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A b s tr a c t

The morphology analysis o f  (3-85 wt% Nb precipitates in a hep u-Zr  (1 wt9r 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. I n tr o d u c t io n

In materials under irradiation, equal numbers o f  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 bcc (3-85 wt9< Nb particles in an 
anisotropic hep u-Zr  ( I wt9i 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 o f  vacancies and interstitials, predicted using the 
mentioned potential, in the calculations.

Also, the stability of the same precipitates was studied

' Tel.: +  54-1 754 7279; tax: + 54 -1  754 7404; e-m ail: m aes­
tr ia ^  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 c / a  ratio within 
29f, elastic constants within 209k 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 Dn and along the ( -direc­
tion Dc for vacancies and interstitials predicted by the 
mentioned EAM potential, are considered to analyze the 
evolution of the morphology of the (3-85 wt9r 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 o f  the trapping at 
precipitates o f  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.

0 0 2 2 -3 1 15 / 9 6 / $  15.00 C opyright < 1996 E lsevier Science B.V. All rights reserved. 
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2. A nisotropy of point defect diffusion

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

for varying 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 
matrix and precipitate are considered as binary substitu­

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

x = P y( n ,  x ) - a x( n .  .v). ( I )

ii =  l i , ( n .  v) -  « , ( « .  x )  -  v) .  (2 )

where /3,. /34 and (1, are the arrival rates of  solutes, 
vacancies (v) and interstitials (i) to the precipitate and a ,  
and o \  are the rates of  solute loss and vacancies respec­
tively. If a t and are replaced in Eqs. (1) and (2) by 
their expressions as calculated in Ref. [6], nodal lines can 
be obtained by setting Eqs. ( I ) and (2) individually equal 
to zero. If the nodal lines intersect at n ' and v ' .  the 
intersection point is known as the critical point. To this 
critical point corresponds the critical radius o f  the particle:

/•* =  - 2 y / i /A < /< .  (3 )

where A‘l> is an irradiation-modified potential [15] given 
by

A</>= - ¿ 7 '{ ln .S \ [ .S \ ( l  ~  P y P j ] *  + ( \ / 4 B )

x [ l n S v( l  ~ / V / 3 j ] 2}. ( ^ )

Table  1
M aterial and irradiation param eters

Param eter Value Ref.

K  (d isp lacem ent rate) 1.4 x  10 7 t lp u /s assum ed
a 7x (lattice param eter a -Z r ) 0.323 nm [24]
a pr (param eter o f (3-85wt%Nb) 0.335 nm [24]
( ) m (atom ic volum e o f m atrix) 2 3 .2 6 X 1 0  '  n m ' calculated
i i  (atom ic volum e o f (3 phase) IX. 10 x 10 1 n m ' calculated
T  (tem perature) K assum ed
Tm (Z r m elting point) 2128 k [22]
k (B o ltzm an n 's  constant) 0.862 X 10 4 e V /K
E  (Y o u n g 's  m odulus for a -Z r  at 573 K)

100 direction 466 eV /  n m ’ [25]
001 direction 613 e V /n m ' [25]

v  (P o isso n ’s ratio for a -Z r  at 573 K)
100 direction 0.37 [25]
001 direction 0.48 [25]

y  (particle:m atrix  energy) 3.12 x  10 4 e V / n n r assum ed
D 0 (d iffusiv ity  pre-exponent for the vacancy in a -Z r) 4.6 X 10 " n r / s [10]
E\, (vacancy form ation energy) 1.36 eV [10]
c\, (equilibrium  vacancy concentration  in a -Z r) exp( -  ; / k T ) calculated

(solubility  o f  N b in a -Z r) o.6 wt<; [22]
c x (concentration  o f  N b in the a -Z r  m atrix) l w i'; assum ed
S x = c \ / c ex (im purity  atom  supersaturation) 1.67 calculated
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In this expression, ,S\ is the vacancy supersaturation in the 
irradiated matrix defined as

S v =  c ' v A v .  ( 5 )

t' l being the thermal equilibrium vacancy concentration 
and c \  the actual vacancy concentration in the matrix.

