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Radiation-induced point defect clusters (PDC) are
a plausible source of matrix hardening in reactor
pressure vessel (RPV) steels in addition to the more
commonly studied copper-rich precipitates These PDC
can be of either interstitial or vacancy type, and could
exist in either tv«. or three-dimensional morphologies,
e.g. small loops, voids, or stacking fault totrahodra.
The formation <tnd evolution of PDCs are primarily
determined by the displacement damage rate and
irradiation temperature. There is experimental evidence
that the size distributions of these clusters are also
influenced by impurities such as copper. A theoretical
model has been developed to investigate the potential
role of PDC's in RPV embrittlement. The model Includes
a detailed description of the interstitial cluster
population; vacancy clusters are treated in a more
approximate fashion. The model has been used to examine
a broad range of irradiation and material parameters.
The results indicate that the magnitude of the hardening
increment due to these clusters can be comparable to
that which has been attributed to copper precipitates.
Both interstitial and vacancy type defects contribute
to this hardening, with their relative importance
determined by the specific irradiation conditions.

Introduction

Small clusters of vacancies and interstitials have
long been recognized as contributing to radiation-
induced hardening in irradiated metals and alloys (1-
10). In face-centered cubic (fee) materials such as
copper, the size distributions of these point defect
clusters (PDC) can be characterized at very small sizes
by transmission electron microscopy (TEM). The
contribution of these PDCs to the yield strength change
following irradiation can be computed using standard
hardening models (9-12) and the computed values compare
favorably with the measured values (8). Unfortunately,
it has proven more difficult to apply this same sort of
analysis to body-centfered cubic (bec) ferritic alloys
such as reactor pressure vessel (RPV) steels. Ferritic
steels exhibit significant hardening at low doses, well
before any corresponding nsicrostructural change can be
observed by TEH. Molecular dynamics (MD) simulations
of displacement cascades suggest that there may be some
inherent differences in primary damage formation between
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fee and bec materials (13,14). However, more practical
problems can intervene as well. Fine-scale TEM
characterization is inhibited by the magnetic nature of
ferritic steels by the oxide layers that quickly form
on the specimen surfaces. The overall complex
microstructure exhibited by commercial RPV steels can
also obscure small defects in the TEM.

Although much of the radiation-induced
embrittlement obsorved in commercial RPVs has been
attributed to the formation of copper-rich precipitates
(15), there is considerable evidence for embrittlement
arising from PDCs. This evidence includes the
embrittlenient observed in model and engineering alloys
that include little or no copper, the post-irradiation
annealing behavior of these steels (16,17), and the fact
that the increi»-ntal change in precipitation under
irradiation doe.' not always seem adequate to account for
the observed changes in mechanical properties. Low
temperature emr rittiement, i.e. below about 150°C, such
as that observed in the pressure vessel of the High Flux
Isotope Reactor (HFIR) (18), is also unlikely to be due
to copper precipitation due to much slower diffusion
rates. Finally, there is evidence that one influence
of solutes such as copper is to refine the PDC size
distribution (4, 19).

The potential significance of interstitial and
vacancy clusters in RPV embrittlement was investigated
using a theoretical model described in a previous paper
(20). In that work these clusters were assumed to be
in the form of small dislocation loops and microvoids,
respectively. The paper focused on the influence of
irradiation temperature and displacement rate because
it had been initially motivated by the apparently
accelerated embrittlemer.t observed in the HFIR pressure
vessel materials. The calculations reported in Ref. 20
indicated that the formation of both interstitial and
vacancy clusters could lead to significant hardening.
The relative importance of either type of defect is a
function of the displacement rate and temperature.
Vacancy clusters were more favored at low displacement
rates and high temperatures. Significantly, the results
indicated that the HFIR embrittlement data could not be
accounted for on the basis of the very low displacement
rate.

The values for the dislocation barrier strengths
of the PDCs used in Ref. 20 were near the maximum
plausible. In addition, the level of assumed in-
cascade clustering of point defects was rather high.
Thus, the calculations represented the upper limit of
the possible hardening. These severe limits have been
relaxed in'this paper in order to examine the influence
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'oi a raore reasonable set of model parameters. A range
of irradiation temperatures and displacement rates has
been examined, and the sensitivitv of the model to
variations in kev parameters has been determined.

