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ABSTRACT: The results of recent molecular dynamics simulations of displacement
cascades in iron indicate that small interstitial clusters may have a very low activation
energy for migration, and that their migration is 1-dimensional, rather than 3-dimensional.
The mobility of these clusters can have a significant impact on the predictions of radiation
damage models, particularly at the relatively low temperatures typical of commercial,
light water reactor pressure vessels (RPV) and other out-of-core components. A
previously-developed kinetic model used to investigate RPV embrittlement has been
modified to permit an evaluation of the mobile interstitial clusters. Sink strengths
appropriate to both 1- and 3-dimensional motion of the clusters were evaluated. High
cluster mobility leads to a reduction in the amount of predicted embrittlement due to
interstitial clusters since they are lost to sinks rather than building up in the microstructure.
The sensitivity of the predictions to displacement rate also increases. The magnitude of
this effect is somewhat reduced if the migration is 1-dimensional since the corresponding
sink strengths are lower than those for 3-dimensional diffusion. The cluster mobility can
also affect the evolution of copper-rich precipitates in the model since the radiationenhanced diffusion coefficient increases due to the lower interstitial cluster sink strength.
The overall impact of the modifications to the model is discussed in terms of the major
irradiation variables and material parameter uncertainties.
KEYWORDS: embrittlement, ferritic steels, hardening, modeling, molecular dynamics,
point defects, pressure vessels, radiation damage, rate theory
The chemical reaction rate theory has been the primary tool used in modeling
radiation-induced microstructural evolution for many years and the versatility of this
theoretical framework is evident in its successful use in simulations of phenomena such as
void swelling, irradiation creep, and embrittlement [1-10]. In order for radiation-induced
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microstructural evolution to occur, some mechanism must inhibit the complete
recombination of the vacancies and interstitials being produced. In the conventional ratetheory models, the dislocation-interstitial bias provides the driving force for differential
partitioning of the point defects. This bias arises because the elastic interaction between
the strain fields of the dislocation and the interstitial leads to a higher dislocation capture
efficiency for interstitials than for vacancies [11,12]. A simple argument implies that if the
dislocations absorb more interstitials than vacancies, the net climb can induce irradiation
creep. Similarly, the supersaturation of vacancies remaining in the lattice can lead to
vacancy clustering and these clusters may growth sufficiently large to induce void
swelling.
Recently, an additional mechanism was proposed that could also contribute to
point defect partitioning, the so-called production bias [13-15]. This mechanism depends
on an asymmetry in the production of freely migrating interstitials and vacancies which
arises from incascade point defect clustering and the different thermal stability of small
vacancy and interstitial clusters. If a significant fraction of the interstitials produced by
displacement cascades are found to cluster within the cascade and if these clusters are
stable against interstitial emission, then a greater fraction of the vacancies than interstitials
will escape the cascade in the form of mobile monodefects. This would lead to a vacancy
supersaturation similar to that produced by the dislocation-interstitial bias.
The plausibility of this mechanism is supported by molecular dynamics (MD)
displacement cascade simulations in which a high degree of incascade interstitial
clustering has been observed. Cascade simulations have been carried out in a broad range
of materials and the qualitative aspects of primary defect production are similar in each
case [16-24]. A typical example of the MD results for iron is provided by ten 20 keV MD
cascade simulations at 100 K. In this case, the average number of point defects that
escaped intracascade annealing was 60 [21,22] or 30% of the number of defects that
would be calculated using the standard NRT model [25]. Only about 40% of the
interstitials were in the form of isolated monodefects; 60% were contained in clusters that
had formed directly within the cascade. These incascade clusters contained from 2 to 13
interstitials. Information on the thermal stability of the clusters in iron was obtained in a
detailed MD study of interstitial cluster stability by Wirth, et al. [26]. They reported that
the binding energy of the last interstitial exceeded 1 eV for clusters containing from 2 to
25 interstitials.
However, the continuous production of stable interstitial clusters would quickly
lead to an unrealistically high defect concentration and sink strength unless some
mechanism existed for their removal from the system [10]. Indeed, this was one criticism
of the production bias when it was initially proposed. The possibility of 1-dimensional
(ID) loop motion as described by Trinkaus, et al. [15,16] would permit the clusters to
glide or diffuse to sinks. This proposal is consistent with the apparent interstitial cluster
migration energies of less than a few tenths of an eV observed in MD simulations [20,2628] and provides a plausible solution to this problem of interstitial cluster accumulation.
As discussed in References 20 and 23, the MD predictions appear to be in
agreement with the limited experimental observations to which they can be directly
compared. Although impurities and alloying elements are likely to alter some of the
details observed, this general consistency of the MD results in different materials at least
partially justifies the application of the MD results from pure metals in the embrittlement
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model described below which was developed for the engineering alloys used in
commercial reactor pressure vessels (RPV). This model was developed previously and has
demonstrated reasonable agreement with Charpy data obtained from commercial fission
reactor surveillance programs [7]. Here, the model will be used to examine the impact of
interstitial cluster mobility on the embrittlement predictions. Detailed modeling requires
the development of a self-consistent set of sink strengths to permit both ID and 3D
diffusion in the same model [15,16,29]. Because of uncertainties about the details of
interstitial cluster migration, both ID and 3D cluster motion will be examined separately.

