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a b s t r a c t 

We report the results of a large-scale modelling study of radiation damage effects in the nuclear waste 

form zirconolite. We particularly focus on the effects of radiation damage in amorphous zirconolite and 

have developed a new way to analyse the damaged structure in terms of local coordination statistics. On 

the basis of this analysis, we find that the amorphous structure responds to radiation damage differently 

from the crystal. Amorphous zirconolite is found to be “softer” than crystalline zirconolite with a much 

larger number of atoms becoming displaced and changing coordination during a 70 keV cascade. The 

local coordination and connectivity analysis shows that the amorphous structure continues to evolve as 

a result of repeated radiation damage, changes which cannot be identified from globally averaged prop- 

erties such as pair distribution functions. We also find large density inhomogeneities at the local level 

which we suggest may play an important role for future developments in nuclear waste storage. Finally, 

we find a correlation between the changes in enthalpy and local coordination, suggesting that measure- 

ments of enthalpy change can be linked quantitatively to structural radiation damage. Our results raise 

an interesting possibility of whether an evolution of the amorphous structure due to radiation damage 

can converge to a new equilibrium amorphous regime, posing the fundamental question of what that 

structure may be. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Radiation damage effects on the long term material properties 

f crystalline phases proposed to store high level nuclear waste, in- 

luding excess Pu, are of much interest to the nuclear energy com- 

unity [1] . A crucial material of interest is zirconolite (CaZrTi 2 O 7 ), 

ne of the main three titanate host phases in SYNROC [2] along- 

ide hollandite and perovskite. Zirconolite is specifically of interest 

s compared to the latter two as it is the main phase responsible 

or the incorporation of actinides, which are highly radioactive and 

ropose the biggest issue with regards to long term safe storage. 

ue to this there has been much work on quantifying the effects 

f radiation damage in zirconolite, mainly focused on the transi- 

ion from the crystalline to the amorphous state. Studies include 

nvestigation of natural zirconolite samples, exposed to irradiation 

ver geological timescales of up to 550 million years [3,4] , as well 

s pristine samples subjected to ion beam irradiation experiments 

5] . 

In recent years there also has been simulation based work [6–

] , modelling the structural changes in crystalline samples due 
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o collision cascades, focusing especially on the effects of radia- 

ion induced amorphization. However, to our knowledge, there has 

een no work modelling high energy radiation cascades in already 

morphised zirconolite samples. Understanding radiation damage 

n amorphous zirconolite is essential for improving our under- 

tanding of the irradiation hardness and stability of this material. 

ndeed, a crystalline wasteform will undergo transition to a fully 

morphous state after a few thousand years [9] due to alpha irra- 

iation, whereas the storage time for excess Pu and its decay chain 

s upwards of 1,0 0 0,0 0 0 years [9] . Therefore, nearly all damage will

ake place in the waste form’s amorphous phase which must re- 

ain an effective barrier for a long period of time. 

In this work, we use large-scale molecular dynamic simulations 

f high-energy radiation events in both crystalline and amorphous 

irconolite in order to understand the difference in their response 

o radiation damage. We develop and use a new way to analyse 

he damaged structure in terms of local coordination statistics. On 

he basis of this analysis, we find that the amorphous structure 

esponds differently to that of the crystalline one. Amorphous zir- 

onolite is found to be softer than its crystal phase in terms of re- 

overy of defects, as defined in the amorphous structure. Our local 

oordination and connectivity analysis shows that the amorphous 

tructure we produced continues to evolve as a result of radiation 

amage, and shows that this is not visible in globally averaged 
ion damage effects in amorphous zirconolite, Journal of Nuclear 
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Table 1 

Switching function parameters 

used for each individual atom 

pair. 

Atom pair r m [ ̊A] ξ [ ̊A] 

Ca-O 1.10 0.15 

Ti-O 1.10 0.25 

Zr-O 1.35 0.15 

O-O 1.60 0.15 
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roperties such as pair distribution functions. We also find large 

ensity inhomogeneities at the local level which we propose play 

n important role in future nuclear waste storage solutions as re- 

uced local density channels may serve as fast diffusion pathways 

or radioactive actinides. Finally, we find a strong correlation be- 

ween the changes in enthalpy and local coordination, suggesting 

hat measurements of enthalpy change can also be used to infer 

he extent of structural radiation damage. 

Crucially this study demonstrates that the amorphous struc- 

ure generated by melt quench continues to evolve with increas- 

ng radiation. Therefore our results raise an interesting question of 

hether the detected evolution of our amorphous structure in re- 

ponse to radiation damage may be seen in experimentally irra- 

iated samples and if in those samples they converge to a new 

morphous structure. This poses a question of fundamental impor- 

ance to the physics of the amorphous state [10] , namely what is 

he nature of this new amorphous state? The questions posed here 

hould act as the starting point to stimulate future experimental 

nd modelling work. 

. Methods 

The molecular dynamics package DL_POLY_4 , which uses do- 

ain decomposition to simulate systems with large numbers of 

toms in parallel [11] , has been used to simulate the effects of a

ecoil nucleus from an alpha decay of Pu. Alpha decay events also 

nvolve the ejection of a He ion, with several recent studies show- 

ng that the alpha particle itself can induce athermal defect anneal- 

ng [26,27] . The alpha particle is not modelled here as it creates far 

ess localized damage. 

