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ABSTRACT 

Ni-doped MgO-MgSZ eutectic composites were investigated as selective emitters for 

thermophotovoltaic devices. MgO-MgSZ:Ni eutectic rods were directionally solidified at 

25 and 500 mm/h using the laser floating zone technique. Microstructure was strongly 

dependent on the growth rate, the size of the eutectic phases decreased as the growth rate 

increased. A hardness of ∼11 GPa and a fracture toughness of ∼1.6 MPa were obtained 

from indentation techniques, not showing dependence on the growth rate. Flexure 

strength increased from ∼ 400 MPa in samples grown at 25 mm/h up to ∼1 GPa for those 
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solidified at 500 mm/h, which was attributed to the decrease of the phase size. Thermal 

emission of eutectic composites was studied up to 1400ºC. An intense broad emission 

band centred in 1.5 µm matching with the sensitive region of the GaSb photoconverter 

was found. The selective emission was ascribed to the de-excitation of the thermally 

excited Ni2+ ions.  

Keywords: MgO/ZrO2; Directionally solidified eutectic ceramics; nickel doped selective 

emitters; mechanical properties; Thermophotovoltaic   

 

1. INTRODUCTION 

Thermophotovoltaic (TPV) systems convert the electromagnetic radiation emitted by a 

material at high temperature into electricity. The emission of the hot body (emitter) 

excites a semiconductor device producing electricity via the photovoltaic effect [1]. In 

order to increase the efficiency of the TPV conversion, a spectral matching of the thermal 

emission and the bandgap of the photovoltaic cell should be achieved. In the case of 

blackbody emitters, although the emission peak can be fitted to the active region of the 

cell by adjusting the temperature, the broad and continuous emission spectrum produces 

large amount of non-convertible energy in the long wavelength infrared spectral range. 

The use of selective emitters radiating in the spectral region of 1-2 microns where 

photovoltaic cells have the maximum spectral response would minimize the losses in 

energy [2,3]. The control of the spectral output of the emitter can be achieved by using 

ceramic oxides containing optical ions with electronic transitions that match with the 

semiconductor gap [4-6]. Photonic crystals, with periodic structures that suppress the 
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emissivity of the material in a specific spectral range, have also been investigated as 

selective emitters [7-9]. 

Directionally Solidified Eutectic (DSE) ceramics are particularly interesting for TPV 

devices due to their outstanding mechanical properties, microstructure stability, and 

corrosion resistance up to temperatures very close to their melting point [10], which make 

them suitable for the extreme conditions of operation of the TPV converters. Recently, 

the incorporation of rare-earth ions to Al2O3-based eutectics [11-14] has allowed 

obtaining selective emitters fulfilling the TPV requirements. The main disadvantage of 

the use of rare-earth ion selective emitters is that their thermal emissions consist of very 

narrow bands corresponding to the 4f electronic transitions, which results in low power 

densities unless very high temperatures are used. Different investigations have been 

addressed to obtain broader thermal emissions in the spectral range where they can be 

converted into energy by photovoltaic cells to obtain higher efficiencies in the TPV 

device. Some authors have studied doping with multiple rare-earth ions to extend the 

emission band by superposing the different rare-earth contributions [15].  Other works 

have explored selective emitters based on transition metal ions. Transition metal ions 

have electrons in 3d orbitals unshielded by outer shells, which make electronic transitions 

strongly sensitive to the ion surrounding. Strong coupling to the lattice produces that the 

emission of transition metal ions consists of broad bands rather than the sharp lines 

associated to the rare-earth ions. Ferguson et al [16,17] showed that doping MgO with 3d 

ions such as nickel or cobalt in low concentrations (2-4 wt% Co3O4 or NiO) produced 

strong selective emission matching with GaSb photovoltaic cells. 
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The aim of this work is to investigate MgO-MgSZ eutectic composites doped with 

Ni2+ ions as selective emitters for TPV devices. Directionally solidified MgO-MgSZ 

eutectic rods were fabricated by means of the Laser Floating Zone (LFZ) technique. 

