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Primary damage in ceramics: complexity and inapplicability of the NRT dpa

Jean-Paul Crocombette

CEA Saclay, DEN/DANS/DMN/SRMP 
France

The NRT dpa is a measure of the primary state of ballistic damage. It has been designed for pure 
metals. Even in these very simple situations it faces some problems, as it will discussed thoroughly by 
others experts more competent than me. From what 1 understand, these problems are:

-  the determination of the value of the Threshold Displacement Energy (Ed) entering NRT law
-  the linearity of the NRT law while the amount of surviving Frenkel pairs consistently exhibits a

sublinear behaviour
-  the difficulty to account for mixing in alloys.

My contribution will focus on materials quite different from metals. Indeed 1 shall deal with the 
primary damage that appears in ceramics and more precisely in amorphizable ceramics. Specifically 1
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shall describe what one can lean from molecular dynamics (MD) simulations of displacement cascades 
in such materials. Some of the results have been obtained by me and some by others. Considering a 
material after another I will show that the NRT formula is in fact inapplicable in much of these 
materials and that even the concept of dpa is sometimes irrelevant in ceramics.

Under irradiation some ceramics induce an amorphization process, sometimes called metamictization 
(Ewing 1994). The metamict state is a state of high disorder, with a loss of long range crystalline 
order. Metamict state is close to the glassy state. However in some compounds noticeable differences 
exist between metamict state and thermally obtained glassy state.

MD simulations of cascades in ceramics are basically no different from simulations of cascades in 
other materials (Crocombette 2005). One builds a large simulation box containing atoms initially in 
the crystalline state; after a thermalization time, one introduces an impulsion to one of the atoms of the 
crystal (the PKA) and follows the subsequent displacement cascade. MD simulations are much heavier 
computationally than BCA calculations. However they enable to describe both the ballistic and 
thermal phase on equal footage and are based on empirical potentials that describe the atomic bonding 
and as such give much more detailed and relevant information about the atomic structures at the end of 
the cascades. The main information lies of course in the final atomic structure of the material.

The main specificity of these simulations for ceramics lies in the types of empirical interatomic 
potentials one has to use to describe the inter-atomic bonding. Oxides are commonly described by pair 
potentials with Coulombic long range and repulsive short range interactions. One may have to 
complement these pair potentials by three body terms to account for the iono-covalency of the 
bonding. Bonding in carbides is often more complex than in oxides with more covalency involved and 
sometimes even a part of metallic bonding. The potentials are then of more complex forms with many 
body terms, e.g. SiC is best described by Tersoff-Brenner potentials (Tersoff 1988)

Zircon: direct impact amorphization.

Zircon (formula ZrSi04), is a natural mineral which has been contemplated for long term disposal of 
actinide radioactive waste. Zircon is well-known to become amorphous under irradiation. Such 
metamictization is even observed in natural zircons containing either uranium or thorium. We 
performed MD simulations of cascades initiated by uranium atoms to model the effect of the recoil 
nucleus created by of a  disintegrations (Crocombette and Ghaleb 2001). These simulations were 
complemented by calculations of threshold displacement energies. These studies were performed a 
few years ago and were thus restricted to low PKA energies. However more recent studies performed 
by others (Devanathan, Corrales et al. 2005) basically show the same picture.

One can clearly see (Figure 1) that the crystalline order is lost in the cascade track, showing 
amorphization of the cascade core. This behaviour defines materials which amorphize by so-called 
direct impact mechanism. This prediction by calculations of direct impact amorphization is consistent 
with the measured evolution of swelling under irradiation in the material and was subsequently 
confirmed by experimental observation (Rios, Salje et al. 2000). Note that not all amorphizable 
materials do amorphize by direct impact mechanism. Other possible mechanisms include the point 
defect accumulation up to a threshold value triggering amorphization and the double- (multi-) impact 
mechanisms where two (multi) cascade tracks must overlap to achieve amorphization.

Considering such primary state of damage in direct impact amorphizable materials, one may wonder 
how to quantify the amount of damage. My first idea was to count the number of atoms displaced 
from their original positions by more than a certain distance. In the submitted draft of this study, I put 
without details this number of displaced atoms. The referee did not believe these numbers as they were 
much larger than the ones deduced by the NRT formula. Indeed I found about ten times more 
displaced atoms than expected with the Ed I gave in the paper. I had trouble understanding the remarks 
of the referee, as, at that time, I was not aware that dpa are not really displacements per atoms but 
rather defects per atoms. It also took time to have the referee admit that the concept of (surviving 
vacancy-interstitial) Frenkel pairs was meaningless in the present case. Indeed one cannot properly 
define replacements, vacancies or interstitials in a metamict track. If one proceeds by comparison with
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the perfect crystal one obtains that the number of defects is close or equal to the number of atoms in 
the track which invalidates the applicability of the concept of point defects.

