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Abstract

A self-consistent analysis, combining thermodynamic calculations, recent small angle neutron scattering and atom probe field
ion microscopy measurements and lattice Monte Carlo (LMC) simulations, is used to characterize the ultra fine coherent
precipitates that form in irradiated reactor pressure vessel steels. These nanofeatures are typically rich in impurity copper
precipitated from highly supersaturated solution at vessel operating temperatures around 300°C at rates greatly accelerated by
radiation enhanced diffusion. Although some copper appears to be needed to catalyze their formation, manganese nickel-rich
precipitates may replace copper-rich precipitates at high concentrations of these alloying elements and/or lower temperatures.
Thermodynamic and kinetic models are generally consistent with observations on the number densities, sizes, compositions and
nucleation, growth and coarsening behavior of the nanofeatures. However, the LMC atomic scale simulations of complex

nanofeature structures are needed to fully unify experiment and theory. © 1997 Elsevier Science S.A.
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1. Introduction

Irradiation embrittlement of reactor pressure vessel
(RPV) steels is due to hardening caused by high num-
ber densities (> 10® m~?) of ultra fine scale ( <2-3
nm) features that develop under irradiation [1-7]. Mi-
crostructural evolution is primarily driven by trace
quantities of impurity copper (Cu), resulting in the
formation of copper rich precipitates (CRPs) or man-
ganese (Mn) nickel (Ni) rich precipitates (MNPs). The
size, number density, volume fraction and average com-
positions of the CRPs/MNPs have been characterized
by a variety of techniques including small angle neutron
scattering (SANS) [8-13], field emission scanning trans-
mission electron microscopy (FEGSTEM) [14,15] and
atom probe field ion microscopy (APFIM) techniques
[16-19]. Consistent with thermodynamic predictions,
SANS and FEGSTEM measurements have shown that
the features are well formed precipitates. In contrast,
some APFIM results have been interpreted to suggest
that the dominant embrittling features are dilute
{(mainly iron) solute atmospheres (DSAs) enriched in
Mn, Ni, Si and P as well as Cu, rather than well defined
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precipitates. The experimental case for the CRP/MNP
view is documented elsewhere [7]. This work focuses on
development of a lattice Monte Carlo (LMC) method
to provide insight on the detailed characteristics of the
precipitates at the atomic scale.

2. The LMC model and simulation technique

The LMC model was developed to simulate the
atomic scale configuration of Cu—Mn-Ni-Si nanofea-
tures. The model is briefly described here; further de-
tails will be presented elsewhere. A periodic simulation
cell containing the specified numbers and types of so-
lutes located on designated lattice sites; typically a
random distribution, is used as the initial condition.
The basic LMC procedure is to exchange the position
of each of the solute atoms and their neighbors based
on Boltzmann weighted probabilities (P) defined as

P=exp(— AE'JkT) for AE'>0o0r 1 for AE'<0 (1)

where £’ represents the total system energy (Hamilto-
nian) at a given state and AE’ is the change in this total
energy associated with a particular exchange. A ran-
dom number (Q) between 0 and 1 is generated to



C.L. Liu et al. / Materials Science and Engineering A238 (1997) 202-209 7 203

determine if the exchange is executed (Q < P) or not
(Q > P). All solutes are sequentially considered as can-
didates for non-degenerate exchanges with a randomly
selected neighbor in each LMC sweep. The system
evolves in a sequence of sweeps towards the lowest free
energy (G) state:

G=FE— TScon . (2)

where the configurational entropy (S.,,) is simulated by
the Boltzmann weighting algorithm. At 7=0 this
would also be a minimum E’ configuration, since the P
for all AE' > 0 would be 0. However, at 7> 0, AE' >0

exchanges are allowed and G rather than E’ is mini-

mized. In this case, £’ fluctuates around an asymptotic
level. An initial random solid solution evolves though
quasi-kinetic nucleation, growth and coarsening se-
quences. However, the LMC model does not simulate
the actual time scale, or even the physical path, of
decomposition. More realistic kinetic LMC simulations
can be carried out by including one or more vacancies
in the system and tracking the sequence of vacancy-
atom exchanges. Time is accounted for by the statistical
residence period between jumps, mediated by the sum
of AE'(>0) and the vacancy saddle point activation
energy. However, these details are not critical to deter-
mining the minimum local free energy configurations of
the nanoprecipitates.