Model Description

The details of the numerical model are contained
in Ret. ̂ 0 and will not be repeated here. Briefly, the
model integrates the rate equations describing the time
i.dose) dependence of the interstitial and vacancy
concentrations, the interstitial cluster population,
and the number of vacancy clusters. The hardening
increment due to the PDC populations is computed
assuming that thev act as Orowan-like barriers to
dislocation motion

Point Defect Concentrations

The equations describing the spatially-averaged
point detect concentrations (Cx and Cv) can be written
as

dC:I, V
tit

where the subscripts i and v donofe interstitial and
vacancy, respectively. The constants in Eq. (1) are:
Cj, the interstitial generation rate; Cv, the vacancy
generation rate; K, the recombination rate coefficient;
D,, the interstitial diffusivity; and Dv. the vacancy
diffusivity. The S, V

T are the total sink strengths of
all the extended defects in the material. These sinks
can include dislocations, grain boundaries and other
interfaces, as well as the interstitial and vacancy
clusters discussed below The sink strengths of the
extended defects are calculated to lowest order (20,21).

In the general :ase, the interstitial and vacancy
generation rates include the displacement rate, Gdp>,
and the point defects produced by thermal emission from
extended defects. In addition, the dpa rate Is reduced
by the cascade efficiency, t). to account for in-cascade
recombination and terms that account for in-cascade
clustering. The total point defect generation rates are
given by:

. vc/> 2)

where the S, v- are the point defect sink strengths for
extended defects of type j and the Cj V

J are the Doint
defect concentrations in equilibrium with these defects.

The terras f, and !„ are the fractions of the
surviving interstitials and vacancies that form clusters
directly in the cascade. The interstitial formation
energy is sufficiently high in these materials that
interstitial emission from extended dt Tects such as
dislocations can be neglected in practice and even
vacancy emission is small at the temperatures of
interest to this work. Interstitial emission can occur
from the small interstitial clusters for which the
binding energy is sufficiently low.

Point Defect Clustering

Interstitial clustering is currently treated in
greater detail than is vacancy clustering. Interstitial
clusters can be formed directly in the displacement
cascade, or by essentially classical, homogeneous

nuclnation due to random collisions between diffusing
detects. Although clusters with up to 8 interstitials
have been observed in recent MI) simulations of high
energy cascades in iron (13,l'O, most of Che in-cascade
interstitial clusters are smaller. Thus the model
currently assumes that in-cascade formation occurs only
for the smallest three cluster sizes. The total in-
cascade cluster fraction, flcl, is then the sum of
three components: the fraction forming di-(f K 1

2), tri-
(tlci

3), and tetra-incerstitials <flcl').

Interstitial clusters are assumed to be immobile,
and the size distribution of the cluster population
evolves by the absorption and/or emission of single
point defects. The rate constants for these defect
reactions are discussed in Ref. 20. The maximum cluster
size used here is 500 interstitials, corresponding to
a dislocation loop radius of approximately 2.U run.
Evolution to larger sizes is treated by a method
developed to treat dislocation loop evolution at higher
temperatures (22). Consistent with experimental
observation, relatively few clusters grow to such large
sizes for most of the conditions of interest to RPV
steels.

For simplicity, homogeneous nucleation of vacancy
clusters is neglected and vacancy cluster formation is
assumed Co happen only as the result of cascade
collapse. The vacancy clusters are assumed to form
directly in the cascade as microvoids with n radius
rvcl. The vacancy cluster generation race is determined
by the fraction of the vacancies that are assumed to
collapse into the clusters, fvcl, and the number of
vacancies contained in a cluster of size rvci. For the
irradiation conditions of interest here, these
microvoids are generally unstable and shrink at a rate
determined by the absorption of point defects and
vacancy emission (20).