Among the different directional solidification procedures to grow ceramic oxides from 

the melt [10], those based on floating zone appear as excellent methods, as the large 

thermal gradients at the liquid/solid interface achieved with this method allow high 

growth rates to be used [18]. Hence, the control of the crystal microstructure is possible 

by means of solidification rates; in particular very fine microstructures or even glasses 

can be achieved by using high growth rates [19]. In this work, samples were processed 

using processing rates of 25 mm/h and 500 mm/h in order to obtain different 

microstructures. Microstructure, mechanical properties and thermal emission were 

studied as a function of the solidification rate. 

 

2. MATERIALS AND METHODS 

Eutectic rods of MgO-MgSZ and Ni doped MgO-MgSZ were obtained by directional 

solidification with the LFZ method. Ceramic powders were prepared using a mixture of 

commercial powders of MgO (Aldrich, 99.9%) and ZrO2 (Aldrich 99%) with the reported 

eutectic composition (53%mol MgO; 47% mol ZrO2) [20]. To prepare Ni doped MgO-

MgSZ rods, 2% mole extra of NiO (Alfa Aesar 99.7%) was added to the eutectic 

composition. Cylindrical precursors were fabricated isostatically pressing the powder for 

3 min at 200 MPa and sintered sintering at 1500 ºC during 12 hours.  

Eutectic rods were directionally solidified in air using a continuous wave CO2 laser as 

a heating source. To eliminate the precursor porosity, different densification stages were 
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applied at a low pulling rate (100–250 mm/h). The final directional solidification was 

always performed with the grown crystal travelling downwards to obtain bubble-free 

samples. Rods were grown at 25 and 500 mm/h under two different rotation conditions; 

counter rotating the solidified rod and the polycrystalline precursor at 50 rpm and without 

rotation. The solidified rods had a final diameter in the range 1–2.5 mm.  

Microstructural characterization was performed in polished transverse and longitudinal 

cross sections of rods by means of back-scattered electron images obtained in a Scanning 

Electron Microscope (SEM) (model 6400, Jeol, Tokyo, Japan) or in a Field Emission 

SEM (FESEM, model Carl Zeiss MERLIN). Specimens for this characterization were 

prepared using conventional metallographic methods. Semiquantitative compositional 

characterization was carried out by means of the Energy-dispersive X-ray spectroscopy 

(EDS) detector coupled to the FESEM. For more precise determination of Ni dopant 

content, single crystal MgO and metallic Ni and Zr pieces were used as calibration 

standards. 

The Vickers hardness on transverse cross sections was measured following the 

ASTM C1327-99 Standard using a microhardness tester Matsuzawa, MXT 70, with an 

indentation load of 4.9 N and a holding time of 15 s. At least ten valid indentations were 

made on polished cross sections. The fracture toughness was determined by the 

indentation technique. The crack lengths were measured using the optical microscope of 

the microhardness tester.  

The bending strength of the eutectics at room temperature was determined in as-

grown rods with 1 mm in diameter with no surface preparation from three-point flexural 

tests performed in air in an Instron testing machine (model 5565) with a 10 mm loading 
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span and a crosshead speed of 30 μm/min. A minimum of five tests was performed on 

each test condition. All tested samples showed linear load–displacement behaviour and so 

the strength was calculated from the maximum load in the test using the standard beam 

theory. 

Thermal emission spectra were measured on the as-grown rods with 2.5 mm in 

diameter by heating the samples with the CO2-laser focused annularly on the sample 

surface. Emitted light was collected using an optical fibre and the emission spectrum was 

measured in the 900-2500 nm range using an NIR 256-2.5 spectrophotometer from Ocean 

Optics. The spectral sensitivity of the spectrometer was calibrated using a halogen lamp 

with the brightness temperature of 2968 K. Temperature of the samples was measured 

using a two-colour pyrometer (Impac, ISR12-LO MB33) and varied from 1000ºC to 

1500ºC by changing the laser power.  

