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a b s t r a c t 

Materials subjected to irradiation damage often undergo local microstructural changes that can affect 

their expected performance. To investigate such changes, this work proposes a novel approach to detect 

strain localisation caused by irradiation-induced damage in nuclear materials on the microstructural level, 

considering a statistically relevant number of grains. This approach determines local strains using high- 

resolution digital image correlation (HRDIC) and compares them with the underlying material microstruc- 

ture. Sets of images captured before and after irradiation are compared to generate full-field displacement 

maps that can then be differentiated to yield high-resolution strain maps. These strain maps can subse- 

quently be used to understand the effects of irradiation-induced dimensional change and cracking on the 

microscale. Here, the methodology and challenges involved in combining scanning electron microscopy 

(SEM) with HRDIC to generate strain maps associated with radiation-induced damage are presented. Fur- 

thermore, this work demonstrates the capabilities of this methodology by analysing three different ma- 

terials subjected to proton irradiation: a zircaloy-4 (Zry-4) metal irradiated to 1 & 2 dpa, and two ce- 

ramics based on MAX phase compounds, i.e., the Nb 4 AlC 3 ternary compound and a novel (Ta,Ti) 3 AlC 2 
solid solution, both irradiated to -0.1 dpa. These results demonstrated that all materials show measurable 

expansion, and the very high strains seen in the MAX phase ceramics can be easily attributed to their 

microstructure. Grain-to-grain variability was observed in Zry-4 with a macroscopic expansion along the 

rolling direction that increased with irradiation damage dose, the Nb 4 AlC 3 ceramic showed significant ex- 

pansion within individual grains, leading to intergranular cracking, while the less phase-pure (Ta,Ti) 3 AlC 2 
ceramic exhibited very high strains at phase boundaries, with limited expansion in the binary carbide 

phases. This ability to measure irradiation-induced dimensional changes at the microstructural scale is 

important for designing microstructures that are structurally resilient during irradiation. 

© 2023 The Authors. Published by Elsevier B.V. 

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

All materials proposed for nuclear applications require both 

hemical and structural stability at the expected operating tem- 

eratures as well as resistance to irradiation damage. Further- 

ore, materials proposed for Gen-IV fission reactor applications 

ust withstand the system-specific nominal operating conditions 

or prolonged periods of time, combining resistance to high- 
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emperature transients with exceptional radiation tolerance (up to 

00 dpa). Therefore, it is imperative to carry out a detailed char- 

cterisation of all candidate materials for such applications at both 

he microscale level, as often the local strains on a sub-grain scale 

re critical to failure prediction, and the macroscale level to iden- 

ify conditions that may lead to in-service material failure. 

Zirconium-based alloys are extensively used by the nuclear 

ndustry as fuel cladding and channel materials for light water 

eactors (LWRs), due to the combination of a small thermal 

eutron cross-section with good mechanical properties and sat- 

sfactory hydrothermal corrosion resistance [1] . A particularly 

mportant phenomenon for zirconium alloy fuel cladding materials 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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s irradiation-induced growth, i.e., dimensional changes caused by 

he accumulation of irradiation-induced defects without any ex- 

ernally applied load [ 2 , 3 ]. Dimensional changes due to irradiation 

rowth of components situated in the reactor core, such as fuel 

ladding tubes, may lead to in-service operational issues [2] , such 

s incomplete rod insertion and channel bowing. 