The focus of this work is to model the recoil of the heavy 

aughter nucleus from an alpha decay event. The alpha-decay of 
39 Pu results in the recoil of uranium atom with approximately 

0–100 keV of kinetic energy. The recoil produces most of the 

tructural damage in the system in the form of a collision cascade 

onsisting of thousands of permanently displaced atoms. The ac- 

umulation of these cascades leads to amorphization of the crys- 

alline structure. To probe the extent of these atomic displace- 

ents and radiation’s effect on the structure of the material, we 

ave developed on-the-fly analysis tools and implemented them in 

he DL_POLY_4 package, including time-resolved coordination anal- 

sis [12] . All collision cascades were carried out using Archer su- 

ercomputing facility. Each cascade, simulated for 180 ps in a cell 

ontaining 13,365,0 0 0 atoms, was carried out using 120 0 MPI pro- 

esses, taking approximately 20 hours of walltime to complete. For 

he work completed in this paper we complete 5 overlapping cas- 

ades in the same region in both the amorphous and crystalline 

irconolite structures. 

A Buckingham potential which has previously been used in 

tudies of zirconolite [7] is used to model the inter-atomic forces 

etween atoms. These pairwise potentials are then joined at short- 

ange with a repulsive ZBL [13] stopping potential via the use 

f a switching function f to give the mixed interaction φmix as 

mix = fφZBL + (1 − f ) φ, where φ is the Buckingham potential, 

f = 1 − exp (−(r m 

− r) /ξ ) / 2 for r < r m 

and f = exp (−(r − r m 

) /ξ ) / 2

or r > r m 

. The values of parameters in the switching function are

hosen to give the smoothest fit and are shown in Table 1 . 

The use of 13 million atom-sized simulations boxes is used 

o contain the multiple overlapping cascades investigated in this 

tudy. All collision cascades were carried out using the NVE en- 

emble. We used a variable timestep starting at 0.001 fs, to con- 

ider the initial high velocities of atoms at the beginning of the 

ollision cascades. The starting positions of each recoil are within 

 few Angstroms of the same coordinate position within the simu- 

ation box, where a Zr is replaced with a U atom. Each overlapping 

ascade occurs along the same initial direction from the same po- 
2 
ition with the only difference being the initial structure is taken 

rom the end of the previous cascade. This process enabled us to 

aximize the amount of damage in the same region of the simu- 

ation box to probe the effects of damage saturation in this region. 

The amorphous zirconolite structure was produced using the 

elt-quench technique (similar to previous work [12] ). The crys- 

alline system was melted at 60 0 0 K for 100 ps, then cooled to

00 K with a quench rate of 10 Kps −1 .The system was then relaxed

or 100 ps at 300 K using the NPT Ensemble. Radiation damage- 

nduced amorphization is often accompanied by a decrease in den- 

ity. Here, we observe a 4% increase in the volume of the amor- 

hous structure after relaxation when compared to the crystal with 

nitial density of 4.4251 gcm 

−3 . This is in good agreement with 

he experimentally observed 4–6% volume expansion [14,15] of zir- 

onolite as it becomes completely amorphous. Due to this good 

greement and previous work that compared melt quenching of 

ircon to radiation damaged zircon, were also in good structural 

greement [32] , we use a melt quenched amorphous zirconolite 

s a proxy for fully damaged amorphous zirconolite by radiation 

amage. It is worth noting that previous work on borosilicate glass 

as shown that the quenching rate can affect the structure of the 

lasses produced but irradiated samples were shown to have sim- 

lar local order modifications as those produced by quenching [31] . 

s this work focuses on modifications locally caused by the cas- 

ades, the melt-quench method produces a suitable model of an 

morphized system for examining the effects of radiation damage. 

n this work our use of the term ’amorphous zirconolite’ specif- 

cally refers to the amorphous zirconolite we produce via melt- 

uench. The ballistic effects of radiation damage have often been 

inked to a process that mimics local thermal quenching [28–30] , 

nd the melt-quench method allows the generation of an amor- 

hous zirconolite that is a homogeneous random network of over 

0 million atoms. As is shown in this paper, the structure of amor- 

hous and crystalline zirconolite continues to evolve with increas- 

ng radiation damage and so there are likely multiple ‘phases’ of 

morphous zirconolite in real systems. 

. Results and analysis 

.1. Collision cascades and main structural changes 

Quantifying the effect of radiation damage on a material’s 

tomistic structure is challenging, especially if the objective is to 

ink single recoil events with experimentally measurable quanti- 

ies. A common measure of damage, or introduced disorder to a 

ystem, the pair distribution function (PDF), undergoes only neg- 

igible changes as a result of a radiation damage event in simula- 

ions of both amorphous and crystalline zirconolite systems. This 

s due to the relatively small number of displaced atoms (approxi- 

ately 6500) when compared with the entire system of 13 million 

toms. 

However, it is possible to zoom in and calculate a PDF of the 

ost damaged region in the cell, centred on the position in the 

tructure where the cascades overlap the most. On this basis a PDF 

as calculated for both the crystalline and amorphous systems in 
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Fig. 1. Total radial distribution function for crystalline zirconolite in the overlapping 

region before and after cascade 1, 3 and 5. 

