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a b s t r a c t 

The manuscript addresses the solidification of Y 2 O 3 -MgO eutectic composites for the first time, and the 

study of their microstructure, mechanical properties and infrared transmittance. The composites with eu- 

tectic composition (20 % vol MgO) have been solidified using the laser floating zone method, at solidifica- 

tion rates between 25 mm/h and 750 mm/h. Their microstructure has been quantified and the conditions 

for coupled or cellular regime determined. They are dense, with elastic modulus, as determined from 

nanoindentation tests of around 200 GPa. The highest 3-point flexural strength (256 ±25 MPa) values and 

highest infrared optical transmittance has been observed for the material solidified with the finest, still 

homogeneous microstructure that could be achieved. This microstructure, which is achieved at a solidi- 

fication rate of 50mm/h, consists of MgO fibers of 600 nm diameter embedded in the Y 2 O 3 matrix. The 

thin MgO rods and the associated residual stress field contribute to the material strength as they deviate 

the propagating crack. The Vickers Hardness ranged from 9.5 to 11.5 GPa, with mild increase with the 

decrease of the microstructural size which has been rationalized as the MgO rods blocking the move- 

ment of dislocations in the matrix, as in other studied composites. Indentation fracture toughness values 

around 3 MPa.m 

1/2 , independent of the sample microstructure, have been measured. In the longitudinal 

direction transmittance values higher than 80 % in the wavelength range from 3.5 to 7 μm, for 1 mm 

thick slices have been measured. Light scattering limits the short wavelength cut-off to around 2 μm 

for light travelling in the longitudinal direction, while a transmittance gap is observed in the transverse 

direction, of photonic crystal like nature. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Optical ceramics need to meet certain criteria for application 

n infrared (IR) systems. These ceramics should have combination 

f properties such as high transparency and excellent mechanical 

roperties, increased thermal shock resistance and lower emissiv- 

ty, simultaneously. Among the commonly available and durable 

id-infrared materials, both polycrystalline Y 2 O 3 and MgO are 

nfrared transparent, have a longer wavelength cutoff and lower 

missivity than other mid-infrared materials, but their unsatisfac- 

ory mechanical properties restrict their applications. To obtain 

igh infrared transmittance, a requirement for low optical scatter 

n a composite material is that grain size must be substantially 

maller than the wavelength of light to reduce optical scatter to 

olerable levels. The MgO–Y 2 O 3 composite (M:Y, usually ~50 vol 
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 MgO) has attracted recent attention. It represents a new class 

f oxide/oxide optical nano-composite by combining two optically 

xcellent mid-wave infrared transmitting materials. So, Y 2 O 3 –MgO 

ano-composite tend to exhibit a combination of IR optical and 

echanical properties superior to those of single-phase optical ce- 

amics due to the fact that the presence of one phase naturally 

mpedes the grain growth of the adjacent phases [ 1 , 2 ]. 

The fabrication of fully dense nano-composites with fine grains, 

omogenous microstructures and uniform phase distribution is 

articularly challenging because of the need to control the mi- 

rostructural size of both components. To approach these charac- 

eristics, several attempts with different techniques were tried that 

re listed in Table 1 . Wang et al [3] attained MIR transmittance up 

o 80% in 0.9 mm thick fully dense samples fabricated by tradi- 

ional ceramic consolidation techniques. These composites had 310 

m grain size and an enhanced hardness of 10.6 GPa. Harris et al. 

4] and Xie et al. [5] improved the properties using the traditional 

intering method followed by hot isostatic pressing. In this case, 

p to 83% MIR transmittance in the wavelength range between 2.5 
. This is an open access article under the CC BY license 
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Table 1 

Powder details, sintering parameters, characteristics of sintered Y 2 O 3 -MgO nanocomposites from the literature. All the listed composites were prepared with 50/50 volume 

ratio and starting with nanopowders. Accronyms used in the table: TD: theoretical density; CIP: cold isostatic pressing; PlS: pressureless sintering; VacS: vacuum sintering; 

HP: hot pressing; HIP: hot isostatic pressing; SPS: spark plasma sintering; LFZ: laser floating zone solidification; ANN: post sinter annealing; HV : Vickers Hardness: E = Elastic 

Modulus; σ f : 3 point bending strength; IFT; indentation fracture toughness. 

Starting powder size 

Ceramic processing conditions 

(sequential) 

Final density and 

average grain size Mechanical properties 

IR transmittance 

/wavelength range / 

sample thickness Note 

~15nm PlS at 1400 °C for 2 h, HIP 

1350 C for 1 h and ANN at 

1000 °C (10 h) 

99.5%, 310 nm HV0.3 = 10.6 GPa 62%-80% / 3-7 μm / 0.9 

mm thick 

Wang 2010 [3] 

~30nm CIP to ˃ 60 % TD; VacS in 

graphite furnace to ˃ 96% TD; 

HIP; ANN at 1100 °C (20h) 

99.9%, 150 nm HV0.2-0.3 = 11.4 GPa, 

E = 230 GPa. 

80% / 4-6 μm / near to 

3.00 mm thick 

Harris 2013 [4] 

~17nm CIP at 210 MPa to ˃ 50% TD; 

PlS at 1400 °C (2h); HIP at 

1350 °C (1h) at 200 MPa; ANN 

at 1000 °C (15h). 

Fully dense, ~180 nm - 83% / 2.5–6 μm / 1.00 

mm thick 

Xie. 2017 [5] 

~13nm HP at 1200 °C and 50MPa (1h); 

ANN at 1000 °C (15 h) 

97.3%, ~100 nm - 75% / 5 μm / 0.5 mm 

thick 

Xu 2015 [6] 

12-20nm HP at 1300 °C and 40MPa (1h); 

ANN at 1000 °C (21h) 

Fully dense, ~110 nm HV2 = 10.59 GPa: 

IFT = 1.58-2.55 MPa m 

1/2 ; 

σ f = 258-310 MPa. 

84.9% / 5.3 μm / 0.75 

mm thick 

Ma 2017 [7] 

13nm SPS at 1100 °C and 50MPa (5 

min); ANN at 1000 °C (15h). 

Fully dense, ~100 nm - 57%/ 5 μm / 1.22 mm 

thick 

Xu 2015 [8] 

60nm SPS at 1200 °C and 80MPa (3 

min); ANN at 1000 °C (15h). 

Fully dense, ~90 nm - 80% / 1.8 - 6.4 μm / 

1mm thick 

Jiang 2010 [9] 

20nm SPS at 1150 °C and 70MPa 

(10min); ANN at 1100 °C (5h). 

99%, ~170 nm HV1 = 10.2 GPa 80.9% / 5 μm / of 

1.5mm thick 

Permin 2020 [10] 

50nm SPS at 1250 °C and 70MPa (10 

min); ANN at 1000 °C (10h). 

99.4%, ~142 nm HV0.2 = 11.9 GPa, 

IFT = 2-2.26 MPa m 

1/2 , 

E = 241 GPa. 

