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INTRODUCTION: Main hypothesis and objectives of the project
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Space group Fd-3m

MgAl2O4

��� ����� ��
	� 
���O ≡ � �� ONormal spinel

Inverse spinel �	� ����� ����	� 
���O ≡ � �� O

Mixed spinel ����
�� ��

	� �����
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������

	� 
���
O ≡ ������ ���

where � is an inversity index 

� � 0 corresponds to normal spinel

� � 1 corresponds to inverse spinel

� � 2/3 corresponds to the completely disordered spinel

MgAl2O4 spinels have inter-site cation

ange to some degrees and then such

can be better described by the

wing structural formula:

(Mg1– iAli)[MgiAl2 – i]O4

Cubic spinel structure unit cell consists of 8 formula units of

56 atoms  (32 oxygen anions + 8 ��� and 16 �	� cations)

The densely packaged arrangement of 32 oxygen atoms form

64 (tetrahedral) and 32 [octahedral] voids



INTRODUCTION: Main hypothesis and objectives of the project
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in hypotheses:

radiation resistance of functional transparent ceramics for optical windows subjected to prolon

diation under intense neutron flux is determined by the peculiarities of the spinel crystal struc

degree of its inversion, the band gap width, and the size of microcrystalline grains.

inversion degree of the spinel structure depends on the ratio of the cation radii forming the A

ublattices of the spinel �����
���O, as well as on synthesis conditions and the ceramics sintering.

omprehensive and consistent study of partially and fully substituted spinel Mg1–xAxAl2O4 (A is Zn

Ba) will allow us to establish trends in the influence of cationic substitutions on long-term radia

erance and ways to improve the radiation tolerance of optical windows for fusion applications.

jectives:

main goal of this project is establishing a feasibility to enhance the prolonged radiation toleran

transparent ceramic windows used in fusion applications utilizing partial or full substitution

Zn, Ca, Sr or Ba in MgAl2O4 spinel.



INTRODUCTION: Implementation concept 
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Powder 

synthesis

Experimental 

study: OA, PL, 

CL, EPR etc.

Irradiation

Ceramics 

sintering

Ab initio 

modeling

Chosen systems for 

investigation:
1) Mg1-хZnхAl2O4 (x = 0÷1)

2) Mg1-хCaхAl2O4 (x = 0÷0.65)

3) Mg1-хSrхAl2O4 (x = 0÷0.15)

4) Mg1-хBaхAl2O4 (x = 0÷0.15)

Ionic radii in pm
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MAIN RESULTS: New spinel compositions synthesis 
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MAIN RESULTS: New spinel compositions synthesis 
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Powders with nominal 

composition were prepared:

1) MgAl2O4

2) Mg0.75Zn0.25Al2O4

3) Mg0.5Zn0.5Al2O4

4) Mg0.25Zn0.75Al2O4

5) ZnAl2O4

Mg1–хZnхAl2



MAIN RESULTS: Mg1-хZnхAl2O4 lattice parameters behavior
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MAIN RESULTS: New spinel compositions synthesis 
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omposition Single spinel phase

O4 YES (up to 1500 oC)*

0.25Al2O4 Start to destroy at 1100 oC

0.5Al2O4

700-800 oC – amorphous phase

above 900 oC – multiphase sample
0.6Al2O4

0.75Al2O4

Nominal composition Single spinel phase

Mg0.95Sr0.05Al2O4 YES

Mg0.90Sr0.10Al2O4 Start to destroy at 1200 оС

Mg0.85Sr0.15Al2O4 Start to destroy at 1000 оС

Nominal composition Single spinel phas

Mg0.95Ba0.05Al2O4 Start to destroy above 

Mg0.90Ba0.10Al2O4 700-800 oC – main pha

Above 900 oC – MgAl2O4Mg0.85Ba0.15Al2O4

Mg1-хBaхAl2O4
(x = 0.05, 0.10, 0.15)

Mg1-хSrхAl2O4
(x = 0.05, 0.10, 0.15)

Mg1-хCaхAl2O4
(x = 0, 0.25, 0.5, 0.6, 0.75)



MAIN RESULTS: Lattice parameters behavior
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Mg0.75Ca0.25Al2O4 Mg0.95Sr0.05Al2O4
Mg0.9Sr0.1Al2O4 Mg0.95Ba0.05Al2O4



MAIN RESULTS: Crystallites / particles size and microstrains behavio
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Mg0,25Zn0,75Al2O4 800°C 

DLS
DLS SEM

XRD

XRD XR



MAIN RESULTS: Ceramics sintering using the SPS method
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MAIN RESULTS: Ab initio modeling and calculations
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quilibrium state of crystal

and its dependence upon

substitution of Mg ions

structure inversion level.

bic Fd-3m unit cell of

was used. The cell for

tions contained 8 formula

. 56 atoms.

lattice parameters were

using the Broyden-

-Goldfarb-Shanno (BFGS)

ization method. The

state calculation was

out within the

lized gradient

ximation (GGA) and

tor augmented-wave

method.