EMBRITTLEMENT MODEL
The development and predictions of the basic embrittlement model is discussed in
detail in Refs. 7 and 8; only a brief review will be presented here in order to provide a
basis for discussing the changes required to implement interstitial cluster mobility. The
impact of the revisions to the model will be shown by comparison with the previously
published results.
This composite embrittlement model assumes that matrix hardening arises from
two components: point defect clusters (PDC) and copper-rich precipitates (CRP). In the
initial version, it is similar to models developed elsewhere [30-32]. A set of rate equations
that describe the time or dose dependence of the interstitial and vacancy concentrations,
the interstitial cluster population, the number of vacancy clusters, and the radius of the
CRP is integrated. The hardening increment due to the PDC populations is computed
assuming that they act as relatively weak dispersed barriers to dislocation motion, while
the Russell-Brown model [33] is used to compute the hardening due to the CRP.
Radiation-induced hardening values can be converted to equivalent shifts in the 41-J
transition temperature (AT41) through the use of correlation factors derived from
irradiation experiments. For example, Odette and co-workers report yield strength to AT4j
correlation factors ranging from 0.5 (plate) to 0.65 (weld) °C/MPa [30,34].
Using a set of reasonable physical parameters which are listed in part in Table 1
[7,8], the predictions of the model have shown reasonable agreement with AT41 data
obtained from Charpy testing in commercial reactor surveillance programs. Figure 1
illustrates a typical comparison of the model and data on commercial welds form the
Power Reactor Embrittlement Database [7,35]. In addition, the model has been used to
examine the dependence of embrittlement on a broad range of material and irradiation
parameters [7,8,36]. For example, the influence of the incascade clustering parameters is
discussed in Ref. 36. The vacancy clustering fraction shown in Table 1 appears relatively
high when compared to the minimal amount of incascade vacancy clustering which has
been reported in MD cascade simulations in iron [19-22]. However, a recent reanalysis of
the high-energy simulations indicates that the spatial arrangement of single vacancies is
correlated out to at least the fourth nearest neighbor location when the simulations are
terminated after 10 to 15 ps [27]. Since this time is too short to permit vacancy diffusion,
the vacancy distribution can be thought of as containing a number of incipient vacancy
clusters that could easily coalesce within the time required for a few vacancy jumps. Thus,
the low reported vacancy clustering fractions could be a misleading result arising from the
limited simulation time accessible by MD.
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Table 1: Material parameters for ferritic steels
Symbol

Parameter (units)
Cascade survival efficiency

r|

Total interstitial clustering fraction

f T
Mel

Value

0.1
0.3
0.15,0.1,0.05
0.6

Individual interstitial clustering fractions
Total vacancy clustering fraction

f

Incascade vacancy cluster radius (nm)

r

Interstitial migration energy (eV)

Em

Vacancy migration energy (eV)

p m

0.5
0.25
1.25

Vacancy formation energy (eV)

Evf

1.55

Network dislocation density (m' 2 )

Pn
Zn

Dislocation capture efficiency: interstitials

vcl
vcl

0.5to5.0xl0 14
1.25
1.00
0.25
10.0

vacancies

aB

Dislocation barrier strength of PDC
Effective grain size (|j.m)
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FIG. 1.

