Reprinted from

journal of
fnuclear
materials

Journal of Nuclear Materials 232 (1996) 152-158

Precipitate morphologies predicted using discrete lattice descriptions

A. Sarce ’

Departamento Materiales, Centro Atomico Constituventes, Comision Nacional de Energia Atomica, Avda. del Libertador 8250, 1429

Buenos Aires, Areentina

Received 24 January 1996; accepted 31 May 1996

ELSEVIER



JOURNAL OF NUCLEAR MATERIALS

Editors

L.K. Mansur (chairman) S. Ishino
Metals and Ceramics Division
Oak Ridge National Laboratory
PO Box 2008, Oak Ridge

TN 37831-6376, USA Japan

G. Saada

Laboratoire d'Etude des Microstructures
Unité Mixte CNRS-ONERA (UMR 104)
BP 72, 92320 Chatillon Cedex

France

Department of Nuclear Engineering
Tokai University, 1117, Kitakaname
Hiratsuka-shi, Kanagawa-ken 259-12

H. Kleykamp

Forschungszentrum Karlsruhe GmbH
Institut fiir Materialforschung
Postfach 3640, 76021 Karlsruhe
Germany

L.O. Werme

Swedish Nuclear Fuel and Waste Management Co.
Box 5864

$-102 48 Stockholm

Sweden

Advisory Editorial Board

M.G. Adamson, Livermore, CA, USA
D.J. Bacon, Liverpool, UK

A.S. Bakai, Kharkov, The Ukraine
J.K. Bates, Argonne, IL, USA

W. Bauer, Livermore, CA, USA

A.D. Brailsford, Dearborn, M1, USA
R. Bullough, Goring, UK

In Soon Chang, Taejeon, Korea

F.W. Clinard, Los Alamos, NM, USA
B. Cox, Toronto, Canada

F. De Keroulas, Avoine, France

K. Ehrlich, Karlsruhe, Germany

C.A. English, Didcot, UK

R.C. Ewing, Albuquerque, NM, USA

Scope

The Journal of Nuclear Materials publishes high quality papers in
materials research relevant to nuclear fission and fusion reactor
technologies, and in closely related aspects of materials science
and engineering. Both onginal research and critical review papers
covering experimental, theoretical, and computational aspects of
either fundamental or applied nature are welcome, The breadth of
the field is such that a wide range of processes and properties is of
interest o the readership, spanning atomic lattice defects,
microstructures, thermodynamics, corrosion, and mechanical and
physical properties, for example. The following list, which is not
exhaustive, describes topics appropriate to the Journal.

— Fission reactor materials, including fuels, cladding, core struc-
tures, pressure vessels, moderator and control components; fis-
sion product behavior.

- Materials aspects of the fabrication and reprocessing of fuels.

- Performance of nuclear waste materials, glasses and ceramics,
immaobilization of wastes.

~ Fusion reactor materials, including first walls, blankets, insula-
tors, and magnets.

- Neutron radiation effects in materials, including defects,
microstructures, transmutations, phase changes, and macro-
scopic properties.

— Interactions of plasmas, ion beams, electron beams and electro-
magnetic radiation with materials.

T. Fujino, Sendai, Japan

C. Ganguly, Bombay, India

F.A. Gamner, Richland, WA, USA

A. Gelpi, Paris la Défense, France
D. Gilbon, Gif-sur-Yvette, France

A. Hishinuma, Ibaraki-ken, Japan

S. Imoto, Osaka, Japan

K. Ishigure, Tokyo, Japan

A. Jostsons, Menai, Australia

C. Kinoshita, Fukuoka, Japan

E. Kuramoto, Fukuoka-ken, Japan
P. Lacombe, Orsay, France

R. Lagneborg, Stockholm, Sweden
C. Lemaignan, Grenoble, France

E.A. Little, Swansea, UK

Bai-Xin Liu, Beijing, China

Hj. Matzke, Karlsruhe, Germany
G.M. McCracken, Cambridge, MA, USA
H. Nitsche, Dresden, Germany