Hemispherical total reflectance measurements on rods of LFZ processed samples were 

made with a 110 mm diameter integrating sphere (Internal DRA2500 accessory) coupled 

to a CARY 5000 UV-Vis-NIR spectrophotometer. Optical absorption of a Ni doped MgO 

single crystal was measured with the same CARY5000 spectrophotometer. The crystal 

was provided by Prof. V. M. Orera, and had been solidified by the arc fusion method at 

Oak Ridge National Laboratory. The amount of Ni dopant in this crystal was 0.23 ± 0.3 

% Ni (cation basis) and was determined by Energy-dispersive X-ray spectroscopy on the 

FESEM microscope, using single crystal MgO and metallic Ni as calibration standards. 
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3. RESULTS AND DISCUSSION 

3.1. Microstructure 

Eutectic rods of MgO-MgSZ and Ni doped MgO-MgSZ were obtained by directional 

solidification using two different solidification rates in order to achieve different 

microstructures. Figure 1 shows transverse (a) and longitudinal (b) cross sections of a Ni 

doped MgO-MgSZ eutectic rod grown at 25 mm/h with counter rotation. The eutectic 

microstructure consists of MgO fibres (dark contrast) embedded in a magnesia stabilized 

zirconia matrix, MgSZ (light contrast), as shown in Figure 1(c). The content of magnesia 

in zirconia ( ∼23% mol) was obtained from Energy-dispersive X-ray spectroscopy (EDS). 

This fibrous microstructure has been previously reported for undoped MgO-MgSZ 

eutectics [20,21]. Hence the incorporation of nickel to the composition does not seem to 

produce changes in the microstructure.  

 The microstructure was not homogeneous; in addition to the fibrous microstructure, a 

banding formed by coarsened MgO and MgSZ phases was observed in both cross 

sections (see Figure 1(a) and (b)). The presence of banding has been previously ascribed 

to instabilities in the melt produced by periodic perturbations [22]. The bands in the 

longitudinal section were separated about 7.5 μm in length, close to the distance travelled 

by the rod in a revolution, indicating that the banding phenomenon was related to the 

rotation speed of the rod during the directional solidification. In order to achieve 

homogeneous microstructures, eutectic rods were solidified without rotation of crystal 

and precursor. From now on, all the results presented here will correspond to rods grown 

under these processing conditions.  
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Figure 1: Back-scattered scanning electron micrographs of the (a) transverse and (b) longitudinal 

cross sections of a Ni doped MgO-MgSZ eutectic rod solidified at 25 mm/h counter rotating 

grown rod and polycrystalline precursor at 50 rpm. (c) Detail of the eutectic microstructure of the 

transverse cross section.  

Figures 2 and 3 show SEM micrographs corresponding to transverse cross sections of 

MgO-MgSZ and Ni doped MgO-MgSZ eutectic rods with 1 mm in diameter grown at 25 

mm/h and 500 mm/h. As expected for growth without rotation, banding was not observed 

for either of the two processing rates.  

 

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

(a) MgO-MgSZ  and (b) Ni doped MgO-MgSZ and (c) longitudinal cross-section of Ni 

doped MgO-MgSZ eutectic rods solidified at 25 mm/h without rotation. 
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In the case of the rods grown at 25 mm/h (Figure 2) the microstructure was found to 

be homogeneous throughout the cross section.  The microstructure was very similar in 

both MgO-MgSZ and Ni doped MgO-MgSZ eutectics and it consisted of MgO fibres of ~ 

1 μm in diameter parallel to the growth direction and embedded in a MgSZ matrix. Fibres 

of MgO presented frequently a roughly triangular shape rather than a circular section. It 

should be noted that the MgO growth direction in this eutectic is the <111> ternary axis 

[20], which could explain the characteristic triangular shape observed in the fibres. The 

volume fractions of the MgO phase, estimated from the area fraction in SEM 

micrographs were found to be 28.1±0.6 and 29.5±0.1% for MgO-MgSZ and Ni doped 

MgO-MgSZ eutectic rods, respectively. Eutectic interspacing, λ, was obtained in both 

samples by linear interception methods using SEM images corresponding to transverse 

cross sections (see Table 1). A very similar λ-value (~ 2 μm) was found for both undoped 

and Ni doped eutectics.  

