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ABSTRACT
Experiments with actinide-containing insulating wasteforms such as devitrified glasses containing 244Cm, Ti-pyrochlore, single-phase La-monazite, Pu-monazite ceramics, Eu-monazite and zircon single crystals containing 238Pu indicate that mechanical self-irradiation-induced destruction  may not reveal itself for many years (even decades). The mechanisms causing these slowly-occurring changes remain unknown therefore in addition to known mechanisms of wasteform degradation such as matrix swelling and loss of solid solution we have modelled the damaging effects of electrical fields induced by the decay of radionuclides in clusters embedded in a non-conducting matrix. Three effects were important: (i) electric breakdown; (ii) cluster shape change due to dipole interaction, and (iii) cluster shape change due to polarisation interaction. We reveal a critical size of radioactive clusters in non-conducting matrices so that the matrix material can be damaged if clusters are larger than this critical size. The most important parameters that control the matrix integrity are the radioactive cluster (inhomogeneity) size, specific radioactivity, and effective matrix electrical conductivity. We conclude that the wasteform should be as homogeneous as possible and even electrically conductive to avoid potential damage caused by electrical charges induced by radioactive decay. 
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1. Introduction 
Understanding long-term behaviour of actinide-containing host-matrices under self-irradiation is crucial in ensuring safety of nuclear waste storage and disposal. An important aspect of long-term matrix integrity is the resistance of material against damage caused by radiation. Radiation-induced damage of crystalline structures is usually, although not always, accompanied by reduced chemical durability, swelling and crack formation in poly- and single-phase crystalline ceramics [1] as well as in devitrified glasses containing large volumes (30 wt.%) of crystalline inclusions [2]. Under irradiation at room temperature (depending on cumulative dose and energy) the original crystalline structure may be (a) retained [3]; (b) converted into another type of crystalline structure [4]; or (c) amorphized (become amorphous or metamict) [1, 5, 6]. For example, the long-term stability and chemical durability of natural solid U-bearing Zr-silicate gel is assumed to be caused by two competing processes, first, crystallisation of the gel into U-doped zircon assisted by self-irradiation and, second, metamictisation of the crystallised zircon back to a gel-like state [7]. Extended experiments with actinide doped crystalline waste forms have however shown significant mechanical damage with crystal cracking within a decade of storage [1, 2]. Self-irradiation of materials over very long time scales, measured in the hundreds and thousands of years in the case of immobilized nuclear waste, creates continuous excitations and long-lived defects, which evolve in a medium that is changing with time. Slowly occurring processes that have hitherto not been the focus of attention may also result in significant consequences for the retention capacities of nuclear wasteforms. For example, the irradiation of insulators (e.g. glass and ceramics) causes intensification of surface diffusion processes and may result in surface instability [8-11]. Furthermore, although the amorphisation of crystalline materials is the most evident result of irradiation, the primary irradiation effects in glassy materials are volume changes and viscosity diminution [12-14]. Wasteform tolerance to radiation effects is most important for higher activity wastes which typically utilise glassy and crystalline wasteforms as well as glass-composite materials (GCM’s) which consist of both crystalline and glassy phases [15, 16]. Radiation effects in these materials have been intensively investigated with many overview reports available see e.g. [1, 17-19]. Moreover a Joint ICTP-IAEA Workshop on radiation effects in nuclear wasteforms and their consequences for storage and disposal was held in 2016 that involved experts in both experimental and theoretical (modelling) methods for radiation effects in materials to explore the potential of both experimental and theoretical/computational approaches to understand the consequences of irradiation of materials under extreme conditions, particularly focusing on long-term irradiation conditions envisaged for nuclear wasteforms containing long lived fission products and actinides. The following summaries on mechanical changes under self-irradiation in nuclear wasteforms briefly follow the reports presented at the Joint ICTP-IAEA Workshop [20]. 
Although radiation damage effects have been extensively examined in analogue minerals that naturally contain radionuclides and accumulate high doses of self-irradiation [1, 5, 6] the mechanisms of damage that cause alterations are not well understood. This paper aims after a brief summary of mechanical destruction effects observed to analyse an almost ignored mechanism of mechanical damage of non-conducting nuclear wasteforms caused by electrical fields [21] that are induced in the insulating materials by the decay of radionuclides. We will show that: 
· This mechanism can eventually lead to nuclear wasteform destruction in conditions of non-uniform radionuclide distribution;
· The most important parameters that affect the matrix integrity are the radioactive cluster (inhomogeneity) size, specific radioactivity and effective electrical conductivity of matrix. 
2. Nuclear wasteforms 
Radioactive or nuclear waste is defined as waste that contains or is contaminated with radionuclides at concentrations or activities greater than established clearance levels [22]. It is a general safety requirement that waste packages shall be designed and produced so that the radioactive waste is appropriately contained both during normal operation and in accident conditions that could occur in the handling, storage, transport and disposal. Processing radioactive waste is applied to enhance safety by producing a wasteform that fulfils the acceptance criteria for safe processing, transport, storage and disposal. The wasteform is a component of the waste package and is defined as the waste in its physical and chemical form after treatment and/or immobilization resulting in a solid product prior to packaging. Radioactive and chemically hazardous constituents in the waste can be immobilized into a wasteform through two processes: (1) binding them into the material at atomic scale (chemical incorporation), or (2) physically surrounding and isolating the material (encapsulation). 