Indeed, the LMC simulations described in this work
are not expected, or even intended, to be complete and
precise descriptions of all the details of the nanostruc-
tural evolution. Rather they seek to provide additional
insight about the chemical structure of the nanoprecipi-
tates that cannot be determined from standard thermo-
dynamic models (e.g. the tendency towards solute
segregation, formation of ordered regions and other
related atomic level details). In comparing the simula-
tions with experiment an attempt is made to match
nanoprecipitate sizes and number densities. This simple
expedient provides a good representation of the local
equilibrium configurations.

A more serious challenge is the requirement for
accurate descriptions of all the interatomic interactions.
Unfortunately accurate many-body potentials are gen-
erally not available. Approximate pair bond (£, E;)
potentials, derived from thermodynamic data based on
regular solution theory (RST) approximations, were
used in this work. At best the RST pair bond potentials
provide only a first order approximation. Interactions
at and beyond second nearest neighbor are particularly
important in b.c.c. structures. As a consequence RST
models tend to overestimate interface energies and are
clearly inadequate to treat diffusion.

Further, the simulation does not directly account for
strain energy. In the case of the nanometer sized Cu
clusters in Fe, this contribution to the Hamiltonian is
generally believed to be small compared to the other

sources of free energy, such as the Cu-Fe interface.
The positive misfit parameter of b.c.c. Cu and Fe is
about 2.4% (A). The Fe—Cu interface energy (y) is
about 0.4 J m~2. Thus for a 1 nm precipitate (2y/r)
exceeds 4 GA? (where G is the shear modulus = 80 GPa
for Fe) by a factor of about 4. Of course this difference
is smaller for interfaces rich in Mn and Ni rather than
Cu. Nevertheless, considering other approximations,
leaving out a direct treatment of strain energy should
not compromise the general results of the LMC simula-
tions. '

Other practical issues include semicoherent/incoher-
ent interfaces, and computational complexity for low

nucleation rates and many atom environments. More
accurate simulations will require many-body embedded
atom method (EAM) type models or even more rigor-
ous ab-initio electronic cohesion calculations, based on
methods such as the local density approximations; and
more efficient computational algorithms.

The bond energies between like atoms (E,) were
determined from measured cohesive energies for the
b.c.c. phase of the pure element. The bond energies
between different atoms (E,) were derived from empiri-
cal molar excess free energies (°G;), which includes both
the excess entropy and enthalpy of solution where:

Q;=°G,/z (3)
and ) )
Qij = Na[Eij - (Eii + E:]])/z] (4)

Here z (= 8) is the coordination and N, is Avagodros’
number. Starting estimates for °G; were taken from
CALPHAD compilations [20—-25], which reproduce the
binary phase diagrams. The °G; represent specific tem-
peratures and compositions. Since the precipitate com-
positions are neither fixed nor known a priori,
prototypical matrix and precipitate values were used to
estimate °G; for solute~iron and solute-solute interac-
tions, respectively. The free energy estimates included
contributions for structural changes (e.g. f.c.c.-b.c.c.
Cu), magnetic contributions and, whenever possible,
used b.c.c. empirical interaction parameters. However,
in some cases (e.g. Cu—Ni) when information for the
b.c.c. phase was not available, the close packed
parameters were adjusted by 2/3 to approximate the
lower effective b.c.c. coordination. Finally, some mod-
est adjustments were made for the Qu,.cy and Qynoni
interaction parameters. In the former case, CALPHAD
reports a Qu,_cy > 0 [20]. However, low temperature
X-ray evidence indicates the presence of an ordered
Cu;Mn phase, indicating that Qu,.c. <0 [26]. Since
the Cu—Mn binary phase diagram could be satisfacto-
rily represented using Qumn,_c. =0, this value was
adopted. Sensitivity studies also showed that the adjust-
ments noted above did not have a significant influence
on the semi-quantitative results of the LMC simula-
tions.
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Table |

The cross interaction parameters in Fe-Cu-Ni-Mn system for sample #2 (0.26% Cu, 0.75% Ni and 1.22% Mn) and related to Si in
Fe-Cu-Ni-Mn-8i system for a composition of 0.24% Cu, 0.59% Ni, 1.5% Mn, 1.0% Si used in LMC, SANS [4] and APFIM 7

Binary Fe-Cu ~ Fe-Ni Fe-Mn  Cu-Ni

Cu-Mn Mn-Ni Fe-Si

Cu-Si Ni-Si Mn-S8i

Q 44200 1400 14200 4200 0.000

—31000

—126 140 — 141 900 — 140 500 —105 600

Qin J mol ™!

