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a b s t r a c t 

A classical crystal plasticity formulation based on dislocation slip was extended to include the mecha- 

nisms of dislocation channelling, with associated strain softening which is observed in many alloys post 

irradiation. The performance of the model was evaluated against experimental data on Zircaloy-4, which 

included engineering stress-strain response and high-resolution digital image correlation strain mapping. 

Variants of the model were developed to evaluate the influence on the strain hardening law used, com- 

paring hardening based on a linear relationship for effective plastic strain with that based on the evolu- 

tion of geometrically necessary dislocations. In addition, governing equations for simulating the interac- 

tion between gliding dislocations with various types of irradiation defect were investigated; this included 

the comparison of isotropic and anisotropic interactions based on the resultant reaction segments for 

each interaction. It was shown that the engineering stress-strain response measured by experiment could 

be captured by many of the model variants, but the simulation of characteristic strain heterogeneity was 

more sensitive to the model used. Direct modelling of the HRDIC experiments indicated that the model 

successfully predicted the activation of slip systems in many cases and exhibited localised strain distri- 

bution as observed in the experiment. In all models localised kink band formation was predicted, which 

is not observed experimentally, which highlights limitations in modelling of softening materials with a 

local crystal plasticity approach and a required area of development going forward. 

Crown Copyright © 2022 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 

The structural integrity of next generation nuclear reactors will 

eed to be assessed in the absence of full and complete experi- 

ental data, therefore simulation techniques are required to pro- 

ide a means of greater understanding and prediction. The crystal 

lasticity finite element method (CPFEM) is a strong candidate to 

upport this requirement because the predominant effect of irradi- 

tion damage on the deformation processes, and the subsequent 

ailure of a material, occur at the crystalline scale. As demon- 

trated in [1] , simulation of plasticity at this scale can be based 

n a mechanistic understanding of dislocation slip; this can cap- 

ure the interdependent relationships that govern plasticity over a 

ighly multidimensional parameter space, including temperature, 

train rate and loading history. The development of mechanistically 

nformed crystal plasticity models has the potential to enhance un- 
∗ Corresponding author at: UK Atomic Energy Authority, Culham Centre for Fu- 

ion Energy, Oxfordshire, UK. 
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erstanding of material behaviour in nuclear environments; to in- 

orm alloy development beyond empirical trial and error; and crit- 

cally to provide a predictive tool that can be used for structural 

ntegrity assessment of components operating in uncharted condi- 

ions of next generation nuclear reactors. 

Practically all commercial structural alloys exhibit hardening 

nd embrittlement at the high neutron doses anticipated for next 

eneration fission and fusion reactors. After doses of just 0.1 dis- 

lacements per atom (dpa), many alloys exhibit strain localisation, 

esulting in prompt necking at yield [ 2 , 3 ]. Nuclear cladding al- 

oy Zircaloy-4 is a good example of this behaviour and exhibits 

ighly anisotropic mechanical behaviour due to its hexagonal close 

acked (HCP) structure. Increases in yield stress and ultimate ten- 

ile stress [4–8] and indentation hardness [9] have been measured 

or pure Zr and its alloys. A clear yield point is observed after irra- 

iation, which becomes more prominent with increasing test tem- 

eratures and strain rates in pure Zr [10] . The extent of hardening 

ppears to be independent of texture/loading direction [ 9 , 11 ] and 

islocation slip occurs in localised bands, attributed to dislocation 

hannelling [ 4 , 11–15 ]. A reduction in work hardening and remark- 
a Inc. This is an open access article under the CC BY license 
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ble loss of ductility is observed after irradiation to low doses (e.g. 

.01 dpa), with immediate necking and strain softening promoted 

t elevated test temperatures [ 4 , 7 , 11 , 12 ]. 

Dislocation channelling occurs due to local removal of irradia- 

ion induced defects by interaction with glissile dislocations, which 

reates a preferred pathway for dislocation glide between regions 

f dense defect populations [16] . Several possible reactions be- 

ween glissile dislocations and defects exist, including bypassing, 

hearing or transforming, partial or full absorption, temporary ab- 

orption, and dragging or sweeping of the defect [17] . Owing to 

he typical irradiation damage microstructures of zirconium alloys 

s observed by transmission electron microscopy (TEM) [18] , much 

f the modelling work that investigates dislocation-defect interac- 

ions in zirconium focuses on dislocation loop defects (hereafter 

eferred to as ‘loops’). Molecular dynamics (MD) simulations have 

hown that the reaction with loops depends on the type of glis- 

ile dislocation (edge, mixed or screw) and its Burgers vector com- 

ared to that of the loop [ 19 , 20 ]. Unfortunately all MD studies to

ate have only focused on dislocation-loop interactions associated 

ith prismatic slip, however a different likelihood of annihilation 

eactions for both prismatic and basal slip have been predicted by 

islocation dynamics (DD) [21] . Differences between the likelihood 

f loop annihilation have been used to explain the observed tran- 

ition of preferred slip system from prismatic to the basal system 

n Zircaloy-4 after irradiation [ 8 , 14 ]. 

Despite the importance of Zr alloys in the nuclear industry, 

he development of representative models that simulate its me- 

hanical behaviour has received little attention. The striking effects 

rradiation has on the anisotropic plastic deformation of Zr pro- 

ides considerable challenges to the capability of CPFEM to capture 

hysically representative plasticity mechanisms in irradiated alloys. 

otably, the strong localisation of slip into discrete bands differ- 

ntiates the nature of intragranular deformation in the irradiated 

tate compared to the much more diffuse slip observed in unir- 

adiated Zircaloy-4. Experimental observations and measurements 

f slip using high-resolution digital image correlation (DIC) in this 

lloy were reported in [15] in which the extraordinary differences 

etween unirradiated and proton-irradiated slip characteristics are 

ade very apparent, even for relatively low irradiation doses. This 

s important because of the irrevocable link between highly lo- 

alised slip, dislocation pile-up (eg at a grain boundary or hy- 

ride in the context of Zircaloy-4 application), stress concentration 

nd the resulting onset of crack nucleation through slip-driven fa- 

igue [22] or delayed hydride cracking [ 23 , 24 ]. Recent work in the

uantitative characterisation of irradiation-induced discrete and lo- 

alised slip in tensile loaded samples [15] provides a rich source of 

ata with which to establish and test new crystal plasticity mod- 

lling formulations which capture mechanistically the observed 

lip localisation effects. 

Hence in this paper, the development of a mechanistically in- 

ormed CPFEM framework is firstly presented which captures the 

ffects of irradiation on Zircaloy-4. This includes both initial hard- 

ning by loop density increase and subsequent channel clearing 

nd softening, leading to highly discrete slip band formation, and 

esulting material softening. High-resolution DIC observations of 

rradiated and unirradiated Zircaloy-4 described in [15] provide 

etailed mapping of slip activation and straining both intra- and 

ransgranularly on free surfaces of samples subjected to well- 

efined tensile, strain-controlled loading. This facilitates detailed 

ssessment of crystal plasticity model predictions for both unir- 

adiated and irradiated conditions against experimental measure- 

ents of slip activation. In what follows, the CPFEM model is in- 

roduced and the mechanistic approach to capture irradiation ef- 

ects described. This is assessed firstly at the ‘coarse strain’ level 

or which computed macro-level average stress-strain behaviour 
2

or differing irradiation doses is considered against independent 

ata in the literature. Secondly, the micro-strain level is analysed 

n which explicit model representations of characterised and tested 

icrostructures are presented. Detailed evaluations were carried 

ut on FE model parameters and boundary conditions, as well as 

he resulting predicted slip activations and strain maps, against the 

xperimental observations. 