G.R. Odette, Santa Barbara, CA, USA
D.R. Olander, Berkeley, USA

L.E. Rehn, Argonne, IL, USA

1. Roth, Garching, Germany

E.J. Savino, Buenos Aires, Argentina
G. Szenes, Budapest, Hungary

H. Ullmaier, Julich, Germany

M.S. Veshchunov, Moscow, Russia
M. Yamawaki, Ibaraki, Japan

Abstracted/indexed in:

Aluminium Industry Abstracts, Chemical Abstracts, Current
Contents:  Engineering, Computing and Technology, Current
Contents: Physical, Chemical and Earth Sciences, EI Compendex
Plus, Engineered Materials  Abstracts, Engineering  Index,
INSPEC, Metals Abstracts, Physics Briefs.

Subscription Information 1996

Volumes 228-2319 of Joumal of Nuclear Materials (ISSN 0022-
3115) are scheduled for publication. Prices are available from the
publishers upon request. Subscriptions are accepted on a prepaid
basis only. Issues are sent by SAL (Surface Air Lifted) mail wher-
ever this service is available. Airmail rates are available upon
request. Please address all enquinies regarding orders and subscrip-
tions to:

Elsevier Science BY

Order Fulfilment Department

PO Box 211, 1000 AE Amsterdam

The Netherlands

Tel.: +31-20 485 3642, Fax: +31-20 485 3598,

Claims for issues not received should be made within six months
of our publication (mailing) date. If not, they cannot be honoured
free of charge.

US mailing notice - Journal of Nuclear Materials (ISSN 0022-3115) is published monthly, except semimonthly in April. June, September,
October, November and December, by Elsevier Science BV, Molenwerf 1, PO Box 211, 1000 AE Amsterdam, The Netherlands. The annual
subscription price in the USA is US$ 4215 (valid in North, Central and South America only), including air speed delivery. Second class

postage paid at Jamaica, NY 11431,

USA Postmasters: Send changes to Journal of Nuclear Matenals, Publications Expediting. Inc., 200 Mcacham Avenue, Elmont, NY 11003,

Airfreight and mailing in the USA by Publications Expediting.

) The paper used in this publication meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper).

Printed in The Netherlands

North-Holland, an imprint of Elsevier Science



ELSEVIER

Journal of Nuclear Materials 232 (1996) 152-158

Journal of
nuclear
materials

Precipitate morphologies predicted using discrete lattice descriptions

A. Sarce ~

Departamento Materiales, Centro Atomico Constituventes, Comision Nacional de Energia Atomica, Avda. del Libertador 8250, 1 429
Buenos Aires, Argentinag

Received 24 January 1996 accepted 31 May 1996

Abstract

The morphology analysis of B-85 wt% Nb precipitates in a hep a-Zr (1 wt% Nb) matrix is performed here. The
anisotropy of the diffusion of vacancies and interstitials in the matrix, as predicted by a many-body potential (EAM-type), is
explicitly included in the calculations. A variable anisotropic shape of stable precipitates is predicted. This result is
compared with the previous one obtained by using a short-range pair potential.

1. Introduction

In materials under irradiation, equal numbers of vacan-
cies and self-interstitials are produced outside thermal
equilibrium. These point defects migrate by thermal activa-
tion in the lattice and they may be trapped by other defects
like dislocations [1], grain boundaries [2] and interfaces of
precipitates [3.4]. In alloys, these point defects may have a
direct effect on stability and growth of precipitate phases
[5]. Maydet and Russell [6] have developed a theory which
describes the behavior of incoherent intragranular spherical
precipitate particles during irradiation. In the previous
paper [7]. Maydet and Russell’s theory was modified in
order to analyze the stability and morphology of the
initially cubic in shape bee B-85 wt% Nb particles in an
anisotropic hep a-Zr (1 wt% Nb) matrix under irradiation.
In that work [7], the static and dynamic properties of point
defects in the matrix were calculated by a short-range pair
potential [8] within a discrete lattice description. An
anisotropic shape of precipitates was predicted above 500
K. with the smaller dimension in the c-hexagonal crystal
direction. This predicted anisotropic shape was a direct
consequence of including explicitly the anisotropy of the
diffusion of vacancies and interstitials, predicted using the
mentioned potential, in the calculations.

