ/mol. In addition, the activation energy obtained for the Al2O3-Er3Al5O12-ZrO2 

ternary eutectic was similar to the activation energy estimated for Al2O3-Er3Al5O12 [16] 

and Al2O3-Y3Al5O12 eutectics [17]. In the case of Al2O3-Er3Al5O12 eutectics, the 

activation energy was estimated in samples grown at 350 mm/h ((284±54) kJ/mol and 

(227±73) kJ/mol, for transverse and longitudinal cross-sections, respectively) and in 

samples grown at 750 mm/h ((205±54) kJ/mol and (252±77) kJ/mol, for transverse and 

longitudinal cross-sections, respectively). In Al2O3-Y3Al5O12 eutectics, the Q-value was 

obtained for the surface (262±42 kJ/mol) and the longitudinal-section areas (308±103 

kJ/mol). 
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In AEZ eutectics, Al3+, O2-, Er3+ and Zr4+ ions are the species involved in the 

diffusion process. To determine which are the ions controlling the rate of coarsening, it 

is necessary to know the activation energy for the diffusion of these ions through the 

eutectic phases, Al2O3, EAG and ESZ, and the corresponding interfaces. Unfortunately, 

there are no available data on activation energies for all the species in the three eutectic 

phases of AEZ.  For diffusion of  Er3+ ions through Al2O3 and ESZ, and for diffusion of 

Al3+, O2-, Er3+ and Zr4+ ions through EAG no data were found and so the diffusion of 

Al3+, O2-, Y3+, Zr4+ ions through Al2O3, YAG and Y2O3-stabilised cubic zirconia was 

considered. The only available data were the diffusion activation energies for Al3+ 

through Al2O3  ([477 kJ/mol [34]-[35]); Y3+ through Al2O3 (295 kJ/mol [36] and 335 

kJ/mol [37]), O2- through Al2O3 (615-786 kJ/mol[35], [38]) and O2- through YAG (304-

325 kJ/mol [39-41]). No significant differences are expected in the activation energy 

value for Er3+ diffusion in bulk Al2O3 with respect to the reported values for Y3+ 

diffusion. All studied trivalent impurities in alumina diffuse quite rapidly and the Q-

values reported are very similar regardless of the ion in question. [36, 42] 

The activation energy obtained from the coarsening study is close to the activation 

energies for diffusion of O2- through YAG and Y3+ through Al2O3. O2- diffusion is 

required to maintain charge neutrality. However, as the three eutectic phases are oxygen 

compounds, only short range diffusion is needed in the oxygen sublattice [18].  It is 

more probable that the rate limiting ion in the coarsening of this eutectic is the erbium 

ion. 

 Therefore, we tentatively attribute the rate-controlling mechanism for coarsening 

in AEZ eutectics to the diffusion of Er3+ ions through Al2O3. Similar results were 

reported for Al2O3-Er3Al5O12  [16] and Al2O3-Y3Al5O12 eutectics [17]. In the Al2O3-
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Y3Al5O12 eutectic, interphase diffusion of Y3 + has also been proposed as the process 

which limits the rate of thickening [18].  

Although no microstructural stability investigations were found in the literature for 

directionally solidified ternary Al2O3-based eutectics, a study of sintered ceramics with 

the AYZ eutectic composition has recently been reported [43]. Heat treatments at 

1500ºC for 100 h in samples with a phase size similar to AEZ350 produced 

significantly greater coarsening than that observed in our samples. Therefore, 

microstructural coarsening is not only dependent on the constituent phases of the 

material and its size. The nature of the interphases is also an important factor, the 

eutectic interphases being more resistant to the coarsening than interphases obtained by 

sintering.  

 

3.2. Growth directions and orientation relationships 

EBSD experiments were performed on transverse cross-sections of the as-grown 

materials solidified at each growth rate, 25, 350 and 1200 mm/h, with the aim of 

determining the growth directions and orientation relationships between phases prior to 

annealing. Afterwards, transverse cross-sections of the samples whose microstructure 

resulted most altered by the annealing, i.e., those samples that underwent 100 h of heat 

treatment at 1600ºC, again for all growth rates, were also analyzed by means of EBSD 

in an attempt to get more information about the coarsening mechanism. 