Hardening Due to Point Defect Clusters

A dislocation barrier model has been used to
calculate matrix hardening due to the interscitial and
vacancy clusters. Such models are derived from the
theory developed by Orowan to describe hardening due to
precipitates and involve a calculation of the shear
stress required to move a dislocation past an obstacle
in its glide plane, leaving behind a dislocation loop
(9,12). A related change in the yield stress can be
computed from this shear stress. The Orowan-looping
mechanism may not be appropriate for small point defect
clusters since they may be sheared before the
dislocation had bowed completely around them. Its use
here provides a simple expedient way of examining the
possible importance of these clusters.

In its simplest form, the change in the shear
stress, AT, can be written as:

(3)

in which G is the shear modulus and b is the magnitude
of the Burgers vector. The average barrier spacing, i,
is computed from the number density (N) and the diameter
(d) of the obstacles. i-(Nd)11. The factor /3 In Eq. (3)
is a function of the barrier strength. For example, 0-1
for a periodic array of strong barriers, such as
incoherent precipitates. In a polycrystalline material,
the Taylor factor can be used to convert the calculated
shear stress to a change in the uniaxial yield stress,
Ao,-3.1Ar (11). When computing the shear strength, a
root-raean-square summation of the interstitial and
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v.tcancv v- lust contributions was assumed,

A number ot potential values for the barrier
strength term m Kq |5> are discussed in Refs. cl nnd
10 Depending on the barrier model chosen, the
calculated hardening due to a specific type of obstacle
can varv widely w'0> Previously, values of 0-3 and 0-1
were used tov interstitial and vacancy clusters,
respectively As mentioned above, these values almost
certainlv represent the upper limits of the actual
barrier strengths However, there is only limited
experimental data available to guide the choice of (3 for
verv small defects Estimates of 0 for small PDCs and
interstitial loops in bec materials range from 1.5 to
•> ^ 101 Based on recent measurements of tensile
properties and detailed TEM examination of copper
irradiated to low doses (8), a value of $-4 was used for
both tvpes of PDCs in the results reported below. This
value was derived in Ref. 8 for PDCs with mean diameters
below 3 ran, which is comparable to the size of those
calculated here

Resulis of Model Calculations

one observation from Kct .'0 needs to be recalled
before :he current results are discussed. It is
commonlv assumed tluit t lie steadv state point defect
concentrations can be used in radiation damage modeling.
This is general lv ,i good assumption tor elevated
temperatures, hut not at low temperatures. As shown in
Fig. 1, the point defect concentrations reach steady
state quite rapidlv at 285°C, but they do not reach
steadv state at feO°C until about 30 years. The time
required for the point defects to diffuse to sinks
typically determines the duration of the transient
approach to steadv state. The vacancy lifetime (rv) is
much longer than the interstitial lifetime (r,), so the
time to reach steadv state is controlled by vacancy
diffusion. These times are indicated in Fig.l, where

The stondv stole point detect concentration:,
should not he used when the irradiation temperature in
much below ,'MI'C without examining the impact oi the
long point deieel transient Extrapolations based on
data obtained at higher temperatures could be
misleading. This transient accounts for some of the
differences observed in the results discussed below.
The results will focus on the temperatures of 60 and
288°C since these two temperatures bracket the service
conditions of pressure vessel steels and similar alloys
in light water reactors (LTO). Displacement rates from
1x10"l3 dpa/s to 1x10"' dpa/s will be discussed. The
lower end of this range includes the exposure conditions
of the HFIR pressure vessel and commercial LWR support
structures; the upper limit is similar to that in high
flux materials test reactors. The displacement rate in
commercial LWR pressure vessels is in the range of
10"u to 10"10 dpa/s.

The primary material parameters that were used in
computing the results presented here are listed in Table
1. These values generally represent best estimates
obtained from the literature or from other simulations
(20). These values were used to compute a set of "base
case" predictions and the sensitivity of the results to
variations in these parameters was explored.