Fig. 1. Final structure after an uranium 5 keV cascade in zircon from 
(Crocombette and Ghaleb 2001).

The indication of the number of displaced atoms gives an estimation of the size of the amoiphous 
track but does not characterize its structure. Eventually I defined disordered and distorted cations. 
Disordered cations are the ones which have in the final structure a different number of neighbours than 
in the crystal while distorted cations have the same number of neighbours but with strong angular 
distortions. Using these definitions one can realize that the center of the amoiphous track contains 
disordered cations while distorted ones appear also at the periphery (see Figure 2).

• «  *

*

v l  
* * * * *  *

*  ■* a  *
h *  * 1

*  %
* V i
• y s «%

V *  • •  *• •  •  *
Fig. 2. Disordered cations after a cascade in zircon and distorted cations after a 

cascade in zircon from (Crocombette and Ghaleb 2001).

One can clearly see that the NRT dpa fails completely to measure the amount of damage in irradiated 
zircon. First the number of surviving Frenkel pair is meaningless and second the number of displaced
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atoms (strictly speaking) is much larger than estimated by the NRT formula, which is quite normal. 
However the number of displaced atoms, in the raw sense, gives an estimate of the size of the cascade 
track.

Zirconolite: point defects and amorphous clusters

The second example 1 would like to mention is zirconolite CaZrTi20 7, also a candidate for radioactive 
waste disposal. Simulations of cascades initiated by uranium PKAs were modelled in this compound 
(Veiller, Crocombette et al. 2002). Cascade in this material basically show a damage of mixed nature 
(see Figure 3). First along the trajectory of the uranium, one obtains an amoiphous core. Second at the 
periphery of the track as well as disconnected from it one can see point defects. Some Replacement 
Collision Sequences (RCS) have even been observed in some cases (in the titanium planes, not 
shown).

Fig. 3. Final structure after uranium 12 keV cascade in zirconolite. The path of the uranium atom is in 
green (from (Veiller, Crocombette et al. 2002)).

How the measure the damage then? On one hand, the number of point defects is difficult to define as 
the track is amoiphous and so the number of point defects becomes close or equal to the number of 
atoms in this area. On the other hand giving the number of displaced atoms is OK for the amorphous 
core but irrelevant for the periphery where RCS will be counted as damage while in fact they are not. 
In this part of the damaged region the situation is close to what it is in metals, namely surviving point 
defects with some mixing as in alloys. All in all, 1 could not find a satisfactory “number” to measure 
the damage.

Silicon carbide: nature of damage depends on the atomic type of the PKA

SiC is a major candidate material for future fusion or fission nuclear reactors. It is, for instance, 
contemplated for plasma facing coatings and structural components in fusion reactors and as inert fuel 
coating or matrix in high temperature fission reactors. MD simulation of cascades in this material has 
been performed by many groups especially the Gao-Weber team (e.g. (Gao, Weber et al. 2001)). They 
find that the damage depends on the nature of the PKA.
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For Si PKA, after one cascade, the damage is made of both isolated defects and pockets of nano- 
amorphized materials. They choose to analyze these clusters in terms of point defects with the perfect 
crystal as a reference frame for defect detection. This choice may be questioned as it appears clearly 
that, in these clusters, the number of defects is close to the number of atoms in the cluster which 
invalidates the concept of point defects. They assess the applicability of the NRT formula, with an 
assumed value of Ed and find, as in metals, that the number of Frenkel pairs is less in MD than 
suggested by NRT. Moreover, the evolution of the number of Frenkel pairs with energy is sublinear 
with a power of 0.82.

For Au PKA the damage is quite different: Although some small isolated defects can be seen, a large 
disordered region is created by the Au PKA which consists of interstitials, vacancies and anti-sites 
defects. Examination of the cascade shows that this disordered region has a very high defect 
concentration and contains 105 displaced atoms, with 93 antisites and 35 interstitials. This part is 
therefore directly amorphized. One then has damage comparable to what we observed in zirconolite.

The SiC case therefore shows that the number of defects and beyond that the very nature of damage 
depends on the type of PKA. While it is of common knowledge that neutrons, ions and electrons 
irradiations induce different kinds of damage, this is an example where different ions or atomic PKA 
induce different types of damage in a given material.
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Fig. 4. The final damage in SiC at 300K due to (a) the 10 keV Si recoil and (b) the 10 keV Au recoil 
from (Gao, Weber et al. 2001).