Fig. 2. Total radial distribution function for amorphous zirconolite in the overlap- 

ping region before and after cascade 5. 
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Fig. 3. Pair distribution functions of Ca-O, Zr-O and Ti-O pairs in crystalline zir- 

conolite before radiation damage. 
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 small sub-region of the cell, an area containing 6500 atoms. In 

ig. 1 the effect of increasing amorphization of the region after 

ultiple cascades can be observed with the loss of long range or- 

er in the PDF. However, complete amorphization of the region is 

ot observed, even after 5 cascades. This is in contrast with our 

arlier study in zircon [12] showing complete amorphization after 

 overlapping cascades. Experimental papers report that the dpa 

displacements per atom) to cause amorphization at room temper- 

ture in both zircon and zirconolite are roughly the same order 

f magnitude, 0.2-0.6 dpa for zircon [16] as compared to 0.67-1.2 

pa for zirconolite [17] . The larger dpa required for complete amor- 

hization of zirconolite when compared to zircon is therefore con- 

istent with our modelling results showing zirconolite’s greater re- 

istance to amorphization. 

In the amorphous system prepared by melt quench, the effect 

f radiation damage is unnoticeable after 5 cascades except for 

 slight decrease in the height of the first peak in the PDF, as 

hown in Fig. 2 . The insensitivity of the PDF to radiation damage, 

ven in the small cascade region of amorphous zirconolite, demon- 

trates the need for other measures to quantify structural damage 

n amorphous materials. 

.2. Coordination statistics in crystalline zirconolite due to multiple 

ascades 

In this section, radiation cascades in crystalline zirconolite are 

nalyzed with the use of coordination based statistics, as in our 

revious work [12] . In summary, a coordination displacement is 

efined as those atoms that change their local coordination bond 
3 
etwork and are translated by more than a chosen cutoff. In zir- 

onolite, defining defects on the basis of local coordination is not 

traightforward, but the coordination distribution of each atomic 

pecies can be nevertheless monitored during the cascades to see 

ow the structure evolves. We therefore present the number of 

oordination displacements that occur with respect to the initial 

tructure before each individual cascade. This number is not cu- 

ulative between each cascade as it relies on the starting posi- 

ions of the atoms before the cascade. However, the change in co- 

rdination statistics for each cation-oxygen pair is cumulative be- 

ween cascades as it is dependent on the coordination distribution 

f the whole system. Thus, coordination displacements measure 

he number of atoms displaced as a result of each individual cas- 

ade, whilst the coordination distribution measures the change to 

he structure of the whole system. 

To build the local atomic coordinations between atoms we use 

ut offs of 2.50 Å, 3.00 Å and 3.20 Å respectively for Ti-O, Zr-O and

a-O pairs. These values are taken from the first minimum after 

he first maximum in the relevant pair distribution functions from 

ig. 3 . These values are then used in our coordination displacement 

efinition with the specific atom needing to also be displaced by 

 minimum of 1.0 Å, 1.0 Å, 1.2 Å and 1.2 Å respectively for Ti, Zr,

a and O atoms. The values for the minimum displacement come 

rom the first peak in Fig. 3 and approximately half that value, with 

he O value chosen to be the same as the largest bond pair dis- 

ance. 

In Fig. 4 we show the time evolution of the coordination dis- 

lacements caused by cascades 1 (the initial cascade), 3 and 5. 

he vast majority of the atoms being displaced are oxygens, ap- 

roximately 5 times more than all the other atomic species com- 

ined. This is consistent with previous simulations used to calcu- 

ate the threshold displacement energies in crystalline zirconolite, 

8] showing that O atoms have the lowest threshold displacement 

nergy (15 eV) when compared to Ca (25 eV), Zr (48 eV) and Ti 

45 eV). 

As more overlapping cascades are simulated, the total number 

f displaced atoms per cascade rises, with an increase of around 

0% more coordination displacements after the 5th cascade com- 

ared to the first. An increase in the number of defects produced 

y overlapping cascades in zirconolite has been observed previ- 

usly [6] , although differences in definition of defects and displace- 

ents, and a smaller simulation cell size, make it hard to compare 

agnitudes. The important finding here is that the amorphous zir- 

onolite structure is more susceptible to damage than the initial 

rystal phase. 



A. Diver, O. Dicks, I.T. Todorov et al. Journal of Nuclear Materials xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: NUMA [m5G; November 19, 2020;4:11 ] 

Fig. 4. Number of coordination displacements for Ti, O, Ca and Zr atoms during 

collision cascades 1,3 and 5 in crystalline zirconolite. 
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Fig. 5. Change in atom pair coordination during consecutive overlapping collision 

cascades in crystalline zirconolite. a) Ti-O, b) Zr-O and c) Ca-O. 
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Importantly, the magnitude of O atom coordination displace- 

ents in Fig. 4 clearly shows the significant decrease in the recov- 

ry of the peak at around 1 ps. This suggests as a region becomes

ore and more damaged it becomes much harder for atoms to re- 

urn to their crystalline lattice position, promoting amorphization. 

he amorphization of the structure is the reason behind the peaks 

n Fig. 4 continue to decrease with the number of cascades as each 

ascade less and less crystallinity remains present to aid recovery. 

lso the ending plateau gets increasing higher, once again suggest- 

ng that previous damage makes the structure more susceptible 

o further damage. Small recovery in the number of displaced O 

toms after 5 overlapping cascades is consistent with the perse- 

erance of some long range order in the local PDFs in Fig. 1 . 
4 
The evolution of the zirconolite crystalline (as well as amor- 

hous) structure can be further analysed from the overall change 

n coordination statistics of each cation-oxygen pair during and af- 

er each cascade, presented in Fig. 5 . The regularly spaced sharp 

eaks and then the plateau’s seem in the change in coordination 

tatistics is due to the large peak in the damage at the beginning 

f each cascade simulations followed by elastic recovery, this is 

 similar effect that is seen in the coordination displacements as 

hown in Fig. 4 . In short, an initial collision cascade expands in 

olume like a hot liquid (microscopically, this is due to the an- 

armonicity of the interatomic potential pushing atoms apart). As 

 result, the cascades pushes on the surrounding crystalline lat- 

ice and expands it. This expansion moves the atoms away and the 

efect algorithm detects this motion. However, as cascade cools 

own, the surrounding crystalline lattice around the cascade re- 

ersibly relaxes back. This gives the peak. 