Results with Base Case Parameters

The predictnd chances in the yield strength at 60
iind 288°C are shown as a function of displacement dose
in Fig. 2 for calculations using the base parameter sec
from Table 1. Results are displayed at the low and high
displacement rate limits. The calculateU yield strength
change includes increments from both the interstitial
and vacancy clusters; their relative contributions will
be examined below. Representative data are Included for
comparison. The data shown at 60°C includes the HFIR
pressure vessel materials irradiated in the HFTR
surveillance program and in the Oak Ridge Research
reactor (ORR) at a higher displacement rate (23). The
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Figure 1. Time dependence of the point defect
concentrations at 60 and 285°C.

Table 1 Material Parameters for Base Case Model
Calculations

Cascade efficiency
Interstitial clustering parameters

total clustering fraction
di, tri. and tetra interstitial

cluster fractions
di, tri, and tetra interstitial

cluster binding energies (eV)
Vacancy clustering fraction
Vacancy cluster radius (run)
Diffusivity pre-exponential (m2/s):

Interstitial
Vacancy

Interstitial migration energy (eV)
Vacancy migration energy (eV)
Vacancy formation energy (eV)
Lattice parameter inm)
Recombination radius inn)
Surface free energy, temperature

dependent (J/m2) 2.947
Dislocation capture efficiencies:

Interstitial
Vacancy

Network dislocation density (nf2)
Effective grain size (nm)
Dislocation barrier strength of

point defect clusters (0)

0 . 1

0 . 3

0 . 1 5 , 0 . 1 , 0 . 0 5

0 . 7 5 , 1 . 0 0 , 1 . 5 0

0 . 6
1.0

S.OxlO"6

5.0xl0"5

0.25
1.25
1.55
0 287
0.574

•4.5xl0"**T(-C)

1.25
1.00
S.OxlO1'
10.

4 .
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Figure 2. Fluence dependence of the predicted yield
strength change at 60 (a) and 288°C (b) using the base
parameter set in Table 1. Representative data is shown
for purposes of comparison.

data shown in Fig. 2(b) at 288"C is from an experiment
conducted in a research reactor at the University of
Virginia (24). Since the displacement rate in this
experiment lies between the predicted curves at 10"13

and 10"7 dpa/s, the model predictions for a 10"9 dpa/s
displacement race are also indicated in Fig. 2(b).

There are several notable features in Fig. 2.
First, the dependence on displacement rate is much
greater at the higher temperature. This is a result of
thermal instability of the PDCs. For low displacement
rates at 288°C the PDC populations reach steady state
very quickly and little fluence dependence is observed.
At low temperatures and high displacement rates the PDC
densities continue to build up at a rate that is roughly
proportional to the square root of Che fluence. The
effect of the point defect transient can be seen in Fig.
2(a). At 60°C, the low and high displacement rate
curves begin to diverge at about 10"5 dpa since the
point defect concentrations are approaching steady state
at the lower displacement rate. The time required to
reach 10'5 dpa is only 100 s at 10"7 dpa/s, but 108 s is

required nt. 10"13 dpn/s. For conditions where PDCs are
n ranjor contributor to hardening, the predictions
indicate that accelerated irradiations should give n
conservative estimate of the mechanicnl property changes
at lower displacement rates,

Although the absolute values ot the predicted
yield strength changes are certainly subject to the
assumptions of the model and the specific choices of
model parameters, the comparison between the model's
predictions and the yield strength data in Fig. 2
indicates that PDCs could be responsible for much of the
hardening observed in irradiated RPV steels. At 288°C
the model predictions lie within the data band for a
displacement rate of 10"9 dpa/s, while at 60°C the model
predictions exceed the observations. Some of the model
parameters that influence the predictions will be
discussed shortly.

The relative contribution of the two types of PDCs
are shown in Fig. 3. As in Fig. 2, results are shown
for the lowest and highest displacement rates as a
function of dose. The increment in the shear strength
is plotted, i.e. the values have not been converted Co
equivalent yield strength changes. A log-log scale has
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• been used in Fig. 3 to facilitate iho comparison. For
the base set ot parameters in the present model, the
vacancv clusters build up more vapidly than the
interstitial clusters. However, the fact that the
interstitial clusters are able to grow causes their
contribution to increase as the dose increases.
Comparing Figs. 2(a' and 3ia), indicates that the onset
of the rate dependence in Fig. Ha) corresponds to th>
dose ^2xlO'5 dpa> where interstitial clusters begin to
dominate the hardening. The vacancy cluster is favored
at higher temperatures and lower displacement rates.
Although large interstitial loops are thermally stable,
interstitial emission from the smallest clusters reduces
their contribution at higher temperatures.