Those experiments consisted of scanning several areas of the specimen surface and 

acquiring Kikuchi patterns over numerous equidistant points forming a grid. This 

Orientation Imaging Microscopy (OIM) technique provides us with online information 

on the crystal orientation of each phase, which is registered and may be refined in 

subsequent offline analysis of the data and expressed in pole figures and orientation 
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maps, among other analytic and graphic tools included in the EBSD analysis software. 

[22]. EBSD technique is a powerful tool that has been successfully applied to the study 

of several DSEC microstructures. [44-46] This technique allows getting the orientation 

relationships and the interfaces of large areas with an angular accuracy below 0.5º. 

 

3.2.1. As-grown  

Figure 5 shows an orientation map obtained for the as-grown AEZ25 sample. 

Several maps were collected from the same cross-section, showing identical results. In 

an orientation map, the colour or grey level of each pixel is unequivocally related to the 

crystal orientation of the sample at the corresponding point over the specimen surface. 

In figure 5, only 3 hues are found, one for each phase. This means that AEZ25 is highly 

textured, and that each phase behaves as a single crystal throughout all the sample 

cross-section, in spite of the complex microstructural configuration. Neither EAG 

prismatic columns nor ESZ clusters seem to be in touch with each other; nonetheless 

they present the very same crystal orientations throughout the whole transverse cross-

section. This fact can only be understood considering that strong interfaces with well-

defined orientations relationships are formed in the eutectic. In addition, unlike other 

directionally solidified eutectics [47], AEZ seems not to be made up of several eutectic 

grains, but only one crystal orientation for each phase was found within the whole 

transverse cross-section. 

Experimental pole figures showing the crystal orientation of each phase in the area 

depicted in figure 5 are displayed in figure 6. The growth directions are crystallographic 

directions close to the rod axis. Since the pole figures have been acquired over the 

transverse cross-section, growth directions may be recognized for being poles very 

close to the stereogram centre. In this case, the growth directions are 
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[100]EAG//[100]ESZ//[0001]Al2O3. Identical growth directions of the eutectic phases were 

observed from XRD experiments in samples of this same Al2O3-Er3Al5O12-ZrO2 ternary 

eutectic but processed by the Bridgman technique at 30 mm/h [19]. The possible 

interface planes, if there were any, would be discerned among other crystal directions 

for being poles in each phase parallel to each other and approximately perpendicular to 

the growth direction; thus, poles close to the outline of the stereogram. In the present 

case, a perfect parallelism between (010)ESZ//(10  0)Al2O3 is observed, as shown in 

figure 6. However, the morphology of the microstructure in this case does not guarantee 

that the interfaces between the ESZ and the Al2O3 are indeed faceted and therefore, 

there might not be well-defined interface planes. Pole figures including higher Miller 

index planes (including the sapphire R-plane) than the ones in figure 6 were 

unsuccessfully examined in an attempt to find other parallelisms between phases, in 

particular between EAG and Al2O3. In all events, the OR between phases for the as-

grown AEZ25 specimen is: 

[100]EAG//[100]ESZ//[0001]Al2O3 (growth directions) 

(010)ESZ//(10  0)Al2O3 and (011)EAG forming 4.5⁰ with (10  0)Al2O3 

We would like also to point out that the Al2O3 growth direction we observed is 90º from 

that reported by Mazerolles et al. in the similar Al2O3-Y3Al5O12-ZrO2 eutectic. [46] Our 

growth directions are their interfacial planes. Figure 7 shows the orientation map for the 

as-grown AEZ solidified at 350 mm/h. Again EAG and Al2O3 phases behave as single 

crystals, whereas some scattering is found for the ESZ. The growth directions are the 

same as for the as-grown AEZ25. The parallelism (010)>ESZ//(10  0)Al2O3 is also found 

in this case, but the EAG phase has rotated around its growth direction in comparison 
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with AEZ25. The OR between the phases throughout the AEZ350 cross-section being 

studied is:  

[100]EAG//[100]ESZ//[0001]Al2O3 (growth directions) 

(010)ESZ//(10  0)Al2O3 and (011)EAG forming 19.5⁰ with (10  0)Al2O3 

For the as-grown AEZ1200 the ESZ scattering is greater than for the previous cases, 

while the growth directions and the parallelism (010)ESZ//(10  0)Al2O3 remain in spite of 

the change in the microstructural type (figure 8 (a)). The OR in this case is nearly the 

same as that obtained for the AEZ25 sample: 