. Crystal plasticity finite element method irradiation model 

evelopment 

A well-established crystal slip rule for HCP Zr is utilised here 

hich is dislocation based and has been developed to allow for 

attice curvature and geometrically necessary dislocation effects, as 

eported in the literature [ 25 , 26 ]. This is appropriate for the cur-

ent study of irradiation effects since at the crystalline scale, the 

anifestation of irradiation occurs as dislocation slip strengthen- 

ng with concurrent, for appropriate slip systems, channel clear- 

ng, and dislocation slip softening. The dislocation-based slip rule 

rovides an effective means to represent the mechanistic effects of 

rradiation in CPFEM as a function of the irradiation induced de- 

ect microstructure. The slip rule defines the shear strain rate for 

ach of the 30 HCP slip systems activated (denoted by superscript 

 = 1 , . . . , 30 ) and is based on the occurrence of both thermal and

thermal events, the former corresponding to thermally activated 

scape of pinned dislocations (giving rise to a rate sensitivity) and 

he latter to dislocation glide and hardening (either through mul- 

iplication of statistically stored dislocations, lattice curvature and 

NDs, or irradiation hardening) and irradiation-induced strain soft- 

ning. It is given by [1] : 

˙ k = ρm 

v g b k = ρm 

v b k 
2 

exp 

(
−�F 

kT 

)
sinh 

( (∣∣τ k 
∣∣ − τc 

k 
)
�V 

kT 

) 

sgn 

(
τ k 

)
(1) 

here ρm 

, b k and v g are the mobile dislocation density, Burgers 

ector and average dislocation velocity respectively, v is the at- 

empt frequency for dislocation jumps (i.e. unpinning opportuni- 

ies), �F is the activation energy and �V is the activation vol- 

me associated with thermally activated dislocation unpinning. τ k 

s the resolved shear stress on slip system k and τc 
k represents 

he athermal component of slip resistance, with �V and �F con- 

rolling the thermal component. Given the limited availability of 

ata for irradiated Zircaloy-4, only τc 
k is taken to be dependent 

n irradiation condition, because of the better understanding as- 

ociated with irradiation effects on hardening and softening. Thus 

oth �V and �F , which control crystal slip system rate sensitiv- 

ty, are taken to remain independent of irradiation, but of course 

uantitative knowledge as it becomes available can be incorpo- 

ated. The unirradiated Zircaloy-4 parameters for this model have 

een previously determined from DIC-measured intragranular slip 

easurements [25] , consistent with microcantilever single crystal 

esting [27] . The parameters used throughout this work are given 

n Table 1 [25] . These material properties have been carefully val- 

dated against high resolution digital image correlation (HRDIC) of 

ntra- and trans-granular creep strains experiments on polycrys- 

alline samples, as well as isolated measurement of individual slip 

ystem types by micro-mechanical testing [27] . 

The inclusion of irradiation effects requires two primary effects 

o be addressed which are irradiation hardening manifested by in- 

reased yield stress and indentation hardness, and post irradiation 

train softening, resulting in a decrease in flow stress with increas- 

ng strain and strain localisation. These are addressed in Sections 

.1 and 2.1 , respectively. 
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Table 1 

Elasto-plastic material properties of unirradiated Zircaloy-4 at 20 °C [25] . 

Parameter Unit Value 

ELASTIC E x MPa 98 308 

E y MPa 132 208 

G xz MPa 32 010 

v xy 0.4006 

v xz 0.2375 

PLASTIC ρm μm 

−2 0.01 

v Hz 10 11 

b < a > slip μm 3 . 2 × 10 −4 

b < a + c > slip μm 6 . 0 × 10 −4 

k pJ/K 1 . 381 × 10 −11 

�V b 3 20.93 

�F pJ 5 . 127 × 10 −8 

basal〈 a 〉 ( k = 1 to 3) τ ba 
c MPa 204.0 

prismatic〈 a 〉 ( k = 4 to 6) τ pr 
c MPa 153.0 

pyramidal〈 a 〉 ( k = 7 to 12) τ py 
c MPa 153.0 

pyramidal 〈 a + c 〉 1 st ( k = 13 to 24) τ py 1 
c MPa 532.4 

pyramidal 〈 a + c 〉 2 nd ( k = 25 to 30 ) τ py 2 
c MPa 2662.1 
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.1. Irradiation hardening 

Irradiation introduces multiple types of defect to the lattice, 

hich in addition to pre-existing microstructural constituents and 

attice friction (Peierls barrier), resist dislocation glide and increase 

lip system strength by mechanisms universally referred to as ir- 

adiation hardening. The most relevant and commonly used model 

or the treatment of irradiation induced defects is the Taylor equa- 

ion [28–33] : 

τ = αGb 
√ 

ρ (2) 

here �τ is the component of the τc 
k attributed to an array of 

iscrete obstacles, α is the obstacle strength with a value ranging 

rom 0 (ineffectual) to 1 (impenetrable), G is the shear modulus of 

he material and ρ is the area density of obstacles. For discrete ob- 

tacles ρ = Nd is used, where N is the volumetric number density 

nd d is the average diameter. 

The multiple constituents that provide strength can be treated 

sing ‘superposition laws’, which have been the subject of discus- 

ion since the early development of plasticity theory [34] . Surpris- 

ngly, a consensus on superposition of the various hardening com- 

onents is yet to be achieved, evident by a variety of fundamen- 

ally different formulations featured in recent literature. The two 

ommon categories of superposition laws that feature in CPFEM 

tudies of irradiated materials are linear superposition, τc = τ1 + 

2 + . . . [ 31–33 , 35 , 36 ], and square superposition, τ 2 
c = τ 2 

1 + τ 2 
2 + . . .

28–30] . Despite wide use of linear superposition, there are strong 

rguments that a square superposition law is most appropriate for 

ispersed obstacles such as irradiation induced defects. The theo- 

etical argument is best given by Kocks [34] , which considers the 

istribution of two types of obstacle in the lattice that have an 

dentical resistance to dislocation glide. In this model there is no 

ifference between the two defect types and their densities can 

imply be summed, leading to the square superposition of both 

ypes of obstacles. This theory is strengthened by considering the 

any experimental observations that irradiation hardening reduces 

s the unirradiated strength of the alloy increases. This is directly 

eported for Zirconium alloy [7] and suggests that the harden- 

ng contribution from irradiation-induced defects is less influential 

hen competing with other hardening mechanisms. 

Inspired by Kocks [34] , a mixed superposition approach was de- 

eloped for this work, where components of lattice friction are 

ummed linearly with the total contribution from discrete obsta- 
3 
les summed by square superposition: 

k 
c = ( 1 − X ) τ k 

0 + Gb k 

√ (
X τ k 

0 

Gb k 

)2 

+ α2 ρε + P l 
k 2 (3) 

The unirradiated slip strength (CRSS), τ0 , is split in two parts 

y the parameter X , where the component of strength associated 

ith discrete obstacles is Xτ0 and the lattice friction component 

f strength is ( 1 − X ) τ0 . Strain hardening is represented by a dis- 

ocation density multiplied by an obstacle strength, α2 . Two forms 

f dislocation density evolution are compared. The first, based on 

volution of statistically stored dislocations, comprises a linear re- 

ationship with effect effective plastic strain: 

ε = Y ε p (4) 

sing a hardening coefficient Y ( m 

−2 ) . The second is based on 

ardening which results from geometrically necessary dislocations 

GNDs) which support lattice curvature obtained from the curl of 

he plastic deformation gradient, F p [ 1 , 35 ]: 

AρGND = ∇ × F p (5) 

here A is a matrix with columns formed of reshaped tensor prod- 

cts l j � b k , with dislocation line direction l j and j representing all 

0 edge and 9 screw dislocation types. The GND density for each 

islocation type j is approximated by minimisation of dislocation 

ine energy by finding the L 2 norm [37] . The total dislocation den- 

ity is calculated as the sum of all densities: 

ε = 

N ∑ 

j=1 

∣∣ρ j 
GND 

∣∣ (6) 

Finally, the component of strength due to irradiation is given 

y: 

 l 
k 2 = 

N loop ∑ 

i =1 

H 

k 2 

i N i d i (7) 

here H 

k 
i is a matrix of coefficients describing the obstacle 

trengths for different types of defect (denoted with subscript i ) 

ith density, N, and average diameter, d, acting on each slip sys- 

em, k . The components of H 

k 
i provide the required degree of free- 

om in the model to simulate the anisotropy between different 

islocation-defect reactions as described in Section 2.3. 
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1 Indices i , k and t in Eq. (14 ) to Eq. (19 ) refer to defect type, slip system and 

time respectively, thus these indices do not follow index notation. 
.2. Strain softening 

Given that dislocation channelling occurs due to the localised 

emoval of defects and softening by dislocation plasticity, τc 
k 

hould evolve locally with strain. Previous studies have demon- 

trated various approaches which fall into three categories. 

The first category updates the defect density with a linear rela- 

ionship to the plastic shear strain [ 28–31 , 33 ]; this has the general

orm: 

˙ 
 = ϕ 

Nd 

b 
| ̇ γ | (8) 

here ϕ represents the probability of defect annihilation and is 

sed to scale the rate of annihilation relative to the shear rate. 

xamples of defect annihilation functions in this category vary in 

omplexity, including defect densities and annihilation specific to 

ndividual slip systems, terms that take mobile dislocation density 

nto account, and even the difference between screw and edge dis- 

ocation densities. 