A number of wasteform and container materials have been used for waste immobilization, including ceramic, glass, metal, cement, polymer and bitumen [1, 15, 16, 23-30]. In practice the more durable materials are used to host longer-lived and higher activity waste. The choice of the wasteform depends on the physical and chemical nature of the waste and the acceptance criteria for the storage and disposal facilities to which the waste will be consigned. When selecting a wasteform material several factors should be considered which include the following key considerations [26, 28, 31]: 
I. Waste loading: The waste form should be able to accommodate a significant amount of waste (typically 25–45 weight %) to minimize volume, thereby minimizing the space needed for storage, transportation and disposal.
II. Ease of production: Fabrication of the waste form should be accomplished under reasonable conditions, including low temperatures and, ideally, in an air atmosphere, using well established methods to minimize worker dose and the capital cost of plant.
III. Durability: The waste form should have a low rate of dissolution when in contact with water to minimize the release of radioactive and chemical constituents.
IV. Radiation stability: The wasteform should have a high tolerance to radiation effects from the decay of radioactive constituents. Depending on the types of constituents being immobilized, the waste form could be subjected to a range of radiation effects, including ballistic effects from alpha decay and ionizing effects from decay of fission product elements.
V. Chemical flexibility: The waste form should be able to accommodate a mixture of radioactive and chemical constituents with minimum formation of secondary phases that can compromise its durability.
VI. Availability of natural analogues: Since direct laboratory testing of the waste forms over the relevant time scales for disposal (typically 103–106 years) is not possible, the availability of natural mineral or glass analogues may provide important clues about the long term performance of the material in the natural environment, thereby building confidence in the extrapolated behaviour of the waste form after disposal.
VII. Compatibility with the intended disposal environment: The wasteform should be compatible with the near field environment of the disposal facility. The near field environment provides the physical and chemical conditions that are favourable for maintaining wasteform integrity over extended periods, which helps to slow the release of constituents and their transport out of the facility. 
3. Wasteform mechanical changes under self-irradiation
Vitreous materials have been used for several decades to immobilize nuclear waste and are planned to be used on an increasing scale in the forthcoming years [32, 33]. Detailed analyses of HLW vitreous wasteforms used in France have shown that ionizing radiation does not strongly affect the structure and properties of complex nuclear glass due to the positive effect of the glass chemical complexity on the defects formation and structural evolution [34-39]. Some specific effects like phase separation, bubble formation and level of swelling were observed for glasses under irradiation in TEM with very high dose rate (e.g. at currents above 0.1 – 0.5 A/cm2) , but these effects were never observed under electron irradiation in accelerators at lower dose rate [12-14, 17]. Alpha decay accumulation in nuclear glass induces slight changes of macroscopic properties (density and mechanical properties), although there is no modification of the glass microstructure which remains homogeneous without any phase separation and crystallization, apart from a slight modification of the glassy state, with modifications of both short and medium range orders [39]. The final structure seems to be the result of the ballistic melting in recoil nuclei tracks and the subsequent partial damage repair due to a thermal self-healing mechanism in the cluster tracks [39]. This results in a new homogeneous glassy state, similar to that obtained by a very high quenching rate (>106 K/s), with slightly modified macroscopic properties such as diminished density by 0.6%, Young modulus by 15%, hardness by 30%, increased toughness by 50%, and practically unchanged radionuclide leaching rates. However it is noted that the lack of glass natural analogues samples containing actinides does not allow a validation of the effect of the slow rate accumulation of alpha decays and long time scale of aging. 
A completely different behaviour was observed for partially devitrified glasses e.g. GCM’s that contained about 30 wt.% deliberately formed crystals under significant levels of self-irradiation caused by the decay of 2 wt.% 244Cm [2]. Large cracks about hundred micrometres long were formed in the GCM wasteform at cumulative doses of 2.41017 α-decays/g. More details about the GCM behaviour under irradiation would be useful however no additional data were found.
Recent extended experiments with actinide doped crystalline wasteforms have shown significant mechanical damage with crystal cracking within a decade of storage [1-3, 21]. Some samples of ceramic based on 238Pu-doped pyrochlore, (Ca1,16Gd0,23Hf0,30Pu0,24U0,42)Ti2O7, demonstrated crack formation even before amorphization of pyrochlore phase although zircon/zirconia ceramic did not crack under self-irradiation and preserved its initial light grey colour despite the zircon becoming completely amorphous (Fig.1). 
[image: Zr_Py_238_amorph]
Fig. 1. Different behavior of crystalline ceramics containing 238Pu under self-irradiation: 1) formation of cracks in the ceramic based on (Ca1,16Gd0,23Hf0,30Pu0,24U0,42)Ti2O7 with pyrochlore structure in the beginning stage of amorphisation of solid solution after accumulated dose of 2.61024 -decay/m3; 2) absence of cracks in the zircon ceramics based on (Zr0,955Pu0,045)SiO4 after accumulated dose of 5.31025 -decay/m3 (or 1.41019 alpha-decays/g) and complete amorphisation of zircon solid solution phase.