The most significant change of the overall coordination distribu- 

ion is related to the glass-forming Ti-O units, with a decrease in 
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Fig. 6. Pair distribution functions of Ca-O, Zr-O and Ti-O pairs in amorphous zir- 

conolite before any radiation damage. 
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Fig. 7. Number of coordination displacements for Ti, O, Ca and Zr atoms during 

collision cascades 1,3 and 5 in amorphous zirconolite. 
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-coordinated ( [6] Ti) and an increase in 5- ( [5] Ti) and 7-coordinated 

 

[7] Ti) Ti atoms with O atoms. Ti-O demonstrates an initial quick 

ecovery from the cascade spike in the number of [6] Ti over the 

rst few ps, but then a slower decrease in 

[6] Ti to a new equi-

ibrium structure over about 40 ps. Similar behaviour has been ob- 

erved before in the Si-O glass forming unit in zircon [12] . DFT cal-

ulations [18] show that the most stable configuration for an oxy- 

en interstitial in crystalline zirconolite creates 2 [7] Ti ions. These 

nterstitials introduce defect states into the band gap [18] which 

an be probed using optical techniques. It is also interesting to 

ote Frenkel defect formation energies for O interstitial-vacancy 

airs in zirconolite are relatively low, between 1.15 eV and 3.18 eV 

18] . 

Ca and Zr network modifiers show a much larger and faster re- 

overy from the cascade induced spike, relaxing to a new equilib- 

ium after approximately 20 ps. They also both show an overall 

ecrease in the average coordination number, suggesting that dis- 

laced O atoms are forming vacancies on the network modifiers 

nd interstitials on the Ti-O glass forming units. 

The overall decrease in the coordination of Ca is not unexpected 

nd has been seen before from x-ray absorption spectroscopy of 

ully damaged zirconolite [3] . It has been suggested that the coor- 

ination environment of Zr atoms is not significantly altered by ra- 

iation damage [19] , and while our results suggest that this is not 

he case, we do however observe that the magnitude of coordina- 

ion change of Ca and Ti is significantly greater than is observed 

or Zr. 

.3. Coordination statistics in amorphous zirconolite due to multiple 

verlapping cascades 

Following on from the crystalline structure, we now analyze ra- 

iation cascades in amorphous zirconolite in much the same way 

s the crystal. We have determined different parameters to build 

ocal atomic coordinations, seen in Fig. 7 , for the amorphous zir- 

onolite structure. Cutoffs of 2.62 Å, 2.87 Å and 3.27 Å are used 

or Ti-O, Zr-O and Ca-O pairs, respectively. These were determined 

rom the first minimum after the first peak in the PDFs of the atom 

airs as shown in Fig. 6 . The same values for the minimum dis-

lacement cutoffs in the amorphous material were selected as for 

he crystal to aid direct comparison. 

The overlapping cascades in the amorphous structure we 

resent here is the most extreme case were the entire waste form 

as been amorphized by years of radiation damage and that a 

mall region of this material continues to be irradiated with re- 

eated overlapping cascades. This would represent the most ex- 
5 
remely damaged region possible and the worst-case scenario in 

irconolite. 

The first point to note is the significantly increased number of 

oordination displacements seen in Fig. 7 that occur compared to 

he crystal. If enough cascade overlaps were run in the crystalline 

ystem we could expect the coordination displacements to be in 

ine with those in Fig. 7 . In both cases the more mobile oxygen 

toms have a significantly larger number of displacements com- 

ared to the other atomic species, and overall 4 times more atoms 

re displaced during a cascade in amorphous zirconolite. In this 

ense, the amorphous structure becomes “softer” than the crys- 

al in terms of higher susceptibility to displacements from radia- 

ion damage. We also observe that in the amorphous structure Ca 

toms are the 2nd most highly displaced species after O, as op- 

osed to the crystal where Ti atoms are the 2nd most displaced. 

his indicates that Ca ions are much more mobile in the amor- 

hous structure, consistent with earlier results [6] . 
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Fig. 8. Change in atom pair coordination during consecutive overlapping collision 

cascades in amorphous zirconolite. a) Ti-O, b) Zr-O and c) Ca-O. 
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The coordination displacements of oxygen and calcium atoms 

re shown to increase even at the end of the simulation, as 

hey are much more mobile at room temperature in the amor- 

hous structure only. The increased mobility is not unexpected 

s increased ion diffusion is linked to the increase in conductiv- 

ty in similar materials. Previous studies on ion irradiated titan- 

te pyrochlores [25] have shown them to increase their conduc- 

ivity by up to two orders of magnitude as a result of radiation 

amage. 