The second category includes examples of non-linear func- 

ions including the use of linear functions between specified strain 

anges [35] and an exponential function [38] , applied to the total 

hear strain ( γ ) as shown in Eq. (9) and Eq. (10) respectively. 

f 
(
γ k 

)
= 

{
0 γ ≤ γ crit 

− γ −γ crit 

γ sat −γ crit γ > γ crit (9) 

f ( γ ) = e −( γϕ ) (10) 

In the above equations the fitting parameters are γ crit and γ sat 

hich define the range of shear strain (lower and upper limits) 

here softening takes place and ϕ is a softening rate. Here the 

ardening component associated with irradiation is explicitly cal- 

ulated and underlying defects are not considered. 

The final category focuses on loop defects and accounts for the 

eometric relationship between the loop and gliding dislocation 

 32 , 39 , 40 ]. Here a ‘damage descriptor tensor’ describing the defect

icrostructure is defined as: 

 = 1 /V 

∑ 

i 

3 d i l 
(
I − n 

i 
l � n 

i 
l 

)
(11) 

here d l is the loop diameter, n l is the normal of the loop habit

lane and V is the volume of the simulation cell. Here, index i rep-

esents each loop within the simulation cell. The slip system geom- 

try is defined by its normal, n 

k with: 

 

k = n 

k 
� n 

k (12) 

The slip system specific hardening component associated with 

iscrete irradiation defects is represented by Q 

k : H. 

Evolution of the damage descriptor tensor is defined as: 

˙ 
 = −η

∑ 

α

(
Q 

k : H 

)
Q 

k 
∣∣ ˙ γ k 

∣∣ (13) 

Here η is a scaling factor to set the rate of change. The tensor 

ouble dot product Q 

k : H simply results in the loop density scaled 

y the contact density based on the perpendicularity of the loop 

nd the slip plane. This suggests that loops do not interact with 

islocations on slip planes with a normal that is parallel with the 

oop habit plane. As demonstrated by the MD simulations of Bacon 

t al. [17] , dislocation-loop interactions are complex with reactions 

esulting in new segments and junctions. Thus, despite the mathe- 

atical elegance of this technique there is little physical basis that 

upports the linear scaling with contact density. 

To maintain an approach that is based on a single, consis- 

ent mechanistic description of plasticity, the mathematical de- 

cription of dislocation-loop annihilation reactions can be fully cor- 

elated with the same mechanisms used to define the slip law 
4

iven in Eq. (1) . The slip plane area traversed by the unpinning 

f a dislocation can be approximated by A = l ̄x , where l is the

efect spacing. Approximating that the average glide distance ( ̄x ) 

s equal to the defect spacing ( ̄x ≈ l ≈ 1 √ 

N i d i 
) for a regular array 

f defects, the slip plane area traversed by the unpinning of a 

islocation is: 

 ≈ x̄ l ≈ 1 

N i d i 
(14) 

The rate of dislocation-defect reactions occurs at the rate of un- 

inning from the defect for each dislocation, 
k . The average dis- 

ocation glide velocity introduced in Eq. (1 ) is equal to the average 

lide distance, x̄ , multiplied by the rate of unpinning: 

 g = x̄ × 
k = 

A 

l 

k = 

1 

N i d i l 

k (15) 

By inserting this expression into Eq. (1 ) the strain rate on slip 

ystem k is given by: 

˙ k = ρm 

v g b k = 

ρm 

b k A 

l 

k = 

ρm 

b k 

N i d i l 

k (16) 

Rearranging for the unpinning (reaction) rate for all gliding dis- 

ocations and defects gives: 

k ρm 

= 

˙ γ k l 

b k A 

= 

˙ γ k 
√ 

N i d i 

b k 
(17) 

Therefore, the loop density is evolved explicitly as a function of 

train on all slip systems for each time increment, �t , and loop 

ype, i , by 1 : 

 i t+�t d i = N i t d i −
Nsys ∑ 

k =1 

ψ 

k 
i 

∣∣ ˙ γ k 
t 

∣∣√ 

N i t d i 

b k 
�t (18) 

Here ψ 

k 
i includes 30 × 3 coefficients which incorporate the 

robability of each reaction resulting in loop annihilation, which 

ccounts for the various interactions of all slip systems and Burg- 

rs vector combinations. Simulations and experiments have indi- 

ated that the reaction between loops and gliding dislocations is 

ependent on both temperature and strain rate [ 41 , 42 ], however 

iven the absence of experimental data which covers these param- 

ters for zirconium alloys, ψ 

k 
i in this work is defined by constants. 

.3. Anisotropic dislocation-defect interaction 

It has been shown by atomistic simulations [19–21] and indi- 

ated by experiment [ 8 , 14 ] that the reaction between gliding dislo- 

ations and dislocation loops is different for different slip systems 

nd loop Burgers vectors. It was suggested that the loop annihi- 

ation/clearing is more likely if the Burgers vector of the reaction 

egment between the glisile dislocation and the loop remained in 

he slip plane, r k i = b k + b i , which can be established with the fol-

owing dot product: 

 

k · r k i = a k i (19) 

here n 

k is the slip plane normal and the superscripts k and i rep-

esent the slip plane and loop respectively. The reaction segment 

s in the slip plane when a k i = 0 . For slip on the basal, prismatic

nd pyramidal systems, which are most active during deformation 

long the rolling direction as studied in this work, the above is 

quivalent to when the Burgers vectors of the gliding dislocation 

nd loop are equal. 
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Table 2 

Conditions selected with damage microstructure for calibration of the CPFEM model. 

Condition 

Loop Density 

(10 4 μm 

−3 ) N i (10 4 μm 

−3 ) 

Loop Diameter 

(nm) Yield Stress (MPa) 

Unirradiated 0 0 N/A 383 

0.001 dpa 1.1 0.367 1.2 438 

0.8 dpa 6.1 2.033 1.4 598 
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TEM observations have shown that irradiation results in a pop- 

lation of several types of defects in Zirconium, from single and 

mall clusters of interstitials and vacancies, to dislocation loops 

ith both < a > and < c > type burgers vectors [18] . Larger defects

hat are observable in the TEM are assumed to be the dominant 

omponent of irradiation hardening in this study, thus only the 

opulation of dislocation loops are considered. For the low irradia- 

ion doses studied here dislocation loops may have Burgers vectors 

n the three < a > axes ( [ 2 ̄1 ̄1 0 ] , [ 2 ̄1 ̄1 0 ] and [ 2 ̄1 ̄1 0 ] ), thus the total

islocation loop density measured by TEM was equally distributed 

nto three groups (denoted by index i ), i.e. N i = 

N total 
3 for i = 1 , 2 , 3 .

The crystal slip rule developed above to incorporate irradiation 

ardening, followed by channel clearing and softening in appro- 

riate activated slip systems, is implemented within a standard 

rystal plasticity user material subroutine (UMAT) for Abaqus FEA 

oftware, originally developed and described in [1] . This included 

n implicit formulation using a Newton-Raphson method to solve 

or the interdependent relationship between the fraction of elastic 

nd plastic deformation, and the stress for each integration point 

or each increment in time within the finite element model. For 

ll simulations presented here, twenty-noded quadratic hexahe- 

ral, reduced integration elements (C3D20R) were used. 

A number of analyses are carried out in what follows using dif- 

ering forms of the crystal plasticity formulation in order to pro- 

ide comparisons of results with respect to representation of the 

tress-strain response (Section 3) and strain distributions (Section 

) of un-irradiated and irradiated Zircaloy-4. For clarity, these are 

escribed by the following acronyms: 

ISO-LH – ISOtropic dislocation-defect interaction ( H 

k 
i and ψ 

k 
i 

defined by a single constant) and Linear strain Hardening 

( Eq. (4 )) and no GND hardening 

ANI-LH – ANIsotropic dislocation-defect interaction and Linear 

strain Hardening ( Eq. (4 )) and no GND hardening 

ANI-GND - ANIsotropic dislocation-defect interaction and strain 

hardening based on GND density only ( Eqs. (5 ) & (6 )) 

. Stress-strain parameterisation 

In this section, the CPFEM model presented above is utilised 

o investigate the macroscopic stress-strain response of Zircaloy- 

 subject to differing irradiation doses and compared with inde- 

endent data in the literature. Hence polycrystal simulations are 

arried out which reproduce the experimental sample texture and 

niaxial strain-controlled loading. 