Single phase cubic zirconia ceramic, Zr0.79Gd0.14Pu0.07O1.93, remained crystalline and mechanically intact after high doses (Fig. 2). 
[image: ZRO_238_2+3]
Fig. 2. Samples of 238Pu-doped ceramics, Zr0.79Gd0.14Pu0.07O1.93, at accumulated doses (in -decay/m3 1024): 1) pellet #1 – 163 and 2) pellet #2 – 170 [40]

Polycrystalline 238Pu-bearing Pu-monazite, PuPO4 underwent metamictisation at relatively low dose changed colour from blue to black and cracked into separate pieces. Single-phase 238Pu-doped La-monazite, La0.9Pu0.1PO4, remained crystalline at high self-irradiation dose, however formation of microcracks in the matrix was also  observed visually (Fig. 3). 
[image: Monazite238_1+1a]
Fig. 3.  Pellet of single-phase 238Pu-doped ceramic, La0.9Pu0.1PO4, at accumulated dose approximately 1026 -decay/g /m3: 1) after extraction from XRD sealed holder; 2) self-induced destruction while taking picture over a period of several seconds [40]

A 238Pu-doped zircon single crystal examined over a 7-year period developed matrix cracking (Figs. 4 and 5). Formation of tiny (< 10 µm) particles near the crystals was also observed, possibly arising from fracture of the crystal surface under self-irradiation. 

[image: zircon_mono_238]
Fig. 4. Behaviour of crystalline synthetic zircon (Zr0.977Pu0.023)SiO4 containing 2.4 mass % of 238Pu and about 0.6 mass.% of other Pu isotopes under self-irradiation at accumulated dose (in -decay/g /g 1017). Photos 1 and 2: 0.1; photo 3: 2; photo 4: 6; photo 5: 22; photo 6: 51. Photo 2 shows self-lighting of crystal in the dark which stopped after the accumulated dose 21017 alpha-decays/g [1].

[image: Zr_238_crack]
Fig. 5. Optical microphotograph of polished crystal of synthetic zircon (Zr0.977Pu0.023)SiO4, containing 2.4 mass % 238Pu and about 0.6 mass % of other Pu isotopes after self-irradiation accumulated dose of 7.51017 -decay /g 1017): 1) in reflected light; 2) dark-field image.

Monocrystalline 238Pu-doped monazite, (Eu0.937Pu0.063)PO4, at the beginning of self-irradiation also demonstrated formation of tiny particles around crystals (Fig.6), but at high dose of irradiation formation of some shells on crystal surface was observed (Fig.7). 

[image: MonaziteEu_Mono238]
Fig. 6. Crystals of synthetic monazite (Eu0.937Pu0.063)PO4 containing 4.9 mass % 238Pu and about 1.1 mass % of other Pu isotopes: 1) initial state after synthesis; 2) formation of dispersed tiny particles around crystals after 14 months of storage – after accumulated dose of self-irradiation 1.11018 alpha-decays/g [1].

[image: Monazite_238]
Fig. 7. Crystals of synthetic monazite (Eu0.937Pu0.063)PO4 containing 4.9 mass % of 238Pu and about 1.1 mass % of other Pu isotopes after accumulated dose of self-irradiation 5.21018 -decay/g. Compared with initial state (Fig. 6 (1)  note the loss of transparency, change of colour from crimson to grey-brown and surface peeling [1].

It is interesting to note that the monazite remained crystalline at this dose. The white newly-formed bubble-like phase was identified as polycrystalline monazite [41].
A summary table of crystalline wasteform behaviour under self-irradiation from 238Pu doping is shown in Table 1 (see also [1, 20, 21]). 