The use of higher solidification rates led to a non-planar growth and the formation of 

colonies. Figure 3 shows micrographs of transverse cross sections of MgO-MgSZ and Ni 

doped MgO-MgSZ eutectic rods grown at 500 mm/h. The microstructure in the centre of 

the rod did not show significant differences with the nickel content, as shown in Figures 

3(a1) and 3(b1). For both samples, it consisted of colonies roughly equiaxial in the 

transverse cross-section with a diameter about 30-35 μm and elongated along the growth 

direction. The colonies presented a boundary of 6-8 μm in thickness formed by coarsened 

MgO and MgSZ phases. Inside the colony, the eutectic microstructure consisted of a 

mixing of a fine lamellar and fibrous microstructure with a eutectic interspacing, λ, much 
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lower than the obtained in samples solidified at 25 mm/h (see Table 1). The decrease of 

the size of the phases with the growth rate, v, was in agreement with the Jackson and 

Hunt relationship λ ⋅ v1/2 = C [23], where C is a constant which depends essentially on the 

phase diagram and the diffusion coefficient of the ions in the melt. C-values of 5.3 μm3/2⋅ 

s1/2 for pure eutectics and 5.4 μm3/2⋅ s1/2 for nickel doped eutectics were estimated from 

the interspacing data, lower than the one reported by Kennard [20] for MgO-MgSZ 

eutectics ( ~7 μm3/2⋅ s/1/2). 

 

Table 1: Eutectic interspacing (λ) of MgO-MgSZ and Ni doped MgO-MgSZ eutectic rods grown 

at 25 and 500 mm/h. (f: fibrous and l: lamellar microstructure inside colonies; s: surface 

microstructure). %NiO corresponds to the nominal percentage. 

Growth rate % NiO (mol) 
microstructure 

pattern 
λ (μm) 

 

25 mm/h  

 

0 fibrilar 2.00 ± 0.11 

2 fibrilar 2.04 ± 0.14 

 

500 mm/h 

 

0 
colonies 

(fibrilar in surface) 

f: 0.49 ± 0.04 

l: 0.55 ± 0.06 

s: 0.46 ± 0.04 

2 
colonies 

(lamellar in surface) 

f: 0.58 ± 0.07 

l: 0.58 ± 0.09 

s: 0.54 ± 0.03 
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Figure 3: SEM micrographs of the transverse cross section of (a) MgO-MgSZ and (b) Ni doped 

MgO-MgSZ eutectic rods solidified at 500 mm/h without rotation. a1/b1 show the microstructure 

in the centre of the rod, a2/b2 near the surface. Insets show the microstructure inside the colonies. 

Near the surface (in a thickness ranging 100-200 μm), no colonies were observed and 

microstructure was dependent on the nickel content, Figures 3(a2) and 3(b2). Ni-free 

samples presented a fibrous microstructure as in the case of the rods grown at 25 mm/h. 

However, a lamellar microstructure was found in nickel doped eutectic rods. Table 1 

shows a summary of the microstructure geometry and eutectic interspacing for both 
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eutectics (pure and Ni-doped) solidified at 25 and 500 mm/h obtained in samples with 1 

mm in diameter.  It is worth noting that fibrous geometries are favoured in eutectics in 

which the minority phase presents a volume fraction less than 28% [10] and the volume 

fraction of MgO in this eutectic is nearby the boundary between lamellar and fibrous 

geometries. So, very small changes in the solidification process could produce the 

transition from a rod to lamellar microstructure. Echigoya [24] observed in MgO-MgSZ 

eutectics solidified using Bridgman technique areas with fibrous microstructure and other 

regions in the same sample showing a lamellar geometry.  We have also observed here 

some variations in the morphology of the microstructure of Ni doped MgO-MgSZ 

eutectics in rods grown with the largest diameter (2.5 mm).  