Also, the stability of the same precipitates was studied

T Tel: +54-1 754 7279; fax: +54-1 754 7404; e-mail: maes-
tria@cnea.edu.ar,

in Ref. [9]. where the atomic interactions of point defects
in the matrix were represented by a many-body potential
based on the embedded atom method (EAM) [10]. This
EAM-type potential includes up to the third-neighbor shell
and fits the experimental data as follows: cohesive energy
exactly, vacancy formation energy and ¢/a ratio within
2% elastic constants within 20%. As indicated in Section
2, it predicts equilibrium and saddle point configurations
and vacancy and interstitial migration anisotropies differ-
ent from those predicted using the pair potential [8].

In the present work. the values for the diffusivity tensor
components on the basal plane D, and along the ¢-direc-
tion D for vacancies and interstitials predicted by the
mentioned EAM potential, are considered to analyze the
evolution of the morphology of the B-85 wt% Nb stable
precipitates. These precipitates are considered to be inco-
herent with the matrix. i.e., they can be considered as ideal
sinks for point defect [4]. and initially cubic in shape. As
in Ref. [7], this initially cubic shape was assumed to take
into account the strong dependence of the trapping at
precipitates of the vacancies and interstitials on the lattice
anisotropy. The modified Maydet and Russell’s theory
(Section 3) is used and the calculation scheme detailed in
Ref. [7] is followed. The results obtained using the EAM
potential (Sections 4 and 5) are compared, in Section 6,
with those of the pair potential [7].

The ‘rate theory' approach [3.11.12] is taken to associ-
ate the micro and macro evolution of the crystal under
irradiation.

0022-3115 /96 /$15,00 Copyright © 1996 Elsevier Science B.V. All rights reserved.
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2. Anisotropy of point defect diffusion

The dependence of the defect diffusivity with tempera-
ture for the stress free a-Zr, modeled with EAM potential
[10]. was determined in Ref. [13]. The interstitial jumps
considered were: B -B -B_: O-C-0 and O-B -0 (C
and B_. the crowdion configurations corresponding to an
interstitial located between two nearest neighbors from
adjacent basal planes (C) or from the same basal plane
(B, ): O. the octahedral configuration: B_. the split dumbell
configurations corresponding to the basal plane; B, . basal
plane configuration with the interstitial directly located
below the O sites (see Appendix A)). In the temperature
range analyzed in that work, 300 1o 800 K. both defects
tend 1o diffuse more isotropically as temperature increases
(see Table 2). For temperatures up to 520 K, the ratio
(D /D,) is greater for vacancies than for interstitials.
From 520 K on, the reverse is true. This reversal in
behavior of (D /D) for vacancies and interstitials is not
obtained with the pair potential. where (D /D) >
(D /D), for varving temperature [14].

3. Precipitation model

As mentioned in the Introduction. Maydet and Russell
[6] developed a theory which describes the behavior of
incoherent intragranular precipitate particles during irradia-
tion. Precipitates are assumed to be spherical and the

tional solutions, dilute in solute and in solvent, respec-
tively. The precipitate is characterized by two variables: x
and n. The former is the number of solute atoms within
the precipitate and the latter is the number of excess
vacancies in it, so that 7+ x is equal to the number of
matrix atoms displaced. The rate of change in x or n. that
maoves the particle in the x or n directions, can be written
as

t=p(n x)—a(n x). (1)
n=p(n v)—a(n x)—B(n x), (2)