The MAX phases are a class of materials considered for the fab- 

ication of anticorrosion coatings on fuel cladding tubes in differ- 

nt fission reactor systems, which are nanolayered ternary carbides 

r nitrides characterised by a remarkable combination of proper- 

ies, some characteristic of metals and some characteristic of ce- 

amics [4] . The MAX phases are described by the M n + 1 AX n general

toichiometry, where M is an early transition metal (e.g., Ti, Zr, Nb, 

r, Ta), A is an element predominantly from groups 13–16 in the 

eriodic table (typically, Al or Si), X is C or N, and n = 1, 2, or 3

5] . Prior experiments have shown that different MAX phases re- 

pond differently to irradiation [6–10] and corrosion [11–14] , de- 

ending on their exact stoichiometry. For example, the extensively 

tudied Ti-based MAX phases exhibit good radiation tolerance pro- 

ided that the irradiation temperature is > 700 °C [ 6 , 7 ], but suffer

rom anisotropic swelling, decomposition into the respective binary 

arbide (TiC), and microcracking at lower temperatures [ 6 , 8 ]. Bow- 

en et al. [15] observed a similar behavior in Zr 3 AlC 2 that under- 

oes decomposition around 400 °C, and in Nb 4 AlC 3 that exhibits 

evere intergranular microcracking at 350 °C. Overall, MAX phase- 

ased ceramics that were not optimized for nuclear applications 

ave so far demonstrated a limited capability for dynamic recovery 

f radiation-induced defects at temperatures ≤400 °C. Both zirco- 

ium and MAX phase compounds undergo dimensional changes on 

he grain level due to irradiation and, thus, this local incompatibil- 

ty is an issue and understanding the impact of this is critical to 

redicting component lifetime. 

Analytical techniques that have been used extensively to inves- 

igate radiation-induced effects in nuclear materials are transmis- 

ion electron microscopy (TEM) and X-ray diffraction (XRD), where 

EM is typically utilised for dislocation analysis on the nanoscale 

ver a limited number of grains, whilst XRD provides data pertain- 

ng to irradiation-induced changes across many grains. However, 

ery little research has tried to monitor the relative response of a 

aterial to proton irradiation on a microstructural scale, especially 

or a statistically relevant number of grains. For this reason, being 

ble to determine the local changes due to irradiation across mul- 

iple grains, using a single technique, would be very advantageous. 

he objective of this work is to develop a new analytical technique 

apable of detecting and quantifying irradiation-induced changes 

n the microscale. One such technique is digital image correlation 

DIC) that is used to study local changes on the surface of a ma- 

erial; the general principle of DIC is to track distinct features in 

n image of an altered state with respect to the reference image of 

he original state [16–18] . The spatial resolution required to resolve 

mall changes any material is likely to undergo during irradiation 

o low damage levels ( < 1 dpa) is possible due to recent develop-

ents in sample patterning [19–21] as well as image acquisition 

nd processing [22] . This is referred to as high-resolution digital 

mage correlation (HRDIC) and was primarily developed to study 

lastic deformation in metals [23–26] . In this work, however, it is 

pecifically adapted to detect proton irradiation-induced changes in 

ifferent nuclear materials (metals & ceramics). 
G

able 1 

ummary of the sputtering and remodelling conditions for each proton-irradiated sample

Material Sputter coater Sputtering conditions Remodelling vapour 

Zry-4 Edwards S150B 3 min at 40 mA Argon-styrene [27] 

Nb 4 AlC 3 Edwards S150B 5.5 min at 40 mA Water vapour [41] 

(Ta,Ti) 3 AlC 2 Edwards S150B 5.5 min at 40 mA Water vapour [41] 

2 
To investigate whether it is possible to measure the changes 

aterials undergo during proton irradiation using HRDIC, the sur- 

aces of a zircaloy (i.e., Zry-4) and two MAX phase ceramics 

i.e., Nb 4 AlC 3 and (Ta,Ti) 3 AlC 2 ) were pre-applied with a gold- 

emodelled pattern [27–29] , which was then imaged using a field 

mission gun scanning electron microscope (FEG-SEM). After pro- 

on irradiation, the remodelled pattern was re-imaged to enable 

train mapping, employing HRDIC to measure irradiation-induced 

trains and, subsequently, the response was correlated directly 

ith the material microstructure captured by orientation mapping. 

. Experimental methodology 

.1. Materials 

Two materials with different expected irradiation responses 

ere used for the main comparison in this study: laboratory- 

rade Nb 4 AlC 3 supplied by KU Leuven, and recrystallised Zircaloy- 

 (Zry-4; Zr-1.5Sn-0.2Fe-0.1Cr, in wt.%) supplied by Rolls-Royce 

lc. The effect of speckle patterning at a lower temperature than 

he experimental irradiation temperature was also assessed on 

 novel (Ta,Ti) 3 AlC 2 solid solution with the (Ta 0.25 ,Ti 0.75 ) 3 Al 0.77 C 2 

toichiometry. The novel (Ta,Ti) 3 AlC 2 MAX phase solid solution was 

eveloped at Drexel University for specific fusion applications [30] . 

he MAX phase-based ceramics were cut into matchsticks with 

imensions of 2 × 20 × 2 mm and the Zry-4 metallic samples 

ere machined into tensile specimens with gauge dimensions of 

 × 26 × 1 mm, using electro-discharge machining (EDM). The 

pecimen surface to be proton irradiated was polished to a mirror 

nish to provide a deformation-free surface, whilst all other speci- 

en surfaces were slightly ground to ensure that all surfaces were 

onductive during irradiation. Grain orientation mapping was car- 

ied out at an accelerating voltage of 20 kV on a FEI Sirion SEM 

quipped with an Oxford Instruments AZtec electron backscatter 

iffraction (EBSD) system with a Nordlys II detector. The EBSD 

aps were analysed with the HKL Channel 5 TM software. 