Another important feature of Fig. 7 is the lack of any recovery 

eak in the first few picoseconds. This is in striking contrast to the 

ehaviour seen in the crystal ( Fig. 4 ). This can be explained by the

ecovery seen in the crystal being due to a reversible elastic defor- 

ation of the lattice surrounding the collision cascade core. Due to 

he strongly anharmonic motion produced inside the cascade core 

he region undergoes a volume expansion, which then causes ten- 

ile stress on the surrounding structure [20] , resulting in only the 

emporary displacement of atoms on the outside of the cascade 

egion in the crystal. However in the amorphous structure there is 

o crystallinity to aid recovery so very little elastic and reversible 

eformation is produced, as observed in the lack of clear recov- 

ry in Fig. 7 . This is a notable result revealing an important dif-

erence in radiation response between crystalline and amorphous 

ystems. 

The coordination statistics for all pairs can be seen in Fig. 8 , 

hich show key features that are missed from only looking at dis- 

lacements. From the Ca-O statistics we see no change in the over- 

ll coordination distribution due to radiation cascades. This sug- 

ests that the Ca-O coordination distribution is in equilibrium, or 

saturated’ in the amorphous state and that further damage does 

ot continue to evolve the system to a new Ca-O coordination dis- 

ribution. This process of saturation is also seen in some aspects of 

he Zr-O coordination statistics after the 2nd cascade. The num- 

er of newly created 7-coordinated Zr-O ( [7] Zr) stops increasing 

n the damaged region and remains roughly constant during the 

est of the cascades. However, the number of [5] Zr continues to in- 

rease. The divergence of the coordination statistics between 

[5] Zr 

nd 

[7] Zr show evolution towards a new, stable amorphous struc- 

ure produced by the collision cascades that will eventually reach 

 saturation limit where it can no longer be further damaged. This 

aturated state would be crucial to identify and study if zirconolite 

s going to be used for the long term storage of nuclear waste. 

The amorphous structure produced via melt-quench has a lower 

nitial average Ti-O coordination, 5.48, than the crystal. The Ti-O 

oordination distribution also undergoes a much larger change as a 

esult of radiation damage, with a large increase in the number of 
5] Ti and a decrease in the number of [6] Ti. Consistent with earlier 

ndings, we see that it is easier to damage amorphous zircono- 

ite and disrupt the Ti-O network than it is in the crystalline sys- 

em. In the initial crystalline system the majority of the loss in the 
6] Ti atoms results in over coordinated 

[7] Ti, but in the completely 

morphous structure the [6] Ti on average become [5] Ti after sub- 

equent cascades. This suggests that once complete amorphization 

f the crystal occurs, further cascades will still cause the structure 

o evolve towards a new “equilibrium” end state. At some point 

here is a switch when Ti coordination stops increasing and starts 

ecreasing. It should be noted we do not observe the intermediate 

morphous structure in the damaged crystalline zirconolite, even 

fter 5 cascades, but this is likely due to the continuation of the 

tructure evolution in the medium range ( Fig. 1 ) not reaching com- 

lete amorphization. Analysis of synthetic amorphized zirconolite 

roduced from ion beam experiments [21] also shows an increase 

n the percentage of [5] Ti. A similar result is reported in glass ce- 

amic composites incorporating zirconolite where a decrease in Ti 

oordination number is observed as a result of structural damage 

22] . 
6 
.4. Density inhomogeneity and energetic effects 

In this section, we address radiation-induced density variations 

mportant for waste immobilization due to its potential effects on 

iffusion rates of radioactive ions. To measure this the simulation 

ell is split into boxes of 10 Å in length. The density of these boxes

s calculated before each collision and then compared to the den- 
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Fig. 9. Density fluctuation of amorphous zirconolite after the 1st collision cascade. 

The more red a region, the larger the increase in percentage change in density and 

the bluer a region the larger the decrease in percentage change in density. (For 

interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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Fig. 10. Density fluctuation of amorphous zirconolite after the 5th collision cas- 

cade.The more red a region, the larger the increase in percentage change in density 

and the bluer a region the larger the decrease in percentage change in density. (For 

interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 

Table 2 

Change in enthalpy between each consecutive collision 

cascade in amorphous and crystalline zirconolite. 

Change in enthalpy (eV) Crystal Amorphous 

Cascade 1 722 ± 34 1261 ± 27 

Cascade 2 782 ± 54 1212 ± 76 

Cascade 3 768 ± 48 901 ± 47 

Cascade 4 1190 ± 59 926 ± 56 

Cascade 5 1162 ± 56 718 ± 37 

a

c

p

e

c

O

e

f

a

d

p

s

m

w

s

s

ity after the cascade. we make sure to relax the damaged struc- 

ures using an NPT ensemble for 50 ps after each cascade and then 

se the relaxed structures as comparisons for the density change. 

s can be seen in Fig. 9 and 10 we find an increase in density

nhomegeneity in areas of the simulation box where the cascades 

re located. Although we see no discernible difference in the lo- 

al PDFs of the damaged region, we clearly see a region with up 

o 20% decreases in density, creating nanosized density variations 

n the amorphous network as a result of radiation damage. Previ- 

us work examining natural radiation damaged zirconolites [4] re- 

orted the existence of voids, with sizes up to a hundred nanome- 

ers. The large void sizes measured experimentally may be related 

o the age of the samples and the formation of He bubbles as a re-

ult of the alpha decays, which form in the place of these density 

ariations. Understanding these voids in terms of the performance 

f zirconolite as a waste form is paramount because they serve as 

ast diffusion pathways. This has been observed in Cm doped zir- 

onolite where leaching rates up to 50 times larger than the crys- 

alline structure have been measured after sample self irradiation 

23] . 