Fig. 5. (a) the local disordered region created by a 10 keV Au PKA; (b) the perfect SiC structure from 
(Gao, Weber et al. 2001).
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Zirconium carbide, uranium oxide and pyrochlore: apparently regular situation

I finally mention the situation in ZrC (Van Brutzel and Crocombette 2007), U 0 2 (Van Brutzel, Delaye 
et al. 2003) and pyrochlore compounds (Chartier, Meis et al. 2003) (pyrochlore is family of oxides of 
general formula A2B2O7). In these materials the damage created by cascades is regular. As in metals 
or metallic alloys cascades produce only point defects. The amount of damage is then satisfactorily 
described by the dpa concept. One is then brought back to the usual problems of the NRT formula. For 
instance in U 02, the number of Frenkel pairs after a cascade varies E0'94 for uranium atoms and E0'84 

for oxygen atoms respectively.

m  m  m  m

Fig. 6 . Part of the final structure of U 0 2 after a 10 keV cascade.

Finally it is worth returning to the fact that the eventual amorphization of ceramics under irradiation is 
not always related to direct impact damage. For instance, cascades in pyrochlore create point defects 
only, but these compounds amorphize or not depending on composition. We have been able to show 
that when amorphization occurs it is created by the accumulation of point defects created by 
successive cascades (Chartier, Meis et al. 2005). In non amorphizable pyrochlore, as well as in U 0 2 

which has a very similar structure, the amorphization is prevented by the fast recombination of close 
Frenkel pairs. In amorphizable pyrochlore, a critical temperature exists above which amorphization is 
prevented. We showed that is related to the high temperature enhancement of the Frenkel pair 
recombinations which is a thermally activated process (Crocombette, Chartier et al. 2006; Chartier, 
Catillon et al. 2009).

This last point may be of general interest. Even in the regular situation where cascades create only 
Frenkel pairs. The surviving fraction of these may vary with temperature. This can be rationalized 
approximately in terms of an increase of the spontaneous recombination volume of these pairs with 
temperature, or more precisely as the thermal activation of recombinations at intermediate distances 
with an associated energy barrier (Van Brutzel, Chartier et al. 2008).

Summary

1 have tried to show that the studies on ceramics bring even more complexity is an already difficult 
situation about the NRT dpa. First in ceramics amorphized by direct impact, the very concept of 
surviving FPs which is what the NRT dpa is supposed to measure is meaningless. One then has to 
return to the bare number of displaced atoms to quantify the damage. Second in more complex 
situations where the damage is mixed between amorphization and creation of point defects, it is almost 
impossible to define a quantity to measure atomic disorder induced by cascades. Finally it was shown 
that the amount and nature of damage depends not only on the energy of the PKA but also on its 
nature. Finally one should keep in mind that even in the regular cases, the number of surviving Frenkel 
pairs may vary with temperature as their recombinations can be thermally activated.
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Routes of improvements for the definition of the dpa

With such a complex picture of damage in ceramics, it appears difficult to suggest an improvement of 
the definition of the dpa which would satisfactorily described the complexity of irradiation damage in 
ceramics. In my opinion it is basically impossible to get a definition of damage or dpa that will work 
for every situation. Involved studies are needed for each material of interest to determine what is the 
damage induced by ballistic loses under irradiation. However I would suggest two leads to make 
progress in the reform of the dpa. These are iconoclastic and rather paradoxical suggestions.

First one could change nothing in the NRT definition of the dpa. It is now widely realized that this 
measure is not perfect, but improvements are too much material and irradiation dependent to allow an 
effective redefinition of the norm.

The second suggestion would be to realize that the complexity of the observed damage lies in the 
variety of materials response. Various materials respond differently (according to their composition, 
structure, temperature, etc.) to a certain amount of deposited ballistic energy. We may thus consider 
going one step backwards and just quantify the amount of deposited ballistic energy. A first version of 
this would be to give exactly that “amount of ballistic energy deposited per atom”. In practice that 
would mean replace the “dpa” by a “bEpa” for ballistic energy deposited per atom (in eV per atom). A 
second, less severe version would be to continue to talk in terms of dpa using an NRT formula with an 
Ed constant and common to all elements in all materials. One can for instance choose 20 eV. The new 
formula would then be that the number of dpa is E(in eV)/50. This drastic choice would allow 
continuing talking in terms of dpa, but would stress that the dpa is just an artificial measure of the 
ballistic energy deposited, a very gross estimation of the amount of damage and that if one is serious 
about the amount and nature of damage one should go way beyond such crude formulas
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