[100]EAG//[100]ESZ//[0001]Al2O3 (growth directions) 

(010)ESZ//(10  0)Al2O3 and (011)EAG forming 5⁰  with (10  0)Al2O3 

Two other transverse cross-section specimens of AEZ25 and AEZ1200 obtained from 

different rods were also analyzed. In these cases, different angles between the (011)EAG 

and (10 0)Al2O3 planes were obtained. Thus the angle between the (010)EAG and (10  

0)Al2O3 planes probably is not an intrinsic OR characteristic of the AEZ eutectics. 

Although it remains constant throughout all of the transverse cross-sections analyzed, it 

changes for different rods. Besides, it is noticeable that ESZ and Al2O3 phases always 

maintain a fixed OR as they grow, regardless of the very dissimilar microstructure of 

the samples processed at different growth rates. It might be inferred that, as Al2O3 is the 

major phase and also presents the higher entropy of fusion and growth anisotropy, it is 

the phase that controls the solidification whereas the ESZ phase accommodates to the 

Al2O3 crystal orientation [1]. Although EAG always grows along the [100] direction, it 

seems that it cannot accommodate a fixed OR with respect to the other two phases. 
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3.2.2. Annealed samples 

The effect of the 100 h heat treatment at 1600 ºC on the AEZ25 is almost negligible 

in relation to the growth directions, which remain invariant, and to the little or non-

observed orientation dispersion. No significant differences in comparison with the as-

grown sample were found, apart from the angle formed between (011)EAG  and (10

0)Al2O3, which is now 25º. Since the after-annealing specimen on which the EBSD 

experiments were performed was not the same as for the as-grown EBSD experiments, 

this change in the OR is not necessarily a reorientation caused by the annealing, but 

instead, the annealed rod could have shown this OR before the heat treatment. These 

experimental findings are consistent with the high thermal stability of AEZ25, 

embodied in the low variation of the eutectic interspacing and surface density described 

in section 3.1. 

Ageing neither affects the growth directions nor the parallelism between the ESZ 

and Al2O3 phases of AEZ350. Only the orientation scattering increases slightly for the 

EAG and Al2O3 phases and more significantly for the ESZ. The angle determined this 

time between (011)EAG and (10 0)Al2O3 was 13º. Finally, experiments on AEZ1200 after 

heat treatment showed a notorious increase in orientation scattering for all the phases 

(figure 8 (b)), while the growth directions still remain unchanged. For the first time, 

(010)ESZ  and  (10  0)Al2O3 appeared 28º average misoriented, while the angle between 

(011)EAG  and  (10 0)Al2O3 was 17º. As a consequence the new OR was: 

[100]EAG//[100]ESZ//[0001]Al2O3 (growth directions) 

(010)ESZ forming 28º with (10  0)Al2O3 and (011)EAG forming 17⁰ with (10  0)Al2O3 

From these experiments we can conclude that the crystallographic growth directions 

remain unaltered after the annealing treatments. Regarding the other parallelism 

defining the full OR, it is not easy to discriminate whether the small variations observed 
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are produced by the annealing, or by the fact that we are analyzing different specimens. 

Our feeling is that they were not due to annealing. In fact, the coarsening mechanism, as 

established in section 3.1, is a mixed volumetric and interfacial atom diffusion from the 

small grains to the larger ones in order to reduce the interfacial energy. In this way, the 

large grains that coarsen should not change their crystallographic orientation. These 

results are also consistent with the experiments of Graham and Kraft that did not 

observe any changes in the crystallographic or interface relationships during the 

thickening process of Al-CuAl2 lamellar eutectics [27]. 