The nickel content in the Ni-doped eutectic rods after laser processing was estimated 

from EDS. The dopant was mainly found in the MgO phase independently of the growth 

rate, from the analysis of coarse particles in intercolony regions. In the case of the rod 

grown at 25 mm/h a content of nickel close to detection limit (0.1% mol NiO) was 

obtained, much lower than the nominal content (2% mol NiO). Rods processed at 500 

mm/h presented a nickel composition (0.5-0.6% NiO) significantly higher. The different 

content of nickel in the rods solidified at 500 mm/h and 25 mm/h was attributed to a 

higher evaporation of the nickel when the directional solidification is carried out at lower 

solidification rates. This assumption is supported by our experience in solidifying 

materials from NiO containing melts [25], the fact that NiO has lower melting 

temperature and larger vapour pressure at 2000 K than ZrO2 and MgO [26-27] and it has 

also been mentioned in the literature of solidification of Ni doped crystals [28]. 
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3.2. Mechanical characterization 

The mechanical properties (hardness, indentation fracture toughness and flexure 

strength) were measured at room temperature in samples grown at 25 mm/h and 500 

mm/h. The average values and corresponding standard errors are presented in Table 2. 

Table 2: Hardness (HV), indentation fracture toughness (IFT) and flexural strength (σf) of MgO-

MgSZ and eutectic rods grown at 25 and 500 mm/h. %NiO corresponds to the nominal 

percentage. 

Growth rate %NiO (mol) HV (GPa) IFT (MPa·m1/2) σf (GPa) 

25 mm/h  

 

0 10.8 ± 0.4  1.6 ± 0.1   0.35 ± 0.08 

2 10.9 ± 0.3 1.6 ± 0.1  0.45 ± 0.08 

500 mm/h 

 

0 10.9 ± 0.4  1.5 ± 0.2  0.94 ± 0.20 

2 11.3 ± 0.3  1.6 ± 0.3  1.07 ± 0.20 

 

Hardness and indentation fracture toughness were obtained from Vickers 

microhardness tests on polished transverse cross sections. A hardness value around 11 

GPa was obtained in undoped eutectic rods for both pulling rates (10.8±0.4 GPa for 

samples grown at 25 mm/h and 10.9±0.4 GPa for those grown at 500 mm/h). This value 

is between the hardness values reported for both eutectic phases, MgO (9.2 GPa, Ref 

[29]) and MgSZ (13.2 GPa, Ref. [30]). Similar values were obtained in nickel-doped 

eutectics grown at 25 mm/h (10.9±0.3 GPa) whereas a slight increase in hardness was 

obtained in nickel-doped eutectics solidified at 500 mm/h (11.3±0.3 GPa). It has been 

reported that the presence of substitutional nickel ions increases the hardness in MgO 
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single crystals by acting as obstacles for dislocation motion [29], which would explain 

the higher hardness in the nickel doped sample grown at 500 mm/h. This effect would not 

be appreciated in the nickel doped eutectic grown at 25 mm/h as the solidification at low 

rate produced eutectics with a significant reduction of nickel content, explaining the 

coincident hardness values obtained for doped and undoped samples processed at this 

rate.  

Indentation fracture toughness was determined from the length of the cracks 

emerging from the Vickers indentation corners. Although the indentation method is not 

considered appropriate for the absolute determination of fracture toughness [31] it is 

adequate to compare the values obtained from samples grown with different processing 

conditions and to provide an estimation of the fracture toughness. The cracks developed 

from the indentation fulfilled the Niihara condition for median cracks (c/a > 2.5) [32] 

with c, the distance from the centre of the indentation to the crack tip and a, half diagonal 

of the Vickers indentation. Table 2 shows the indentation fracture toughness calculated 

using the equation proposed by Anstis [33] for median cracks, 

IFT = 0.016 (E/H)1/2 (P/c3/2)      [1] 

where P is the indentation load, E, the Young modulus of the eutectic and H, the 

hardness Vickers of the eutectic. An E-value of 285 GPa was taken for all the samples 

[21]. Figure 4 shows the indentation fracture pattern. Crack propagation was mainly 

transgranular and crack deflection was hardly observed at the eutectic interfaces. The 

influence of nickel content and solidification rate on indentation fracture toughness was 

negligible. The mean value obtained using the indentation method (1.6 MPa·m1/2) was 



Postprint of: J. Europ. Ceram Soc. 39 (2019)1206-12013  
Submitted on 31st August 2018 / Revised 11th December / Accepted 14th December / Online 15th December 
 
 

 
 
doi published manuscript: 10.1016/j.jeurceramsoc.2018.12.032 
 
© 2018 This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 

15

slightly higher than the fracture toughness reported for MgO-MgSZ eutectic rods 

obtained through tensile tests of notched rods (1.2 MPa·m1/2, [21]).  