The displacement rate dependence of the yield
strength change at a dose of 0.01 dpa is shown in Fig.
-» for three temperatures. Although much greater
hardening is predicted at lower temperatures, the
relative dependence on displacement rate is greater at
higher temperatures. For each of the three
temperatures, the curves exhibit regions which are more
sensitive to changes in the displacement rate than
others. At 28B°C the displacement rate dependence is
largely due to the competition between formation and
.innealinp, of the FDCs. The point detect transient is
important in the behavior at 60°C The time to reacli
0 01 dpa is comparable to or longer than the transiont
at the lower displacement rates; however, the point
defect concencr.ir.ions are tar from steady state at the
higher displacement, rates. The behavior at 175"C is
influenced by both the point defect transient and PDC
annealing,.

The existence of these different regimes requires
that caution be used in data extrapolation and
interpolation. While an experiment conducted at a high
displacement rate will apparently give a conservative
estimate of the yield strength change expected at the
same dose for a lower displacement rate, extrapolations
using data at several high displacement rates could be
either conservative or nonconservative. For example,
an extrapolation down to 10"u dpa./s using the predicted
curves in the range of 10~9 to 10'' dpa/s would be
conservative at K 5 and nonconservative at 288°C.

Perhaps the greatest approximation in the present
model is Its treatment of vacancy clustering. For some
time, vacancv clusters formed by the collapse of
displacement cascades have been assumed to play an
important role in RPV steel erabrittlement (5,6). Some
MD simulations of displacement cascades in fee metals
have demonstrated this phenomenon (25). However, there
is only limited experimental support for their existence
in RPV steels. As mentioned above, the difficulty in
imaging small defects in ferritic alloys may have
contributed to this lack of experimental observation.
In the base set of parameters, the relatively large
vacancy cluster radius of 1 no was used. This size is
larger than any vacancy cluster expected to form by
cascade collapse, but it represents a probable upper
limit to how large these clusters could be and still
remain undetected by TEM. The use of this large initial
size should ensure that the hardening increment
attributed to vacancy-type PDCs represents an upper
limit and may compensate for the lack of a more detailed
vacancy clustering model.

In order to examine the influence of the vacancy
cluster parameters, Fig. 5 compares the results of three
sets of calculations. The total yield strength increase
as a function of displacement rate is shown in this
figure for; (1) the base parameter set, (2) the result
of reducing the vacancy cluster radius to the size of
a 10-vacancy microvoid {0.304 nm), and (3) the result
of using the smaller radius and also reducing the
vacancy cluster fraction from 0.6 to 0.15. The smaller
radius is a much more reasonable estimate for the
maximum size of a cascade cluster. The results shown
in Fig. 5 can best be understood by consulting Fig. 3
as well. As expected, the total hardening is reduced
significantly at those conditions where vacancy clusters
initially provided an appreciable fraction of the total.
The change due to reducing the cluster radius is more
modest than that due to reducing the clustering
fraction, particularly at 60°C. However, the overall
reduction is greater than that of the lost vacancy
clusters alone since the greater concentration of free
vacancies reduced the interstitial cluster population.
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The lower vacancy clustering traction appears to
he more reasonable also. Recent MD simulations of
cascades in bec iron with primary knock-on atom (PKA)
energies up to 10 keV showed essentially no in-cascade
vacancy cluster formation (13.1ii). While higher energy
PKAs mav yet provide evidence of such clustering, a 10
keV PKA is about the average energy for a 0.3 MeV
neutron Thus, a significant fraction of tne PKA
spectrum for an LHR pressure vessel has been sampled.
However, the MD results obtained for pure iron may not
be representative of the clustering behavior in alloys.
One effect of alloying elements and residual impurities
such as copper and phosphorus may be to aid in the
formation of vacancy clusters (4,5). Still, it seems
unlikely that sufficient clustering will occur at higher
energies to raise the spectrum-averaged clustering
fraction to a value as high as 0.6. The use of a lower
vacancy clustering fraction would reduce the predicted
curves shown in Fig. 2. This would provide better
agreement with the data at 60°C where PDCs are likely
to be dominant and would make allowance for
precipitation-induced hardening to contribute to the
total at 288°C.