.2. Proton irradiation 

Proton irradiation is commonly used as a surrogate for neutron 

rradiation [31–37] , as the comparable sample activation is mini- 

al and protons have a higher displacement rate, meaning a par- 

icular damage level can be reached in a fraction of the neutron 

rradiation time. Proton ( H 

+ ) irradiation was carried out at the Dal- 

on Cumbrian Facility (DCF). Samples were either placed across an 

ndium-well or silver pasted on the backing plate directly on top of 

he heater, and were then secured using both steel and tantalum 

hims. A detailed schematic of the experimental setup is provided 

n [15] . Both Zry-4 and Nb 4 AlC 3 were irradiated with 2 MeV pro-

ons at 350 °C ( Table 1 ) to simulate LWR nominal operation condi- 

ions. MAX phase-based ceramics have shown irradiation-induced 

icrocracking in the 30 0–40 0 °C range [ 6 , 38 , 39 ], an undesirable

ffect. Irradiating at 350 °C was expected to validate the proposed 

nalysis method, due to severe material damage. In the case of the 

Ta,Ti) 3 AlC 2 MAX phase solid solution sample, the irradiation tem- 

erature was increased to 650 °C to simulate a mild design-basis 

ransient for LWRs or nominal operation for select applications in 

en-IV fission systems and/or fusion, for example, as armour or 
. 

Remodelling conditions Pattern stabilisation conditions Irrad. T ( °C) 

200 °C for 36 h 350 °C for 5 days 350 

285 °C for 3 h 350 °C for 12 h 350 

285 °C for 3 h 600 °C for 9 h 650 
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Fig. 1. SRIM profiles for Nb 4 AlC 3 , (Ta,Ti) 3 AlC 2 and Zry-4 calculated for 2 MeV H + 

ions at a dose rate of ∼6 × 10 −6 dpa/s, while the average grain sizes of all materials 

are indicated by dedicated markers next to the secondary x -axis. 
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hielding (either first wall or blanket shield) ( Table 1 ). Dose pro- 

les for Nb 4 AlC 3 , (Ta,Ti) 3 AlC 2 and Zry-4, as shown in Fig. 1 where

he average grain size is indicated to several grains through the ir- 

adiated region, were simulated using the Stopping Range of Ions 

n Matter (SRIM) 2013 software package. The quick Kinchin-Pease 

alculation was applied to simulate the collision of 10 0,0 0 0 H 

+ 

ons onto the sample surface. Standard displacement threshold en- 

rgy values were used for the SRIM calculations, i.e., 25 eV for Nb 

 Al, 28 eV for C, 30 eV for Ti, 40 eV for Zr and 90 eV for Ta [40] .

or 2 MeV H 

+ , the Bragg peak of maximum damage in Nb 4 AlC 3 

theoretical density = 7.04 g/cm 

3 ), (Ta,Ti) 3 AlC 2 (theoretical density 

6.12 g/cm 

3 ) and Zry-4 (theoretical density = 6.55 g/cm 

3 ) is sit- 

ated at 23.5, 28.5, and 33.2 μm, respectively, beneath the irra- 

iated specimen surface. The irradiated areas in all samples were 

n the range of 0.5 to 1.0 cm 

2 . The irradiation parameters were ad-

usted to provide a constant dose rate of ∼6 × 10 −6 dpa/s through- 

ut, as simulated by SRIM, resulting in damage doses of -0.1 dpa 

n the Nb 4 AlC 3 and (Ta,Ti) 3 AlC 2 MAX phase samples and 1 & 2 dpa

n the two Zry-4 samples, respectively. The quoted dpa values and 

ose rates were taken at 60% of the depth of the Bragg peak max- 
ig. 2. Timeline of the experimental process, highlighting the importance of the irradia

hich ‘active’ samples are allowed to cool down. Styrene remodelling schematic from [29

3 
mum, where the predicted damage profiles were relatively flat. 

n each material, there is at least one grain through the depth of 

he plateau region, such that the surface response captured by the 

igh-resolution strain measurement will be highly representative 

f the irradiation effects. This assumption has been made as no 

train patterning was observed when the materials were subjected 

o temperature without irradiation. It should also be noted that the 

on-uniformity of the damage profile is not expected to have a sig- 

ificant impact on the surface response, as the Bragg peak itself 

orresponds to a small fraction of the overall depth of irradiation 

nd it is situated furthest from the sample surface. 