Table 1. Summary of principal features of ceramics and crystals doped with 238Pu. 
	Wasteform (main phase)
	Pu bulk content, its distribution (wt.% el.)
	238Pu content (wt.% el.)
	Density, g/cm3
	Mechanical state

	
	
	
	Initial
	At highest dose
	

	Ti-pyrochlore ceramic
(Ca,Gd,Hf,Pu,U)2Ti2O7  
	10.5
Inhomogeneous from 3.4 to 26.8
	8.7
	4.8
	4.3
	visually observed cracks at dose 2.61024 -decay/m3 (Fig.1)

	Zircon/zirconia ceramic
(Zr,Pu)SiO4/(Zr,Pu)O2
	5.7, homogeneous
	4.7
	4.4
	no data
	no cracks observed at dose 5.31025 -decay/m3 (Fig.1)

	Single-phase cubic zirconia ceramic
Zr0.79Gd0.14Pu0.07O1.93
	12.2, homogeneous
	9.9
	5.8
	5.8
	no cracks observed at dose 1.71026 -decay/m3 (Fig. 2)

	Single-phase La-monazite ceramic
La0.9Pu0.1PO4
	9.9, homogeneous*
	8.1
	4.7
	No data
	visually observed macro-cracks at dose 1.01026 -decay/m3 (Fig. 3)

	Pu-monazite ceramic
PuPO4
	65.2, homogeneous*
	7.2
	4.9
	no data
	visually observed macro-cracks. Full destruction of ceramic pellet into separate pieces at dose 4.21024 -decay/m3  

	Zircon single crystal
Zr0.977Pu0.023SiO4
	3.3, inhomogeneous from 1.9 to 4.7
	2.4
	no data
	no data
	Increase of visually observed cracks from dose 2.01017 to 2.21018 -decay /g. Cracking stopped at dose 5.1 x 1018 -decay/g (Figs. 4, 5)

	Eu-monazite single crystal
Eu0.937Pu0.063PO4
	6.0, homogeneous 
	4.9
	no data
	no data
	Particle formation at dose 1.11018 -decay/g. Formation of polycrystalline separated thin bubble-like pieces on the surface at dose 5.21018 -decay/g (Figs. 6, 7)