The comprehensive study by Farrell et al. [2] was selected to 

ssess the CPFEM model because it included both stress-strain re- 

ponse of Zircaloy-4 as a function of irradiation dose and the cor- 

esponding TEM data about the irradiation microstructure (shown 

n Table 2 ). 

The alloy used was annealed at 670 °C for 30 min in vacuum, 

hich produced a recrystallised microstructure of equiaxed grains 

ith a mean grain diameter of 13 μm. The tensile specimens used 

or these tests were machined in the rolling direction (RD) and 
5 
esting was conducted at a strain rate of 10 −3 s −1 . Irradiation was 

onducted in High Flux Isotope Reactor at a temperature < 100 ◦C. 

For the polycrystal model, a representative volume element 

RVE) with 201 grains was constructed based on an as-received 

ircaloy-4 material with a typical rolling texture (c-axes along TD 

irection), and uniaxial loading was specified along the axis corre- 

ponding to the RD. Experimental (EBSD) data from rolled Zircaloy- 

 were extracted using MATLAB/MTEX-5.1.1 package, this including 

rain orientation/misorientation distribution, grain size and grain 

hape distribution [25] . The geometric and crystallographic infor- 

ation were imported into the NEPER software package [43] to 

enerate the polycrystalline RVE model. This model was scaled in 

ize to give the mean grain diameters of 13 μm to match that re- 

orted from the experiment [2] . A previous convergence study has 

hown that the number of grains must be greater than ∼150 to 

chieve convergence of the local and global mechanical response 

44] , which is satisfied here. A structured mesh with 1 μm ele- 

ents was used, which has been validated through a previous con- 

ergence study [25] . 

The cube bottom surface (normal to loading) was fixed in the 

oading direction, and a selected node on the same surface was 

xed to prevent rigid body movement. Displacement was applied 

n the opposite (top) surface to introduce tensile loading. This al- 

owed Poisson contraction in the directions perpendicular to load- 

ng. The cube edge length was 45 . 5 μm , and a total displacement

f 4 . 55 μm was applied to the loaded surface linearly over 100 s

o match the experimental strain rate. 

The slip rule incorporating irradiation induced hardening and 

oftening given in Eqs. (1 ) to (19) contains several material pa- 

ameters, giving the potential for non-unique solutions. However, 

iven the distinct mechanistic definitions of the parameters it was 

ossible to carry out fitting to the experiment using a systematic 

pproach, which largely isolated single parameters to features of 

he stress-strain response. The only exception was the interdepen- 

ency between X (the fraction of strength attributed to discrete 

bstacles) and the annihilation probability, ψ which both influence 

he rate of softening. In the absence of experimental data explor- 

ng variation in pre-existing discrete obstacle densities, a value for 

was found by solving the simultaneous equations (using Eq. (3 )) 

roduced using measured yield stresses for the three conditions 

utlined in Table 2 , such that for each case: 

 = τc _ exp − τc model 

= τc _ exp −

⎡ 

⎣ ( 1 − X ) τ
pr 

c + Gb 

√ (
X τ pr 

c 

Gb 

)2 

+ H 

2 ND 

⎤ 

⎦ = 0 (20) 

The CRSS for prismatic slip was used in this method, given 

his is the dominant slip system for deformation in the rolling 

irection. An iterative solution returned X = 0 . 31 and H = 1 . 24 ;

his suggests that approximately 31% of the strength of Zircaloy- 

 is due to discrete obstacles such as secondary phase precipitates 

SPPs) in the microstructure. Annealed pure Zirconium has a yield 

tress of 230 MPa [45] , which is 60% of that for Zircaloy-4, thus a

alue of X = 0 . 31 is plausible given that the increase in the alloy is
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Table 3 

Model parameters found by fitting the model to strain-strain curves of Zircaloy- 

4 in the unirradiated and irradiated (0.8 dpa) condition. 

Model Parameter Unit Value 

All τ ba 
c MPa 187.7 

τ pr 
c MPa 140.8 

τ py 
c MPa 140.8 

τ py 1 
c MPa 489.8 

τ py 2 
c MPa 2449.1 

LH α2 Y μm 

−2 130 

GND α2 0.05 

ISO H 1.4 

ψ 0.01 

ANI H k i ( a k i = 0 ) 1.25 

H k i ( a k i > 0 ) 1.875 

ψ 

k 
i ( a k i = 0 ) 0.50 

ψ 

k 
i ( a k i > 0 ) 0.00 
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ikely due to a mixture of solid solution strengthening and discrete 

econdary phase precipitates. 

Maintaining a value of X = 0 . 31 , the LH and GND models were

arameterised by fitting τc , α2 and Y , using the unirradiated stress- 

train curve and the ISO and ANI models were parameterised by 

tting H , H 

k 
i and ψ 

k 
i using the stress-strain curve of the alloy ir- 

adiated to 0.8 dpa. This approach isolated the fitting of each pa- 

ameter independently to ensure a unique result. The model pa- 

ameters and results are shown in Table 3 . A parameter sensitiv- 
ig. 1. Engineering stress-strain curves for Zircaloy-4 in unirradiated, 0.001 and 0.8 dpa co

solid lines), ANI-LH (dashed lines) and ANI-GND (dotted lines) models. 

6 
ty study for a single slip system is presented in Appendix B . This

emonstrates the relatively small influence parameter X and the 

inear strain hardening coefficient Y α2 has on the model behaviour 

epresenting the influence of irradiation. 

Following this, the parameters were held fixed, and the CPFEM 

odel run again for the lower dose (0.001 dpa) condition with 

ower loop density and average diameter. The comparison between 

he simulation and the experimental data is shown in Fig. 1 . 

The stress-strain response for the unirradiated case follows the 

eneral trend relatively well, with little difference in the harden- 

ng behaviour. For the material irradiated to 0.8 dpa, the increase 

n yield stress and overall softening with strain is captured well. 

he initial yield drop which has been observed in several studies 

e.g. see [ 4 , 11 ]) is not reproduced by the ISO-LH model, but is re-

roduced with the anisotropic dislocation-defect interaction mod- 

ls (ANI-LH and ANI-GND). (Note that the strong strain softening 

bserved at a strain of about 9% is not due to irradiation directly 

ut sample necking and failure.) The elastic-plastic transition and 

ield point is represented relatively accurately for the 0.001 dpa 

ase, however the degree of strain softening is overpredicted by 

he simulation. 

The total plastic strain distribution plotted on the surfaces of 

he textured polycrystal model for all three simulations using the 

SO-LH model is shown in Fig. 2 . The plastic strain distribution is 

eterogeneous in all three conditions due to elastic anisotropy be- 

ween each grain with respective orientations. There is negligible 
nditions, comparing experiment (data points) from [2] and simulation using ISO-LH 
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Fig. 2. Simulation results using the ISO-LH model, showing the total plastic strain plotted on the surfaces of the cube deformed to an engineering strain of 0.1, for the 

conditions of (a) unirradiated, (b) Irradiated to 0.001 dpa and (c) Irradiated to 0.8 dpa. 

7 
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ifference in the strain distribution between the unirradiated (0 

pa) and 0.001 dpa case, however the strain in the high dose, 0.8 

pa case is highly localised. Highly localised strain was also ob- 

erved for the 0.8 dpa case simulated with ANI-LH and ANI-GND 

odels. 

The engineering stress-strain results from the simulation repre- 

ented the experimental behaviour relatively well after crude fit- 

ing using the parameters described above. The primary exception 

as that the simulation clearly overpredicted the strain softening 

or the 0.001 dpa condition. This is likely due to the limitations 

n the information about the microstructure that was produced by 

EM. Irradiation to a dose of 0.001 dpa is far below that required 

or cascade overlap, thus the lattice damage produced is predom- 

nantly sub-nanometre ‘primary’ defects following single cascade 

vents [ 46 , 47 ]. As demonstrated for irradiated tungsten [48] , the

ajority of defects produced in single damage cascades is invisible 

n TEM, which suggests that the defect microstructures reported in 

he study by Farrell et al. likely fails to include a significant amount 

f lattice damage that contributes to the hardening at 0.001 dpa. In 

ddition to lattice damage, irradiation of Zircaloy has caused chem- 

cal changes to the secondary phase precipitates [18] and matrix 

egregation [49] , which may have a significant contribution to irra- 

iation hardening. The amorphization of intermetallic precipitates 

bserved after irradiation at low temperatures ( < 600 K ) is likely 

o have occurred to the material tested within the study by Farrell 

t al. which was irradiated at a temperature < 373 K . Only results

rom diffraction contrast imaging were reported in the study by 

arrell, thus no information on microchemical changes was avail- 

ble. The hardening coefficients associated with the loop popu- 

ation of H = 1 . 4 (for the ISO-LH model) and H = 1 . 25 to 1 . 875

for ANI-LH and ANI-GND models) used to fit the data is very 

arge given an impenetrable discrete obstacle has a value of 

, which also suggests that other irradiation hardening mecha- 

isms, in addition to the lattice damage visible in the TEM, may 

xist. 