where B,.. B, and B, are the arrival rates of solutes,
vacancies (v) and interstitials (i) to the precipitate and a,
and a, are the rates of solute loss and vacancies respec-
tively. If « and «, are replaced in Egs. (1) and (2) by
their expressions as calculated in Ref. [6]. nodal lines can
be obtained by setting Egs. (1) and (2) individually equal
to zero, If the nodal lines intersect at n"° and x ", the
intersection point is known as the critical point. To this
critical point corresponds the critical radius of the particle:

rt==2y0/AD, (3)

where Ad is an irradiation-modified potential [15] given
by

A= —kr{In S, [5,(1 - B,/B)]"+ (1/4B)

matrix and precipitate are considered as binary substitu- X[I" S.(1=Bi/B, )] ] (4)
Table |
Material and irradiation parameters
Parameter Value Ref.
K (displacement rate) 14210 " dpa/s assumed
ay, Uattice parameter «-Zr) 0.323 nm [24]
a,, (parameter of B-85wi%Nb) 0.335 nm [24]
12, Gatomic volume of matrix) 2326 % 10 nm’ caleulated
L2 Catomie volume of 3 phase) 18.10 = 10~ " nm' calculated
T Glemperature} K assumed
T, (Zr melting point) 2128 K [22
& (Boltzmanns constant) 0.862 % 10 * eV /K
£ (Young's modulus for a-Zr at 573 K)

100 direction 466 ¢V /nm' [25]

001 direction 613 eV /nm' [25]
1 (Poisson’s ratio for «-Zr at 373 K)

100 direction 0.37 [25]

001 direction 048 [25]
¥ (particle:matrix energy) 3021074 eV /nm® assumed
Dy, (diffusivity pre-exponent for the vacancy in a-Zr) 46X 10" m* /s [10]
E! (vacancy formation energy ) 1.36 eV [10]
o) (equilibrium vacancy concentration in a-Zr) expl = EL/KT) culeulated
o (solubility of Nb in «-Zr) 0.6 wi'% [22
¢, (eoncentration of Nb in the «-Zr matrix) 1wt assumed
S, =, /¢! Gimpurity atom supersaturation) 1.67 caleulated




154 A. Surce S Journal of Nuclear Materials 232 (19496) 152158

In this expression, §_ is the vacancy supersaturation in the
irradiated matrix defined as

S, =¢,/c. (5)

¢§ being the thermal equilibrium vacancy concentration

and ¢, the actual vacancy concentration in the matrix.

S=(N2-10.)/02, (6)
and
B=QE/T(1 - v). (7)

The meaning and values of other symbols are summarized
in Table 1.

Precipitates with » > r " will grow, while if they have
r<r", they will decay.

Unlike Maydet and Russell’s theory, initially cubic
precipitates in an hexagonal matrix, are assumed in this
work. From the anisotropy of the diffusion tensor in hep
lattice. each face in the precipitate takes up a different
number of vacancies and a different number of interstitials,
according to its orientation with respect to the crystal
lattice. Then, (B,/B,) and A values are distinet for
different faces. Consequently. there is a critical size in
each j geometrical direction parallel to the edge of precipi-
tate. Each critical size. the smallest size o that a particle
under irradiation must have in a j direction in order to
grow in this direction (critical size in the j direction)
results, in the modified Maydet and Russell’s theory [7]:

d; = —32y0/Ad,, (8)
where
ad, = —kr{ins,[5,(1-8,/8,,)]"+ (1/48)

x [Ins,(1- {3,;/,8,,)]"}. (9)

B;, (B,,) being the arrival rate of interstitials (vacancies)
to the precipitate face perpendicular to the j direction,
assuming the interphase precipitate-matrix to be incoher-
ent.

In general. precipitate with d, > d " will grow, while if
they have d, <d; or Ad, > 0, they are unstable and will
decay in the j direction [6,7].

4. Parameter evaluation

To analyze the morphology evolution of the initially
cubic precipitates, the values of  for different condi-
tions must be calculated. Therefore, all parameters in Ad,
must be evaluated.