A more significant adjustment involved the Qu,
The nominal values from CALPHAD [20] produced
much higher Mn and Ni contents in the precipitates
than have been experimentally observed. Thus Qu,
was treated as an adjustable fit parameter. An adjust-
ment factor of 0.7 provides a reasonable agreement
for irradiated alloys with a range of Ni and Cu con-
tents for both thermodynamic and LMC simulations.
The Q, used are summarized in Table 1.

3. LMC simulations of irradiated Fe—Cu—Ni—Mn
alloys

The LMC simulations of Fe-Cu-Mn-Ni system
were evaluated and calibrated 1o data on four irradi-
ated alloys which have been studied by combinations
of SANS and FEGSTEM. The alloy compositions
and irradiation conditions are summarized in Table 2.
These compositions are estimates of the atomic per-
cent of the solute in the matrix prior to irradiation.
The Cu estimate of 0.26% for alloys 1-3 is less than
the bulk value of 0.36% due to pre-precipitation dur-
ing heat treatment. The 1.2% Mn is also less than the
bulk value of about 1.4%, to account for the fraction
of this element tied up in carbides. The Ni is taken at
the nominal bulk values. The irradiations and post
irradiation characterization of alloys 1-3 were carried
out by Odette et al. {3,7,27]; the study on alloy 4 was
conducted by Phythian et al. (private communication).

The magnetic to nuclear scattering ratio and precip-
itate volume fractions (as well as number densities and
sizes) measured in SANS combined with differences in
matrix Cu before and following irradiation measured
by FEGSTEM can be used to estimate the CRP/M NP
compositions. Note neither the data analysis nor simu-
lation included the potential effect of Si in the clus-
ters. The good agreement between the experimentally
estimated and LMC simulated compositions is shown
in Fig. 1.

Before describing details of the LMC results, it is
noted that the compositions of the CRPs/MNPs alloys
have also been modeled based on extended regular
solution theory [1,3,7]. The thermodynamic model
(TDM) assumes a uniform precipitate composition
and a discrete precipitate—matrix interface. Solute par-
titioning is treated by following flows of the con-

stituents to CRPs/MNPs based on their chemical
potentials in the matrix and CRP phase. The latter
contain a contribution from the coherent Fe—CRP/
MNP interface, estimated using a regular solution
bond theory. The TDM predicts that the Mn and Ni
content of the precipitates increases synergistically
with the alloy content of these elements and with
decreasing temperature and Cu content. Using the
thermodynamic Q, parameters given in Table 2, the
predictions of the TDM are also in good agreement
with the SANS/FEGSTEM measurements shown in
Fig. 1. Consistent with observation, the TDM also
predicts reductions in the precipitate Mn and Ni con-
tents during elevated temperature post irradiation an-
nealing (PIA). The TDM also suggest that MNPs may
form even at low Cu contents, but only after an ex-
tended incubation periods corresponding to low nucle-
ation rates.

The LMC simulations are shown in Fig. 2. All the
precipitate clusters contain compact, nearly pure Cu
cores. In the case of alloy 1 without Ni, shown in Fig.
2(a), the CRP core is surrounded by a patchy inter-
face layer, or shell, enriched in Mn. In the case of
alloy 2 with 0.75% Ni, shown in Fig. 2(b), the CRP
has a shell enriched in both Mn and to a lesser extent,
Ni. Notably, the presence of Ni increases the Mn
enrichment in the interface region. As shown in Fig.
2(c), the LMC simulation predicts that a MNP/CRP
forms in the alloy with 1.2% Ni: a nearly pure CRP is
epitaxially attached to a larger nearly pure ordered
MNP. Alloy 4 with 0.13% Cu and 1.2% Ni was irradi-
ated at 290 versus the 260°C for the higher Cu alloys
1-3. Fig. 2(d) shows the LMC simulation predicts a
MNP with a small Cu core surrounded by an ordered
Mn-Ni thick shell. It should be emphasized that the
results in Fig. 2 are prototypical snapshots taken from
a much larger ensemble of CRP/MNP cluster configu-
rations.