78%-84.3% / 2.5-6.5 μm 

/1 mm thick 

Liu 2021 [11] 

20 vol % MgO LFZ (directional solidification), 

50 mm/h pulling rate 

Full density, ~ 1.3 μm. HV1 = 10.2 GPa; IFT = 3.0 

MPa m 

1/2 ; E = 213 GPa; 

σ f = 256 MPa 

~90 % (along) and ~70 

% (across)/ 6 μm / 

1mm thick 

This work (see text) 
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nd 6 μm in a 1.0 mm thick fully dense composite with smaller 

rain size (below 200 nm) and hardness of 11.4 GPa was obtained 

5] . Also using hot-pressing techniques, ceramics with still smaller 

rain sizes were obtained by others [ 6 , 7 ], and in the optimal case

ransmittance up to 84.9 % for 1 mm thick annealed nanocompos- 

tes with grain size of about 110 nm was observed and hardness 

f 10.59 GPa was achieved [7] . More recently, there were several 

tudies with modern techniques of sintering like spark plasma sin- 

ering (SPS). Mild improvement in the results for annealed fully- 

ense composites were obtained [8-11] . In general, the transmit- 

ance of SPS as processed samples was quite low, that increased 

fter annealing in air, probably due to recovery of the oxygen stoi- 

hiometry. Transmittance values above 80% for 1.0 mm thick sam- 

les was obtained by post-SPS annealing of Y 2 O 3 -MgO with differ- 

nt composition ratios, with the highest value for the 50/50 vol% 

ue to its smallest grain size of 142 nm, and showing hardness of 

1.9 GPa [11] . 

Up to now, research has been mainly focused on optimization 

f the sintering conditions of Y 2 O 3 – MgO nano-composites with a 

omposition of 50/50 vol% to achieve reduced grain size with the- 

retical density which resulted in improved optical and mechan- 

cal properties. However, no report can be found for the Y 2 O 3 –

gO composite in the eutectic point (80/20 vol%) which has lower 

elting temperature (2110 °C) [12] compared with a composition 

0/50 vol% (~2400 °C) and consequently the fully dense ceramics 

an be fabricated from melt-grown techniques. The laser floating 

one (LFZ) method is suitable to this purpose since it provides a 

ood control over the shape of the solidification front, that deter- 

ines the microstructure of grown eutectic ceramics and it is a 

owerful means to get fine and homogeneous microstructure [ 13 , 

4 ]. 

Surprisingly, there is no report in the literature of the fabrica- 

ion of this eutectic ceramic. So, it raises various questions of great 

nterest, namely: Can Y O – MgO eutectic ceramics be fabricated 
2 3 a

2 
y LFZ? If so, how does LFZ processing impact the optical and me- 

hanical properties? Is it comparable or better than those fabri- 

ated with other techniques used before with the nominal com- 

osition of 50/50 vol%? In the present study, we will try to answer 

hese questions with the aim of providing more efficient means for 

abrication of Y 2 O 3 – MgO composite with optimal characteristics. 

. Experimental procedure 

The starting materials were commercially available Y 2 O 3 pow- 

er (Sigma-Aldrich, 99.99%) and MgO powder (Sigma-Aldrich, 

 99%). MgO powder was dried in a furnace at 1200 °C for 6 h

o remove the possible moisture absorption from outside air [15] . 

he eutectic composition between Y 2 O 3 and MgO appears at 50 

ol% Y 2 O 3 and 50 mol% MgO (80:20 vol%) and its melting temper- 

ture is around 2110 °C [12] . The eutectic composition was mixed 

nd homogenized with polyvinyl alcohol in an agate mortar for 10 

in. Feedstock rods of ~ 2.6 mm in diameter and up to 5 cm in 

ength were prepared by cold isostatic pressing for 5 min at 200 

Pa followed by sintering in a furnace at 1500 °C for 12 h. The 

aterials were then grown by directional solidification from the 

elt using the laser-heated floating zone (LFZ) method with a CO 2 

aser in air [16] . The procedure is initiated by forming a melt drop

n the end of a sintered rod (feedstock) by heating with a anular- 

haped CO 2 -laser beam. Another sintered rod is pushed into this 

he molten volume until it forms a stable molten volume between 

oth solid pieces. The molten volume of material is held between 

he solidifying crystal and the feed rod, and fed on one side by 

he feed rod while the solidified rod is pulled from the other side. 

o eliminate feedstock porosity and decrease its diameter, two so- 

idification steps with feed rate of 200 mm/h and growing crys- 

al pulling rate of 300 mm/h were first performed. On these steps, 

eed and growing rods were counter-rotated at 50 rpm. In the third 

nd last solidification step, the feed and grown rods were moved at 
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he same rate (no diameter reduction) using a variable growth rate 

etween 25 and 750 mm/h to evaluate its effect on the microstruc- 

ure, optical and mechanical properties of the resulting Y 2 O 3 – MgO 

utectic ceramics. A nominal laser output power of 60-70W has 

een used in the last step to maintain a constant feed and very 

mall molten zone. This step was performed under two different 

otation conditions: counter rotating the solidified rod and the feed 

od at 50 rpm and without rotation. Finally, eutectic rods of ~1.6 

m were fabricated. 

The grown eutectic rods were cut, ground and polished to a 

.25 μm finish. Additionally, all were characterized microstruc- 

urally by a field emission scanning microscope (FE-SEM) (Merlin, 

arl Zeiss, Germany) with an EDS microanalysis system (INCA350, 

xford Instruments, United Kingdom). Microstructure observations 

ere done from both transverse sections using the back-scattered 

mission (BSE) mode on carbon coated-polished surfaces. The 

hase interspacing, λ, was determined from the transverse cross- 

ection SEM micrographs. The microstructural feature size (trans- 

erse phase size and intespacing) has been determined as the 

rithmetic mean of 40 measurements for each Y 2 O 3 -MgO eutectic 

eramics grown at different rates, taken on SEM micrographs by 

se of Software Image J. The given error bar is the standard devia- 

ion calculated from the total number of measurements per speci- 

en. The transverse size has been determined from equivalent rod 

iameter in equiaxial MgO sections (circular, triangular sections or 

ell boundaries), or from < width + length > /2 in lamellar areas. 

X-ray diffraction (XRD) diagrams were registered on a RIGAKU 

iffractometer, model Ru300 (Rigaku Corporation) equipped with 

u rotating anode, a graphite monochromator to select the Cu- 

 α radiation and working at 40 kV and 80 mA. We performed 

 θ scans between 15 ° and 90 °, with 0.03 ° steps and 3s or 1s per

tep. The samples were placed as solidified on the diffractometer, 

ith the solidification axis normal to the diffraction plane, that is, 

nly the crystallographic planes lying perpendicular to the pulling 

irection (growth axis) will give rise to diffraction peaks. 

Infrared transmission spectra were measured at wavelengths 

horter than 2.5 μm with a UV-Vis-NIR spectrometer (Cary 50 0 0, 

gilent Technologies Inc., USA) and in the range, from 2.5 to 10 

m, with a mid-infrared (MIR) spectrophotometer (Spectrum 100 

TIR, Perkin-Elmer Inc., USA). The sample slices to be measured 

ere ground to near to 1mm thickness and then both faces pol- 

shed to 0.25 μm finish. The sample thickness was measured with 

 digital caliper with ±0.02 mm accuracy. A diaphragm of 0.5 mm 

iameter was used to select the central area of the sample to mea- 

ure transmittance. 

Furthermore, mechanical properties were studied by Vickers- 

ndentation tests (Matsuzawa MXT70 micro-hardness tester, from 

ATSUZAWA SEIKI CO., LTD, Tokyo, Japan) applying a load (P) of 

.81 N for 15 s on cross-sections of eutectic rods (10 indenta- 

ions per specimen, five on transversal and five on longitudinal 

ross section) to evaluate Vickers hardness and indentation frac- 

ure toughness [ 17 , 18 ]. The room-temperature micro-hardness was 

hen calculated from the average length of the two diagonals (d) of 

he residual impressions and load of P [ 17 , 18 ] as: 

 v = 

2 P sin ( 136 

◦/ 2 ) 

d 2 
∼= 

1 . 854 

P 

d 2 
(1) 

The same indentations were further used to measure the inden- 

ation fracture toughness. As the ratio of the c p /a p , where a p is the

alf diagonal length of the print and c p is the distance between 

he centre of the print to the end of the crack, is close to 2.5, the

edian type expression was used with the Anstis equation [19] , 

 IC = 0.016 (E/H) 1/2 P/c p 
3/2 , P is load, H is the Vickers hardness and

 is the Young modulus obtained from nanoindentation. 