8 = ( n - n m) / n m ( 6 )

and

B = ( ! E / 9 k T ( \  -  v ) .  ( 7 )

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

Precipitates with r > 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 o f  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 w'ith respect to the crystal 
lattice. Then, ( ¡3,/P^ ) and A<£ values are distinct for 
different faces. Consequently, there is a critical size in 
each j  geometrical direction parallel to the edge o f  precipi­
tate. Each critical size, the smallest size i /(* 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 j  =  -3 .2yi2/A<*>,,  ( 8 )

where

A</;,= - * r { l n s r [ s v( l  - j 8 iy/ 0 v, . ) ] fl+ ( l / 4 B )

x [ l n S v( l  - f t , . / * » , , - ) ] 2} . (9 )

y£J,; ( / 3 vy) 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 l < d ■ or \<l>/ >  0. they are unstable and will 
decay in the j  direction [6,7].

4. Param eter evaluation

To analyze the morphology evolution o f  the initially 
cubic precipitates, the values of  i /(' for different condi­
tions must be calculated. Therefore, all parameters in A(/J 
must be evaluated.

4.1. Vacancy supersaturation

By assuming an effective productive rate o f  free vacan­
cies and interstitials K,  for the steady state case. c\  is [16]

=  — i + m + [ ( i + m )  +  £ ] j  ■

( 10 )

where

¡j. =  a  c l / k ~ (  D ,  > ( I I )

and

f  =  4 a K / ( k ; ( I \ , ) k ; ( D , ) ) .  (12 )

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

< D V> =  [ D , D 2 D , I1 ' (1 3 )

where Dn, « = 1 , 2 ,  3, are the eigenvalues of the diffusiv- 
ity tensor in the crystal coordinate axes, calculated using 
the EAM potential [10]. a  is the mutual interstitial- 
vacancy recombination constant. Kidson [ IX] 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  = 2 1 ( D i) / a i  (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, k;  and k;  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 t / D a) [7,13,20] (see 
Appendix B). Then. c\  can be obtained.

4 .2 . t f r j / P , . , )  ra tio

From Section 3. the behavior of different precipitate 
faces will be taken into account explicitly in order to 
calculate ( /3I(/ ^ W) in A</>(. Henceforth, for simplicity in 
the analysis of results, the c-lattice and the «-lattice axes 
are taken to be parallel to the edges of the precipitate.

From the definition o f  precipitate partial sink strengths 
[7], the ratio ( f iu / / 3 VI ) for the precipitate face perpendicu­
lar to c-lattice direction can be calculated as

( i 3 i r / i 3 v , - )  =  ( * . V 1< D . > £-l ) / ( * . V < O v ) i \ )  ( 1 5 )

and the ratio ( ¡3u, / f 3 vil) for the faces parallel to «-lattice 
direction as

( 0 „ , / f t J  =  (* . :Pn <»,)<■,) / { k ; l?J i \ ) c , ) .  (16 )

where A'(2pi is the sink strength o f  the precipitate face 
perpendicular to the r-axis and k~lpl the sink strength of 
the faces parallel to c-axis. £ (2 ., k~pus . ( D s ) and t \  
can be calculated using Eqs. (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]

i |  =  ( A ; < D 1) / 2 a ) { - ( l  + / * ) + [ ( !  + m K +  i ] '  ' }■

(17)

The f j t/ f i s ratio does not depend on { D t ).
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5. A pplication to the annealed state o f Z r -2 .5  wt% Nb 
system