The matrix surface free energy has a significant
influence on the vacancy cluster lifetime since it
controls the rate at which these clusters anneal by
vacancy emission. The value of this parameter is
uncertain for alloys by a factor of about two. Varying
the surface energy within this range has only a limited
oifect on the overall hardening change except where the
vacancy clusters dominate, cf. Fig.3.

Influence of Interstitial Clustering

The influence of the interstitial clustering
fractions is shown in Fig. 6. The interstitial
clustering fraction was decreased from the base value
of 0.3 to 0.15 for one set of curves, and increased to
0.5 for the other. The corresponding di-, tri-, and
tetra-interstitial fractions were 0.1, 0.03, and 0.02
at 0.15: and 0.25, 0 15, and 0.1 at 0.5. The base set
are listed in Table 1. The expected trends are observed
in the results. The impact is greater at 60°C where
interstitial -tvpe PDCs are dominant. In an analogous
fashion to the changes in the vacancy clustering
fraction discussed above, a reduction in the

120
- 800

i tr 10- ' " 1O"1C 10"9

DISPLACEMENT RATE (ODa/51
10"'

Figure 6. Influence of the interstitial clustering
fractions on the yield strength change at 0.01 dpa.

interstitial clustering traction reduces the I.
from both types of PDCs.

In the case of the interstitial clusters, the MD
results are in general agreement with the cluster
fractions used here. For example, when the results of
seven 10 keV cascades conducted at 100K art averaged,
the fraction of interstitials in clusters is 0.46. Of
these. 0.2 are in di-interstitials, 0.11 are in tri-
interstltials, and 0.03 are in tetra-interstitials (13).
The cluster fraction is relatively insensitive to
temperature between 100 and 600K (14), and the fraction
will increase with PKA energy.

In addition to the in-cascade clustering
fractions, the binding energies of interstitials to the
small interstitial clusters are parameters which have
a significant influence on the model predictions. Of
these, Che results are most sensitive to the binding
energy tor tetra-interstitials, particularly at 288°C.
A reduction in -his parameter from 1.5 to 1.0 eV can
reduce the predicted hardening by as much as a factor
of 100. MD simulations are planned to try and obtain
better estimates for these binding energies. Overall,
the implication of the MD results and the present
calculations is that more attention should be paid to
the potential role of interstitial cluster formation in
RPV steels.

influence of Clustering and Recombination on
Precipitation

It has been pointed out that changes in either
the interstitial or vacancy clustering para^jters alone
influences the evolution of both types of PDCs. This
comes about because a reduction in the fraction of
clustered point defects increases the population of the
corresponding mono-defects. These can then impact the
evolution of the PDCs in two ways. First, by diffusing
to and annihilating with clusters of the opposite type
it can reduce their growth. Secondly it can reduce the
concentration of the opposite mono-defect by
recombination reactions in the matrix. This matrix
recombination reduces the nucleation and growth of both
types of clusters by reducing the defect supersaturation
and reducing the point defect flux to stable defects.
The overall effect is determined by the competition
between matrix recombination, point defect absorption
at fixed sinks such as dislocations, and point defect
absorption at the two types of PDCs.

In a similar way, the presence of PDCs should help
to limit precipitate formation. A high density of PDCs
will reduce the driving force for radiation-Induced
precipitate formation by reducing the point defect
fluxes that drive solute segregation. One measure of
the ability of a material to support segregation Is the
radiation-enhanced diffusion coefficient (REDC). The
simplest formulation of this coefficient is essentially
the ratio of the vacancy concentration under irradiation
to the thermal equilibrium value. In order to
demonstrate the impact of PDCs on the driving force for
radiation-induced precipitation, the ratio of the REDC
without clustering to the REDC with clustering is shown
in Fig. 7. A related set of curves shows the further
impact of a reduction in matrix recombination. In this
case, the recombination radius was reduced from two to
one times the lattice parameter.