*These ceramics do not have separate PuO2 inclusions and have homogeneous initial distribution of Pu. Cracking of PuPO4 can be explained that there are actually two phases in these ceramics: PuPO4 and another Pu-phosphate. Therefore, it is possible to expect different swelling among two phases. However, La0.9Pu0.1PO4 is a single phase very homogeneous ceramic. Cracking can be caused by some segregation of Pu from solid solution into PuO2 inclusions potentially as destruction of solid solution due to Pu+3 oxidation to Pu+4.  which is evidenced by change of colour from blue to grey. 
[bookmark: _GoBack]The first observation of real clusters induced by self-irradiation in 238Pu-doped pyrochlore ceramic was presented in [42]. It is worth noting that highly radioactive Chernobyl lava-like fuel-containing materials (LFCM) termed also Chernobyl “lava” (which is a GCM containing glass with signs of devitrification and inclusions of high-uranium zircon crystals, particles of molten stainless steel, uranium oxide dendrites and grains, and particles of Zr-U-O phases) is characterized by different stability against spontaneous destruction, with the pumice-like lava being the least stable, generating radioactive aerosols and particles with sizes up to 0.25 mm [43]. 
There is no clear understanding of mechanisms behind mechanical destruction of wasteforms briefly described above. Radiation induced amorphisation and phase transformations, as well as changes in the valence state of nuclides may be considered among potential contributors. We would like herewith to analyse an additional mechanism of mechanical damage of non-conducting nuclear wasteforms caused by electrical fields which are always induced in insulating materials by decaying radionuclides. Although there is no direct proof of relation of known mechanisms of destruction of wasteforms with the effects briefly overviewed above we consider that radiation-induced microcrystal shape change should also be considered among mechanism that can cause nuclear wasteform degradation. 
4. Radioactive cluster charging/discharging 
Apart from container materials nuclear wasteforms currently used for HLW immobilisation e.g. glasses, crystals and GCMs are highly-insulating materials which to large extent do not conduct electrical currents. Any charge imbalance that is introduced into such materials initially because of radioactive decay of waste radionuclides will require a relatively long relaxation time (seconds to hours) to a balanced (neutral) state. Typical  and  decay of radionuclides are associated with change of electric charge e.g. ionization so that electrical fields will inevitably build up due to radioactive decay and that will be permanently present until complete decay of waste radionuclides. The magnitudes of electrical field induced in wasteforms will depend on the specific activity of radionuclides and effective electrical conductivity of wasteform as well as on the homogeneity of the radionuclide distribution within the wasteform. Radionuclides are often inhomogeneously distributed in the wasteform particularly in composite (multiphase) materials such as GCM’s or multiphase crystalline ceramic such as Synroc with varying affinity of radionuclides to certain glassy or crystalline phases [1, 15, 16, 26-28]. For example, in GCM’s alkali elements tend to remain immobilised in the vitreous silicate phase whereas actinides concentrate in the crystalline phases such as zircon or zirconia [44-46]. 
In the case of radionuclides inhomogeneously distributed in a wasteform we can consider radioactive phase (radiophase) volumes containing decaying radionuclides as radiophase “clusters” surrounded by non-conducting material e.g. matrix. Consider a spherical radioactive particle with specific activity a0 and radius R embedded in a non-conducting glassy or crystalline ceramic matrix with effective electrical conductivity  (Fig. 8). The total cluster activity is A0=4a0R3/3. 
[image: ]
Fig. 8. Schematic of a radioactive cluster embedded in a non-conducting matrix which generates an electrical field E near it. 
Practically all  and  particles generated by decay will leave the cluster in the case when the cluster size 2R is smaller than their mean free path. Thus, the decaying radionuclides will change the cluster electrical charge. The total electric current out of the cluster which is generated by radioactive decay is:
 Iout=A0e, 											(1) 
where A0 is the activity of radionuclides in the cluster and e is equal to the elementary charge e=e0 in the case of  decay and e=2e0 in the case of  decay. The cluster becomes charged with total electrical charge ze and that generates an electric field which on its surface is 
 E=ze/40R2, 										(2)
where 0 is the vacuum permittivity (8.8510-12 F/m) and  is the dielectric constant which for a silicate glass matrix has the order of 5. 
The electric field will cause a back-flowing electrical current to the cluster due to finite electrical conductivity of matrix
 Iin=4R2E. 											(3)
The cluster electric charge at any time therefore will be determined by the sum of these two currents which results in the equation for radiophase cluster charge z: 
z/t=A0e/e0- z/0   										(4)
That gives for the strength of electric field with time t 
E(t)=E0[1-exp(-t/)],										(5)
where the maximal electric field on the cluster surface is given by 
E0=a0eR/3,											(6)
and the characteristic time of achieving that stationary electric field is 
=0/  											(7)
The smaller the matrix electric conductivity, the larger the cluster and radionuclide specific activity, the higher the stationary electrical field strength E0. The higher the electric conductivity the smaller the characteristic time of charging. At typical glass electrical conductivity () ranging from 10-11 to 10-15 S/m the characteristic time of cluster charging  will range from 4.5 s to 12.5 hours. 
Note that in principle the electric field can be strong enough and even exceed the dielectric breakdown threshold of the matrix. E.g. the dielectric breakdown occurs in silica glass at an electric field strength of about Emax  = 25 to 40 MV/m [47]. If the electrical field strength E0 exceeds Emax the cluster will be repeatedly (almost periodically) charged due to radionuclide decay and discharged due to dielectric breakdown (Fig. 9). 
[image: ]
Fig. 9. Almost periodic charging-discharging of a radiophase cluster in a non-conducting matrix. The electrical field E(t) cannot achieve its maximum value E0 because at t=T, 2T etc. dielectric breakdown of matrix occurs.  
The characteristic time (period) of discharges is found from:
T=ln[E0/(E0-Emax)]										(8)
If E0 is close to Emax then T  and there is no repetitive charging-discharging of radioactive clusters, however if E0>>Emax then T 0 and the frequency of charging-discharging can be high. Materials containing such charging/discharging radiophase clusters should be radiofrequency active and because of that the process occurrence should be readily detected. 
We give here a numerical assessment for a 244Cm- containing radiophase immobilised in devitrified glass composite [2]. It has a half-live T1/2=18.1 y and emits 5.8 MeV alpha particles to transform to 240Pu. 244Cm has the specific activity a0=80.9 Ci/g e.g. 2.99∙1014 Bq/kg or 4.03∙1019 Bq/m3 accounting that =13.5 g/cm3. A 244Cm- containing cluster of radius R = 1 m embedded in a non-conducting wasteform (e.g. glass) with =10-14 S/m can generate a maximum electric field strength as high as E0=400 MV/m. This field is an order of magnitude stronger than typical electric breakdown threshold of glass Emax and therefore the charging-discharging process will occur at intervals approximately equal to T  450 s. Since electrical discharges are accompanied by acoustic and electromagnetic signals the above effects can be detected using both acoustic emission and electromagnetic detectors [48-50]. The frequency of signals from charging/discharging radiophase will be given by 
=N/T, 											(9)
where N is the number of radioactive clusters present in the wasteform. 
There is a critical size Rcrit for clusters containing radioactive material in a wasteform so that if they exceed that size R> Rcrit then the dielectric breakdown will finally lead to matrix destruction: 
Rcrit=3Emax/a0e 										(10)
The critical size is dependent on both radiophase (a0 and e) and matrix properties ( and Emax). For 244Cm clusters in a glass matrix with =10-13 S/m and Emax=40 MV/m the critical radius is about 1 m. The wasteform should therefore be fabricated to be as homogeneous as possible and not contain radionuclide-containing clusters with size exceeding Rcrit to avoid damage by electrical breakdown of non-conducting matrices. More highly conducting matrices are less sensitive to electrical breakdown damage. 
Clusters of sizes smaller than Rcrit cannot cause dielectric breakdown of matrix however electric fields near clusters produce repulsive forces to any charged particles of similar sign charge. Therefore such radiation-ibdiced forces should be considered among possible causes of ejected sub-mm particles near the crystals observed (Fig. 6). Most important is that charged particles are unstable and with time will change their shape due to surface diffusion-controlled processes that although occurring very slowly (during many years to year decades) can induce strong mechanical strains in the matrix and finally break it. This process is considered below.
5. Radioactive cluster shape change 
Effects caused by strong electrical fields near radioactive clusters are not limited to dielectric breakdown. We consider now the possibility of shape (morphology) change and matrix mechanical destruction due to self-diffusion of adatoms on the surfaces of radioactive clusters. 
The effect of instability of conducting liquids in strong electric fields is well known as well as Rayleigh instability of small droplets [51-54]. Solid materials were considered stable in electrical fields because unlike fluids they do not flow, and so are apparently stable. However, it has been revealed that the surface of solids can also become unstable in electrical fields due to molecular diffusion-controlled material transport [8, 9, 11]. The concentration of surface molecules and atoms (adatoms) is modulated by the crystals curvature so that the higher the curvature the higher the concentration. Under normal conditions this leads to gradual flattening of surfaces via diffusion of adatoms to the lower curvature areas. However, in the presence of electric fields the situation can reverse. Indeed the higher the surface curvature the higher the electric field near it. Because of this the adatoms are effectively dragged into areas of higher curvature and the fluxes of adatoms so dragged can exceed the diffusion fluxes in the presence of strong electric fields. This will lead to slowly-occurring instability of solid materials surfaces. In contrast to fluids when the electrohydrodynamic instability evolves at minute fractions of a second the instability of solids in electrical fields occurs slowly and requires extended periods of time over many years and even decades and longer to be observed. However, the instability of solids in electrical fields also results in their eventual disruption and disintegration of small solid particles similar to that observed e.g. in Figure 6.2. Moreover in the case of radioactive materials the evolution of solid surface instability can occur at an accelerated rate because of additional defects induced by radiationAlthough in the material of Fig 6.2 (synthetic monazite with Pu), there is no evidence of the presence of clusters, tiny particles and “bubble-like” new-formed white material on the single crystal surface are related to polycrystalline (consisted of small crystallites) monazite [43] Therefore, transfer from single-crystal matrix to polycrystalline is one potential candidate for confirmation of instability although we still do not exclude possible separation of PuO2. 
We consider two cases for adatoms (or surface molecules) interaction with electric field – 
(i) dipole interaction Uint=-(dE), and								(11)
(ii) polarization interaction Uint=E2, 							(12) 
where Uint is the energy of interaction. The dipole moment d = d can be assumed to be of the order of 3∙10-30 C∙m whereas the polarisation of an adatom has the order of 40vm=1.1∙10-10vm, where vm is the volume of diffusing adatom (molecule). Thus, for a 1 m cluster with 244Cm which generates an electric field of the order of 40 MV/m we have Uint  10-22 J for dipole and Uint  10-25 J for polarization mechanisms revealing that the dipole mechanism of interaction is much stronger. It can gradually drag the adatoms to areas of higher curvature and modify the cluster shape changing its morphology e.g. from spherical to an extended shape. The adatoms do also interact with the surface of the embedded matrix which can affect their mobility. However do not have data on contribution from this interaction and working models to be used for that. 
Consider a particle (e.g. radiophase cluster) with initial undisturbed radius R0 which has some small deviations from spherical, then its radius can be expressed in term of spherical harmonics as
									(13)