While, as pointed out previously, the LMC treat-
ment does not predict decomposition kinetics, the sim-
ulations reflect the effect of Cu and temperature on
nucleation kinetics. Specifically, many more sweeps
were needed to initially form clusters in alloy 4 with
lower Cu (0.13%) irradiated at higher temperature
than in the case of alloys 1-3. Indeed, even with large
cell sizes and numbers of simulation sweeps, no stable
Mn-Ni clusters were observed in alloys without Cu.
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Table 2

Alloy compositions (atom %) and irradiation parameters (flux @ in n m?

s~ 'and fluence érinnm=)

Alloy Cu Ni Mn TSI T8 &t B B Ce

1 0.26 0.00 122 7 043y TXT0' gx 1022 260 T T
2 0.26 0.75 1.22 0937 = T TTTIXI0N 8% 10% 260

3 0.26 1.20 1.22 0.43 TXT0'S EXT0%27 77 T 60

4 0.13 1.12 1.22 0.43 7x 10" 8 x 10% 290

Weld A 024 0.59 B L0 L T74AXIO* 3.5x10% 283

150, .

In all of the LMC simulations, a consistent precipi-
tate morphology has been observed. As illustrated in
Fig. 3 (for alloy 4), typical CRP/MNP nanostructures
exhibit polyhedral morphologies, with low energy
{110} facets truncated by {100} caps.

4. Discussion

The LMC results shown in Fig. 2 are simply the
statistical thermodynamic outcome of the RST as-
sumptions and the empirical model parameters (the
Q). Thus it is not surprising that there is good agree-
ment between the TDM and LMC predictions of
CRP/MNP compositions. However, the LMC simula-
tions provide atomic scale insight on the character of
the nanofeatures, not available from the TDM. While
more accurate interatomic models might yield slightly
different quantitative results, the qualitative predic-
tions of the LMC simulations are believed to be ro-
bust. This robustness arises from the dominance of
three characteristics of the interactions in the Fe-Cu-
Mn-Ni system.

(a) Cu is very insoluble (large positive Qcy_pe)
hence tends to form nearly pure compact clusters.

(b) The low solubility of Cu corresponds to a high
Cu cluster—Fe interface energy. In contrast the Mn
and Ni are much more soluble. Thus, the correspond-
ing Mn(Ni)-Fe interface energies are much lower
than Cu cluster—Fe interfaces. Since Mn and Ni inter-
act weakly with Cu, a Cu-Mn(Ni)-Fe transition in-
terface produces the lowest free energy. This
corresponds to the segregation of Mn and Ni to the

Cu cluster—Fe matrix interface region, manifested as_

an enriched layer or shell.

(¢) Mn strongly bonds with Ni (a large negative
Qun-ny)- Hence, the presence of Ni synergistically en-
hances the enrichment of Mn in the interface region.
At high Mn-Ni concentrations and/or low tempera-
tures where the entropic contributions to the free en-
ergy are lower, free energy is minimized by
maximizing the number of Mn-Ni bonds producing
ordered MNP structures.

5. Verification of the LMC model

The self-consistency between the SANS/FEGSTEM
data and both the TDM and LMC simulations using
“reasonable empirically-based thermodynamic parame-
ters is encouraging. However, achieving quantitative
agreement involved some modest adjustments to the
data extracted from the literature. Hence, a further
comparison to an independent set of data is very useful.
An ideal candidate for this comparison is provided by a
high Cu (0.24%) RPV weld irradiated in a power
reactor surveillance capsule (W. Pavinich, unpublished
data) that has been characterized by both APFIM [16]
and SANS [7]. The compositions and irradiation condi-
tions for this alloy are also given in Table 2.

The APFIM study by Pareige and Miller is particu-
larly notable since it included, by good fortune, a
feature within a nominal 2.5 nm aperture oriented such
that it allowed a complete (020) plane-by-plane analysis
[16]. In principle this permits atomic level resolution of
the feature composition along the [010] axis. As inter-
preted by Pareige and Miller, the APFIM data indicate
that the feature is a dilute solute atmosphere (DSA)
containing about 77% Fe. A detailed analysis of why
the DSA interpretation is incorrect is given elsewhere
[7]. However, this conclusion will be self-evident in the
comparison with the LMC simulations described below.