We calculate the enthalpy of the system progressively dam- 

ged by collision cascades. We first relax the initial crystalline and 

morphous zirconolite structures with no radiation damage with 

n NPT ensemble for 50 ps and calculate average value for the total 

nthalpy of those structures. After each collision cascade we then 

lso follow the same procedure. We then calculate a change in the 

nthalpy of the relaxed structures as a result of the radiation dam- 
7 
ge. In Table 2 we see that whilst total enthalpy increases in the 

rystal after each cascade, an opposite trend is seen for the amor- 

hous system. As zirconolite becomes amorphous the amount of 

nthalpy change increases with each cascade and as such it be- 

omes easier for the structure to store energy in the above sense. 

n the other, it becomes increasingly more difficult to store the 

nergy as the amorphous system is damaged further. This provides 

urther support to the evolution of the crystalline phase towards 

n intermediate amorphous phase, where subsequent, continued 

amage will lead to the evolution of a different/new amorphous 

hase. 

We observe that further cascades in the amorphous structure 

eem to have less impact on enthalpy change, suggesting that there 

ay be a saturation in this sense. This is consistent with previous 

ork in quartz highlighting the link between the decrease in den- 

ity and the increase in enthalpy [24] and suggesting that damage 

aturation is reached once the local enthalpy landscape is altered 
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Fig. 11. Change in both a) system enthalpy, b) number of 6 coordinated Ti atoms 

and c) number of 6 coordinated Zr atoms between each collision cascade in amor- 

phous zirconolite. 
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nough to produce lower energy barriers, such that further struc- 

urally induced defects are able to relax out. 

From our results and analysis we propose that the change in 

nthalpy and coordination distribution of materials can be used 

o experimentally quantify radiation damage and allow comparison 

etween materials. 

A comparison of the change in enthalpy to the change in the 

umber of [6] Ti ( Fig. 11 ) in amorphous zirconolite shows a sign 

f correlation which suggests that the change in enthalpy may be 

inked to the disruption of the Ti-O amorphous network. A simi- 

ar correlation is observed in our recent work in zircon, with the 

isruption of the Si-O network [12] . That this occurs in both ti- 

anates and silicates is an interesting result. It suggests the trend 
8 
ay be universal and not depend on the elemental composition of 

he glass. 

However, the same trend is not observed when comparing the 

hange in 

[6] Zr ( Fig. 11 ),which was chosen as it was the Zr coordi-

ation state that decreased because of the radiation damage. This 

s of no surprise that different glass former’s react differently to 

adiation damage as in zirconolite we see TiO [6] bridges formed 

ue to radiation damage to stablize the structure but no evidence 

f ZrO bridges being formed. It suggests that the biggest impact 

n enthaply release in zirconolite comes from the destruction of 

hese TiO bridges and explains why the enthalpy and the change 

n 6 fold Ti atoms correlate. 

It is important to note that experimental studies of radiation 

amage have linked stored energy to damage produced before 

33,34] and it should be no surprise that the coordination change 

e present and hence damage correlate with the change in en- 

halpy. 

. Conclusions 

In summary, we have studied radiation damage in amorphous 

irconolite and found that the amorphous structure responds to ra- 

iation damage differently from the crystal: it is softer compared 

o the crystal in terms of defect recovery. We find that the amor- 

hous structure continues to evolve as a result of radiation dam- 

ge, whilst also identifying large density inhomogeneities at the lo- 

al level which we suggest may play an important role for nuclear 

aste storage. Finally, we find a correlation between the changes of 

nthalpy and local coordination, suggesting that enthalpy change 

s a proxy for radiation damage that can be used to bridge the gap 

etween simulation measured atomistic changes and macroscopic 

xperimentally measured changes. 

We also show that the evolution of coordination distribution 

ct in opposite directions in the crystalline and amorphous phases 

ith increasing damage, suggesting there is potentially an interme- 

iate amorphous phase that occurs once zirconolite is completely 

morphized but not in long term equilibrium when subject to fur- 

her damage. Our results raise an interesting question of whether 

he detected evolution of our amorphous structure in response to 

adiation damage may converge to a new amorphous structure and 

f this can then be seen in experimental studies. This poses a ques- 

ion of fundamental importance to the physics of amorphous state 

10] , namely what is the nature of this new potential amorphous 

tate? These questions can be studied in future experimental and 

odelling work. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

RediT authorship contribution statement 

A. Diver: Conceptualization, Methodology, Software, Writing - 

riginal draft, Writing - review & editing, Visualization, Investiga- 

ion. O. Dicks: Software, Writing - review & editing, Methodology. 