where αl,m are the amplitudes of deviations considered much smaller compared R0, and  are spherical functions. We assume that the characteristic diffusion time (which for solids is indeed long enough) is much longer that the mean lifetime of an adatom on the surface 
τ0 = τ exp(W/kBT) 										(14) 
where W is the energy of formation of an adatom, kB – Boltzmann constant, T – temperature. In this case the surface concentration of adatoms c adiabatically follows the changes of surface curvature: 
c = c0 exp(HRs – vmE2/8πkBT)								(15) 
where H is the local curvature, Rs = 2svm/kBT, and s is the surface tension which for silicate glasses has the order of 0.3 J/m2. The first term in the exponent shows the increase of surface concentration of adatoms – the higher the curvature the higher the concentration. The second term in the exponent is due to negative pressure caused by electrical field – the higher field strength the lower the concentration. We can express the surface concentration of adatoms as sum of a constant term cs and small modulated term c1 << cs  
c = cs + c1											(16) 
where 
cs = c0exp(Rs/R0 – vmE2/8πkBT) 								(17)
c1 = cs∑[(Rs/2R0)(l2+l-2) – vmE2(l-1)/2kBT] αl,mYl,m(θ,φ)					(18)
The electrical field E in (17) and (18) is taken from (2) at R = R0. From (18) it is seen that the modulation of adatoms concentration on the surface occurs in the same phase with deviations from spherical form whereas at high field strengths the modulation is in antiphase. That can occur when the negative pressure caused by electrical field exceeds Laplace positive pressure however the instability of particle will occur at much lower electrical field due to drag of adatoms into the areas with higher curvature. The equation that governs the change of particle shape follows from linearization of continuity equation: 
(cm/)dR/dt = DsΔIIc1 + μscsΔIIUint								(19) 
where cm and  are the concentration of molecules and the thickness of a molecular monolayer, Ds and μs are the surface diffusion coefficient and adatom mobility interrelated to each other via Einstein–Smoluchowski relation, and the operators ΔII acts along the spherical surface. For adatoms with permanent dipole moments oriented at angle θr relative to particle radius the energy of interaction is:
Uint = - dEcos(θr) [1 + ∑αl,m (l-1)Yl,m(θ,φ)/R0] 						(20)
In the case when the dipoles are not oriented and because of thermal fluctuations are chaotically distributed thermal averaging gives (accounting that dE<<kBT) 
Uint = - αE2 [1 + ∑αl,m (l-1)Yl,m(θ,φ)/2R0] 							(21)
The orientation polarisation in (21) is given by
α = d2/3kBT 											(22) 
In the case of adatoms without permanent dipole moment the energy of interaction is given by the equation (21) where α is the polarisation of an adatom. 
From equation (19) it follows that the deviation amplitudes evolve with time as follows: 
αl,m (t) = αl,m (0) exp(γl t)									(23)
The constant that shows the increment (if γl > 0) or decrement (if γl < 0) of perturbation amplitudes evolution is given by 
γl = δRscsDs(l0 – l – 2)l(l2 – 1)/2(R0)4cm 						(24) 
We have designated the angular momentum l0 as follows:
l0 = R0U/svm										(28)
where 
U = U0 + vmE2/4π 										(25)
and U0 takes the value 
U0 = dEcos(θr) for oriented dipoles, or							(26) 
U0 = αE2 for polarisation mechanism. 							(27)
Deviations (perturbations) with high momenta l >> 1 will always decrease in amplitude and disappear with time, however those with momenta 2  l  l0 – 2 will grow in amplitude with time which means development of instability of spherical shape due to surface diffusion-controlled processes. Some of perturbations grow faster and the highest growth rate in the case of l0 >> 1 occurs for momentum 
lopt = 3l0/4											(29) 
which gives for characteristic time constant of development of shape instability:
opt = 256R0cmkBT(svm)2/27DscsU3								(30)
The larger the particle the longer the time of instability development, moreover this time is exponentially dependent on temperature because of Arrhenius dependence for both surface diffusion coefficient Ds and concentration of adatoms e.g. (cs/cm)  exp(-W/kBT). For a 1 m size cluster containing 244Cm we obtain a time of the order of about 4 107 s, e.g. about a year taking for estimations cm/cs  104, kBT  4 10-21 J, s  0.3 J/m2, vm  10-30 m3,   0.1 nm, Ds  10-14 m2/s, U  10-22 J. Gradual shape change will induce stress in the wasteform which can exceed the ultimate matrix tensile stress t which for glasses is about 33 MPa. That will occur at times  
tbr=optln(2R0t/Em)  										(31)
where Em is the Young's modulus of matrix which for glass is about 55 GPa and. For a 244Cm radioactive cluster of R=1 m size that will occur in about several years. Dimensional changes due to amorphisation or solid/solid phase transformation can also induce local stress and furthermore some cracking of materials however we have no data available on stresses for comparison with data presented here.
6. Impact on wasteform homogeneity 
The process of radiophase particle form change and matrix damage can occur in the following way: first, radioactive clusters become charged due to radioactive decay, then, second, diffusing adatoms are gradually dragged to highest curvature areas, and then, third, areas with larger curvature grow inducing mechanical stress and finally damaging the matrix (Fig. 10). 
[image: ]
Fig. 10. Schematic of radioactive cluster shape change. 
For a such damaging process to occur there is a critical size for clusters containing radioactive material in a wasteform which is given by condition γl > 0 which can exist only if  l  2 as γ0 = γ1 = 0. This leads to definition of critical size for shape change to potentially occur at l = 2 e.g. when l0 = 4: 
Rcrit=4svm/U, 										(32) 
If radiophase particle sizes are less than Rcrit then the diffusion instability of radioactive particles cannot occur and the wasteform is stable. However, if R> Rcrit , then the radioactive cluster shape change will finally break the matrix. In practice the crystal structure is important and the stress will vary with orientation although these affects are not considered here. The larger the Rcrit the more stable is the wasteform against diffusion-induced instabilities and damage caused by cluster shape change associated with radionuclides in the wasteform. In the cases of permanent dipole interaction, the critical size is: 
Rcrit= [12svm/dcos(θr) a0e]1/2								(33)
In the case of polarization interaction we have for critical size another expression: 
Rcrit = [362svm/α(a0e)2]1/3									(33) 
The higher electrical conductivity of wasteform the larger critical size which means smaller sensitivity of wasteforms to radiophase inhomogeneity. The higher specific activity of waste the smaller the critical size which means higher sensitivity of HLW to presence of inhomogeneity in the distribution of radionuclides. 
A summary table of assessed critical sizes of radioactive clusters for 244Cm, 241Am, 238,239Pu and 137Cs in a glassy matrix is shown in Table 2 taken for typical values   10-13 S/m, s  0.3 J/m2, vm  10-30 m3, dcos(θr)  3∙10-30 C∙m,   10-40 m3, and e0 = 1.6 10-19 C. The critical sizes in this table are indicative and exact data should be found on specifying the matrix material and radionuclide physical parameters rather than using rough approximations as explained above. 
Table 2. Summary of radionuclide-containing cluster critical sizes in a glass matrix
	Radio-nuclide
	Half-life, y
	Density, g/cm3
	Specific activity ao, Bq/m3
	Dielectric breakdown Rcrit, m
	Shape change dipole Rcrit, m
	Shape change polarisation Rcrit, m