The same LMC model described in the previous
section was used to simulate the solute clusters for this
alloy. However, in this case the model was extended by
including Si. Notably, the Si interaction parameters
(Qs;-;), summarized in Table 1, all have large negative
values. A prototypical CRP predicted by the LMC
simulation is shown in Fig. 4. As expected, the polyhe-
dral nanofeature has a Cu-rich core surrounded
by a Ni, Mn and Si shell. A 1.6 nm diameter sphere
centered on the precipitate contains about 60%
Cu, 19% Mn, 5% Ni and 5% Si. The LMC simulation
can also be directly compared to the layer-by-layer
APFIM data shown Fig. 5. The LMC results are for a
3 nm aperture centered on the CRP along a [100] axis
assuming a 60% collection efficiency. The CRP core is
slightly smaller and more compact in the LMC simula-
tion and the predicted Ni and Si are about 70-80% of
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(at% Cu, at%Ni, T)

(0.26%, 0.0%, 260 C} #1

(0.26%,0.75%, 260 C) #2

(0.26%, 1.2%, 260 C) #3

(0.13%, 1.2%, 280 C) #4

Odette et al [7]

Phythian [28]

Thermo [7]

This work

Fig. 1. A comparison of precipitate compositions measured by SANS/FEGSTEM ([3,7,27]; W.J. Phythian, private communication) and predicted
by the LMC simulations. The numbers in the parentheses are the Cu and Ni matrix alloy contents and the irradiation temperature respectively,
Other alloy compositions and the irradiation parameters are summarized in Table 2.

the APFIM data. The largest discrepancy is in the Si
prediction, which is only about 50% of the nominal
measured value. However, considering both the ap-
proximations in the model and measurement uncertain-
ties, the overall LMC-APFIM agreement is quite
remarkable.

The magnetic (M) and nuclear (N) SANS cross sec-
tions [dX/dQ,,.(¢)] as a function of the scattering vec-
tor {g) have been measured for the same alloy and
irradiation condition. The CRPs act as magnetic holes
in a saturated Fe matrix over a large range of composi-
tions. Thus dZ/dQ,, is independent of the CRP compo-
sition. However, the nuclear scattering depends on the
average scattering length density in the CRP, hence,
varies with composition. Thus the M/N scattering ratio
is also a function of composition. The SANS study
yielded cross sections consistent with a log normal
distribution of 3.5 x 10>* m~3 magnetic holes with a
volume fraction of about 0.38% [7]. Assuming the
scattering is entirely from well formed CRPs with con-
stituent ratios of Ni=Si= Mn/2, the measured value
M/N of about 2.1 is consistent with a CRP composition
of about 65% Cu. A decrease from the initial 0.24% Cu
in solution to about 0.05% Cu after irradiation [16],
corresponds to a CRP volume fraction of about
0.31% =+ 0.04% (note this includes a small correction for
the coherency strains). The volume fraction of magnetic
holes from SANS probably contains a small contribu-
tion from other irradiation induced features on the

order of 0.05 + 0.03%. Thus Cu balances within experi-
mental error.

The LMC results can also be used to directly simu-
late the SANS cross sections using the Debye equation
{28]. The microscopic scattering cross section (do/dQ)
from a single feature with solutes (i) located on un-
strained lattice positions {(#; ) and scattering lengths (&)
with respect to the iron matrix (b} =5,— bg,) is given
by:

do/dQyn(g) = Z Z bib;sin (gry)/ar; (5)
i

The macroscopic cross section for N identical features
is dZ/dQ(g) = N do/dQ(g). For a size and composition
distribution of features described by normalized distri-
bution function f:

dX/dQ(g)=N ;fk do /dQ, (6)

However, rather than using LMC simulations for a
complete range of sizes and compositions, the results
can be interpolated based on a limited number of
reference sizes (r,) using the self-similarity of do/dQ in
gr, do /dQ(gr,) = do/dQ(gr,) when gr, = gr,. Consider-
ing only a single reference size and ignoring differences
in composition for different sizes

dZ/dQ{g) =N ; [/l do/dQ, (7