The different displacement rate dependence for
different temperature shown in Fig. 7 can be explained
along lines similar to that used in discussing Fig. 4.
This variation is due to a combination of the point



deface transient, the i-orapet I tion between matrix'
recombination and point detect absorption at sinks, and
the relative importance o( PDCs VOVMIS the fixed sinks
(dislocations and grain boundaries). The trend is
simple at ;8B°C, where the point defect transient is
very short, matrix recombinarjon is insignificant, and
PDCs become" inr -pasingiv important at higher
displacement rates but their sink strength doosn't
exceed that ot the tixed sinks At 60°, the PDC sink
strength exceeds ;hat of the fixed sinks at all
displacement rares and matrix recombination bei omes
important above 10 " dpa/s In addition, the tln,J to
reach 0.01 dpa is greater that the point defect
transient at all but the lowest displacement rates.

The oehavior is more involved at 175°C. Matrix
recombination is onlv important at the highest
displacement rates The fixed sinks are more important
than the PDCs at the lowest displacement rates,
comparable to the PDCs at intermediate rates, and less
important that the PDCs at the highest rates. There is
also a small residual effect of the point defect
transient in the total partitioning of point defects at
the highest displacement rates.
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Figure 7. Influence of PDC and matrix recombination on
the radiation-enhanced diffusion coefficient (REDC) at
0,01 dpa. Results are normalized using the REDC for the
base parameter set

Because of this complex balance between the
various microstructural components, it is difficult to
make reliable, ad hoc predictions about the response of
a material to changes in temperature or displacement
rate. However, the model predicts that neglecting the
influence of PDCs can lead to an overestimate of the
REDC by more than a factor of 20 and by a minimum of
about tvo with the current model parameters. The time
required for significant copper precipitation to occur
in most models would then be underestimated by a similar
factor In a similar wav. it is important to include
realistic estimates of the other point defect sinks In
Eq. (1) when computing the point defect concentrations.

A model based on the kinetic rate theory has been
developed to examine the potential role of point defect

(7)
clusters in the hardening and ombrtttlement that is
observed in Irradiated RPV steels, liul lance in the
rhoicp of clustering parameter.'; was provided by current
work investigating cascado evolution in iron using
molecular dynamics simulation.

The results oi the calculations indicate that PDCs
could provide n mnjor source o( matrix hardening,
particularly at low irradiation temperatures and high
displacement rates. Although the absolute magnitude of
the model's predictions are sensitive to a number of
uncertain parameters, reasonable agreement was shown
with yield strength data over a range of temperatures
and displacement rates. The predicted trends in the
dose, displacement rate, ano temperature dependence of
hardening should be valid. In this case such a model
could be used to help guide data extrapolation if PDCs
are believed to be important in the data set. In
addition to the parameters discussed above, the
influence of other microstructural features has been
evaluated using the model. For example, the potential
influence of the dislocation structure was evaluated by
reducing this parameter a factor of ten from the base
case value listed in Table 1. The effect of this
variation was generally much smaller than that obtained
bv varying the PDC parameters.

The magnitude of the predicted changes in yield
strength due to the formation oi PDCs is sufficiently
large to warrant more investigation of their
influence Their behavior could be particularly
important in understanding and predicting the behavior
of RPV steels under annealing and undor subsequent re-
irradiation. Tlw relative contribution of PDCs nnd
radiation-Induced precipitates needs to be determined
for nil the radlatlon/annoaling conditions of Interest
to LWK pressure vessels.

Experimental confirmation of the presence of PDCs
in the numbers and sizes predicted by the current model
does not presently exist. Experiments are currently
underway to address this need. These sane experiments
are intended to investigate the uncertainty in
determining the dislocation obstacle strength for small
PDCs in iron-based allovs and hardening superposition
laws in multicomponent microstructures. The model and
the necessary parameter choices will be improved in
response to the information obtained from these
experiments. Further MD studies are also planned to
help refine the primary damage parameters and point
defect binding energies.
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