.3. Methodology to detect irradiation-induced strains 

.3.1. Speckle patterning 

HRDIC is used to determine local strains caused by proton ir- 

adiation, where the same features are tracked before and af- 

er irradiation and the corresponding displacements are differenti- 

ted to calculate the different strain components [16] , enabling the 

hanges to be fully quantified. To perform HRDIC, a uniform pat- 

ern must be applied on the surface of the sample prior to proton 

rradiation. Here, the pattern was applied by the gold remodeling 

echnique, using water vapor remodeling [41] for the Nb 4 AlC 3 and 

Ta,Ti) 3 AlC 2 MAX phase ceramics and styrene remodeling [27] for 

he Zry-4. Styrene remodeling was used for the Zry-4 sample due 

o the oxidation susceptibility of this material in a water vapour 

nvironment. It should be noted that the Nb 4 AlC 3 and Zry-4 sam- 

les were initially remodeled at 200 and 285 °C, respectively, and 

hen further stabilised near the irradiation temperature (350 °C) 

or 3–4 times longer than for standard deformation studies [ 42 , 43 ]

o ensure that the pattern is stable and will not develop during 

roton irradiation. For these two materials, the further stabilisation 

reatment was performed in the same remodelling environment as 

n the initial stabilisation step. To assess the impact of failing to 

atch the targeted experimental temperature (e.g., faulty thermo- 

ouple used in the remodeling/furnace treatment, poor tempera- 

ure calibration during irradiation, increase in beam current during 

he experiment resulting in a rise of the irradiation temperature), 
tion experiment, as this is typically followed by a period of 3–12 months, during 

] . 
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Fig. 3. Band contrast, phase, and grain orientation maps for Nb 4 AlC 3 and Zry-4. 

4 
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Fig. 4. Determination of HRDIC analysis parameters for one of the Zry-4 samples. 

Two sets of images taken before proton irradiation were correlated for different 

‘interrogation window’ sizes and overlaps, and then the average systematic error 

was plotted as a function of (a) the ‘interrogation window’ size, and (b) the actual 

spatial resolution. 
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he pattern on (Ta,Ti) 3 AlC 2 was further annealed in argon (Ar) at- 

osphere at 600 °C for 9 h, i.e., 50 °C below the irradiation tem- 

erature. A summary of the patterning conditions in terms of time 

nd temperature for each sample is provided in Table 1 . 

.3.2. Sample imaging & HRDIC processing 

The gold pattern was imaged twice before and once after pro- 

on irradiation in the same area, using a FEI Magellan FEG-SEM 

accelerating voltage: 5 kV, beam current: 0.8 nA, working dis- 

ance: 4 mm) equipped with a concentric backscattered electron 

CBS) detector. Assessment of the inherent noise in the pattern was 

chieved by taking the samples out of the microscope and rein- 

erting them. The two images before irradiation were used to as- 

ess the inherent noise in the pattern. Images were taken at field 

idths of 30 μm for Nb 4 AlC 3 and 20 μm for Zry-4 at a resolution

f 2048 × 1768 pixels and using a dwell time of 5 μs, thus cap-

uring image matrices of total areas of about (20 0–30 0) × (20 0–

00) μm 

2 . The image sets were stitched together prior to the 

RDIC analysis, using the ‘ Grid/Collection stitching’ function with a 

inear blend applied between images in ImageJ version 1.52p [44] . 

he linear blend was applied as it was found to result in little to no

istortion in the stitched boundary when compared to not apply- 

ng a blend. HRDIC analysis was performed using LaVision’s DaVis 

oftware version 8.4.0 [45] . Local displacements were calculated by 

pplying a standard Fast Fourier Transform (FFT) cross-correlation 

elative to the original image. To assess the systematic error and 

etermine the appropriate ‘interrogation window’ size that pro- 

ides the best balance between noise and spatial resolution, the 

wo sets of images taken before proton irradiation were correlated. 