The sharp yield drop observed in the tensile data for the ma- 

erial irradiated to 0.8 dpa has been observed in several studies 

nd dislocation channelling is commonly used to explain this fea- 

ure [ 4 , 11 ]. The initial high rate of softening during the onset of

lastic deformation is described as a yield drop here, because of 

he marked change in softening rate immediately after yielding. As 

een in Eq. (18 ) the rate of potential annihilation events should 

ary as a smooth function proportional to the square root of the 

oop density. Given that there is little physical argument for a vari- 

tion in the annihilation probability with strain, this observation 

uggests that annihilation probabilities may depend on different 

eaction types as shown by atomistic modelling [ 20 , 21 ]. Indeed, 

he yield drop behaviour was reproduced by the models which ac- 

ount for anisotropic dislocation-defect interactions, even with the 

asic approach distributing the various reactions into two groups 

ased on the reaction segment Burgers vector. It should be noted 

hat the increased softening evident in the latter part of the stress- 

train response for the 0.8 dpa condition is almost certainly re- 

ated to sample necking; this behaviour is strongly influenced by 

he sample geometry and the CPFEM model is therefore not ex- 

ected to reproduce this effect. 

. Strain distribution analysis 

.1. Displacement boundary conditions, polycrystal model and 

eshing properties 

The simulation work described in the previous section demon- 

trated that the model appears to have the correct functionality to 

apture the irradiation hardening, strain softening, and strain lo- 
8

alisation commonly observed in irradiated metals. In this section 

e describe the use of HRDIC and EBSD data for unirradiated and 

roton irradiated polycrystal Zircaloy-4 [15] , for direct comparison 

f the strain distribution measured experimentally with that pre- 

icted by the model. A full description of the experimental method 

s given in [15] and only details that are pertinent to the current 

nvestigation are described here. The experimental data is available 

n [50] . 

The data used for the current simulations were from Zircaloy- 

 subjected to tensile loading to a final strain of ∼2.3% after un- 

oading. The raw HRDIC and EBSD data were prepared using the 

efDAP python library [51] , which included affine transformation 

f corresponding EBSD data to the DIC reference frame and crop- 

ing to selected regions of interest (ROI). The crystal morphology 

nd orientations were represented within an FE model by use of 

espoke python code. The 2D crystallographic information was ex- 

ruded to produce a 3D FE model with finite thickness that is ap- 

roximately representative of the surface. Finally, the experimen- 

ally measured displacements at the edges of each ROI were cor- 

ected to remove rigid body movement and were directly applied 

o the edge nodes of the model. The displacement boundary con- 

itions were applied linearly over a duration of 131 s to approx- 

mately match the strain rate of the experiment. An example of 

 displacement boundary for the top edge of an irradiated region 

s given in Fig. 3 . This figure shows the raw HRDIC displacement 

ata u and v , the interpolated values and post simulation output 

or the nodes at the corresponding surface. Inset maps showing 

he corresponding maximum shear strain data highlight the dis- 

ontinuities in displacement where localised slip bands intersect 

he edge of the ROI. The post simulation output is shown to val- 

date that the boundary conditions were applied correctly to the 

odel. 

For both experimental data and the simulation results, the max- 

mum shear strain in the surface plane of the material was calcu- 

ated as 

max = 

√ [ 
1 

2 

(
E xx − E yy 

)2 + E xy 
2 
] 

(21) 

here E is the Green-Lagrange strain tensor and indices x and y 

orrespond to the horizontal and vertical directions on the surface 

espectively. 

The influence of approximating the experiment by extrusion of 

he crystallography and displacement boundary conditions normal 

o the surface was investigated by conducting simulations of vary- 

ng thickness. A 49 × 49 μm region in the unirradiated part of the 

ensile specimen was selected and modelled with thicknesses of 1, 

, 5, 10 and 20 μm. A global maximum element size of 2.5 μm was

rescribed, however an average element size over the surface was 

uch smaller than this (0.5 to 1 μm) was required to accurately 

apture the shape detail at the grain boundaries. The elements 

hrough the thickness were equally distributed with a maximum 

ength of 2.5 μm. Simulations were conducted using the unirradi- 

ted and irradiated polycrystals using the ISO-LH model described 

n Section 2 and the strain distributions predicted by each simula- 

ion are shown in Appendix A . 

Minor differences were apparent between models with varying 

hicknesses in the simulations with unirradiated material proper- 

ies, however the influence of thickness for the irradiated mate- 

ial properties was significant, with an increase in strain locali- 

ation with decreasing model thickness. To maintain compatibility 

f total strain, the mismatch between plastic strain accommodated 

y differing slip orientations either side of grain boundaries must 

e complimented by elastic strain; the resultant stresses likely in- 
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Fig. 3. Displacement boundary conditions (a) u and (b) v of the top edge of an irradiated region, showing the DIC raw displacement data, interpolated values, and simu- 

lation output called ‘Abaqus output’ for each node at that surface. The plots include the max shear plot in the same location indicating the link between shear band and 

displacement steps. 
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rease with thickness and competes with the softening and strain 

ocalisation. The error in extrusion of grain boundaries and edge 

isplacement boundary conditions increases with increasing model 

hickness. Thus, a thickness of 2 μm was chosen for simulations of 

he current experiment. 

A similar study was conducted to investigate the influence of 

esh density on the maximum shear strain distribution for both 

nirradiated and irradiated material models. Very little difference 

n the strain distribution was observed for the mesh densities in- 

estigated. The grain boundary definition required a relatively fine 

esh with element sizes of approximately 0.5 μm in length, thus 

his was determined to be satisfactory. 

The model polycrystal microstructures were produced with a 

odel thickness of 2 μm and mesh refinement around the cen- 

re grain with an element size of 0.5 μm or smaller. Simulations 

ere produced with the ISO-LH, ANI-LH and ANI-GND models with 

ll parameters as determined from the coarse fitting of stress- 

train data described in Section 3. Previous XRD experiments on 

he material measured an area dislocation density of between 2 

nd 4 × 10 14 m 

−2 . By approximating the dislocations as circular 

oops, dividing this by pi gives a value of dislocation density, ND , 

etween 63 and 128 μm 

−2 . Since the value of ND used in simula-

ions described in Section 3 was 85 . 4 μm 

−2 for the material neu-

ron irradiated to 0.8 dpa, this value was also used for the simula- 

ion of the experimental polycrystal loading. Unfortunately, neither 

seful stress nor load data were available for the experimental ir- 

adiated material, because the irradiated region was only a small 

art of a much larger unirradiated specimen, thus absolute values 

or ND and indeed H cannot be validated and thus hold less im- 

ortance for the current study which focuses on strain distribution. 

he irradiation depth produced by the protons was approximately 

0 μm, with a uniform damage profile over the first 20 μm. Given 

hat the average grain diameter of this alloy is 9 μm, the irradiation 

xtends approximately three grains in thickness, thus the underly- 

ng unirradiated material is assumed to have little influence on the 

easured strains at the surface. 

.2. Comparison of simulations of unirradiated and irradiated 

olycrystal Zircaloy-4 using the ANI-LH model 

Assessment of the model performance in predicting the strain 

istribution measured by experiment was conducted to investi- 

ate the influence of microstructure (grain morphology and crys- 

allography) on associated strain heterogeneity. Multiple polycrys- 
9 
al model regions, all of which include a substantive central sin- 

le crystal, were developed by systematically expanding the re- 

ion of interest to include adjacent grains. This was carried out 

or both the unirradiated and irradiated representations of the 

xperimental microstructures. High fidelity displacement bound- 

ry conditions for each polycrystal model were available from the 

R-DIC experimental measurements such that the kinematically 

ontrolled response, the behaviour of the centre grain, and pro- 

ressively the role of the surrounding microstructure, were sys- 

ematically studied. The various ROIs chosen and modelled from 

he unirradiated and irradiated experimental datasets, are shown 

n Fig. 4 (a) and (c), respectively in which the red broken lines 

ndicate the selected boundaries of the three model ROIs, A, B 

nd C, considered for each case. The unidirectionally rolled tex- 

ure of the experimental polycrystal samples with respect to the 

est loading direction are such that the prismatic and pyramidal 

lip systems are anticipated to be most favourably orientated for 

ctivation. The ROIs for both unirradiated and irradiated samples 

ere selected so that the centre grain was a similar orientation, 

ith a close competition between a prismatic and pyramidal slip 

ystems. 