 

4. CONCLUSIONS 

In this paper the microstructural thermal stability and the orientation relationships 

of the directionally solidified AEZ eutectics up to 1600ºC were investigated. The study 

was performed in eutectic rods processed at three processing growth rates in order to 

achieve different microstructures. As was expected, the microstructural thermal stability 

strongly depended on the microstructure. The microstructure of the eutectic grown at 

the lower rate (25 mm/h), with the largest phases, remained practically invariable even 

after the most extreme heat-treatment. For the eutectics processed at higher rates (350 

and 1200 mm/h), with smaller phase size, the microstructure coarsened. In the finer 

microstructure, coarsening occurred at lower temperatures.  AEZ350 coarsened at 

annealings at 1450ºC and above, whereas in AEZ1200 phase thickening was observed 

at 1400ºC. The activation energies for coarsening were estimated for both eutectics 

obtaining a similar value, ~ 300 kJ/mol.  

In addition, the crystal orientation of the phases, which behave as single crystals in 

the as-grown material, appears somewhat scattered after the annealing treatment. The 

growth directions remained unchanged and are, in all cases, 
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[100]EAG//[100]ESZ//[0001]Al2O3. Although the crystal orientation is not significantly 

altered by heat treatment for the AEZ eutectics solidified at 25 or 350 mm/h, there could 

be some reorientation of the ESZ phase in AEZ1200 when annealed, which otherwise 

shows a strong OR in relation to the Al2O3 phase: (010)ESZ // (0001)Al2O3 and (010)ESZ // 

(10  0)Al2O3. 
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FIGURE CAPTIONS 

Figure 1: Back-scattered scanning electron micrographs of the transverse cross-section 

of (a) AEZ25, (b) AEZ350 and (c) AEZ1200 as-grown, (d) AEZ25, (e) AEZ350 and (f) 

AEZ1200 after annealing at 1450ºC for 100h in air, and (g) AEZ25 (h) AEZ350 and (i) 

AEZ1200 after annealing at 1600ºC for 100h in air. 

Figure 2: Back-scattered scanning electron micrographs of the longitudinal cross-

section of (a) AEZ1200 as-grown and (b) AEZ1200 after annealing at 1600ºC for 100h 

in air. 

Figure 3: Interspacing, λ, as a function of the annealing time, t, for (a) AEZ350 and (b) 

AEZ1200. 

Figure 4: Surface density, Sv, as a function of the annealing time, t, for the transverse 

cross-section of (a) AEZ350 and (b) AEZ1200. 

Figure 5: Orientation map of the as-grown AEZ25 sample. Pixels of the same colour 

indicate areas with identical orientation. Only three hues can be distinguished since each 

phase behaves as a single crystal: the darkest (black) areas correspond to Al2O3, grey 

(violet) areas to EAG, and light grey (orange) to ESZ.   

Figure 6: Experimental pole figures of the as-grown AEZ25 for (a) EAG, (b) ESZ and 

(c) Al2O3. Growth directions are indicated by round markers 

[100]EAG//[100]ESZ//[0001]Al2O3. Possible interfacial planes are indicated by square 

markers. 

Figure 7: Orientation map of the as-grown AEZ solidified at 350 mm/h. The darkest 

(black) areas correspond to Al2O3, grey (violet) areas to EAG, and light grey (green) to 

ESZ. The appearance of several shades of yellowish green indicates there is some 

scattering in the ESZ crystal orientation.  
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Figure 8: Orientation map of the AEZ sample solidified at 1200 mm/h (a) as-grown and 

(b) after 100 h of annealing at 1600 ⁰C. The darkest (black) areas correspond to Al2O3, 

grey (ultramarine blue) areas to EAG, and light grey (green and light blue) to ESZ.  
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Table 1: Interspacing, λ, of the AEZ eutectics as-grown and after annealing at 1600ºC 

for 100h. 

 
λ (μm) 

AEZ25 AEZ350 AEZ1200 

As grown 4.8±0.5 0.8±0.1 0.3±0.03 

1600ºC 100h 4.8±0.3 2.1±0.4 2.1±0.3 
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Table 2: Surface density, Sv, of the AEZ eutectics as-grown and after annealing at 

1600ºC for 100h. 

 
Sv (μm-1) 

AEZ25 AEZ350 AEZ1200 
Transverse Longitudinal Transverse Longitudinal Transverse Longitudinal 

As grown 1.8±0.2 1.3±0.1 8.0±1.1 5.7±1.0 16.3±2.0 9.9±1.2 

1600ºC 100h 1.5±0.2 1.1±0.1 2.1±0.2 1.7±0.2 1.7±0.2 1.6±0.2 
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