his gives a measurement of the uncertainty in the strain mea- 

urement and assesses the suitability of this technique for detect- 
5 
ng changes caused by irradiation-induced damage, as the strains 

ere expected to be very small and near the limit of the tech- 

ique. ‘Interrogation window’ sizes ranging between 16 × 16 pix- 

ls and 64 × 64 pixels were assessed, using overlaps of 0, 25, 50, 

nd 75%. Fig. 2 summarises the timeline of the experimental pro- 

ess, providing the key aspects and approximate durations of each 

rocess. Importantly, the nature of such study imposes a delay in 

maging after irradiation to allow the induced activation to dissi- 

ate. Therefore, noise assessment is essential in checking the suit- 

bility of the applied pattern, while significant care must also be 

aken during sample mounting to avoid damaging the pattern. 

.3.3. Strain components 

For mechanical loading experiments, the HRDIC results are pre- 

ented predominantly as maps of ε 11 and ε 22 , i.e., the two in- 

lane directions. Alternatively, the effective shear strain ( εeff) can 

e used, as this considers all the components of the in-plane strain 

 23 , 46 ]; εeff is used in this work to assess the systematic error. This

omponent can be calculated using Eq. (1) , where ε11 is the strain 

n the x -direction, ε22 is the strain in the y -direction, and ε12 is 

he in-plane shear. The governing equation is: 

 eff = 

√ (
ε 11 − ε 22 

2 

)2 

− ε 

2 
12 

(1) 

To assess irradiation-induced microstructural changes in all 

hree materials, the principal strains (ε 1 , 2 ) have also been em- 

loyed in the strain mapping analysis, as they reflect the direction- 

lity of the local strains. The principal strains are calculated from 

q. (2) . 

 1 , 2 = 

ε 11 + ε 22 

2 

±
√ (

ε 11 − ε 22 

2 

)2 

− ε 

2 
12 

(2) 

The detailed strain analysis was performed by exporting the in- 

lane displacement vector fields from DaVis and importing them 

nto the DefDAP 0.93 Python package [47] . 

. Suitability of proposed technique for determining 

rradiation induced strains 

.1. Materials characterisation 

As irradiation effects were expected to correlate strongly with 

he local microstructure, grain orientation mapping was carried 

ut by EBSD on both Nb 4 AlC 3 and Zry-4 samples ( Fig. 3 ); these

aps were compared with strain maps, using DefDAP [47] , ac- 

uired after proton irradiation to further the understanding of dif- 

erences in strain localisation. The phase, band contrast (a mea- 

ure of the EBSD pattern quality that facilitates the observation 

f grain boundaries), and IPF- z maps revealed that the Nb 4 AlC 3 

eramic comprised a MAX phase volume fraction of 93%, exclud- 

ng unindexed points, and its microstructure was characterised by 

AX phase laths with an average length of 5.2 μm and an aver- 

ge width of 2.6 μm. The Zry-4 sample had an average grain size 

f 9.0 μm. This material showed also a strong preferential ‘split- 

asal’ texture, where basal poles were preferentially oriented in 

he normal direction (ND) with a spread of ±28 ° in the transverse 

irection (TD) [42] . The present study was conducted on the rolling 

irection-transverse direction (RD-TD) plane, which is the plane 

erpendicular to the proton beam. The distinct microstructural dif- 

erences between these two materials in terms of grain shape & 

ize, texture, porosity, and phase assembly could be linked to the 

train maps, highlighting their effect on the response of these ma- 

erials to proton irradiation. 
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Fig. 5. Strain maps of systematic error using different HRDIC analysis parameters for one of the Zry-4 samples. Effective shear strain maps are shown for 16 × 16 pixels (0% 

overlap), 24 × 24 pixels (0% overlap), 32 × 32 pixels (50% overlap), and 4 8 × 4 8 pixels (50% overlap). 
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.2. Irradiation-induced strain localisation: error assessment and 