Comparison of embrittlement model predictions and Charpy data from
commercial reactor surveillance programs [7,35].
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Interstitial Cluster Mobility: 3D
The modification of the model to include interstitial cluster mobility is reasonably
straightforward if the clusters exhibit 3D diffusion. In this case, the sink strengths of the
extended defects for the mobile clusters can be treated in the same way as for interstitials
or vacancies. For simplicity, only the di- (C2), tri- (Cj), and tetra (C4) interstitial cluster
sizes have been treated as mobile in this initial work. Much larger clusters have been
observed to be mobile in the MD cascade simulations [20,21], and other MD work
indicates that clusters containing up to 37 interstitials may migrate with an energy less
than 0.25 eV [28]. The possibility of these clusters converting between glissile and sessile
configurations is also not treated in this work. Thus, simulating the mobility of only the
smallest interstitial clusters should be viewed as an initial attempt to investigate the
sensitivity of the previous model to cluster mobility. Because of their mobility, the rate
equations for Cj, Cj, and C4 must be modified to reflect their absorption at sinks and their
loss and creation by reactions between mobile clusters. Similarly, the equations for
interstitial (C-) and vacancy (Cv) concentrations must now include loss terms that account
for the mobility of these small clusters.
The revised rate equations are illustrated below for C, and C2. Note that although
the Q notation has been retained from previous work, C,=Q in the summations in these
equations. Equations which include terms for the analogous reactions between the mobile
defects and fixed sinks can be written for Cy, Cj, and C4. The rate equations for the larger
interstitial clusters are the same as described in Refs. 7 and 8, with the exception of
additional terms for which account for the mobility of Cj, C3, and C4. The equation
describing the lifetime of vacancy clusters was similarly modified to reflect the absorption
rate of the mobile, multiple interstitial clusters.
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In both Eqns. (1) and (4), the first summation term accounts for reactions between
the respective mobile defect and all other interstitial clusters, and the second summation
accounts for the reactions between the other mobile clusters and the respective defect.
This second sum begins at j=2 in Eqn. (1) and stipulates that j*2 in Eqn. (4) to prevent
double counting. The maximum interstitial cluster size (//not) ^ or t n e discrete cluster
description is typically taken as 500 corresponding to a loop radius of ~3 nm. This
accounts for the largest interstitial defects observed under the irradiation conditions of
interest to RPVs. The additional terms requiring definition in Eqns. 1 to 5 are: a, the
recombination coefficient; D,- and Dv the interstitial and vacancy diffusivities; 5, r and S^",
the total fixed sink strength for Cj and C 2 ; ßj k , the rate at which mobile defect./ encounters
defect k; and Ej, the rate at which an interstitial is emitted from a cluster of size./. Unless
otherwise described below, these terms are computed in the same way as in Refs. 7 and 8.
The fixed sinks represented by S? and S^ include the dislocation network, the
grain structure, and the vacancy clusters. In the examples that will be presented here, the
sink strength for 3D diffusing interstitial clusters was taken to be the same as for monointerstitials. The interstitial cluster migration energies will be used as a parameter for
investigating the sensitivity of the model.
Interstitial Cluster Mobility: ID
A detailed discussion of the issues involved in modeling ID glide or diffusion is
beyond the scope of this paper. A general treatment of the reaction rate parameters can be
found in Ref. 29 and an initial application of the theory can be found in Refs. 15 and 16.
However, an important difference between 3D and ID diffusion can be understood by a
simple geometric argument. The reaction cross section between a fixed sink and a defect
moving in ID is reduced because the defect is sampling a smaller volume of the material
and revisits the same lattice sites more frequently than in a 3D random walk [37]. As a
result, the mean range of a ID gliding loop is increased or the effective sink strengths for
capturing the loop are reduced relative to 3D diffusion. This effect increases for lower sink
densities and the sink strength dependence is greater for dislocations than for cavities.
Since the concentrations of ID migrating defects depend on the local, rather than
the average sink concentration [38], the traditional effective medium approach strictly can
not be applied to a system containing such defects. Recently, Singh and co-workers have
presented a swelling model that includes both sessile and ID glissile clusters, and details
such as sessile-to-glissile cluster transformation [39]. Extension of their model may
provide an improved approach; but, here the basic method used by Trinkaus, et al. [15,16]
was followed in modifying the embrittlement model for ID diffusion.
The dislocation sink strength provides one example of the modified sink strengths.
To lowest order, the 3D sink strength of a dislocation network is simply the dislocation
density, Sj£>=pn [m ]. If dislocations were the only sink, the mean range of a 3D
migrating defect is given by the reciprocal square root of the sink strength, k3D=(pn)~0'5.
The mean range for a ID migrating defect is given as the product of the effective
interaction diameter of the dislocation and the projection of the dislocation density in a
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plane perpendicular to the ID migration, XjD=di*npr/4. The mean range in the presence
of multiple sinks is calculated as the reciprocal sum of the range for individual sinks, and
the ID sink strength is similarly equal to (kip)'2. The interaction diameter, dv can be
obtained by an elasticity calculation [15,16], and increases linearly with the number of
point defects in the gliding cluster. Taking representative material parameters for a tetrainterstitial in a ferritic steel, the ratio of the mean range for ID migration to 3D migration
is about 14 for a dislocation density of 10 15 m' 2 and increases to 430 for a dislocation
density of 10 12 m"2. The impact of this reduced sink strength will be shown below.