4.1, Vacancy supersaturation

By assuming an effective productive rate of free vacan-
cies and interstitials K, for the steady state case, ¢, is [16]

¢, = (kl3(i'),>/3a){— 4t [0+ )+ é_]._.:}‘
(10)

where

w=act kD) (11)
and

E=4aK/(kI(DKI(D,)). (12)

(D, and (D,) are the average vacancies and interstitials
diffusivities. (D, ) is taken as [17]

(D,)=[D,D,D;]"", (13)

where D,. n =1, 2. 3. are the eigenvalues of the diffusiv-
ity tensor in the crystal coordinate axes. calculated using
the EAM potential [10]. @ is the mutual interstitial-
vacaney recombination constant. Kidson [18] performed a
thorough investigation on how to calculate this coefficient,
with a particular application to Zr. In that work he con-
cludes that the value of

a=21{D,)/a} (14)

obtained by Fainstein-Pedraza et al. [19] is about right in
that they obtain good agreement with the measured irradia-
tion growth. Therefore, the value given by Fainstein-
Pedraza et al. is taken in this work. &2 and k2 are the total
sink strengths for vacancies and interstitials considering all
sinks present in the irradiated material (i.e., dislocations,
grain boundaries and precipitates). These sink strengths,
calculated within the ‘rate theory’ formulation, can be
approximated by polynomials in (D /D) [7.13.20] (see
Appendix B). Then. ¢, can be obtained.

4.2.(B,,/B,,) ratio

From Section 3. the behavior of different precipitate
faces will be taken into account explicitly in order to
calculate ( 8,,/8,,) in Ad . Henceforth. for simplicity in
the analysis of results, the ¢-lattice and the «-lattice axes
are taken to be parallel to the edges of the precipitate.

From the definition of precipitate partial sink strengths
[7]. the ratio ( B, /f3,,) tor the precipitate face perpendicu-
lar to e-lattice direction can be calculated as

(B../B..) = (K2l D)e,) /(k2niD,e,) (15)
and the rauno (B, /B

direction as

) for the faces parallel to a-lattice

vt

(Bia/Bia) = (Kapa D¢, )/ (k2D ey ), (16)
where k7 is the sink strength of the precipitate face

opr i : :
perpendicular to the c-axis am‘l kope the sink strength of
(D) and ¢

the faces parallel to c-axis. &7, kj:p”_\.
can be calculated using Egs. (B.4) (see Appendix B), (B.5)
(see Appendix B), (13) and (10), respectively.

Finally, for the same conditions as 3.1 ¢,. the actual
interstitial concentration, is [16]

L'.=(A-(‘<D\>/3u){—(| +ou)+ [(I ) 4 é]t }
(17)
The B,/8, ratio does not depend on (D, .
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5. Application to the annealed state of Zr-2.5 wt% Nb
system

The Zr-2.5 wt% Nb alloy 15 of particular interest
because it is used in the pressure tubes of CANDU reac-
tors. Consequently, several studies were performed to in-
vestigate the behavior of the system under neutron irradia-
tion. In particular, Coleman et al. [21] irradiated a Zr-2.5
wi% Nb alloy in the Oak Ridge reactor at different temper-
atures and different doses at a displacement rate of about
14x10°7 dpa/s. In the annealed state material with a
microstructure of hep a-Zr grains with bee B-phase at the
grain boundaries, irradiation in the 570-770 K range
resulted in precipitation of B-Nb in the a-phase. This
3-Nb phase appeared to nucleate homogeneously down to
about 700 K.

The modified Maydet and Russell’s theory is applied in
this section to analyze this precipitation. To calculate Ad,,
except for § . the irradiated «-Zr (1 wit% Nb) matrix is
assumed to be a-Zr pure phase. and consisting of cubic
grains of 2 107" m in size with a homogeneous pris-
matic dislocation density p, = 10" m = and a homoge-
neous density of 9 X 10" m " initially cubic precipitates
of 0.03x 107" m in size within them. The «-Zr pure
phase is described by the mentioned EAM-type potential
[10]. From the phase diagram [22]. §, = 1.67.