Nanoindentation tests (Agilent Technologies G200, U.S.A. 

quipped with a Berkovich indentor) at 250 mN with constant 
3 
oading rate of 0.5 mN/s were also performed, to measure hardness 

nd elastic modulus from loading-unloading curves. The values 

f hardness and elastic modulus were obtained by averaging 40 

ndentation tests on transversal cross section at different positions 

o minimize the effects of sample surface roughness and phase 

istribution. Room-temperature nano-hardness measurement from 

erkovich nano indentation [20] tests is straightforward: 

 B = 

P 

3 

√ 

3 ta n 

2 ( 65 . 27 

◦) δ2 
c 

∼= 

0 . 041 

P 

δ2 
c 

(2) 

here δc is the depth of penetration at the maximum load (P) . At 

he same time, the elastic modulus of the samples (E) was calcu- 

ated from the slope of the unloading curve at maximum load and 

he projected contact area [ 20 , 21 ]: 

 = 

B 

2 tan 65 . 27 

◦

√ 

π

3 

√ 

3 

S 

δc 
(3) 

here B is a geometric factor equal to B = 1.034 for a Berkovich in-

enter [ 22 , 23 ]; S is the slope of the load-penetration curve (contact

tiffness) computed according to the Oliver-Pharr method [ 20 , 23 ], 

oth are automatically calculated. 

Finally the strength of rods in longitudinal direction was mea- 

ured by flexural tests carried out in a three-point bending test 

xture of 10 mm loading span in Instron testing machine (Model 

565 J2634, max. capacity 5 kN, Norwood, MA, USA). In order to 

easure flexural strength, rods of 1 mm in diameter were fabri- 

ated to minimize the presence of the transversal cracks. Six tests 

ere performed at constant crossheads speed of 0.05 mm/min. It 

as assumed a cylindrical geometry and the flexural strength ( σ f ) 

as calculated according to the expression: 

f = F L/π r 3 (4) 

here F is the load applied at the centre of the beam, L is the

upport span (10 mm) and r is the radius of the beam. For all ex-

eriments the mean value is reported as a result for each material 

nd standard error is actually standard deviation calculated for the 

otal number of tests per material. 

. Results 

.1. Microstructural and crystallographic characterization 

In order to obtain better homogeneity in the heating flux 

round the melt for directional solidification by LFZ, it is nor- 

ally performed counter-rotating feed rod and pulling crystal. 

igure 1 shows a transverse cross-section of a Y 2 O 3 -MgO eutectic 

od grown at 50 mm/h with counter-rotation (50 rpm). The eutec- 

ic microstructure consists of MgO fibers (dark phase) embedded 

n a bright matrix that was detected to be Y 2 O 3 ( Fig. 1 B). Image

nalysis shows that the solidified rods have the expected amount 

f MgO, approximately 20 %vol, coincident with the initial compo- 

ition of the mixtures. The microstructure was not homogeneous 

nd there is a clear evidence of banding by the presence of the 

oarser Y 2 O 3 phase ( Fig. 1 A). Instabilities in the melt lead to the

ormation of bands associated to the rotation period as has been 

lso reported before in other eutectic ceramics [ 24 , 25 ]. A banding

eriodicity of around 18 μm is measured from longitudinal cross 

ection SEM image (not shown here) which is close to the distance 

ravelled by the rod in a revolution. This indicates that this band- 

ng is related to the rotation speed of the rod. Therefore, from now 

n, all samples have been solidified without rotation with various 

rowth rates to study their effect on microstructural aspects, opti- 

al and mechanical properties. 

The presence of transverse surface cracks was observed with 

he naked eye on the eutectic rods grown with final diameter of 
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Fig. 1. SEM micrographs of (A) the transverse cross section of MgO-Y2O3 eutectic grown at 50 mm/h with counter-rotation at 50 rpm (Inset shows higher magnification of 

one banding). (B) Detail of the eutectic microstructure inside banding. 

Table 2 

Average transverse microstructural features in Y 2 O 3 -MgO eutectic ceramics grown at various rates by LFZ method. The transverse size has been determined from equivalent 

rod diameter in equiaxial MgO sections (circular, triangular sections or cell boundaries); or from < width + length > /2 in lamellar section. 

Growth rate 

(mm/h) 

Center Border 

Interspacing (μm) Microstructural feature size Interspacing (μm) Microstructure feature size 

Fiber Colony Fiber 

Volume percentage 

of cell structure 

and individual 

colony size 

Intercell Intracell 

25 1.7 ±0.2 Circular 

sec.(0.8 ±0.05μm) 

- - - 1.6 ±0.2 Elliptical sec. (1 ±0.1μm) 

50 1.3 ±0.1 Almost triangular 

(0.6 ±0.02μm) to 

lamellar (1.5 ±0.1 

μm) Sec. 

- - - 1.1 ±0.2 Almost triangular 

(0.6 ±0.04 μm) to lamellar 

sec.(1.4 ±0.1μm) 

100 1.1 ±0.2 Almost triangular 

sec.(0.4 ±0.02μm) 

7%-36 ±5 μm 3.5 ±0.5μm Fiber: 

(0.6 ±0.05μm) 

Lamella: 

(2.5 ±0.2μm) 

0.9 ±0.1 Almost triangular 

sec.(0.4 ±0.02μm) 

300 0.6 ±0.1 - 42%-51 ±6μm 3.5 ±0.3μm Fiber: 

(0.4 ±0.03μm) 

Lamella: 

(2.2 ±0.2μm) 

0.5 ±0.05 Almost triangular 

sec.(0.3 ±0.01μm) 

500 0.5 ±0.1 - 58%-37 ±7μm 2.7 ±0.3μm Fiber: 

(0.3 ±0.05μm) 

Lamella: 

(2.4 ±0.2μm) 

0.4 ±0.05 Almost triangular 

sec.(0.25 ±0.05μm) 

750 0.4 ±0.05 - 76%-41 ±3μm 2.0 ±0.2μm Fiber: 

(0.2 ±0.04μm) 

Lamella: 

(2.5 ±0.3μm) 

0.3 ±0.04 Almost triangular 

sec.(0.2 ±0.06μm) 

1

e

c

t

d

i

m

Y

[

S

v

i

r

fi

w

M

o

0  

m

μ  

1

p

1

r

w  

s

t

b

i

e

o  

s

fi

a

μ

p

l

t

b

(

o

.6 mm at any growth rate, whereas those grown with final diam- 

ter of 1.0 mm rarely contained transverse cracks and they were 

onsidered for further mechanical tests. Although the bonding be- 

ween both phases was excellent, cracks on the surface may be in- 

uced by the high thermal residual stresses developed upon cool- 

ng from the processing temperature strongly contributed by the 

ismatch in thermal expansion coefficients between the MgO and 

 2 O 3 phases [4] , which was observed in other eutectic systems, too 

 26 , 27 ]. Figure 2 shows representative transverse cross section FE- 

EM images of the Y 2 O 3 -MgO eutectic ceramics grown at different 

elocities. The microstructural characteristics from analysis of SEM 

mages are listed in Table 2 . In the samples solidified with growth 

ate of 50 mm/h and lower, homogeneous microstructure of MgO 

bers parallel to the growth direction embedded in Y 2 O 3 matrix 

as found ( Fig. 2 A-D). However, the morphology and the size of 

gO fibers changed from 25 mm/h to 50 mm/h. At a growth rate 

f 25 mm/h, MgO fibers had approximately circular section with 

.8 ±0.05 μm in diameter in the center of the rod ( Fig. 2 A) which

ildly changed to elliptical section (equivalent diameter of 1 ±0.1 

m) in its border ( Fig. 2 B) and an eutectic interspacing of 1.6 ±0.2-

.7 ±0.2 μm was measured. The higher growth rate of 50 mm/h 
4 
roduced finer MgO fibers and smaller interspacing of 1.3 ±0.1 and 