 

Figure 4: (a) SEM micrograph showing the cracking pattern of Ni doped MgO-MgSZ eutectic 

rod grown at 25 mm/h under an indentation load of 4.9 N. (b) Detail of the crack path of pure 

MgO-MgSZ eutectic rod grown at 25 mm/h. 
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Bending strength was determined at room temperature for all the samples. The flexure 

strength values are presented in Table 2. We can observe that the flexure strength does 

not show a significant dependence with the nickel content but it is strongly affected by 

the processing rate, increasing from a value of ~400 MPa for samples grown at 25 mm/h 

up to ~1 GPa for those solidified at 500 mm/h. This dependence can be attributed to the 

decrease of the phase size when increasing the processing rate. It is worth noting that in 

brittle ceramics the mechanical strength is controlled by the size of surface defects and 

the resistance to crack propagation through the relation σf ∝ KIC/√aC, with σf, the flexural 

strength, KIC, the fracture toughness and ac, the critical defect size. As these samples 

present a similar KIC value, irrespective of the nickel content or the processing rate, the 

parameter limiting the strength will be the critical defect size, which will be largely 

dependent on the microstructure. The finer microstructure observed in the samples 

processed at higher rates will be accompanied by smaller defects and therefore, by a 

higher flexure strength.  

Flexure strength in undoped ZrO2-MgO eutectics has been previously reported. Orera 

et al [21] measured the flexural strength in eutectics solidified at low solidification rates 

showing a fibrous microstructure with MgO fibres about 1μm in diameter. The reported 

value (300 MPa) is similar to the result obtained in this work in samples grown at 25 

mm/h. Kennard et al [20] studied the bending strength of prisms cut from ingots 

solidified between 20 and 160 mm/h with a colony microstructure. Contrary to what was 

observed in our experiments, bending strength was almost independent on the 

solidification rate. A low value for σf ~160 MPa was measured in all the range of 

solidification rates despite the change in the MgO fibre size and spacing inside the 
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colony. The results were explained considering that the parameter controlling the strength 

was the colony size (250 μm) or, more likely, the size of the colony boundaries (>50 μm), 

essentially constant for all the growth rates. In our case, the microstructure of the rod 

grown at 25 mm/h was fibrillar throughout the cross section whereas the samples 

solidified at 500 mm/h presented colonies (smaller than those reported in Ref. [20]) 

inside the rod.  

We have to take into account that the rod in a bending test is subjected to the 

maximum tensile stress over only a thin layer on its surface. Therefore, the strength-

controlling parameter should be the microstructure size of the rods in this surface layer. 

The rods grown in this work at 500 mm/h did not present colonies in the surface for a 

thickness at least of 100 μm and so, the eutectic interspacing nearby the surface should be 

considered in the analysis of the flexure strength more than the colony boundary size.  

 

3.3. Thermal emission 

Thermal emission in the near infrared spectral region was measured in nickel doped 

eutectic rods using a CO2-laser as the heating source for samples grown at 25 (Ni25) and 

500 mm/h (Ni500-1). To achieve eutectic ceramics with higher nickel content, an extra 

rod was directionally solidified at 500 mm/h without using previous densification stages 

(Ni500-2), in order to avoid nickel evaporation. After the thermal emission experiments, 

nickel content was estimated by EDS in the three samples (using MgO, Ni and Zr as 

quantitative standards).Nickel was detected only in the MgO phase of the eutectic. The 

content of nickel obtained in the MgO phase was 0.35%±0.1 %mol  NiO in Ni25, 1.1±0.1 
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%mol NiO in Ni500-1, and 5.5±0.2 %mol NiO in Ni500-2. The amount of Ni dissolved 

into the MgSZ phase is, if any, below the detection limit. 