The Z r -2 .5  w tc/< Nb alloy is 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 Z r-2 .5  
wt7r Nb alloy in the Oak Ridge reactor at different temper­
atures and different doses at a displacement rate of  about 
1.4 X 10 7 d p a / s .  In the annealed state material with a 
microstructure of  hep a -Z r  grains with bcc [3-phase at the 
grain boundaries, irradiation in the 5 7 0 -7 7 0  K range 
resulted in precipitation of (i-Nb in the u-phase. This 
[3-Nh 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 . 
except for S v, the irradiated a -Z r  (1 wtc/c Nb) matrix is 
assumed to be a -Z r  pure phase, and consisting of cubic 
grains o f  2 x 1 0  b m in size with a homogeneous pris­
matic dislocation density pd =  I 0 12 m : and a homoge­
neous density of 9 X 1014 m ’ initially cubic precipitates 
of 0.03 X 10 h m in size within them. The a -Z r  pure 
phase is described by the mentioned EAM-type potential 
[10]. From the phase diagram [22], S v =  1.67.

The calculated values for vacancy supersaturations S^ 
for different temperatures and assuming an effective pro­
ductive rate equal to 1.4 X 10 7 d p a / s ,  and the f t / f t  
ratio calculated for different faces and temperatures, are 
given in Table 2. These different faces o f  the precipitate 
are considered separately, in order to calculate A(/ ' ; and 
later d- .

5./.  Faces perpendicular to c-lattice direction

5.1.1. 330-520 K range (<¡3,, / f i , ,  ) < I)
Fig. 1 shows the d ’ / a  values for different tempera­

tures obtained from parameters shown in Tables 1 and 2. 
introduced in Eq. (9)  and later in Eq. (X). B values are 
calculated taking £(100) and v = [ ¡H100) +  j>(001)]/2

Table 2
( I) / 1> X  I ¡3t /  I and vacancy supersaturation ( S )

T ( A  /  n „ >, < A  / d ,X
[13]

/3„ / & ,  
[13]

P u , / P .., ,S\

330 0.19 0.31 0.85 1.02 8.0 * 1 0 -
400 0.30 0.39 0.92 1.02 1.3 X 10:l
450 0.39 0.44 0.95 1.01 3.5 x  1017
500 0.46 0.4S 0.99 1.00 5.1 x  1014
560 0.55 0.52 1.02 0.99 9.1 X 10"
600 0.60 0.54 1.04 0.97 2.7 X It)10
673 0.68 0.58 1.07 0.96 1.3 X 10s
773 0.77 0.62 1.10 0.95 4.5 X 10 '

Fig. I. C ritical s i/e  ¡1' / a  ratio  as a function o f hom ologous 
tem perature ( T /  7m ) for the precipitation o f fi-85 \vt'/< N b in the 
anisotropic a -Z r  matrix under irradiation, ( j3i(. /  j8,,.) <  I case,
(a) predicted using the EA M -type potential [10]. (b) Predicted 
using a pair potential (from  Ref. [7]). (c ) Predicted for the 
non-irradiation ease.

because the growth in the c-direction is analyzed [7], From 
T  — 500 K on, A</> is positive (see Fig. 2) and the particle 
will decay in this direction. In Fig. 1. as a comparison, the 
corresponding values d  * / a pT calculated using a pair po­
tential (from Ref. [7 ]) and calculated for the case of 
non-irradiation (in this case A<Z>= —k T \ n S t [5]) are 
shown. The values of r "  change when the effective 
productive rate of free vacancies and interstitials (the latter 
being smaller than the displacement rate in the case o f  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 o f  Sv on K  ( S v is 
approximately proportional to K 1 ~ ). However, the ten­
dency shown in Fig. 1 is not modified.

5.1.2. 5 2 0 - 7 7 3  K range (< f3u / f t ,  ) > I)
In this case it is not possible to calculate a priori A<f> , 

and consequently d ' . However, as it was analyzed in Ref.
[7], as the interstitial sites in the bcc structure are smaller 
than 0.25/-, where r is in this case the Nb atomic radius.