Lattice parameter and band gap in the

ZnxMg1–xAl2O4 compound depending on x.

Relative total energies and band gaps in MgAl2O4 (left) and ZnAl2
compounds with varying degrees of inversion between Mg/Zn and Al atom

Lattice parameter in MgAl2O4 and ZnAl2O4

compounds with varying degrees of inversion

between Mg/Zn and Al atoms.

Total energy values (left), the unit cell parameter and the band gap (r

mixed spinel Zn0.5Mg0.5Al2O4 versus the degree of inversion between Mg

atoms. Green squares indicate case where mostly Mg is swapped

squares represent the same with Zn, and blue ones indicate swaps both



MAIN RESULTS: Ab initio modeling and calculations
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The electronic structure of pure and substituted spinel compounds with some types of point defects and compl

GGA GWA

Eс EV Eg Eс EV Eg

9.217 4.053 5.164 12.52 4.071 8.447

9.242 3.985 5.257 12.13 3.504 8.624

8.487 4.185 4.302 9.663 4.364 5.299

8.266 4.674 3.592 11.12 4.286 6.833

9.965 4.765 5.2 12.41 4.496 7.912

10.34 4.018 6.317 12.95 3.886 9.062

9.380 4.153 5.227 10.97 4.912 6.055

9.651 4.011 5.64 12.15 3.884 8.267 Partial DOS parameters for a spinel crystal MgAl2O4 with different types of defects

Electronic energy spectrum for a spinel crystal MgAl2O4 with different types of defects 

and structure parameters Ec,

Eg in eV of the spinel

calculated in the GGA and

(Green’s function appro-

tion) for perfect lattice and

containing different defects.



MAIN RESULTS: Experimental study | Optical Absorption
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MAIN RESULTS: Experimental study | Photoluminescence
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Emission spectrum (red line) and excitation

spectrum of the ≈3.1 eV emission (black line) of

the MgAl2O4 1200 0C spinel measured at 90 K.

Emission spectra (red lines) and

spectra of the 3.0 - 3.1 eV emissio

lines) of the ZnAl2O4 800 0C spinel

at (a) 295 K and (b) 90 K. The

spectra are measured under excita

Eexc = 3.75 eV (red solid line), Eexc

(red dashed line), and Eexc = 5.

dotted line).



MAIN RESULTS: Experimental study | Cathodoluminescence
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The CL spectra measured at 6 K for an integral (left) and fast component (right) 

of Mg1–xZnxAl2O4 samples annealed at at 1200C.
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MAIN RESULTS: Experimental study | Electronic paramagnetic reson
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Four cation varying composition systems Mg1–xAxAl2O4 (A = Zn, Ca, Sr, Ba) with a spinel structure wh
synthesized by sol-gel method and the spinel phase boundaries were refined.

The peculiarities of lattice parameters behavior versus substitution level were studied in details
XRD as well as depending on annealing temperature.

The crystallite size, microstrains, and morphology were studied by XRD, DTA, SEM, and DLS depend
on the annealing temperature.

Attempts to produce transparent ceramics have not yet been successful. Further optimization of
sintering process is required.

The lattice energy and electronic band structure were studied by ab initio modeling methods depend
on composition of substituted Mg1-хZnхAl2O4, the level of inversion, and presence of some kinds
defects.

preliminary study of the synthesized powders by OA, PL, CL, and EPR depending on the composit
and annealing temperature, as well as redox treatment, has established some correlations, but
nature of the detected defects is not yet clear.



DISSEMINATION OF RESULTS
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PROSPECTS for 2025
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The second year of the ‘Spinel’ project will focus on the study of irradiation-induced changes in

the properties of powders and sintered ceramics of partially substituted spinels Mg1–xAxAl2O4 (A

= Zn, Ba, Ca, Sr), including a detailed experimental study of genetic and induced optically and

EPR-active defects, their transformation under thermal influence, modeling of defect

formation, transformation and their repair etc. to establish the regularities of the cationic

substitution and inversion level influence on the radiation resistance of spinel.

At the same time, work will continue to optimize the conditions for synthesis of nanodispersed

powders of substituted spinels as precursors for the manufacture of optical ceramics and the

synthesis itself of transparent ceramics by Spark Plasma Sintering.

The outcome of the research will be summarized in conclusions on possibilities for

improvement the radiation tolerance of optical diagnostic windows of transparent ceramics

based on Mg1–xAxAl2O4 for a fusion reactor.
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