Figure 5a shows the emission of Ni-doped MgO-MgSZ eutectic rods Ni500-1, Ni500-

2 and Ni25. For comparison, the thermal emission for pure MgO-MgSZ eutectic grown at 

500 mm/h is also presented in dotted line. We can observe that the spectra of the samples 

containing nickel show an intense band centred at ~1460 nm (6850 cm-1), matching with 

the active region of GaSb photovoltaic cells. This strong emission was ascribed to the 

radiative de-excitation of the thermally excited Ni2+ ions. Thermal emission is weaker in 

Ni doped eutectics solidified at 25 mm/h, as expected from the lower nickel content in 

these samples, the highest thermal emission corresponding to the sample with 5.5%mol 

NiO. In addition to the intense Ni2+ emission, we can observe a weak broad background, 

which was attributed to the thermal emission of the eutectic matrix, in agreement with the 

spectrum measured for the undoped sample.  
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Figure 5: (a) Thermal emission spectra of Ni25, Ni500-1 and Ni500-2 measured at 1300 ºC. The 

dotted line shows the emission measured in an undoped MgO-MgSZ eutectic rod grown at 

500mm/h. (b) Spectra obtained by dividing the thermal emission spectra of Ni25, Ni500-1 and 

Ni500-2 at 1300 ºC by the Planck profile. 
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In order to analyse the features of the nickel emission, such as band position, we have 

to take into account that thermal emission is modulated by the Planck profile. At the high 

temperatures of the thermal emission measurements the maximum and the maximum-

slope wavelengths of the Planck profile lie in the wavelength window used in the 

experiments. Considering the width of the emission band, this modulation can modify 

substantially the shape of the near infrared spectra. So, thermal emission divided by the 

blackbody radiation was used to perform spectroscopical analysis and is shown in  Figure 

5b. The maxima of the bands after correction were shifted to ~ 1360 nm (7350 cm-1). The 

increase observed towards shorter wavelengths is a consequence of the Ni2+ higher 

energy electronic transitions 

With the aim of obtaining more information about the nickel electronic transitions 

involved in the thermal emission, the hemispherical total reflectance was measured at 

room temperature in Ni500-2. Three LFZ rods were fixed side by side on a 10x10 mm2 

window, and on the reflectance port of the integrating sphere to register the reflectance. 

Some light escaped through the spaces between samples (not participating in the 

experiment), other part was not hitting the sphere after reflectance due to the cylindrical 

shape of the samples. Therefore, the reflectance spectra were renormalized dividing by 

the reflectance value measured at the long wavelength side of the spectra (Rlong). We have 

estimated emissivity as ε ≈1-R/Rlong.  Figure 6b shows the estimated emissivity. Note that 

at room temperature ε ≈ 0.3 at the maximum of the NIR band. For comparison, Figure 6a 

shows the absorption spectrum of a MgO single crystal doped with 0.23±0.03 mol % 

NiO. The similarity of both curves proves that nickel ions (3d8) are mainly found in the 

MgO eutectic phase and enter the lattice substituting the magnesium ions in an octahedral 
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symmetry site. The bands in figure 6 are labelled according to the spin-allowed 

absorption transitions for octahedrally coordinated Ni2+ in MgO [34].  The thermal 

emission obtained at high temperature was attributed to the Ni2+ de-excitation from the 

first excited state (3T2g) to the ground state (3A2g). At room temperature the centroid of 

the absorption band is found at ~ 1165 nm (8590 cm-1), and will shift to lower energies 

by approximately half the Stokes Shift, as temperature increases, according to the 

configurational coordinate displacement model [35]. The Stokes shift at room 

temperature of this transition in MgO:Ni2+ amounts to 1050 cm-1 approximately [36] . 

Further red shift at the high temperatures used in the thermal emission experiments is 

expected following the thermal expansion of the crystal, lengthening of the Ni2+-O2- 

ligand distance, which will make 10Dq cubic crystal field parameter to decrease 

accordingly.  