.1 ±0.2 μm in the center and near the border of the grown rod, 

espectively. Mostly, the fibers presented triangular (0.6 ±0.02 μm 

ide) section, elongated, that tend to align in rows ( Fig. 2 C), while

ome evidence of short lamellar section (ribbon-like, 1.5 ±0.1 μm 

ransverse length) in some areas was also observed ( Fig. 2 D). The 

orders of the mismatch boundaries [28] can also be clearly seen 

n Fig. 2 . Increasing the growth rate to 100 mm/h, there is some 

vidence of the formation of cells that consisted of only 7 vol% 

f the grown bar in its center ( Fig. 2 E) and it confirms that the

olidification suffers a transition from coupled and planar solidi- 

cation front to cellular regime. For this velocity, the cell size is 

round 36 ±5 μm and interspacing decreased to 1.1 ±0.2-0.9 ±0.1 

m. The cells presented a boundary formed by coarsened MgO 

hase of 3.5 ±0.5 μm. Inside the cell, the microstructure was a rod- 

ike degenerate one, elongating towards the edge of the colony in 

he transverse cross-section ( Fig. 2 E, inset). While 93 vol% of the 

ar has fine fibrous microstructure with almost triangular section 

0.4 ±0.02 μm) ( Fig. 2 E). Another important feature is the presence 

f grey phase at the cell boundaries. EDS microanalysis showed it 
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Fig. 2. Transverse cross section SEM images of the Y 2 O 3 -MgO eutectic ceramics grown at: (A) 25 mm/h in the center, (B) 25 mm/h near the border,(C-D) 50 mm/h in two 

different areas (E) 100 mm/h in the center, (F) 100 mm/h near the border, (G) 750 mm/h in the center and (H) 750 mm/h near the border. Insets show the microstructure 

inside the cells. All the eutectic ceramics solidified without rotation. 
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ontains O, Ca, Al, Si and Mg, suggesting it is consequence of the 

egregation of impurities towards the melt upon solidification. 

A similar scenario held for higher growth rates of 30 0, 50 0 and

50 mm/h, whereby the cell structure gradually spread and it oc- 

upied 76 vol% of the grown bar at 750 mm/h. The microstructural 

eature size decreased as reported in Table 2 and it showed inter- 

pacing values in the range 0.3 ±0.04-0.4 ±0.05 μm for the sample 

olidified at 750 mm/h ( Fig. 2 G-H). Furthermore, microstructural 

valuation with growth rate was also studied by the interspacing 

 λ) between MgO phase in the center of the rods as a function of

he growth rate ( Table 2 ). The Hunt-Jackson typical quadratic law 

f λ= cV 

−1/2 is fitted to the data, where c is a constant [29] and in

his case is equal to 4.8 μm 

3/2 .s −1/2 ( Fig. 3 ). 
5 
XRD diagrams measured as indicated in the experimental sec- 

ion on as grown samples confirm cubic MgO and Y 2 O 3 as the 

hases present in the materials, and are given in Fig. 4 . The 

bserved diffraction peaks are compatible with cubic Y 2 O 3 (Ia3 ̅, 

30] or MgO (Fm3 ̅m, [31] ) allowing to estimate approximate lat- 

ice parameters of a = 10.58 ± 0.02 Å (1 standard deviation) and 

 = 4.23 ± 0.01 Å, respectively. Only a few peaks could be seen 

n each diagram, and often very faint in intensity, which indicates 

hat only a few grains are oriented in the respective plane, that 

s, there is strong preferential orientation. Some information about 

he preferential orientation can be obtained from this experiment 

or the sample solidified at 750 mm/h, that shows strong diffrac- 

ion peaks corresponding to {222} Y 2 O 3 planes . The rest of the 
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Fig. 3. Inter-spacing versus inverse square root of growth rate for Y 2 O 3 -MgO eutec- 

tic ceramics. 

Fig. 4. XRD diagrams of samples as-solidified at 50 mm/h (green lines) and 750 

mm/h (orange curve). See text for experimental conditions. The lines are shifted 

vertically for easy of comparison. In the lower part of the image the theoretical 

diagrams of MgO (red) and Y 2 O 3 (blue) as of references 31 and 30 are given. The 

diffraction lines are identified with the Miller indices as written on the plot. Sub- 

script M refers to MgO and subscript Y refers to Y 2 O 3 , with the same color as the 

diagram where the line is more intense. 
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eaks are much smaller, and correspond to planes either parallel 

o this one or they form small angles with it. Small peaks corre- 

ponding to {111} and {222} MgO planes can also be seen. One 

an conclude that in samples with eutectic colonies (uncoupled 

rowth regime) the majority phase Y 2 O 3 , that leads the solidifica- 

ion, solidifies with < 111 > directions parallel to the pulling direc- 

ion. The samples solidified at 50 mm/h (coupled growth regime) 

how different XRD patterns for each sample, with very low inten- 

ity peaks. We did not observe the {222} diffraction peak of Y 2 O 3 ,

or any one near to it. They have certainly preferential orientation, 

ost probably with higher quality (sharper directional distribu- 

ion) than the samples solidified at large pulling rates. The study of 

he preferential orientation and orientation relationships between 

he phases is out of the scope of the present work. Moveover, both 

omponent phases are cubic, and thus isotropic from the optical 

oint of view. With respect to the elastic properties the Zener ra- 

io of MgO equals to 1.5 [17] , and the one of Y 2 O 3 is 1.34 [32] , and

s a consequence < 111 > direction, the one that could be clearly 

dentified above, is the stiffest for both components. The respec- 
6 
ive elastic modulus along this direction are 336 GPa for MgO and 

89 GPa for Y 2 O 3 , to be compared with the average values of cor-

esponding isotropic polycrystalline materials of 310 GPa and 173 

Pa respectively [4] . The assumption of isotropic behavior also in 

lastic properties is expected to be appropriate. As will be seen in 

he following, one does not need to take into account the prefer- 

ntial orientation of the samples to reach a good comprehension 

f the material behaviour. 

.2. Mechanical properties 

Regarding mechanical properties, Vickers indentation was per- 

ormed on the transverse section to estimate the hardness and in- 

entation fracture toughness of Y 2 O 3 -MgO eutectic ceramics grown 

t variable velocities and the results are listed in Table 3 . A mild

ncrease of hardness with the decrease of interspacing was ob- 

erved, which reaches values up to 11.5 ±0.3 GPa for eutectic ce- 

amics grown at 750mm/h. The hardness of the grown Y 2 O 3 -MgO 

utectic ceramics is higher than both components of this eutec- 

ic as reported values of micro-hardness for Y 2 O 3 are ~ 7.6-9 GPa 

 33 , 34 ] and MgO are about 7–11 GPa [ 33 , 35 ]. Compared to the

ell-known 50:50 vol% Y 2 O 3 -MgO nano-composite with a grain 

ize of ~150-300 nm, different studies have reported optimal Vick- 

rs hardness values of 10.5-11.9 GPa [ 2-4 , 7 , 10 , 11 ] which agrees

ith our results (9.7 ±0.2-11.5 ±0.3 GPa) in this study, as can be 

een in Table 1 . It means the hardness is close to that of the 50:50

ano-composite with a lower volume fraction of MgO as a second 

hase. 