RESULTS AND COMPARISONS WITH PREVIOUS MODEL
Before describing the results of the modified model and making comparisons with
the previous version, it is important to point out that quantitative comparisons are limited
because the same material parameters were used in both cases. This permits the impact of
cluster mobility to be assessed, but puts the modified model at a disadvantage when
comparisons to experimental data are made. No attempt has yet been made to see if
equivalent agreement between the predictions of the modified model and the data can be
obtained through reasonable adjustment of other material parameters.
In order to illustrate the effects of both incascade clustering alone and cluster
mobility, Figure 2 plots the calculated vacancy concentration at 0.01 dpa as a function of
irradiation temperature for three cases: no incascade clustering, incascade clustering with
immobile clusters, and incascade clustering with mobile clusters. In this third case the
clusters are assumed to exhibit 3D migration with a migration energy of 0.25 eV. The most
dramatic effect is that the sink strength arising from incascade clustering dramatically
reduces the vacancy concentration at the temperatures below ~300°C. As discussed
elsewhere [10], the very high vacancy concentrations obtained at the lower temperatures
for the case without incascade clustering are probably nonphysical, and the existence of
incascade clustering extends the useful range of the rate theory models. Weidersich has
also discussed the importance of this cluster sink strength [40]. If the interstitial clusters
exhibit 3D migration with a low activation energy, the cluster sink strength is reduced and
the vacancy concentration rises accordingly.
The vacancy and interstitial cluster sink strength for these same three cases is
shown in Figure 3, where the substantial changes in the total interstitial cluster sink
strength (5,c/) are clearly visible. Absorption of mobile interstitial clusters gives rise to
only a modest reduction in the vacancy cluster sink strength (Svc/). The full range of
calculated values are shown simply to demonstrate the sensitivity of the model. Clearly,
sink strengths less than about 1010 m"2 are not physically significant, and the high cluster
sink strengths calculated for the lowest temperatures may not be physically reasonable.
As a measure of their impact on mechanical properties, Figure 4 illustrates the
effect of the interstitial cluster migration energy on the calculated hardening due to
interstitial clusters. The increase in the shear strength on the dislocation glide plane is
plotted as a function of dose, where the shear strength change is calculated as:
S
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FIG 2. Influence of different assumptions regarding incascade clustering on the
temperature dependence of the calculated vacancy concentration.
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where ocB is the interstitial cluster barrier strength from Table I, bis the magnitude of the
Burger's vector, G is the shear modulus, and Nic[ and dici are interstitial cluster number
density and diameter in each size class, respectively. The subscript j in Eqn. (6) indicates
summation only over the immobile interstitial cluster size classes. The solid curve labeled
'Base case' in Figure 4 is the prediction for case on immobile C2, C3, and C4\ whereas the
migration energy indicated on the other curves was applied to all three mobile cluster
sizes. The decrease in shear strength is consistent with the reduced sink strength shown in
Figure 3, and it should be obvious that the very small strength increments are also not
physically significant.
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FIG. 4. Dose dependence of hardening due to interstitial clusters with various interstitial
cluster migration energies.
Figure 5 provides a comparison of ID and 3D interstitial cluster migration by
showing the predicted yield strength change at 60°C as a function of dose for two
displacement rates when either migration mechanism is invoked. This temperature is
representative of commercial reactor support structures and the pressure vessel of some
test reactors such as the High Flux Isotope Reactor (HFIR). As in Ref. 7, the shear strength
change has been converted to a yield strength change by multiplying by the Taylor factor
of 3.06. Once again, the "Base case" curve is that for immobile clusters. The lower
displacement rate is that obtained in the surveillance program for the pressure vessel of the
HFIR, and the higher rate is that of experiments that were conducted in the Oak Ridge
Research Reactor (ORR) in an evaluation of the HFIR surveillance program. Data from
HFIR surveillance program [41], the ORR irradiations [41], and additional irradiations
conducted in the HFIR hydraulic tube are shown [42], The displacement rate in these latter