The calculated values for vacancy supersaturations S,
for different temperatures and assuming an effective pro-
ductive rate equal to 1.4 x 107 dpa/s, and the B,/8,
ratio calculated for different faces and temperatures, are
given in Table 2. These different faces of the precipitate
are considered separately. in order 1o calculate A, and
later o .

5.1. Faces perpendicular to c-lattice direction

500 330-520 K range (013, /B )< 1)

Fig. | shows the o /a, values for different tempera-
tures obtained from parameters shown in Tables 1 and 2.
introduced in Eq. (9) and later in Eq. (8). B values are
calculated taking EC100) and v =[2r(100) + »(001)] /2

Table 2
(D /D) ACB /B,) and vacaney supersaturation (5 )

T AD./D), D./D) B /B B/ B S,

[13] [13]
330 0.19 0.31 ().85 1.02 8.0 10%7
400 0.30 .39 092 1.02 1.3x 10
450 0.39 0.44 0.95 1.01 35x 10"
500 046 .48 0.99 1.00 5.0 10"
60 0.55 0.52 1.02 .99 9.1 10"
600 0.60 0.54 1.04 0.97 2.7%x 10"
673 (.68 .58 1.07 0.96 1L3x10°
773 0.77 (162 1.10 01,95 15%10°

70 FAM potentio

Qpr
o

parr potential

ae

ng ireachintion

81s 025 K] m3n

Fig. 1. Critical size o " /a,, ratio as a function of homologous
temperature (7 /7,,) for the precipitation of 3-85 wt% Nb in the
anisotropic a-Zr matrix under irradiation, ( 8, /B, )< case.
(a) predicted using the EAM-type potential [10]. (b) Predicted
using a pair potential (from Ref. [7]). (¢) Predicted for the
non-irradiation case.

because the growth in the ¢-direction is analyzed [7]. From
T =500 K on, Ad is positive (see Fig. 2) and the particle
will decay in this direction. In Fig. 1. as a comparison, the
corresponding values d” /a,, calculated using a pair po-
tential (from Refl. [7D and calculated for the case of
non-irradiation (in this case A@= —kT'InS_ [5]) are
shown. The values of r’ change when the eftective
productive rate of free vacancies and interstitials (the latter
being smaller than the displacement rate in the case of the
fast neutron irradiation) is changed: they increase if K
decreases and decrease if K increases. This is fundamen-
tally a consequence of the dependence of S, on K (S, is
approximately proportional to K'/*). However. the ten-
dency shown in Fig. 1 is not modified.

5.1.2. 520-773 K range (13, /B, ) > 1)

In this case it is not possible to calculate a priori Ad,
and consequently . However, as it was analyzed in Ref.
[7]. as the interstitial sites in the bee structure are smaller
than 0.25r, where r is in this case the Nb atomic radius,

005
004 N
o3 fat-

00z
oom E
000 1
am
-0 02
-003
-0 04
-005

a5 020 025 030 0 3%
T/’Tm

AD (ev)

Lv,

K =1.4:10-"dpa/s

Fig. 2. Imadiation-modified potential Ad (( 8, /B, )< | case)
and irradigtion-modified potential A (( B, /B, )< | case) as a
function of homologous temperature (T /T, ) for the precipitation
of 3-85 wi Nb in the anisotropic o-Zr matrix under irradiation,
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the irradiation-induced Zr self-interstitials would not oc-
cupy those sites. Then, only an equal number of vacancies
and self-interstitials could jump into the precipitate. In the
limit case B, = B,. Egs. (9) and (8) predict d = (). There-
fore. it 7> 520 K. all particles will be able to grow in the
c-crystal direction, independent of their initial size.