Indentation fracture toughness was measured from Vickers im- 

rints for comparison with previous works and the results are dis- 

layed in Table 3 . A value around 3 MPa.m 

1/2 was obtained for 

ll growth rates, while the indentation fracture toughness of the 

 2 O 3 matrix is around 2.0 MPa.m 

1/2 [34] . This fact permits to think 

hat activation of toughening mechanisms by the presence of MgO 

bers in the Y 2 O 3 matrix takes place. However, indentation frac- 

ure toughness of Y 2 O 3 -MgO eutectic ceramics does not depend 

trongly on the fiber size and its interspacing. In the case of Y 2 O 3 -

gO (50:50 vol.%) nanocomposite, the value of 2.5 MPa.m 

1/2 is re- 

orted [7] . 

The measured hardness and elastic modulus by nano-indentor 

or Y 2 O 3 -MgO eutectic ceramics grown at variable velocities are 

isted in Table 3 . Higher values of hardness by nano-indentor com- 

ared with Vickers for the same rods is a common fact reported 

efore [27] , because microindentation imprints are more extended 

around 40-45 μm, in our samples) and more sensitive to mi- 

rostructural defects like pores and micro-cracks which are intrin- 

ically inside the grown rods or created by micro-hardness mea- 

urement [27] . However, the displacement into the surface for 

anoindentations is around 10 0 0-120 0 nm. This means that only 

ub-micrometric features are subjected to nano-indentation tests. 

0 indentation tests on transversal cross section have been per- 

ormed at different positions to minimize the effects of phase dis- 

ribution. Mild improvement of hardness with growth rate was 

lso observed which reached to 13.8 ±2 GPa for eutectic ceramics 

rown at 750 mm/h. Regarding elastic modulus, the value is ~ 200 

Pa independent of solidification rate, although a narrow scatter is 

navoidable. This behaviour is expected because the volume frac- 

ions of the phases are the same for all growth rates and there are 

ot visible defects, such as voids or microcracks, at the interfaces 

17] . This value is comparable with elastic modulus calculated by 

he rule-of-mixtures model that is a rough approximation of ef- 

ective elastic modulus of Y 2 O 3 -MgO eutectic ceramics. With E = 

73-180 GPa for Y 2 O 3 [ 4 , 36 ] and E = 310 GPa for MgO [4] , the es-

imated E (assuming the crude way to estimate of elastic modulus 

y the rule-of-mixtures) for the Y O -MgO eutectic (80:20 vol%) is 
2 3 
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Table 3 

Mechanical response by Vickers indentation, nanoindentation and three-point bending tests of Y 2 O 3 -MgO eutectic ceramics. 

Growth rate 

(mm/h) 

Interspacing (μm) Ave. Vickers indentation for transversal and 

longitudinal sections 9.81 N ( HV1 ) 

Nanoindentation for transversal 

sec. with load of 250 mN (GPa) 

Flexural strength 

(MPa) 

Center Border Hardness (GPa) Toughness (MPa.m 

1/2 ) Hardness Elastic modulus 

25 1.7 ±0.2 1.6 ±0.2 9.7 ±0.2 3.2 ± 0.8 11.8 ±2 205 ±20 203 ±31 

50 1.3 ±0.1 1.1 ±0.2 10.2 ±0.3 3.0 ± 0.6 12.6 ±2 213 ±22 256 ±25 

100 1.1 ±0.2 0.9 ±0.1 10.3 ±0.2 3.0 ±0.5 12.6 ±2 204 ±30 - 

300 0.6 ±0.1 0.5 ±0.05 10.5 ±0.2 2.8 ±0.4 13.1 ±2 213 ±17 - 

500 0.5 ±0.1 0.4 ±0.05 10.8 ±0.2 2.8 ±0.5 13.6 ±2 218 ±24 - 

750 0.4 ±0.05 0.3 ±0.04 11.5 ±0.3 2.9 ±0.3 13.8 ±2 224 ±25 25 ±6 

Fig. 5. On axis transmission spectra measured on transverse slices, 1 mm thick, 

solidified at different pulling rates. The numbers near to the curves indicate the 

sample pulling rate in mm/h. Line colours (online): orange: 25 mm/h; magenta: 50 

mm/h; green: 100 mm/h; blue: 300 mm/h; red: 500 mm/h; olive: 750 mm/h. 
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00 GPa.Values of 230 GPa have been reported for the Y 2 O 3 -MgO 

50:50 vol %) nanocomposite [4] . 

Y 2 O 3 -MgO eutectic rods of around 1 mm in diameter were 

rown at 25, 50 and 750 mm/h to measure flexure strength at 

oom temperature directly after growing in three-point-bending 

est and the average values and the corresponding standard errors 

re listed in Table 3 . The actual value of the radius of each grown

od after testing was introduced to the Eq. 4 to calculate flexure 

trength. An increment of strength with the growth rate from 25 

o 50 mm/h was observed, ranging from 203 ±31 to 256 ±25 MPa 

hat is expected considering finer MgO fibres and smaller inter- 

pacing. At higher growth rate, this tendency failed and it lowered 

o 25 ±6 MPa at 750mm/h. This sharp decline is consequence of 

he cellular microstructure and their coarse boundaries. The max- 

mum obtained strength of 260 MPa at 50 mm/h growth rate is 

round twofold greater than the value of conventional Y 2 O 3 ce- 

amics (120 MPa) [34] and close to those (258-310 MPa) reported 

or Y 2 O 3 -MgO (50:50 vol.%) nano-composite [7] . 

.3. IR transmission and optical properties 

The on-axis optical transmission spectra of 1 mm thick slices 

ut transverse to the solidification direction as measured with the 

IS-NIR and MIR spectrophotometers is given in figure 5 . In the 

xperiment, incident light travels mainly along the direction of 

he microstructure alignment and emerging light propagating in 

 small cone in this same direction is collected in the detector. 

o prepare Fig. 5 we have selected, for each sample, the spectra 

howing the highest measured transmission values from a series 
7 
f measurements in which the sample was repositioned on the di- 

phragm. The objective was to select the most homogeneous 0.5 

m diameter region of each sample to measure the transmittance. 

ther measurements gave transmittance values between 1 and 0.7 

imes the ones shown in Fig. 5 , due to the presence of occasional

racks, inhomogeneous microstructure or local MgO rod alignment 

ivergent from the rod axis. 