R E Stall«-8o< 18

Base case 60'C
Modified model, Em=0.25 eV
A212B ORR
A212B HFIR Surveillance
A212B HFIR HT

•
•
*

1000 «I
Q.

A

A •

O)

n
si
O

•

100

3D8

1.4x10 ' dpa/s
A

I
55
TJ
0)

t

A

-

A

10 •

/
/3.7x10'13
1 -

dpa/s

3.7x10'13 djea/s: 1D and 3D
1

,-5

10

4

10-3

10"

-1

10-2

10

Displacement Dose (dpa)
1

1000 -

•
•
*

I

1

1

Base60'C
Modified model, Em=0.5 eV
A212BORR
1.4X10"8 dpa/s ^ ^
A212B HFIR Surveillance
^^^^.
A212BHFIRHT
^ ^ ^ ^

ca
Q.
0)

ra
U

1.4X10'8 dpa/s,,---"*
100
A S

1

CO

A

10 -.

A
A

•
•/3.7x10

1D

dpa/s,.
3.7x10"13 dpa/s
f

H

10

1

10"

10

3D
|

10"'

-1

10

Displacement Dose (dpa)

FIG. 5. Comparison of calculated yield strength changes and experimental data for 60°C
irradiation at the indicated displacement rates; interstitial cluster migration energy is taken
as 0.25 eV in (a) and 0.5 eV in (b).