Schmid analysis to identify the slip systems likely to be acti- 

ated was conducted by approximating the stress in each grain to 

e identical to the uniaxial stress developed globally by the remote 

isplacement loading. The ‘proximity’ of each slip system to acti- 

ate was calculated by: 

k = 

m 

k 

τ k 
c 

(22) 

here m 

k is the Schmid factor and τ k 
c is the CRSS for each slip 

ystem k in the model. The slip systems with the highest 3 values 

f ζ k were plotted and compared to the experiment and model 

esults. The plots show the corresponding slip traces predicted on 

he surface of the specimen for each grain, from the projection of 

he slip plane onto the sample free surface giving vector directions 

alculated by: 

 

k = n 

k × e z (23) 

here e z is the base vector for the specimen surface normal along 

he z axis ( 0 0 1 ) . 

The comparison between experimental and calculated in-plane 

hear strains for regions A of the unirradiated and irradiated sam- 
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Fig. 4. Experimental measurement of maximum shear strain with simulation sub-regions indicated for (a) unirradiated and (c) irradiated areas of the specimens, with Schmid 

analysis showing 3 slip systems closest to activation for each grain in (b) and (d) respectively. The slip systems closest to activation are represented by lines indicating the 

slip trace direction on the surface with the thickness of the line proportional to the proximity of the system to be activated ( ζ k ). Colour bar ranges from 0 to 0.15 maximum 

shear strain for all plots. 
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les are shown in Fig. 5 . In the unirradiated case, the slip trace

irections predicted by the simulation appear not to be the same 

s observed in the experiment. The most active slip system calcu- 

ated by the CPFEM model was prismatic k = 5 , which was pre-

icted by the Schmid analysis with ζ 5 = 216 kP a −1 and is also 

pparent in the experiment (indicated in Fig. 4 ). However more 

iscrete slip on the pyramidal slip system k = 11 (with ζ 11 = 

98 kP a −1 ) was also calculated by the CPFEM model and is su- 

erimposed onto the maximum shear strain field ( Fig. 5 ). In the 

rradiated case, although the slip trace is initiated in the cor- 

ect location at the edges of the model, it is immediately obvi- 

us that the slip band direction in the model does not capture 

ully the experiment. The angle between the slip band and the 

orizontal is ∼55 ° in the experiment, however the calculated an- 

les that the pyramidal and prismatic systems should make are 
10 
45.7 ° and ∼58.6 ° respectively according to the orientation mea- 

ured by EBSD. The values of slip proximity for both slip systems 

re ζ 10 = 213 kP a −1 and ζ 4 = 211 kP a −1 , thus they are in very 

lose competition yet only pyramidal slip system 10 was activate in 

he CPFEM model. Discrete slip is calculated by the CPFEM model 

or both unirradiated and irradiated cases, but the number and 

ntensity of slip traces is incredibly different. Discrete slip in the 

nirradiated case is the result of imposing the displacements mea- 

ured by HR-DIC at the edges of the model, whereas the more lo- 

alised discrete slip in the irradiated case is the result of a combi- 

ation of both the displacement boundary conditions and softening 

ehaviour in the CPFEM model. The extent to which the displace- 

ent boundary conditions influence the calculated strain distribu- 

ion becomes evident in the simulation results for the larger ROIs B 

nd C. 
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Fig. 5. Regions A in the unirradiated and irradiated condition, showing the maximum shear strain measured by experiment (a. and c. respectively) and predicted by simu- 

lation using the ANI-LH model (b. and d. respectively). Colour bar ranges from 0 to 0.15 maximum shear strain for all plots. 
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The comparison between experimental and simulation results 

or regions B of both unirradiated and irradiated Zircaloy-4 are 

hown in Fig. 6 . In the unirradiated case, the activation of slip sys- 

ems 4 and 5 calculated by the CPFEM model agrees with the slip 

ystems identified from the Schmid analysis. The grain in the top 

eft corner of this region had highest slip proximity for pyrami- 

al system k = 10 , however in the experiment the angle of shear

ands is clearly aligned to the prismatic slip system k = 4 which 

s also active in the simulation for this grain. Again, the localised 

lip at the bottom of the simulated shear strain map, indicated by 

 black arrow in Fig. 6 b, results from the HR-DIC experimentally 

easured displacements which provide the displacement bound- 

ry conditions for the simulation, but the strain in the centre grain 

s less discrete showing a reduction in kinematically controlled de- 

ormation away from the edges. In the irradiated case, the localised 

lip in the simulation represents the experimental measurement 

ell, with the orientation of slips traces in agreement with the 

xperiment for many edge grains. Again, the centre grain has de- 

ormed predominantly by slip on the pyramidal system k = 10 , 

hich is the same as that predicted by the CPFEM model for re- 

ion A ( Fig. 5 ). 

The comparison between experimental and simulation results 

or regions C of the unirradiated and irradiated conditions are 

hown in Fig. 7 . The extent of strain accommodated by slip systems 

 and 5 was the same as in region B, showing that the predictions

f slip calculated by the CPFEM model are largely what is expected 

ccording to the Schmid analysis, however the discrete slip bands 
11
n the grain at the bottom of region B are no longer present in 

he simulation of region C due to the larger distance of this loca- 

ion to the kinematically controlled deformation at the edge of the 

odel. Discrete slip is less obvious at the edges of region C, which 

s likely due to a coarser mesh applied at the edges of this model 

hich is away from the refined mesh around the centre grain. 

s identified for region B in the irradiated case, many of the lo- 

alised slip bands agree with the experiment apart from the centre 

rain, which appears to be nearly entirely accommodated by pyra- 

idal system k = 10 . In general, the plasticity is accommodated by 

ewer slip bands in the centre grains, which may indicate that the 

ardening of individual slip bands is insufficiently captured in the 

PFEM model. Approximating the experiment by modelling a thin 

heet likely underestimates the constraint imposed by the under- 

ying microstructure which exists in the experiment, which gives 

ise to fewer, more intense slip bands as shown in the thickness 

ensitivity study in Appendix A . 

Both the unirradiated and irradiated regions simulated were se- 

ected to have a centre grain with close competition between pris- 

atic and pyramidal slip. For the unirradiated case the primary 

ctivated slip system calculated by the CPFEM model agreed with 

he experimental observation, yet the pyramidal slip system was 

lso activated in the simulation. In the irradiated case pyrami- 

al slip was predicted by the simulation in contrast to prismatic 

lip observed in the experiment. This may indicate that the CRSS 

f pyramidal slip is too low in the model relative to prismatic 

lip. 
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Fig. 6. Regions B in the unirradiated and irradiated condition, showing the maximum shear strain measured by experiment (a. and c. respectively) and predicted by simula- 

tion using the ANI-LH model (b. and d. respectively). The black arrow in (b) indicates localised slip resulting from the displacement boundary conditions. Colour bar ranges 

from 0 to 0.15 maximum shear strain for all plots. 
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The likelihood of prismatic and pyramidal slip was calculated 

o be nearly identical for the centre grain in the irradiated ROI. 

he angle of the associated slip band measured from the experi- 

ental data was between that calculated for both systems. Given 

he strong agreement between experiment and simulation in slip 

and orientations for most grains in the larger simulations, this 

ifference cannot be attributed to error in the measured orienta- 

ion by EBSD. The slip band may have been formed by multiple 

ross-slip between both systems, where the latter has been ob- 

erved experimentally for titanium [52] . Given that activation of 

ust one slip system was predicted by the CPFEM model, the conse- 

uences of potential cross-slip observed experimentally is not rep- 

esented in the simulation results for region A. This may suggest 

hat the components of strain hardening and/or radiation harden- 

ng which evolve within the hardening law are insufficient to cap- 

ure this borderline case. 