The transmittance is highest in the central part of the spectra 

or each sample. Multiphonon absorption processes dominate the 

ong wavelength edge of the spectra. The transparent window for 

he constituent phases MgO and Y 2 O 3 goes to 6.8 and 7.1 μm re- 

pectively (absorption coefficient equal to 0.1 cm 

−1 ) [37] . At the 

hort wavelength edge, as a consequence of the refractive index 

ontrast between phases in the composite sample, scattering dom- 

nates and the material loses transparency. The absorption features 

round 3 to 3.5 μm, clearly seen in the most transparent samples, 

an be assigned to OH 

− stretching vibrations in the samples, either 

dsorbed on the surface of as point defects inside MgO or Y 2 O 3 

 38 , 39 ]. The absorption around 7 μm observed in the sample so-

idified at 25 mm/h can be associated to residual carbonate species 

38] . In fact, absorptions around these wavelengths could be ob- 

erved in the starting powders (MgO and Y 2 O 3 ) before thermal 

reatment. To minimize both absorptions in the measured spec- 

ra, some slices were heat treated up to 1200 °C with synthetic 

ir flow ( < 2ppm H 2 O) after polishing, and soon after their trans- 

ission spectra measured in the laboratory atmosphere. The spec- 

ra shown in Fig. 5 for samples solidified with pulling rates of 25, 

0 and 750 mm/h correspond to samples subjected to this ther- 

al treatment. The corresponding absorption features decreased in 

agnitude, even if they did not disappear completely. On the other 

and, the decreased transmittance band at around 8 μm is not 

ffected by the thermal treatment. As it only appears in samples 

ith mainly a colony microstructure, it might be due to phonon 

bsorption of the extra phase found at intercolony areas. Over- 

ll, high values of transmittance are observed for light propagat- 

ng along the alignment of the microstructure in the 4 to 7 μm 

avelength range. This is comparable, in transmittance and short 

avelength cut-off, to the ones measured by Harris et al. [4] or 

u et al. [8] in 50/50 vol composites with around 150 nm grain 

ize; while the short wavelength cut-off is observed here at longer 

avelengths than the values reported by Ma et al [7] or Xie et al.

5] . 

The transmittance of the sample solidified at 50 mm/h reaches 

alues of 92 % at 6 μm, for a 1 mm thick transverse slice in the

pectrum shown. This value is larger than the theoretical maxi- 

um for an equivalent homogeneous material with refractive in- 

ex 1.77 (the volume weighted average refractive index for the 

omposite material using refractive index values given by Stephens 

40] and Nigara [41] for MgO and Y 2 O 3 respectively). Reflection 

osses at sharp air-solid interfaces are given by the reflectance R , 

hich for normal incidence at one such surface it is given by 

 = | n −1 
n +1 | 2 , with n being the refractive index of the composite [see 

or example 4]. At 6 μm R amounts to 7.7 %, so that around 15 % of
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Fig. 6. On axis transmission spectra measured on longitudinal slices, scaled to 1 

mm thick, solidified at different pulling rates. The numbers near to the curves in- 

dicate the sample pulling rate in mm/h. Line colours (online): orange: 25 mm/h; 

magenta: 50 mm/h; green: 100 mm/h. 
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Fig. 7. Vickers hardness from transverse section versus λ for Y 2 O 3 -MgO eutectic 

ceramics considered in this study. 
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he total incident intensity would be reflected in the two surfaces 

f the slice, and 85% would be the maximum transmittance. Higher 

ransmittance values can be expected for slices coated with broad- 

and antireflective coatings [42] . In the present case, the function 

f a partial antireflective coating might be imitated by the thermal 

tching of the surface upon the above mentioned thermal treat- 

ent. In fact, observations under the optical microscope suggest a 

ild corrugation, possibly by selective sublimation of MgO on the 

urface (or its corrosion reacted product). It is not the purpose of 

his work to follow further the effect of this surface roughness on 

he transmittance 

The anisotropy of the microstructure warrants exploration of 

he transmittance also in the direction perpendicular to the so- 

idification direction. The ground and polished longitudinal slices 

ere 0.75 to 0.95 mm thick. For better comparison, the measured 

ransmittance was recalculated to the one corresponding to 1 mm 

hickness, taking into account the reflectance on the slice surfaces, 

alculated with Snell equation for normal incidence. That is, the 

ransmittance for a slice of thickness d 2 = 1 mm is calculated from 

he measured transmittance of a slice of thickness d 1 as [4] : 

 ( d 2 ) ≈ ( 1 − R ) 
2 

(
T ( d 1 ) 

( 1 − R ) 
2 

)d 2 / d 1 
(5) 

here R is the reflectance at each surface for normal incidence as 

ritten above. n , the refractive index of the slice, was calculated 

or the composite material as the volume weighted average refrac- 

ive index at each wavelength. The spectra are shown in Fig. 6 , 

or the materials with homogeneous microstructure, that is, where 

o colonies were present. Small pieces free from colonies could be 

ound on samples solidified up to 100 mm/h pulling rate. One can 

bserve that the short-wavelength scattering edge shifts towards 

horter wavelengths as the microstructure refines, as expected [4] . 

ompared to the spectra measured in the transverse slices, the at- 

enuation is larger in the longitudinal slices (smaller on axis trans- 

ittance). Additionally, there are local transmittance minima at 

round 5 μm, 4 μm and 2.6 μm, at shorter wavelengths as the 

icrostructure size decreases. 

. Discussion 

As observed from the data presented in the previous section, a 

alance of mechanical and optical transmittance is obtained when 
8 
he microstructure is both small and homogeneous. Therefore, the 

ighest flexural strength and transmittance values are observed in 

he samples solidified with the largest pulling rate, while free from 

olonies. Furthermore, Young ́s Modulus of the composite material 

s around 200 GPa, consistent with the rough approximation of 

ule-of-mixtures and independent of the microstructure. The mea- 

ured indentation fracture toughness (IFT) is also independent of 

he microstructure, and amounts to 3 MPa.m 

1/2 , somewhat higher 

han the IFT of Y 2 O 3 ceramics and comparable to values measured 

or MgO-Y 2 O 3 50/50 vol% dense ceramic composites. 

The hardness showed however a clear dependence on the mi- 

rostructural scale which merits some comments. The interspacing 

 λ, distance between rod centres) dependence of the hardness rea- 

onably fitted into a Hall-Petch (i.e. a λ−1/2 ) law and the regression 

actor was 0.83. This trend is a common fact reported in the liter- 

ture related to ceramics with respect to grain size [33] and it is 

ased on indentation-induced dislocations pile up at grain bound- 

ries. However, to be honest, hardness can be fitted to any poten- 

ial law of the type λ−p with 0.5 ≤p ≤1 with reasonable accuracy 

f the same order. It is reported [43] , that fitting to a Hall-Petch 

aw has been extensively misused because the assumptions made 

o derive that law are not satisfied. Indeed, no strong dislocation 

bstacles and sinks for dislocation motion such as abundant grain 

oundaries are present here. They analysed these microstructures 

rom a theoretical point of view and they have proposed a general 

aw for the size-effect of the two-phase nature of the eutectic mi- 

rostructure. Such law follows the general dependence H ∝ Ln λ/ λ. In 

he case of the material under study, hardness follows a law which 

an be displayed as: 

 = H 0 + 2 G 

Ln ( λ/a ) 

λ/a 
(6) 

here H 0 is the hardness of the monolithic phase, G is its shear 

odulus and a is the lattice parameter of that phase. We have fit- 

ed the experimental values to that equation assuming that only 

 

∼= 

10 Å is a given parameter (the lattice parameter of Y 2 O 3 [44] )

nd H 0 , G are unknown quantities determined by non-linear fitting. 

igure 7 shows this calculated curve, which fits to the experimen- 

al data satisfactorily with regression factor of 0.90. 