.T. Todorov: Conceptualization, Funding acquisition, Writing - re- 

iew & editing, Supervision. A.M. Elena: Methodology, Software. K. 

rachenko: Methodology, Software. 

cknowledgements 

AD, OD and KT were supported by the UK Engineering and 

hysical Sciences Research Council (EPSRC) grant EP/R004870/1 . 

https://doi.org/10.13039/501100000266


A. Diver, O. Dicks, I.T. Todorov et al. Journal of Nuclear Materials xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: NUMA [m5G; November 19, 2020;4:11 ] 

s  

w

/

H

f

C

t

E

R

 

 

 

 

 

[

 

 

 

[

[  

[

[

[  

[  

[

[  

[  

[

[

[

 

[

[

[  
Via our membership of the UK’s HEC Materials Chemistry Con- 

ortium, which is funded by EPSRC ( EP/L0 0 0202 , EP/R029431 ), this

ork used the ARCHER UK National Supercomputing Service ( http: 

/www.archer.ac.uk ) and the UK Materials and Molecular Modelling 

ub for computational resources, MMM Hub, which is partially 

unded by EPSRC ( EP/P020194 ). 

Part of this work made use of computational support by 

oSeC, the Computational Science Centre for Research Communi- 

ies, through CCP5: The Computer Simulation of Condensed Phases, 

PSRC grant no EP/M022617/1 through AME and ITT. 

eferences 

[1] N.C. Hyatt, Energy Policy 101 (2017) 303, doi: 10.1016/j.enpol.2016.08.033 . 

[2] A.E. Ringwood, S.E. Kesson, N.G. Ware, W. Hibberson, A. Major, Nature 278 
(1979) 219–223, doi: 10.1038/278219a0 . 

[3] G. Lumpkin, R. Ewing, B. Chakoumakos, R. Greegor, F. Lytle, E. Foltyn, F. Clinard, 
L. Boatner, M. Abraham, J Mater Res 1 (1986) 564–576, doi: 10.1557/JMR.1986. 

0564 . 
[4] R.C. Ewing, T.J. Headley, J. Nucl. Mater. 119 (1983) 102, doi: 10.1016/ 

0 022-3115(83)90 058-2 . 

[5] R. Ewing, L. Wang, Nucl. Instrum. Methods Phys. Res., Sect. B 65 (1992) 319, 
doi: 10.1016/0168- 583X(92)95059- Z . 

[6] H.F. Chappell, M.T. Dove, K. Trachenko, R.E. McKnight, M.A. Carpenter, S.A. Red- 
fern, J. Phys.: Condens. Matter 25 (2012) 055401, doi: 10.1088/0953-8984/25/5/ 

055401 . 
[7] H. Foxhall, K. Travis, L. Hobbs, S. Rich, S. Owens, Philos. Mag. 93 (2013) 328,

doi: 10.1080/14786435.2012.718448 . 

[8] L. Veiller, J.-P. Crocombette, D. Ghaleb, J. Nucl. Mater. 306 (2002) 61, doi: 10.
1016/s0022-3115(02)01134-0 . 

[9] W. Weber, R. Ewing, C. Catlow, T.D.D.L. Rubia, L. Hobbs, C. Kinoshita, H. Matzke,
A.T. Motta, M. Nastasi, E. Salje, et al., J Mater Res 13 (1998) 1434, doi: 10.1557/

jmr.1998.0205 . 
[10] R. Zallen, The Physics of Amorphous Solids, John Wiley & Sons, 2008, doi: 10.

1002/9783527617968 . 

[11] I.T. Todorov, W. Smith, K. Trachenko, M.T. Dove, J Mater Chem 16 (2006) 1911, 
doi: 10.1039/b517931a . 

12] A. Diver, O. Dicks, K. Trachenko, A. Elena, I.T. Todorov, J. Phys.: Condens. Matter 
(2020), doi: 10.1088/1361-648x/ab9f51 . 

[13] J.F. Ziegler, J.P. Biersack, The stopping and range of ions in matter, in: 
D.A. Bromley (Ed.), Treatise on Heavy-Ion Science: Volume 6: Astrophysics, 

Chemistry, and Condensed Matter, Springer US, Boston, MA, 1985, pp. 93–129, 

doi: 10.1007/978- 1- 4615- 8103- 1 _ 3 . 
9 
[14] F. Clinard Jr., D. Peterson, D. Rohr, L. Hobbs, J. Nucl. Mater. 126 (1984) 245,
doi: 10.1016/0022-3115(84)90036-9 . 

[15] T. Wiss, X. Deschanels, J.-P. Hiernaut, D. Roudil, S. Peuget, V. Rondinella, J. Nucl. 
Mater. 362 (2007) 431, doi: 10.1016/j.jnucmat.2007.01.096 . 

[16] R. Ewing, W. Lutze, W.J. Weber, J Mater Res 10 (1995) 243, doi: 10.1557/jmr. 
1995.0243 . 

[17] K.L. Smith, N.J. Zaluzec, G.R. Lumpkin, J. Nucl. Mater. 250 (1997) 36, doi: 10.
1016/s0022-3115(97)00237-7 . 

[18] J. Mulroue, A.J. Morris, D.M. Duffy, Physical Review B 84 (2011) 094118, doi: 10.

1103/physrevb.84.094118 . 
[19] F. Farges, R.C. Ewing, G.E. Brown, J Mater Res 8 (1993) 1983, doi: 10.1557/jmr. 

1993.1983 . 
20] K. Trachenko, M.T. Dove, E. Artacho, I.T. Todorov, W. Smith, Phys. Rev. B 73 

(2006) 174207, doi: 10.1103/physrevb.73.174207 . 
21] D. Reid, M. Stennett, B. Ravel, J. Woicik, N. Peng, E. Maddrell, N. Hyatt, Nucl.

Instrum. Methods Phys. Res., Sect. B 268 (2010) 1847, doi: 10.1016/j.nimb.2010. 