5.2. Faces parallel to c-lattice direction

52,0 300-520 K range (B, /B, ) > 1)

Using the same considerations of Section 5.1.2, it can
be predicted that o ) = (). Then, up 1o 520 K, all particles
will be able to grow in the a-crvstal direction.

522 520-773 K range ((B,,/B,.)< 1)

Within this temperature range. A’ results positive
(see Fig. 2) and the particle will not be able to grow in the
a-crystal directions. This behavior is not changed. even if
K is decreased or increased by two orders of magnitude. B
values are calculated taking E(001) and r= #(100).

6. Discussion and conclusions

In this paper. critical sizes (the smallest size that an
initially cubic particle must have in a particular direction
in order to grow in that direction) in the « (4, ) and ¢
(d ) crystal directions for the growth of the bee -85 wit%
Nb precipitates in a hep o-Zr (1 wt% Nb) matrix, are
calculated. The atomic interactions of point defects in this
matrix, assumed to be «-Zr pure. are described by a
many-body potential based on the embedded atom method
(EAM) [10]. Within this description, for temperatures up to
520 K. the ratio (D /D) is greater for vacancies than for
interstitials. From 520 K on. the reverse is true. As a
consequence of this behavior, at temperatures 7" < 520 K,
the arrival rate interstitial-vacancy ratio to the precipitate
faces perpendicular to ¢ st (3, /B8, )< 1 and 1o the
precipitate faces perpendicular to a2 (8,,/B8,,)> 1. On
the contrary, from 520 K on, (8, /B, )>1 and
(B,./B..)<1.Inthe first case, T <520 K. d =0 and
all particles will be able io grow in the g-crystal directions.
In the same temperature range. the calculated o have
finite values (different to zero). Also. from Fig. 1. it can be
seen that, at low temperatures (7 < 450 K) the formation
of B-85 wi% Nb precipitates in the «-Zr (I wit% Nb)
phase is enhanced by irradiation and, as the critical sizes
d " are small. these precipitates will be practically cubic
shaped. For 7> 500 K, Ad> is positive, and the particles
will not be able to grow in the e-lattice direction. Then.
precipitates will start to be anisotropic. with the smaller
size in the c-crystal direction and in the 500-520 K range.
precipitate would be aligned in layers parallel to the (0001}
planes,

From 520 K on. the results are different. In fact, in this
case Adbis positive and the particle will not be able to
grow in these directions. on the contrary. o = 0. Then,

above 520 K. a different morphology is predicted: rod
shaped stable precipitates with the larger dimension coinci-
dent with the ¢-hexagonal crystal direction,

The first described morphology is in agreement with
experimental observations [23] Also. similar results are
obtained in the 330-773 K range when a short-range pair
potential is used to describe vacancy and interstitial migra-
tion anisotropies [7]. To the author’s knowledge the second
morphology is not experimentally observed and 1s also not
predicted if a pair potential is used [7]. Then, for the pair
potential previously used in Ref. [7]. prediction of the
morphology of the (3-85 wt% Nb seems to agree better
with the experimental tendency than the EAM-tvpe [10]
one.

The predicted variable anisotropic shape of stable pre-
cipitates B-85 wt% Nb in the Zr-1 wi% Nb matrix de-
scribed by the EAM potential [10]. is a consequence of the
change of the anisotropy factor rano (D /D) /D /D),
near 520 K (< 1 at lower temperatures and > | at higher
temperatures). On the contrary. the puair potential [8] pre-
dicts (D /D) /D /D) <1 in the temperature range
analyzed. Consequently, a non-variable anisotropic shape
1s obtained using the later potential. It would be interesung
to use another EAM-type potential (for example the im-
proved version [26] of the EAM-type potential developed
by Pusianot and Savino [27]) in order to analyze again the
morphology of B-precipitates. In the light of the corre-
sponding results. it would be possible to decide if the
variable anisotropic shape of precipitates (as a conse-
quence of the change of the anisotropy factor ratio). is a
general prediction when EAM-type potentials are used to
represent the a-Zr lattice.