From that fitting, these two free parameters are found to be 

round 9.27 GPa and 67.45 GPa which are close to values of H 0 and

 for Y 2 O 3 matrix [ 4 , 36 ] and it validates this equation and the

echanism on which it is based for the hardness dependence of 
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Fig. 8. SEM micrographs offracture surface of Y 2 O 3 -MgO eutectic ceramics after 

bending test grown at (A) 25, (B) 50 and (C) 750mm/h after bending testing at 

room temperature 
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he Y 2 O 3 -MgO eutectic. The hardness scales with the mean spac- 

ng of the fibers and the fitting to the data is consistent with the 

ell-based law referred to above [ 43 ]. A similar analysis in this 

ense is reported recently in the MgAl 2 O 4 -MgO eutectic since it is 

hown that MgO fibers in spinel matrix are not as strong as grain 

oundaries for dislocation blocking and they are not either sinks 

r sources for them [27] . The same arguments can apply to Y 2 O 3 -

gO eutectic system with the presence of MgO fibers embedded 

n Y 2 O 3 matrix. 

Indentation fracture toughness and flexural strength higher 

han in single phase Y 2 O 3 ceramics indicate that there are 

trengthening mechanisms operating in the composite. First one 

as to note that the difference in thermal expansion coefficients 

 TEC ) of Y 2 O 3 and MgO is large. In the range from 25 °C and 10 0 0

C, average TEC of Y 2 O 3 is 9.15 × 10 −6 K 

−1 , while the one of MgO is

round 15.4 × 10 −6 K 

−1 [4] . This causes high thermoelastic stresses 

hat develop while cooling from the processing temperature, which 

ill be compressive for the matrix Y 2 O 3 and tensile for MgO. 

hey can be estimated considering both materials isotropic and de- 

ned by their Young Modulus and Poisson ratio (taking from [4] : 

 MgO = 310 GPa, E Y2O3 = 173 GPa, νMgO = 0.18 and νY2O3 = 0.3); 

nd assuming a material composed by MgO non-interacting fibers 

mbedded in Y 2 O 3 matrix (composite cylinder model [45] ). Giving 

umbers and assuming that stress starts freezing at 10 0 0 °C, one 

ets for the average hydrostatic component of residual stress at 25 

C, 912 MPa (tensile) in MgO rods and -228 MPa (compressive) in 

 2 O 3 . The average axial component would be even larger, reach- 

ng 1560 MPa tensile stress in MgO or -390 MPa (compressive) in 

 2 O 3 . Even if the pressure at the interface (of around 590 MPa, 

he σθθ = σ rr components of the residual stress in the MgO fibers 

alculated with the composite cylinder model) will tend to sepa- 

ate both phases, they kept bonded as solidified (see Fig. 2 ). The 

ominant compressive stress in the matrix would strengthen the 

aterial, as also suggested in the eutectic composite Al 2 O 3 -YSZ, 

here residual stresses are also substantial [24] . Moreover, once 

he crack starts to propagate it will encounter an inhomogeneous 

tress field, with fluctuating residual stress with the scale of the 

icrostructure, which will influence its propagation [46] . 

The evaluation of the fracture surfaces and the path of cracks 

manating from the corners of indentation imprints help to under- 

tand the interaction of a propagating crack with the microstruc- 

ure. SEM images of fracture surfaces observed after the bending 

ests are shown in Fig. 8 . As the load increased, cracks started to

pen in the occasional surface defects of the bar. As a result of 

he residual stresses (highly tensile in MgO, mildly compressive in 

he matrix and tensile radial stresses at the interface), MgO fibers 

r the area near to the interfaces might fail as the crack tip ap-

roaches. This and the inhomogeneous stress field in the matrix 

s ultimately origin of crack deflection, the fracture surface being 

ougher with features consistent both in size, population, and dis- 

ribution with the MgO fibers. This observation was more marked 

or Y 2 O 3 -MgO eutectic rods grown at 25 and 50 mm/h due to the

omogeneous fibrous microstructure ( Fig. 8 A and B comparing 

ith C). Fracture tends to occur perpendicularly to the rod axis and 

requently small MgO pullouts from the matrix can be seen in the 

racture surface. Also, the eutectic grain boundaries ( Fig. 8 B) can 

lter cracks propagation along grains with very well aligned mi- 

rostructure. With eutectic grain boundary we refer to the surface 

n which two eutectic grains impinge onto each other, so that a 

reak of the crystallographic and microstructural orientations takes 

lace [28] . 

Figure 9 shows cracks emanating from the corners of the in- 

entation imprints in longitudinal and transverse sections. The 

racks present a slightly meandering path across the microstruc- 

ure. Transgranular (cracks penetrating into the MgO phase) and 

ntergranular (crack deflected near the interfaces) fracture, as well 
9 
s elastic bridges ( Fig. 9 A-B and D) are observed. No clear prefer-

nce for crack penetration or deflection at the interfaces is evident 

 Fig. 9 C) [47] . The presence of coarse cell boundaries for a growth

ate of 750 mm/h does not decrease indentation fracture toughness 

ven if cracks seem to propagate more easily through them ( Fig. 8 

), but causes the material to have much lower strength than 

he samples with finer, homogenous microstructure. This is com- 

letely expected considering the significant change in microstruc- 

ural characteristics, from fiber size in the scale of ~1 μm for rods 

rown at 25 and 50mm/h to the cell size of ~40μm for growth rate 

f 750 mm/h. The finer the microstructure, the smaller the size 

f the largest preexisting flaw in the composite and the larger its 

exural strength value. Similar behavior was observed in other so- 

idified eutectic systems [48] . 
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Fig. 9. Crack propagation from a Vickers indentation (indentation marked with yellow), on longitudinal sections of samples solidified at (A) 50 mm/h, (B) 100 mm/h, and 

on transverse sections of samples solidified at (C) 50 mm/h and (D) 750 mm/h. 
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Fig. 10. Wavelength of the local minima in the transmission spectra of longitudinal 

slices as a function of interspacing of the microstructure (full black squares). The 

light line wavelength at K and M points of the first band of a reciprocal lattice of a 

2D triangular arrangement of MgO rods into Y 2 O 3 with the lattice parameter equal 

to the interspacing and 0.20 filling ratio are plotted with open symbols (red circles, 

K point) (blue triangles, M point). The error bars correspond to the error bars given 

in Table 1 for the interspacing. The lines are guides to the eye. (See text for details). 
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As with flexural strength, optical transmittance is also higher 

or the composites with fine homogenous microstructure. Going 

rom the sample solidified at 25 mm/h to 50 mm/h an increase 

n transmittance is observed ( Fig. 5 ), concomitant with a decrease 

n the sample microstructural features. Larger pulling rates start 

o produce colonies that bring larger microstructural features at 

heir contours, as well as possible third phases, and therefore the 

cattering is expected to be larger. In consequence, the transmit- 

ance of the sample solidified at 100 mm/h is much smaller than 

he one observed in samples without colonies. With further larger 

ulling rates, all microstructural features decrease size, and there- 

ore its transmittance increases monotonously again. This scatter- 

ng behaviour is very similar to the one observed for the eutec- 

ic composite MgO-MgAl 2 O 4 [49] , whose microstructure presented 

imilar characteristics. In that case the transmittance extended 

lightly towards shorter wavelengths because the refractive index 

ontrast was smaller. Additionally, in the spectra for light prop- 

gating across the pulling direction there is one local minimum 

 Fig. 6 ), whose position also shifts towards shorter wavelengths as 

he microstructure size decreases. Figure 10 shows, with full black 

quares, the position of this minimum as a function of the inter- 

pacing in the center of the samples (data from Table 2 ). 