H. EStoltof 100*18

irradiations was 7xlO"7 dpa/s. The interstitial cluster migration energy is taken as 0.25 eV
in part (a) and 0.5 eV in part (b) of Figure 5.
Several observations can be made from the results shown in Figure 5. First, in
agreement with the results shown in Figures 3 and 4, the calculated hardening is reduced if
the interstitial clusters are mobile. Second, the impact of cluster mobility is somewhat
reduced if ID migration is assumed as opposed to 3D migration. This is more apparent in
Figure 5(b) where the higher migration energy leads to greater hardening in either case.
This is a result of the reduced effective sink strength for absorbing ID migrating defects
described above. Independent of the assumed mode of migration, the most striking effect
is the much greater dependence on the displacement rate observed when the interstitial
clusters are mobile. This rate dependence appears because of the lower steady state cluster
concentrations that are obtained when the clusters are mobile. Although the previous
version of the model tended to predict higher strengthening than indicated by the data, it
provides a better fit to the dose dependence of the data.
Results are shown in Figure 6 for an irradiation temperature of 288°C, which is
common for commercial reactor RPVs. Values were calculated for two displacement rates;
the lower is typical of commercial reactor surveillance programs while the higher is
representative of test reactor irradiations; data are shown from irradiations in the
University of Virginia Reactor [43]. The effects of cluster mobility are modest at this
higher temperature where most of the strengthening is a result of copper-rich precipitates,
rather than point defect clusters [7,30], Cluster mobility leads to less strengthening at
doses between ~10"3 and 10*2 dpa. At the higher displacement rate this leads to somewhat
poorer agreement with the dose dependence observed in the test reactor data.
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FIG. 6. Comparison of calculated yield strength changes and experimental data for 288°C
irradiation at indicated displacement rates; interstitial cluster migration energy is 0.25 eV.
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SUMMARY
A previously-developed embrittlement model has been modified to permit an
evaluation of the high interstitial cluster mobility that has been observed in molecular
dynamics cascade simulations in iron. Simulation of both ID and 3D cluster migration
was investigated. The modifications to include 3D migration were straightforward; sink
strengths and cluster-cluster interaction terms were a simple extension of the existing
model for 3D migrating point defects. In contrast, because of the approximate nature of
the ID migration model for the required sink strengths, some of the results should be
considered preliminary. However, the results obtained with either mode of cluster
migration were qualitatively similar.
Cluster migration uniformly led to a reduced cluster sink strength and less
radiation-induced hardening for a given set of material parameters. Because of the reduced
steady state cluster concentrations, the displacement rate dependence of hardening at
doses up to 0.1 dpa was increased, particularly at the lower irradiation temperatures where
point defect clusters play a dominant role in hardening. This increased displacement rate
dependence at 60"C is not consistent with the data shown in Figure 5 or the data from a
larger series of experiments that investigated yield strength changes in ferritic steels over a
similar range of displacement rates [42,44]. The data reported in Refs. 42 and 44 showed
essentially no effect of displacement rate in a number of model and engineering alloys
irradiated at 60°C at displacement rates between 1.7xlO"12 and 7xlO*7 dpa/s. Poorer
agreement between the predicted dose dependence of strengthening and the data shown in
Figures 5 and 6 was also obtained when the interstitial clusters were mobile. This change
was similarly due to the effect of displacement rate on the steady state cluster
concentrations.
It is possible that this loss of agreement between model predictions and
experimental data could be compensated for by justifiable adjustment of material
parameters in the calculations. Specific parameter choices that were required in the initial
model to obtain agreement with the data could have acted as a surrogate for interstitial
cluster mobility. For example, relatively modest changes in the activation energy for selfdiffusion or interstitial migration, or the binding energies of small interstitial clusters can
have a large impact on steady state cluster concentrations. However, the increased dose
rate dependence arising from cluster mobility is unlikely to be reduced by simple
parameter changes. Although a partitioning of the small clusters into sessile and glissile
components would reduce the rate dependence, accounting for the mobility of interstitial
clusters larger than 4 is likely to increase the rate dependence. Further calculations with
more detailed models are needed to investigate these issues.
Alternately, the results could be used to raise a question about the applicability of
the MD simulation results. Although the MD results are similar for a range of materials, it
must be acknowledged that they only simulate the behavior of a pure material which
appears to be mathematically consistent with the target material. Simulations of a pure
iron-like material may not adequately represent the actual behavior of engineering ferritic
alloys or even of pure iron. The lack of directional bonding in the isotropic, embedded
atom type potentials could have significant implications for simulations in transition
metals such as iron with strong d-orbital bonding.
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The fact that the current embrittlement models do a good job of fitting a broad
range of experimental data [7,30,32] could be one argument in favor of neglecting the
issue of cluster mobility. However, it seems unlikely that the MD results are substantially
in error and this mobility should be accounted for in radiation damage models to the extent
possible. This is particularly true of those models which are intended to simulate lowtemperature behavior. Additional MD simulations and Monte Carlo simulations can be
used to provide more details about the migration behavior of these clusters. For example,
in one 20 keV cascade simulation, a gliding 9-interstitial cluster was observed to be
trapped by an encounter with a single interstitial after 34 ps, and the cluster was unable to
detrap when the simulation was extended for a total of 200 ps [21]. Such cluster trapping
could lead to a higher effective migration energy than that observed in short MD cascade
simulations and seems even more likely to occur if solutes are present. This would be
consistent with the alloy purity effect seen in the work of Eyre and Maher [45] who
described the evolution of dislocation loop structures in molybdenum during postirradiation annealing. Additional MD simulations using alloy potentials should to help
answer this question by examining the effects of solute atoms on primary damage
formation and defect cluster mobility.
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