aterial comparison 

A crucial aspect of linking irradiation-induced strain localisa- 

ion with the underlying material microstructure is to ensure that 

one of the material strain patterning features are an artefact of 

he selected HRDIC parameters. To demonstrate this, the system- 

tic error for one of the Zry-4 samples has been initially com- 

ared in terms of the effective shear strain for different ‘interro- 

ation window’ sizes and overlaps in Fig. 4 , where two sets of im-

ges were collected before proton irradiation and correlated with 

ach other. This allowed the optimum HRDIC parameters to be de- 

ermined: Fig. 4 a shows the noise measurements as a function of 

he ‘interrogation window’ size, and Fig. 4 b converts this to the 

patial resolution of the strain measurement. The measurements 

re considered as noise assessments, because they determine the 

hanges in strain due to the image capture process. These re- 

ults show quantitatively that as the ‘interrogation window’ size 

ncreases and the overlap decreases, the error in the average effec- 

ive shear strain, εeff, decreases exponentially. However, the ben- 

fit of using a smaller ‘interrogation window’ is that the mea- 
r  

6 
urement spatial resolution increases, i.e., it becomes more likely 

o detect the true strain localisation associated with irradiation- 

nduced effects, while the advantage of using a greater overlap is 

hat it maximises the accuracy of the measurements. This can be 

bserved from the strain maps in Fig. 5 , where different correla- 

ion parameters are compared. Finer ‘interrogation window’ sizes 

nd smaller overlaps lead to high-strain points and poor correla- 

ion in certain locations, whereas these features almost disappear 

ith larger ‘interrogation window’ sizes and greater overlaps, thus 

mproving the accuracy. In this study, the optimal balance between 

aximising spatial resolution and reducing noise was found using 

 48 × 48 pixel ‘interrogation window’ size with a 50% overlap, as 

his gives a good trade-off between high spatial resolution and low 

oise. 

.2.1. Irradiation-induced material growth 

The suitability of HRDIC for detecting irradiation-induced dam- 

ge has been highlighted by presenting each strain component (i.e., 

he effective shear strain, εeff, and the local in-plane strains, ε11 & 

22 ) for Zry-4 at 1 & 2 dpa and for the Nb 4 AlC 3 MAX phase ce-

amic at ∼0.1 dpa ( Fig. 6 ). There is a marked difference in the mag-
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Fig. 6. Comparison of irradiation-induced strain localisation in Zry-4 (1 & 2 dpa) and Nb 4 AlC 3 (-0.1 dpa) samples proton-irradiated at 350 °C in terms of the strain compo- 

nents εeff , ε11 and ε22 . The average strain values are also provided inside each strain map. 
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itude of the response of these two materials to irradiation, with 

uch clearer changes in strain for the Nb 4 AlC 3 MAX phase partic- 

larly sharp lines of strain. However, despite the strain patterning 

n Zry-4 being less pronounced, there are still clear grain to grain 

ariations in strain at both damage levels suggesting microstruc- 

ural influence on the irradiation response is being detected. For 

he Zry-4, the average strain increases as the dose increases from 

 to 2 dpa, with greater expansion observed in the ε22 component 

parallel to RD) and very little expansion in the ε11 component 

parallel to TD). The expansion along RD is expected due to the 

nderlying material texture and is aligned with the typical growth 

irection in this metallic alloy [ 2 , 3 ]. By contrast, the Nb 4 AlC 3 MAX

hase ceramic undergoes more extreme changes at the much lower 

amage level of ∼0.1 dpa, with intense strain localisation along 

rain boundaries, as well as high & low strains in neighbouring 

rains, suggesting an orientation dependence of the degree of ex- 

ansion within each grain, as expected based on the susceptibility 

f the MAX phases to anisotropic radiation swelling. It was also 

ossible to observe strain gradients within specific grains in the 

b 4 AlC 3 MAX phase sample, highlighting the capability of this an- 

lytical technique to not only depict grain-to-grain strain fluctua- 

ions but also intragranular strain gradients. 

.2.2. Irradiation-induced microcracking 

The images acquired before and after irradiation cannot only 

e used for high-resolution strain mapping, but they also enable 
7 
he visual inspection of regions that underwent obvious changes 

nder irradiation. For Nb 4 AlC 3 , where significant strain localisa- 

ion was detected, focussing on a specific region that showed no 

isible cracks prior to proton irradiation ( Fig. 7 a) revealed micro- 

racking after irradiation ( Fig. 7 b). The post-irradiation image of 

his area shows three distinct cracks that have either propagated 

rom one location or coalesced to provide a single crack longer 

han 20 μm ( Fig. 7 b). Furthermore, the effective shear & principal 

train maps ( Fig. 7 c-e) of the same sample highlight the extent of 

ocalised microcracking in Nb 4 AlC 3 , where the displacement vec- 

ors ( Fig. 7 f) show the cracks opening. Since HRDIC analysis can be 

erformed across many grains, the potential benefits of this ana- 

ytical technique to study irradiation-induced damage are obvious, 

.g., in identifying whether locations of microcracking are every- 

here or correlate to particular phases or texture; these are obser- 

ations that may be missed when focussing on single grains. 