A simplified-ideal view of the microstructure of these samples, 

hich solidify in a coupled regime, consists of a triangular arrange- 

ent of MgO cylinders (ideally of circular base) inside an Y 2 O 3 

atrix. The lattice parameter of this 2D arrangement can then be 

dentified with the interspacing determined from SEM images, as 

iven in Table 2 . From the optical point of view such a structure is

xpected to scatter light, with forbidden propagation along some 

irections and wavelengths. In the wavelength region of interest, 

he refractive index contrast is n rod /n matrix = 0.89 (at wavelength 

f 4 μm), with a matrix refractive index of 1.84 and it has filling

raction f = 0.20 (or radius of cylinder/ lattice parameter = 0.23) 

 40 , 41 ]. The contrast is not enough to expect a complete gap, ac-

ording to the gap recipe given by Joannopoulos et al. [50] , which 

tate one requires a minimum of index contrast of around 1.4 for 
r

10 
 full gap. Instead, only hindered propagation in some directions 

ould be reasonably expected. Gaps could open, if any, at the edge 

f the Brillouin zone of the photonic lattice. Sakoda [Figure 4.5 in 

1 ] reports for example hindered propagation along the 	-M direc- 

ion in both polarizations (Electric field or Magnetic field parallel 

o the low index rods, E -pol or H -pol respectively) for the case of

 high /n low 

= 1.65 and f = 0.65. The broadest gap is the first one,

ppearing in the upper side of the first band. No full gap was pre- 

icted for 	-K propagation (see for example figure 3.7 of the same 

eference). With this reference in mind, we turn to our case and 
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onsider that, given the small contrast, the effective refractive in- 

ex is going to be very similar for both polarizations ( E -pol or H -

ol). Let us then take a common averaged refractive index as the 

olume averaged refractive index, < n > . The light line is given by:

 = c 0 k/ < n > = ( 2 p c 0 / l 0 ) (7) 

here k is the wave-vector, c 0 is the light velocity in vacuum, and 

0 is the wavelength in vacuum. In the model 2D lattice, M and K 

oints of the reciprocal lattice appear at the lattice wavevectors: 

 K = ( 4 p ) / ( 3 a 0 ) and k M 

= ( 2 p ) / ( a 0 
√ 

3 ) (8) 

eing a 0 the lattice parameter of the microstructure. Using the lit- 

rature values for the refractive index and as lattice parameter the 

nterspacing values given in Table 2 and Eqs 7 and 8 , one easily

btains the light wavelength ( λ0 ) for propagation vectors ( k) at 

he K and M points of the first Brillouin zone. Those values are 

lso plotted in Fig. 10 with open symbols. As the refractive index 

hanges smoothly in the wavelength range of interest, the depen- 

ence with the lattice parameter is approximately linear. Convinc- 

ngly enough, the experimental local minima in the on-axis trans- 

ittance spectra coincide with the wavelength at M point. The de- 

iation of the point corresponding to the 100 mm/h sample might 

ell be related to the larger uncertainty of this experimental value 

see Fig. 6 ). 

As the light wavelength approaches the edge of the recipro- 

al photonic lattice (first Brillouin zone), scattering increases and 

n-axis transmission decreases. In the present case, the scatter- 

ng decreases again once the propagation wavenumber surpasses 

he edge of the first Brillouin zone and transmittance recovers par- 

ially. In a perfectly ordered lattice, this would imply again total 

ransmittance. But the material under study is far from being com- 

letely ordered. On the one side the microstructure is not perfectly 

eriodic, but more of a glassy-like nature with short-range well de- 

ned order and loss of large distance ordering. On the other side, 

he material consists of different eutectic grains, with different mi- 

rostructural orientations, and thus incoming light propagates in 

ifferent photonic lattice directions in each eutectic grain. Whether 

ight with frequency ( c 0 k K )/2 π< n > is hindered of propagation in-

ide the material to a large extent (at large solid angle of propaga- 

ion inside the 2D plane) or not, cannot be told by the present ex- 

eriments, as it is not possible to identify other possible frequen- 

ies with hindered propagation at higher energy (disorder surviv- 

ng pseudo-gaps). Would it be the case, a high temperature mate- 

ial with light propagation control would be available. This will be 

he subject of future work. 

To end this section, we want to comment on the limitations 

nd possible extension of the material preparation procedure. First 

f all, a glance at Table 1 , where data for the present material so-

idified at 50 mm/h are included in the last row, shows that per- 

ormance parameters (mechanical or optical) are competitive with 

he ceramic nanocomposites found in the literature. In order to 

et samples free of cracks, in the present case we had to limit 

urselves to low diameter rods (1 mm). This is required to pre- 

ent cracking associated to the large thermal gradient at the so- 

idification front and growing crystal inherent to the laser float- 

ng zone method. Other solidification techniques with smaller so- 

idification gradients would overcome this size limitation, as for 

xample Bridgman [13] or by after-heating the solidifying crystal. 

owever, decreasing thermal gradients at the solidification inter- 

ace also requires lower solidification rates in order to keep the 

utectic solidification in the coupled regime and avoid colony for- 

ation. Coarser microstructures would be achieved with the con- 

omitant shift of the scattering cut-off towards longer wavelengths 

nd decrease of the flexural strength. A compromise should be 

chieved, depending on the intended application. When direction- 

lity of the microstructure (and its associated optical behavior) is 
11 
ot required, other solidification techniques could be used to gen- 

rate extended areas with coupled, small sized homogeneous mi- 

rostructure. These are for example the techniques relying on laser 

elective melting [ 52 , 53 , 54 ] with appropriate control of the pro-

essing thermal residual stresses. It is to be taken into account that 

he large difference of TECs between components of this composite 

ight pose strong requirements to these procedures. 

As for the optical transparency in the NIR, the larger mi- 

rostructural size of the solidified materials with homogeneous mi- 

rostructure (see Table 2 ) when compared to the nanocomposites 

ound in the literature ( Table 1 ), gives as a result that the solidi-

ed material outperforms the nanoceramics only when light prop- 

gates along the solidification direction, or whenever anisotropy in 

ight propagation is required. Upon these instances, even the small 

iameter rods produced by the laser floating zone method, with 

heir observed anisotropy of light propagation, may have applica- 

ion slots such as in infrared emissivity control or as small infrared 

indows. 

. Conclusions 

The preceding results provide answer to the questions posed 

n the introduction about the material under study. Y 2 O 3 -MgO 

omposites with eutectic composition (20 % vol MgO) have been 

ffectively solidified from the melt using the laser floating zone 

ethod. The material solidifies coupled, and thus generates a 

ense composite with homogeneous microstructure of MgO rods 

mbedded in Y 2 O 3 matrix at pulling rates up to 50 mm/h. From 

00 mm/h upwards the microstructure consists of eutectic cells. 

he highest 3-point flexural strength values and highest MIR op- 

ical transmittance has been observed for the material solidified 

ith the finest, still homogeneous microstructure. Flexural strength 

s comparable to the values found in literature for dense ceramic 

anocomposites with 50/50 vol% composition, as well as inden- 

ation fracture toughness. MgO rod dispersion and the associated 

esidual thermal stresses contribute to strengthen the material, as 

hey place the Y 2 O 3 matrix under residual compressive stress and 

eviate the propagating crack increasing the fracture energy. The 

nfrared transmittance is also comparable, with large transmittance 

alues for the material solidified at 50 mm/h when light propa- 

ates along de solidification direction, but which do not match the 

ransmittance level of some of the values found in literature for 

he finest and denser achieved composites. Still, the alignment of 

he microstructure induces optical effects in the infrared range of 

hotonic crystal nature for light propagating perpendicular to the 

olidification direction that could allow applications not possible 

or the isotropic bimaterial composites being optimized by the ad- 

anced sintering procedures. 
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