T /T m

Fig. 2. Irradiation-m odified  potential A '/' ( ( /3U / 13V, .) <  1 case) 
and irradiation-m odified potential A</', (( [3UI / / 3 WI) < I case) as a 
function o f hom ologous tem perature ( T / T m ) for the precipitation 
o f (3-K5 w t 'i  Nb in the anisotropic u -Z r m atrix 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 jum p  into the precipitate. In the 
limit case f t  =  f t . Eqs. (9) and (8) predict d '  =  0. There­
fore. if T  >  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

5.2.1. 3 0 0 - 5 2 0  K range (I P u, / P ,  „) > II
Using the same considerations of Section 5.1.2, it can 

be predicted that d a =  0. Then, up to 520 K. all particles 
will be able to grow in the ¿/-crystal direction.

5.2.2. 5 2 0 - 7 7 3  K range << / 3 , , , / f t  „ > < II
Within this temperature range, A</>, results positive 

(see Fig. 2) and the particle will not be able to grow in the 
«-crystal directions. This behavior is not changed, even if 
K is decreased or increased by two orders o f  magnitude, h  
values are calculated taking £(001) and r  =  /■( 100).

6. D iscussion 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 a ( d*  ) and c 
( d *  ) crystal directions for the growth of the bcc (3-85 wt9c 
Nb precipitates in a hep ot-Zr (I wt9c Nb) matrix, are 
calculated. The atomic interactions of point defects in this 
matrix, assumed to be a -Z r  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 ( Dr/ D a) is greater for vacancies than for 
interstitials. From 520 K on. the reverse is true. As a 
consequence o f  this behavior, at temperatures T < 520  K, 
the arrival rate interstitial-vacancy ratio to the precipitate 
faces perpendicular to c is: ( f t  / f t  ) <  I and to the 
precipitate faces perpendicular to </: ( f t „ / f t „ ) >  I. On 
the contrary, from 520 K on. ( f t  / f t  , ) >  I and 
( f t „ / f t „ )  < 1 -  In the first case, T < 520 K. (/„* =  0 and 
all particles will be able to grow in the «-crystal directions. 
In the same temperature range, the calculated d (* have 
finite values (different to zero). Also, from Fig. 1. it can be 
seen that, at low temperatures ( 7’ < 450 K) the formation 
o f  (3-85 wt'/i Nb precipitates in the « -Zr  (1 wtVr Nb) 
phase is enhanced by irradiation and. as the critical sizes 
d ’ are small, these precipitates will be practically cubic 
shaped. For T >  500 K. A<t>i is positive, and the particles 
will not be able to grow in the c-lattice direction. Then, 
precipitates will start to be anisotropic, with the smaller 
size in the c-crystal direction and in the 5 0 0 -5 2 0  K range, 
precipitate would he aligned in layers parallel to the (0001) 
planes.

From 520 K on. the results are different. In fact, in this 
case A</>, is positive and the particle will not be able to 
grow in these directions, on the contrary, d ' =  0. Then.

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

The first described morphology is in agreement with 
experimental observations [23], Also, similar results are 
obtained in the 33 0 -7 7 3  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 is also not 
predicted if a pair potential is used [7], Then, for the pair 
potential previously used in Ref. [7], prediction o f  the 
morphology of the (3-85 wt'/i Nb seems to agree better 
with the experimental tendency than the EAM-type [10] 
one.

The predicted variable anisotropic shape of stable pre­
cipitates (3-85 w t ' i  Nb in the Z r - 1 w t 'r  Nb matrix de­
scribed by the EAM potential [10]. is a consequence of the 
change of the anisotropy factor ratio ( I) //■>„),/( I), / / J , ) s 
near 520 K ( <  1 at lower temperatures and >  I at higher 
temperatures). On the contrary, the pair potential [8] pre­
dicts ( / ) , . / / ) , , ) , / ( Dt / D (\  < 1 in the temperature range 
analyzed. Consequently, a non-variable anisotropic shape 
is obtained using the later potential. It would be interesting 
to use another EAM-type potential (for example the im­
proved version [26] o f  the EAM-type potential developed 
by Pasianot and Savino [27]) in order to analyze again the 
morphology of (3-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 u -Zr  lattice.