.2.3. Speckle pattern quality requirements 

attern stabilization. Accurate strain mapping relies strongly on a 

re-applied speckle pattern that remains stable throughout the ex- 

eriment, i.e., it does not undergo changes unless they stem di- 

ectly from the experiment, for example, due to strain caused by 

n externally applied load (e.g., tension) or, in this case, induced 

y proton irradiation. Therefore, speckle pattern development (i.e., 

he spontaneous change of the pattern) at the irradiation tempera- 

ure would have a detrimental impact on the observed strain fields, 
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Fig. 7. Linking the underlying microstructure to strain localisation and microcracking in the Nb 4 AlC 3 sample. CBS image of the Nb 4 AlC 3 sample with a gold pattern applied 

(a) before and (b) after proton irradiation to ∼0.1 dpa at 350 °C, and the comparative strain maps in terms of (c) ε eff , (d) ε 1 , (e) ε 2 and (f) ε eff with the displacement vectors 

overlaid to show the cracking. 

Fig. 8. Speckle pattern development with dwell time at 350 °C for one of the Zry- 

4 samples, after initial remodelling in a styrene environment at 200 °C for 36 h. 

Pattern after a dwell of (a) 3 h and (b) 12 h. 
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aking it difficult to link the observed strains to the proton irradi- 

tion. For this reason, a pattern stabilisation heat treatment is per- 

ormed at the irradiation temperature for ∼4–5 times the normal 

emodelling time. Fig. 8 shows the evolution of the speckle pattern 

n a Zry-4 sample, after initial remodelling in a styrene environ- 

ent at 200 °C for 36 h, upon annealing for 3 h & 12 h at the tar-

eted irradiation temperature of 350 °C. After 3 h, the gold speck- 

es appear relatively distinct and separated and would be suitable 

or use in deformation studies ( Fig. 8 a). However, Fig. 8 b clearly

emonstrates the requirement for a speckle pattern stabilisation 

eat treatment at the irradiation temperature, as further speckle 

ipening has occurred, and the individual speckles appear sharper. 

or the proton irradiation experiment itself, the pattern was heated 

or -100 h. It should be noted that annealing at 350 °C does not af-

ect the underlying microstructure of Zry-4 and this annealing time 

s similar to the time required for irradiations to higher dpa levels. 
8 
attern development during proton irradiation. The consequences of 

ot having stabilised the speckle pattern prior to proton irradia- 

ion were investigated by choosing a pattern stabilisation tempera- 

ure 50 °C below the targeted proton irradiation temperature. This 

as performed on the novel, multiphase (Ta,Ti) 3 AlC 2 MAX phase- 

ased ceramic, as pattern differences were likely to be more pro- 

ounced in such a sample, where individual phases would remodel 

ifferently, requiring different remodelling times. Fig. 9 shows the 

nderlying material microstructure in comparison to the resulting 

train maps after irradiation to enable the effects of the irradia- 

ion and remodelling temperatures to be assessed in parallel. It is 

pparent from the CBS images before ( Fig. 9 a) and after ( Fig. 9 b)

rradiation that regions within the initially brighter (Ta,Ti) 3 AlC 2 

AX phase grains have darkened after irradiation, indicating lo- 

al changes in the microstructure; however, these changes can- 

ot be determined from the raw unprocessed images. The strain 

aps ( Fig. 9 d-e) clearly show that there are regions exhibiting sim- 

lar features to those observed in the Nb 4 AlC 3 sample, with high 

trains near/at grain boundaries, previously linked to microcrack- 

ng. When compared to Nb 4 AlC 3 , the number of potential cracks 

n the (Ta,Ti) 3 AlC 2 ceramic is considerably higher and this is at- 

ributed to its lower MAX phase content in combination with a 

igh volume fraction of mixed (Ta,Ti)C x carbide phases. Very little 

train localisation is observed in the pseudo-binary carbide grains 

hemselves, however, the expected incompatibility at most grain 

oundaries due to the irradiation growth of the (Ta,Ti) 3 AlC 2 MAX 

hase grains leads to the observed material microcracking. 