Due to the applied deformation along the rolling direction, pris- 

atic and pyramidal slip were the only slip systems activated and 

bserved experimentally and predicted by CPFEM simulation in the 

egions investigated. No twinning was observed in the experiment; 

hus, twinning was not enabled in the CPFEM model. The active 

lip systems predicted by the CPFEM simulation of both unirradi- 

ted and irradiated regions agreed well with the Schmid analysis 

nd that observed experimentally for most grains. 

For the unirradiated region C, the strain distribution predicted 

y the simulation using the ANI-LH model represents that mea- 

ured in the experiment relatively well ( Fig. 7 ). The magnitude of 

he shear strain appears higher in the experiment, because the de- 
12 
ormation comprises highly strained discrete slip bands with fine 

pacing, in contrast to more diffuse deformation predicted by the 

imulation. The model cannot capture the discrete slip measured 

y HRDIC in the experiment in the unirradiated material, because 

he CPFEM formulation does not capture the discrete dislocation 

lip mechanisms associated with dislocation source activation and 

orresponding non-monotonic stress-strain response of individual 

lip systems. 

The strain distributions predicted by the simulations of the irra- 

iated regions are highly localised, due to the softening caused by 

odelling defect annihilation. The exact locations of the slip bands 

re influenced by slip transfer across grain boundaries and invisible 

r sub-surface microstructural features that are not represented in 

he model. 

Simulation results for the irradiated region C showing the total 

islocation loop density and loop densities for loops with Burg- 

rs vectors in each of the 3 < a > directions are shown in Fig. 8 .

he simulation was conducted with the anisotropic dislocation- 

oop interaction model (ANI-LH); thus, dislocation loop densities 

ary for each of the 3 loop types dependent on the interactions 

etween the active slip systems and loop types for each grain. 

he resulting total dislocation loop density consists of dislocation 

hannels which are partially cleared of dislocation loops. This re- 

ult compares well with the description of channel clearing identi- 

ed by Onimus et al. that in contrast to basal channels, prismatic 

nd pyramidal channels were only partially cleared of defects [14] . 

EM observations of the post deformation microstructure are not 

et available for the material studied here, however comparison of 
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Fig. 7. Regions C in the unirradiated and irradiated condition, showing the maximum shear strain measured by experiment (a. and c. respectively) and predicted by simula- 

tion using the ANI-LH model (b. and d. respectively). Colour bar ranges from 0 to 0.15 maximum shear strain for all plots. 
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uch observations and the simulated dislocation loop density dis- 

ribution would be very useful for model validation and is thus 

lanned as future work. 

.3. Comparison of ISO-LH, ANI-LH and ANI-GND models 

Fig. 9 shows a comparison of the maximum shear strain and 

otal dislocation loop densities produced by simulations for the ir- 

adiated region C using the ISO-LH, ANI-LH and ANI-GND mod- 

ls. The ISO-LH model with isotropic dislocation-defect interac- 

ion has fewer localised slip bands with higher peak strain com- 

ared to the ANI-LH model. In contrast to partially cleared chan- 

els exhibited by the ANI-LH model, many of the slip bands in 

he ISO-LH model are completely cleared of dislocation loops. This 

ifference in dislocation channelling behaviour compares well to 

he experimental observation of partial clearing in prismatic and 

yramidal systems in contrast to full clearing in basal channels 

n irradiated Zr alloys [14] , alongside a transition in the predom- 

nant slip system from prismatic to basal following irradiation in 

any Zr alloys [ 8 , 14 ]. Although the experiment and correspond- 

ng simulations conducted in this study were on an orientation 

hat did not involve basal slip, the dislocation-defect interaction 

ule used here would likely account for this experimental obser- 

ation. All dislocation reaction segments produced by dislocations 

liding in the basal plane remain in the basal plane, thus the 

nisotropic dislocation-defect interaction model represents lower 

rradiation hardening and higher defect annihilation probabilities 

n basal systems. This will be investigated as part of future work. 

he maximum shear strain distribution predicted by the model 
13 
ased on strain hardening by GND density (ANI-GND) is more dif- 

use, with localised slip bands of much lower peak strain. The cor- 

esponding dislocation density plot includes some partially cleared 

islocation channels and large areas of partial clearance. Many of 

he slip bands appear wavy in nature and further investigation of 

he simulation results showed that multiple slip systems are ac- 

ivated in each grain. It is likely that the activation of multiple 

lips systems is encouraged in the ANI-GND model because the 

igh strain gradients associated with localised slip via a single slip 

ystem, result in high densities of GNDs and strain hardening. The 

bstacle strength used to fit the stress-strain data for strain hard- 

ning by GNDs in Section 4 was α2 = 0 . 05 , which is equivalent to

> 0 . 2 if considered in isolation and outside the square root (as 

onventionally used in a Taylor hardening equation). This is a very 

igh value; thus, it is likely that strain hardening may be a mix- 

ure of GND and statistically stored dislocation (SSD) densities, and 

hat the influence of GND density is too high in the model used 

ere. 

On inspection of the maximum shear strain maps produced by 

ll three models, it is apparent that many slip bands are accommo- 

ated by perpendicular slip activations in each grain. Most appar- 

nt in the ANI-LH model results, further investigation highlighted 

hat these perpendicular slip bands are a result of slip from a sin- 

le slip system. This deformation mechanism is effectively localised 

ink band formation and has been demonstrated in CPFEM simu- 

ations of softening metals extensively by Marano et al. [53] . The 

ormation of localised kink bands in irradiated materials is ener- 

etically unfavourable, since this mechanism requires the activa- 

ion of many dislocation sources in adjacent planes in close prox- 
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Fig. 8. Simulation results for the irradiated Zircaloy-4 produced by the ANI-LH model, showing total dislocation loop density (a) and dislocation loop densities for loops with 

Burgers vectors in each of the 3 < a > directions (b, c & d). 
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mity. Thus, it is not observed in the experimental data shown here 

or Zircaloy-4, nor in many experimental studies of irradiated met- 

ls. The localised kink band formation predicted by the model is 

ssentially an artefact resulting from the local continuum CPFEM 

ormulation which cannot account for the geometric influence of 

islocation source activation across a slip plane. In earlier work 

arano et al. [53] hypothesised that the use of a strain harden- 

ng model based on GND density may reduce kink band forma- 

ion in simulations due to their associated high lattice curvature, 

et this was not observed in our simulations using the ANI-GND 

odel. It was later shown by the same authors that the curl of 

he plastic deformation gradient (as described in Eq. (5 )) has the 

ame order of magnitude for both slip and kink band deformation 

or the majority of cases, thus higher order (double curl) differen- 

iation was required to penalise kink band formation [54] . Whilst 

ffective in achieving a more representative prediction of deforma- 

ion behaviour qualitatively, i.e., by promotion of slip band over 

ink band formation, the variants of curl operations [55] and many 

ariants of higher order operations, and their physical relevance 

o dislocation slip mechanisms remains an important subject of 

ebate. 

Modelling anisotropic dislocation-defect interactions resulted in 

n increase in the number of bands, which is closer to that ob- 

erved in the experiment. This demonstrates the influence slip sys- 

em shear stress-strain response has on the plastic strain distribu- 

ion, where softening initiates local slip and subsequent hardening 
14 
etermines the extent of slip before activation of adjacent bands 

ecomes more favourable. 

. Conclusions and outlook 

The purpose of this study was to investigate the adequacy of 

PFEM to simulate strain softening and localisation in irradiated 

etals. 

- A new CPFEM formulation to account for the effect of irradia- 

tion is presented, which is physically based on dislocation me- 

diated plasticity and consistent with an established slip law. 

This model captured irradiation hardening due to the introduc- 

tion of radiation defects (in the form of dislocation loops in the 

present study) and strain softening arising from defect annihi- 

lation as a function of the various interactions between gliding 

dislocations and dislocation loop burgers vectors. The latter was 

derived based on the geometrically controlled average rate of 

dislocation-defect interactions as a function of plastic slip rate 

and defect density. 

- A mixed superposition hardening law was proposed that ac- 

counted for strengthening by both lattice friction and discrete 

obstacles, which was essential to reproduce the irradiation 

hardening (increase in yield stress) and subsequent strain soft- 

ening with constant parameters for the two irradiation condi- 

tions studied. 
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Fig. 9. Simulated maximum shear strain and total dislocation loop density for the irradiated region C, produced from the ISO-LH (a and b), ANI-LH (c and d) and ANI-GND 

(e and f) models. Colour bar ranges from 0 to 0.15 maximum shear strain for (a, c and e) and from 0 to 90 μm 

−2 loop density for (b, d and f). 
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- Variants of the model based on strain hardening proportional to 

effective plastic strain or proportional to GND density evolution, 

and isotropic or anisotropic dislocation-defect reactions (deter- 

mining hardening and annihilation) were compared. We show 

that the treatment of the different reaction paths between glid- 

ing dislocations and radiation defects (the ANI- models) is es- 

sential to accurately capture the varying strain softening rate, 

notably a yield drop, observed in Zircaloy-4 and common to 

many irradiated metals. 