The above comparisons show the strong dependence of 
predictions o f  macroscopic material beha\ ior under irradia­
tion on the interatomic potential, i.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 involving defect 
interactions.
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Appendix A

A.I.  Interstitial migration paths

Fig. 3 shows the path corresponding to the unidirec­
tional migration of the basal crowdion B l . B s being the
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Fig. 3. U nidirectional m igration path B - B  - B  in the basal 
plane by a replacem ent m echanism , the basal dum bbell B. being 
the saddle-point configuration . (From  fig. I o f Ref. [13].)

Fig. 4. Three-d im ensional m igration path O - C - O  by a rep lace­
ment m echanism , the nonbasal crow dion ( ' being the saddle-point 
configuration. (F rom  fig. 2 o f Ref. [13].)

saddle point. The ju m p  distance (B t —» B c ) is the basal 
lattice parameter a [13].

The second path considered in Section 2. O - C - O .  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 jum p  of the 
extra-atom from O to B ,. being the jump distance c / 2
[13].

Appendix B

B.l .  Sink strength calculations

Numerical calculations within the 'rate theory ' formula­
tion by Sarce and Savino [28], show that for a grain of 
given shape and si /e. and for a given effective strength k~c 
of  the bulk sinks, the grain boundary sink strength depends 
only on the ratio ( Dc / D t)  o f  the defect diffusivity. Also, if 
the precipitate si/e.  the precipitate density and the metal­
lurgical state o f  the matrix are fixed, the partial precipitate 
sink strengths depend only on the anisotropy factor 
( / ) / / ) , )  [7], As in the case of the grain boundary and 
precipitate strengths, the whole analytic expression o f  the 
dislocation sink strength is also a function of ( D c/ D a)
[14], From figs. 2 and 3 of Ref. [14] and fig. 4 of Ref. [7], 
the prismatic dislocation sink strength and the grain bound­

ary and precipitate partial sink strengths can be approxi­
mated by cubic polynomials in ( Dt. / D a) [7,13.20] as

k] = [ l  .90 -  1.1 I ( D , / D J  + C) A \ ( D l / D lf

- 0 . 0 5 (  n  / n , y ]  X  10i: m : . ( B. l  )

^ (;li =  [ l . 6 l  -  1.06( / ) / / ) „ )  + 0 . 5 5 ( 0  / ! ) , ) '

- ( ) . ! ( ) (  D, / D , , ) ' ]  X I 0 |: m : . ( B. 2)

k ;cm =  [ o .41 +  ().73( D ,/n „ ) -  O . I 6 (  D ,/D u) 2

+  0 .02(  D, /I)af] X 101 “ ni “ . ( B . 3 )

A “p, =  [ 1.22 — 0 .29( D / D , ) ]  X 1 ()1' m : . (B .4 )

and

*<V =  [° -41 + 0 ( ) 2 ( D, / I)„)]  x  | ( ) l ' m  : . ( B. 5)

where k j  is the prismatic dislocation sink strength, k~Ctn 
(k~ ) the sink strength of the grain boundary face (pre­
cipitate face) perpendicular to the c -axis. and A ~(;B U  ~pr) 
the sink strength of the faces parallel to c-axis. The 
numerical coefficients result from assuming a low disloca­
tion density of  1012 m 2 and a density of  9 X 10|y m ~ i 
cubic precipitates of 0.03 X 10 6 m in si/e  within cubic 
grains o f  2 x 1 0  " m in size. In particular, the dependence 
on ( D / D , )  in Eqs. (B.4) and (B.5) is valid in the 
( / )  / / ) , )  =  0.1 — ( Dt. / D u) =  0.8 range only. Finally.

^ d\ . i +  ., • +  ^TcilU , + i +  ^p n - i -
(B .6 )

If ( / ) , / / ) „ ) ,  or ( D t. / D t\  values obtained using the 
HAM potential [10] (Table 2) replace ( D c/ D u) in Eqs. 
( B. l )  to (B.5). the corresponding sink strengths may be 
obtained for vacancies and interstitials at different temper­
atures.
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