In the same sample, the expansion of the grains of the novel 

Ta,Ti) 3 AlC 2 MAX phase solid solution resulted in a very homoge- 

eous strain distribution, which typically occurs when the speckle 

attern has either changed or has been removed. Further compari- 

on of high-magnification CBS images of a (Ta,Ti) 3 AlC 2 MAX phase 

rain and a (Ta,Ti)C x pseudo-binary carbide grain before and after 
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Fig. 9. Influence of remodelling at a lower temperature than the irradiation temperature on the observed strain maps for the (Ta,Ti) 3 AlC 2 MAX phase-based ceramic that was 

proton irradiated to ∼0.1 dpa (0.11 dpa) at 650 °C. CBS images of the underlying microstructure with the speckle pattern applied (a) before and (b) after proton irradiation 

with (c) the accompanying phase map captured from energy-dispersive X-ray spectroscopy (EDS) in comparison to the (d) ε 11 , (e) ε 22 and (f) ε eff strain maps. 

Fig. 10. Speckle pattern development during the proton irradiation of a (Ta,Ti) 3 AlC 2 
MAX phase grain at 650 °C to 0.11 dpa, as compared to a (Ti,Ta)C x carbide grain 

with the (Ta 0.24 ,Ti 0.76 ) 3 C x stoichiometry. 
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roton irradiation clearly shows a significant speckle pattern evo- 

ution in the MAX phase grain as opposed to the pseudo-binary 

arbide grain ( Fig. 10 ). Therefore, only the effects observed in the 

seudo-binary carbide grains can be considered to result from pro- 

on irradiation, while the effects in the MAX phase grains are as- 

ociated with the temperature, confirming that the speckle pattern 

ust be stabilised at the irradiation temperature. Additional ex- 

eriments must be conducted in the future on other phase-impure 

AX phase ceramics with stabilised speckle patterns to confirm 

he previous hypothesis. The more severe speckle pattern devel- 

pment in the MAX phase grains as compared to the pseudo- 
9

inary carbide grains could be attributed to the greater anisotropy 

f the MAX phase crystal structure; the latter is reflected in the 

AX phase-specific response to both heating (i.e., anisotropic ther- 

al expansion) and irradiation (i.e., anisotropic radiation-induced 

welling). 

.2.4. Perspective uses of the methodology 

Small-scale mechanical testing of irradiated materials is gain- 

ng popularity in assessing irradiation-induced changes in the me- 

hanical properties of nuclear materials [48] , as small material 

olumes can currently be used to extract quantitative informa- 

ion on the material response to irradiation damage, provided that 

est standards specifically designed and adapted to the needs of 

iniaturised samples have been developed. The methodology pro- 

osed here is a valuable tool that could be included in the over- 

ll small-scale testing strategy to directly evaluate the impact of 

icrostructural and compositional changes on the radiation tol- 

rance of new materials. Furthermore, if (scoping) ion/proton ir- 

adiation is combined with in-situ thermomechanical loading, the 

aterial response to reactor-relevant operation conditions (temper- 

ture, irradiation, stress) could be confidently assessed and the de- 

ermined by such synergistic testing key material parameters (e.g., 

ield stress, creep rate, etc.) can eventually be included within 

lasticity modelling for lifetime predictions. 

. Conclusions 

This work demonstrated the ability of HRDIC to measure strain 

ocalisation on a microstructural level as result of proton irradia- 

ion, providing a new analytical tool that can be used to assess 

he irradiation-induced damage evolution in different nuclear ma- 

erials (metals & ceramics). Gold remodelled patterns proved, for 

he most part, resilient to proton irradiation for doses ranging be- 

ween ∼0.1 dpa and 2 dpa, and moderate irradiation temperatures 

i.e., 350–650 °C). Comparing the strain localisation in three dif- 

erent materials with significant expected differences in radiation 

esponse provided clear evidence of strong strain localisation in 
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b 4 AlC 3 and (Ta,Ti) 3 AlC 2 MAX phase-based ceramics irradiated to 

0.1 dpa. In both MAX phase ceramics, strong strain localisation 

as considered the cause of the observed microcracking in specific 

ample areas. On the other hand, Zry-4 samples irradiated to 1 & 2 

pa exhibited grain-to-grain variations but much less strain local- 

sation at grain boundaries, with a clearly observed difference in 

rradiation growth (expansion) between the rolling and transverse 

irections. 

The stability of the speckle pattern during proton irradia- 

ion paves the way towards the systematic use of this technique 

o complement irradiation creep studies with ex-situ strain local- 

sation measurements to understand the deformation mechanisms 

t the nanoscale. 
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