	244Cm
	18.1
	13.5
	4.04∙1019 
	1
	0.2 
	1.9 

	238Pu
	87.7
	19.8
	1.25∙1019
	3.2      
	0.36    
	4.2

	239Pu
	24000
	19.8
	4.55∙1016
	889       
	6
	175

	241Am
	432.2
	12
	1.72∙1018
	26.5     
	1
	15.6

	137Cs
	30.17
	1.93
	6.21∙1018
	13       
	0.7
	10.5


Vitrified HLW typically contain various crystalline phases embedded in a predominantly glassy matrix [55]. Some of these crystalline particles can contain higher concentrations of radionuclides compared to glassy material.  Radionuclide-containing particles in the non-conducting wasteform should be smaller than the minimal critical size to avoid both electric breakdown and diffusion controlled shape change that can lead to wasteform mechanical damage. It can be seen that the smallest radii are those due to shape change via dipole interaction with electrical fields induced by decay that will occur during extended time periods over many hundred thousand years – e.g. see Eqs. (30) and (31). 
7. Conclusions 
We briefly overviewed the mechanical destruction of wasteforms containing actinides - ceramics and crystals doped with 238Pu. Experiments with actinide-containing insulating wasteforms such as devitrified glasses containing 244Cm, Ti-pyrochlore, single-phase La-monazite, Pu-monazite ceramics, Eu-monazite and zircon single crystals containing 238Pu reveal that mechanical self-destruction  occurs after some extended time which can last for several years. We then modelled the damaging effects caused by electrical fields induced by the decay of radionuclides in clusters embedded in a non-conducting matrix. Such a mechanism of mechanical destruction is in addition to recognised processes of matrix swelling and solid solution destruction. Three effects were important: (i) electric breakdown; (ii) cluster shape change due to dipole interaction, and (iii) cluster shape change due to polarisation interaction. We have revealed that there is a critical size of radioactive clusters in non-conducting matrices so that the matrix material can be damaged if clusters are larger than this critical size. The most important parameters that control the matrix integrity are the radioactive cluster (inhomogeneity) size, specific radioactivity, and effective matrix electrical conductivity. We conclude that the wasteform should be as homogeneous as possible and even electrically conductive to avoid potential damage caused by electrical charges induced by radioactive decay and their resulting effects. 
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