The above comparisons show the strong dependence of
predictions of macroscopic material behavior under irradia-
tion on the interatomic potential, 1.e.. on the microstructure
description. As it is well know. this is an indication of the
strong dependence of macroscopic material behavior under
irradiation on the crystal lattice symmetries, on the mi-
crostructural defects and on the processes imvolving defect
interactions.
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Appendix A
Al Interstitial migration paths

Fig. 3 shows the path corresponding to the unidirec-
tional migration of the basal crowdion B . B_ being the
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Fig. 3. Unidirectonal migraton path B.-B_-B_ in the basal
plane by a replacement mechanism, the basal dumbbell B_ being
the saddle-point configuration. (From fig. | of Ref. [13])
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Fig. 4. Three-dimensional migration path O-C-0 by a replace-
ment mechanism, the nonbasal crowdion C being the saddle-point
configuration. (From fig. 2 of Ref. [13])

saddle point. The jump distance (B, — B_) is the basal
lattice parameter a [13].

The second path considered i Section 2, O-C-0, is
schematically shown in Fig. 4. It is three-dimensional and
takes place by the replacement mechanism indicated in this
figure [13].

The last path mentioned in Section 2. is unidirectional
along the c-axis and takes place by a direct jump of the
extra-atom from O o B, being the jump distance ¢/2

[13].

Appendix B
B.I. Sink streneth calculations

Numerical calculations within the “rate theory” formula-

tion by Sarce and Savino [28]. show that for a grain of

given shape and size, and for a given effective strength A2
of the bulk sinks, the grain boundary sink strength depends

only on the ratio (1)_/D ) of the defect diffusivity. Also, if

the precipitate size, the precipitate density and the metal-
lurgical state of the matrix are fixed. the partial precipitate
sink strengths  depend only on the anisotropy factor
(D /D) [7]. As in the case of the grain boundary and
precipitate strengths, the whole analytic expression of the
dislocation sink strength is also a function of (D /D )
[14]. From figs. 2 and 3 of Ref. [14] and fig. 4 of Ret. [7].
the prismatic dislocation sink strength and the grain bound-

ary and precipitate partial sink strengths can be approxi-
mated by cubic polynomials in (D /D) [7.13.20] as

k3= [190 - 111(D, /D) + 0.41(D,/D,)
—0.05(D,/D,)"] % 10 m 2, (B.1)

Kan = [1:61 = 1.06(D,/D,) + 0.55(D, /D, )’

0.10(D ,/.-')”)‘] % 10" m 2, (B.2)
Kgn = [041+0.73(D,/D,) — 0.16(D, /D,)°
£0.02(D, /D) x 107 m 2, (B.3)
kow =[1.22-029(D./D,)] X 107 m ™=, (B.4)
and
ki, = (04140620 /D)] ¥ 10" m 2, (B.5)

where k7 is the prismatic dislocation sink strength. &7y
(kfl‘,l the sink strength of the grain boundary 3'au;c (pfc—
cipitate face) perpendicular to the c-axis, and &5, (K7,)
the sink strength of the faces parallel o c-axis. The
numerical coefficients result from assuming a low disloca-
tion density of 10" m * and a density of 9 10" m *
cubic precipitates of 0.03 X 10" m in size within cubic
grains of 2 X 10" min size. In particular, the dependence
on (D /D) in Egs. (B4) and (B.5) is valid in the
(D /D)=0.1-(D /D) =08 range only. Finally,

i 32 9 492 ;2
Roy =Ky i+ 2 et Koan 2K 000 e i

(B.6)

WD /D)) or (D /D) values obtained using the
EAM potential [10] (Table 2) replace (D, /D) in Egs.
(B.1) 1o (B.5), the corresponding sink strengths may be
obtained for vacancies and interstitials at different temper-
atures.
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