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This work explores the effects of displacive radiation damage in ZrN, using ion beam 
irradiations.
• Next generation nuclear power reactors will use novel fuel types; promising 

improved efficiency and safety.
• UN is an advanced fuel concept possessing a high fissile U density, thermal 

conductivity and melting temperature. 
• ZrN is the surrogate system of UN possessing similar chemical properties and 

identical structure.
• As fuel ages, radiation-induced damage accumulates, leading to undesirable 

material property changes.
• A better understanding of UN material behaviour and related mechanistic 

processes is needed if it is to be employed in next generation reactors.
Experimental objectives:
• Investigate the mechanistic role of damage induced by the primary knock-on atom 

(PKA) of neutrons.
• Explore the effect of coarse-grained (cg) and nanocrystalline (nc) grain size on 

radiation tolerance
• Correlate microstructural modifications to changes in bulk material properties.

Methods

Results

Radiation Effects in ZrN
Connor Beer1, Gianguido Baldinozzi2, Mounib Bahri1, Matthew Sharpe3, Yanwen Zhang4, Karl Whittle1, 

Nigel D. Browning1, Maulik Patel1
1. Department of Materials, Design & Manufacturing, University of Liverpool, Liverpool, UK (c.beer@liverpool.ac.uk)

2. Structures, Propriétés et Modélisation des Solides, Université Paris-Saclay, CentraleSupelec, CNRS, 91190 Gif-sur-Yvette, France
3. Ion Beam Centre, Advanced Technology Institute, University of Surrey, Guildford, Surrey

4. Idaho National Laboratory, 2525 Fremont Ave, Idaho Falls, ID 83402, USA

Introduction

X-Ray Diffraction Transmission Electron Microscopy

Irradiation

• 600 keV Ar+ irradiation (UKNIBC 
University of Surrey)

• Midrange doses (~250 nm): 1, 5, 10, 50, 
100 dpa

• Beam current: 0.05 – 0.17 𝜇A
• Max fluence: 1 x 1017 ions/cm2    
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Conclusions 
• Cg-ZrN is highly tolerant to displacive interactions experienced via low energy ions and neutrons.
• Nc-ZrN appears to be more susceptible to radiation-induced changes – stoichiometry & oxidation
• Both ZrN systems display grain size reduction and unit cell expansion as damage accumulates.
• Evidence of Short- and long-range ordering observed in irradiated cg-ZrN system.
• Nc-ZrN displays a damage threshold at which c-ZrO2 phase begins to crystallise.
• Mechanical properties are not detrimentally affected by displacive ion interactions. 
Ongoing Work
• TEM characterisation of 600 keV Ar irradiated nc-ZrN 
• Influences of electronic to nuclear stopping ratios on radiation effects in cg-ZrN, nc-ZrN and UN. 

Currently analysing: 92 MeV Xe, 30 MeV Au, 9 MeV Si, 7 MeV Au, 1.5 MeV Si.

Cg-ZrN

Hardness (left) and modulus (right) evolution of cg-ZrN vs. depth probed. Linear fits in 
corresponding colours have been applied to help guide the eye

Sample synthesis

Cg-ZrN & nc-ZrN

TEM in BF (a) and DF (b) & (c) conditions of 100 dpa cg-ZrN. (d) SAED including surface oxide, (e) SAED 
excluding surface oxide. (f) Proposed epitaxial relationship between Zr atoms of ZrN and ZrO2.
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(g)

GIXRD of  600 keV Ar irradiated cg-ZrN (left) and nc-ZrN (right).
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Microstrain

AFM topography map highlighting 
step change between pristine and 

irradiated areas in cg-ZrN.
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Irradiated

• Lattice parameter increase observed in both ZrN systems.
• Grain size decrease or ‘polygonisation’ [1] observed in both ZrN systems.
• ZrO2 crystallises at a damage threshold between 1 and 10 dpa in nc-ZrN.

(f)

SAED patterns as a function of depth ((a) surface, (b) 100 
nm, (c) 200 nm, (d) 300 nm, (e) 400 nm, (f) 500 nm) from the 

surface of ZrN irradiated to a damage dose of 100 dpa. 

• Epitaxial relationship between cubic ZrO2 
and ZrN: 
111 !"#//(111) !"$! , [112]!"#//
[112]!"$! .

• Ordered vacancy structure formed (diffuse 
scattering) - I4/mmm or I41/amd phase 
predicted to form through N vacancy 
ordering [4]. This ordering has been 
confirmed by previous published works 
[5,6].

• Yet to explain the existence of discrete 
peaks indicative of a long-range order.
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Correlated disorder in cg-ZrN

ToF – Elastic Recoil Detection
Pristine Irradiated

ToF-ERD profiles of pristine and irradiated (1x1017 cm-2) nc-ZrN.

• Stoichiometry changes with 
accumulated damage.

• At.% of N halves while O doubles 
at maximum fluence.

• Could help to explain unit cell 
expansion due to radiolytic 
decomposition [2,3].
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