02.026 . 
22] E. Paknahad, A.P. Grosvenor, Solid State Sci. 74 (2017) 109, doi: 10.1016/j. 

solidstatesciences.2017.10.013 . 
23] W. Weber, J. Wald, H. Matzke, J. Nucl. Mater. 138 (1986) 196, doi: 10.1016/ 

0 022-3115(86)90 0 06-1 . 
24] N.A. Krishnan, B. Wang, Y. Yu, Y.L. Pape, G. Sant, M. Bauchy, Phys. Rev. X 7

(2017) 031019, doi: 10.1103/physrevx.7.031019 . 

25] J. Lian, L. Wang, J. Chen, K. Sun, R. Ewing, J.M. Farmer, L. Boatner, Acta Mater
51 (2003) 1493, doi: 10.1016/s1359-6454(02)00544-x . 

26] A.-M. Seydoux-Guillaume, X. Deschanels, C. Baumier, S. Neumeier, W.J. Weber, 
S. Peuget, American Mineralogist: Journal of Earth and Planetary Materials 103 

(2018) 824, doi: 10.2138/am- 2018- 6447 . 
27] W. Li, Y. Shen, Y. Zhou, S. Nan, C.-H. Chen, R.C. Ewing, Sci Rep 7 (2017) 1,

doi: 10.1038/s41598- 017- 14379- 9 . 

28] J.-M. Delaye, S. Peuget, G. Bureau, G. Calas, J Non Cryst Solids 357 (2011) 2763,
doi: 10.1016/j.jnoncrysol.2011.02.026 . 

29] S. Wang, L. Wang, R. Ewing, G. Was, G. Lumpkin, Nucl. Instrum. Methods Phys. 
Res., Sect. B 148 (1999) 704, doi: 10.1016/s0168- 583x(98)00847- 7 . 

30] D.L. Griscom, W.J. Weber, J Non Cryst Solids 357 (2011) 1437, doi: 10.1016/j. 
jnoncrysol.2010.11.017 . 

31] S. Peuget, E.A. Maugeri, T. Charpentier, C. Mendoza, M. Moskura, T. Fares, 

O. Bouty, C. Jégou, Journal of Non- Crystalline Solids 378 (2013) 201, doi: 10.
1016/j.jnoncrysol.2013.07.019 . 

32] R. Devanathan, L.R. Corrales, W.J. Weber, A. Chartier, C. Meis, Physical Review 

B 69 (2004) 064115, doi: 10.1103/physrevb.69.064115 . 

33] W.J. Weber, F.P. Roberts, Nucl Technol 60 (1983) 178, doi: 10.13182/ 
nt83-a33073 . 

34] E.A. Maugeri, S. Peuget, D. Staicu, A. Zappia, C. Jegou, T. Wiss, J. Am. Ceram.

Soc. 95 (2012) 2869, doi: 10.1111/j.1551-2916.2012.05304.x . 

https://doi.org/10.13039/501100000266
http://www.archer.ac.uk
https://doi.org/10.13039/501100000266
https://doi.org/10.1016/j.enpol.2016.08.033
https://doi.org/10.1038/278219a0
https://doi.org/10.1557/JMR.1986.0564
https://doi.org/10.1016/0022-3115(83)90058-2
https://doi.org/10.1016/0168-583X(92)95059-Z
https://doi.org/10.1088/0953-8984/25/5/055401
https://doi.org/10.1080/14786435.2012.718448
https://doi.org/10.1016/s0022-3115(02)01134-0
https://doi.org/10.1557/jmr.1998.0205
https://doi.org/10.1002/9783527617968
https://doi.org/10.1039/b517931a
https://doi.org/10.1088/1361-648x/ab9f51
https://doi.org/10.1007/978-1-4615-8103-1_3
https://doi.org/10.1016/0022-3115(84)90036-9
https://doi.org/10.1016/j.jnucmat.2007.01.096
https://doi.org/10.1557/jmr.1995.0243
https://doi.org/10.1016/s0022-3115(97)00237-7
https://doi.org/10.1103/physrevb.84.094118
https://doi.org/10.1557/jmr.1993.1983
https://doi.org/10.1103/physrevb.73.174207
https://doi.org/10.1016/j.nimb.2010.02.026
https://doi.org/10.1016/j.solidstatesciences.2017.10.013
https://doi.org/10.1016/0022-3115(86)90006-1
https://doi.org/10.1103/physrevx.7.031019
https://doi.org/10.1016/s1359-6454(02)00544-x
https://doi.org/10.2138/am-2018-6447
https://doi.org/10.1038/s41598-017-14379-9
https://doi.org/10.1016/j.jnoncrysol.2011.02.026
https://doi.org/10.1016/s0168-583x(98)00847-7
https://doi.org/10.1016/j.jnoncrysol.2010.11.017
https://doi.org/10.1016/j.jnoncrysol.2013.07.019
https://doi.org/10.1103/physrevb.69.064115
https://doi.org/10.13182/nt83-a33073
https://doi.org/10.1111/j.1551-2916.2012.05304.x

	Radiation damage effects in amorphous zirconolite
	1 Introduction
	2 Methods
	3 Results and analysis
	3.1 Collision cascades and main structural changes
	3.2 Coordination statistics in crystalline zirconolite due to multiple cascades
	3.3 Coordination statistics in amorphous zirconolite due to multiple overlapping cascades
	3.4 Density inhomogeneity and energetic effects

	4 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	References