Figure 7 shows the thermal emission spectra measured in Ni500-1 at several 

temperatures. We can observe that both contributions to the emission (the one coming 

from Ni2+ ions and that from the lattice emission) become more intense when the 

temperature increases. The thermal dependence of the intensity of the nickel band peak 

roughly followed the Planck's law. The saturation of the thermal emission observed at 

high temperatures in highly concentrated rare-earth based selective emitters [13, 37] was 

not found in Ni doped eutectics. The nickel emission band broadened and shifted slightly 

towards lower energies when increasing the temperature, as expected. In fact, Becker and 

Rau report a red shift in the absorption bands of NiO with temperature of the same order 

of magnitude up to 1200 ºC [38]. 
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Figure 6: (a) The absorption spectrum of a Ni doped MgO single crystal. (b) Emissivity 

estimated from the hemispherical total reflectance measured on Ni500-2 at room temperature. 

 

In the sample with the highest Ni content, Ni500-2, a higher contribution to the 

emission is present in the spectral region of 2-2.4 μm, not observed in the Ni25 and 

Ni500 spectra, which produces a decrease in the emission selectivity (see Figure 5). 

Ferguson et al [16] reported a similar behaviour for MgO doped beyond 2%mol NiO, 

with an increased emissivity at wavelengths between 2 and 6 μm, ascribed to impurity 

and dopant interactions. Defects associated to the thermal treatments and bound to the 

presence of Ni in the MgO phase could also generate a background. In the case of Co-

doped Al2O3 [39], the selectivity of the Co2+ ions emission was practically missing for a 
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doping concentration of 1% wt, the thermal emission looking more like that of a 

blackbody emitter.  

 

Figure 7: Thermal emission spectra of Ni500-1 at several temperatures. 

 

The host emission was not negligible even at the lowest temperature at which the 

emission was measured, 1000ºC.  Thermal emission in Ni doped MgO ceramics has been 

measured [16-17] and a very limited matrix emission was reported, according to the low 

emissivity of MgO in this spectral range. Therefore, the significant host contribution 

observed in MgO-MgSZ samples has been ascribed here to the zirconia. Dombrovsky et 

al. [40] report that the emissivity of a 0.87 mm thick sample of cubic stabilized zirconia 

at 2 μm increases from very low values at 727ºC to around 0.27 at 1503ºC, due to the 
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contribution of electronic transitions associated to point defects.  Ab initio calculations 

predict an increase of the emissivity of 100 μm thick YSZ at 1727ºC from 0.3 (defect-

free ZrO2) up to 0.8 (defective oxide) between 1-2 μm [41]. In the MgSZ eutectic phase, 

the Zr4+ cation substitution by Mg2+ ions produces a large number of oxygen vacancies in 

the crystal for charge compensation, which would explain the stronger emission from the 

matrix observed in these eutectics. 

 

CONCLUSIONS 

Ni doped MgO-MgSZ eutectic rods were directionally solidified by using the Laser 

Floating Zone technique at growth rates of 25 mm/h and 500 mm/h. Ni dissolves into the 

MgO phase. Microstructure was found to be dependent on solidification rate obtaining a 

homogeneous and fibrous microstructure at low rates and colonies based microstructure 

at high rates. Eutectic interspacing was strongly dependent on processing rate, decreasing 

from 2 μm down to 0.6 μm when increased the growth rate.  

Mechanical properties were investigated for both microstructures. The hardness and the 

fracture toughness did not depend on processing rate whereas the flexural strength 

increased significantly with increasing the solidification rate due to the microstructure 

refinement which produced a reduction in the critical defect size.  Excellent flexure 

strength over 1 GPa was obtained for rods grown at 500 mm/h. 

The thermal emission of the Ni-doped MgO-MgSZ eutectic rods consisted of an intense 

band in the 1-2 µm spectral range, matching GaSb photovoltaic cell sensitive region. The 
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selective emission was attributed to the transition from the 3T2g first excited state to the 

3A2g ground state of the nickel ions in the MgO lattice. Increasing the nickel content 

produced an enhancement of the emission intensity but in the samples with the highest 

doping (5.5 mol % NiO in MgO), the selectivity decreased due to the rise of the energy 

emitted at non-convertible wavelengths (>1.8 μm). 

Although selective emitters based on nickel doped MgO-MgSZ is expected to have a 

thermostructural performance superior to the MgO single crystal, the selectivity of the 

thermal emission should be improved. In order to be used as selective emitters in TPV 

devices, research in lower emission eutectic hosts and optimization of the dopant content 

should be addressed. 
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