- Novel methods were developed to extract high fidelity displace- 

ment boundary conditions from experimental displacements 

measured by HR-DIC, and coupling with corresponding crys- 

tal morphology and orientations from the same selected region 

captured by EBSD data. The direct simulation of experiments 
15 
highlighted the ability of the new CPFEM model to capture the 

extraordinary discrete slip localisation in irradiated material, in 

contrast to diffuse slip in the unirradiated material. The lo- 

calised strain predicted by all models consisted of dislocation 

slip bands and localised kink bands, where the latter was not 

observed experimentally. Further work is required to develop 

the model to better represent the physical mechanisms of plas- 

tic deformation. 

It is clear from this study that the simulation of strain soften- 

ng and localisation in irradiated metals is sensitive to the treat- 

ent of the various microstructural hardening constituents and 

heir evolution with plasticity. Accounting for the multitude of 

eformation processes that occur during plasticity, necessitates a 
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Fig. 10. Experimental measurement of max shear strain measured by HRDIC from a region of the unirradiated part of the tensile test (a), model geometry showing thickness 

dimension (b) and image of the surface mesh (c). 
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ulti-parameter model with many degrees of freedom; this in- 

urn requires extensive experimental data for satisfactory param- 

terisation. The model can be calibrated to fit a given experimen- 

al dataset with relatively simple formulation (e.g. CRSS evolution 

n [35] ), however a genuine predictive capacity requires data from 

ultidimensional experiments, including temperature, strain rate 

nd radiation damage microstructures. The parameter sensitivity 

tudy presented in Appendix B highlights the influence of each de- 

ormation process and their relative interdependencies for a single 

lip system. This study highlights the competition between hard- 

ning and softening as a function of strain in a single slip system, 

hich in the case of the irradiated Zircaloy-4 studied here soft- 

ning is clearly dominant. Parameterisation and validation of this 

onstitutive behaviour may therefore support assessment of a ma- 

erials propensity to exhibit strain localisation and predict onset of 

ssociated premature failure in complex environments of damage, 

emperature, and cyclic loading. 

It is very important that the irradiation damage microstructure 

s sufficiently characterised, so that the various strengthening con- 

tituents are represented correctly in the model. In addition to 

he rich data acquired by HRDIC experiments, micro-mechanical 

esting would be very valuable to measure the slip system spe- 

ific CRSS as a function of strain for the various conditions. Atom- 

stic scale modelling can also provide valuable insights, particularly 

n dislocation-defect interactions, which can infer relative obsta- 

le strengths and annihilation probabilities. A fully parameterised 

PFEM model validated with experiments will provide a predictive 

apability for reactor environments that are difficult or impossi- 

le to represent experimentally. This will provide a much-needed 

eans of predicting material behaviour across a wide range of ra- 

iation conditions including various doses and temperatures and 

perating conditions including creep and cyclic loading. An exam- 

le of successful application of a similar model is given in [23] , 

here microstructurally representative crystal plasticity modelling 

eproduced hydride formation and resultant localised slip in the 

resence of cyclic loading. 
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ppendix A. Model Thickness Sensitivity Study 

The region selected for the model thickness sensitivity study is 

hown in Fig. 10 , with a description of model dimensions and im- 

ge of the surface mesh. Thicknesses, t , of 1, 2, 5, 10 and 20 μm

ere modelled using the ISO-LH model and both the unirradiated 

nd irradiated (0.8 dpa) parameters as parameterised in Section 3. 

 global element size of 2.5 μm was prescribed, however an av- 

rage element size was much smaller than this (0.5 to 1 μm) was 

equired to accurately capture the shape detail at the grain bound- 

ries. Given that there was no shape detail to capture through 

hickness, the elements were 2.5 μm in this dimension and the 

umber of elements through thickness varied with model thick- 

ess from 1 element for t = 1 and 2 μm , to 2, 4 and 8 elements

or t = 5 , 10 and 20 μm respectively. Displacement boundary con- 

itions taken from the HRDIC measurement at the edge of the re- 

ion were applied to the edge of the model. 

A comparison of the maximum shear strain distribution be- 

ween 1 and 20 μm thicknesses for the unirradiated and irradiated 

aterial properties is given in Fig. 11 . Minor differences are appar- 

nt between the two thicknesses in the simulations with unirra- 

iated material properties, however the influence of thickness for 

he irradiated material properties is striking, with an increase in 

train localisation with a decreasing model thickness. 
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Fig. 11. Maximum shear strain produced from unirradiated and irradiated materials parameters with the ISO-LH material model, using finite element models with various 

thicknesses from 1 to 20 μm. 

17 
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Fig. 12. (a) Shear stress-shear strain response and (b) dislocation loop density evolution for a strain rate of 10 −4 /s for annihilation probabilities from 0 to 1. 
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Fig. 14. Influence of the strain hardening coefficient, Y α2 , for the linear hardening 

model in the range from 0 to 10 0 0 μm 

−2 . 
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ppendix B. Single slip system parameter sensitivity study 

The effect of loop annihilation hardening parameters on slip 

ystem response was investigated using a simple implicitly inte- 

rated slip model (written in MATLAB) for a single slip system. 

ig. 12 shows the effect of varying the annihilation probability, 

, linearly from 0 to 1, which represents the probability from 

 to 100%, respectively, that a single interaction between a glid- 

ng dislocation and loop will result in removal of that loop from 

he lattice. For this study, the hardening law described in Eq. (3 ), 

ith τ0 = 228 . 5 , X = 0 . 31 and Y α2 = 0 . 0 μm 

−2 was used, i.e., no

train hardening was considered. An initial loop area density of 

 l d l = 85 . 4 μm 

−2 , and a hardening coefficient of H = 1 . 4 resulted

n an initial CRSS of 319 . 3 MPa . 

Softening of the shear stress-shear strain curve and reduction 

n loop density with increasing strain is evident as expected. This 

ata was produced with a strain rate of 10 −4 /s. The reduction in 

oop density shown in Fig. 12 b is proportional to γp 

√ 

N l d l , which 

orresponds the annihilation relationship defined in Eq. (18 ). As 

iscussed in Section 2, the fraction of unirradiated strength at- 

ributed to discrete obstacles is defined by parameter X in Eq. (18 ). 

he influence of the fraction X on the shear stress-strain response 

ith a linear variation of from 0 to 1 is shown in Fig. 13 . 

As indicated by the reduction in yield strength, the magnitude 

f irradiation hardening decreases with an increasing fraction of 
ig. 13. Influence of the fraction of alloying strength attributed to discrete obsta- 

les, X in the range from 0 to 1. 

i

a

b

i

t

p

 

i

r

w

u

18
nirradiated strength attributed to discrete obstacles, as seen ex- 

erimentally [7] . The rate of removal of defects remains unaffected, 

owever the gradient of softening decreases as X increases. Physi- 

ally, this effect is due to the reduced influence of irradiation de- 

ects in the presence of an increasing fraction of pre-existing dis- 

rete obstacles in the lattice. Finally, the influence of strain harden- 

ng coefficient was investigated for the linear hardening behaviour 

nd is shown in Fig. 14 . This result demonstrates the competition 

etween strain hardening and softening due to the annihilation of 

rradiation induced defects. 

By approximating the effective plastic strain as ε p ≈
√ 

2 
3 γp , i.e. 

hat for perfect shear, the differential of τc with respect to the 

lastic shear strain for the linear hardening model is: 

dτc 

dγp 
= 

Gb 

2 

√ (
Xτ0 

Gb 

)2 + 

√ 

2 
3 
Y α2 γp + H 

2 N l d l 

[ √ 

2 

3 

Y α2 − H 

2 ψ 

b 

√ 

N l d l 

]

(24) 

For the irradiation hardening and annihilation parameters used 

n this study, a strain hardening coefficient of Y α2 = 693 μm 

−2 is 

equired to counter the softening due to the annihilation of defects, 

hich is much higher than the value of 130 μm 

−2 used to fit the 

nirradiated stress-strain response. 
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