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The analysis of  bcc (i-85 w t% Nb precipitate stability in pressure  tubes of in-service nuclear reactors is performed here. 
The internal stresses genera ted  by irradiation growth and creep processes and their  influence on the anisotropy of  the 
diffusion of  vacancies and interstitials, are explicitly included in calculations. A slightly anisotropic shape of  precipitates is 
predicted.

1. Introduction

T h e  tex tu red  polycrystals o f  Z r - 2 .5  w t r i N b  alloy 
tha t  com pose  the p re ssu re  tu b es  o f  C A N D U  reac tors ,  
change  the ir  shape  by i r rad ia t ion  growth and  c ree p  [1], 
T h e  individual gra in  d is to r tion  is re s t r ic ted  by the 
geom etrica l  b o u n d a r ie s  p rov ided  by n e ighbor ing  grains. 
In terna l  stresses a rc  g e n e ra te d  which allow the  d is to r ­
tion to be a cc o m m o d a te d  via e lastic-plastic  and  c reep  
d e fo rm a t io n  within each  grain [2,3], T h e  stra in o f  the 
lattice has an  effect on the  therm al  m igra t ion  o f  v a ca n ­
cies and  intersti tia ls  p ro d u c ed  by ir rad ia t ion  ou tside  
th e rm al  equil ibrium , a n d  m odifies  the  an iso tropy  of 
the i r  diffusivity tensors  [4,5]. T h ese  vacancies  an d  in ­
tersti t ia ls may be t r a p p e d  by o th e r  d e fec ts  like d is loca ­
tions [6], gra in  b o u n d a r ie s  [7] a n d  in te rfaces  [8,9], Also,  
bo th  vacancies  a n d  in terst i tia ls  m ay co p rec ip i ta te  with 
so lute  a tom s to form p recip ita tes ,  and  m ay affect their  
growth  an d  stabil ity (for a review see ref. [10]). This 
t rap p in g  at sinks o f  the  fo rm er  [1 1.12] and  the  growth 
an d  stabil ity o f  p rec ip i ta te s  [13], d e p e n d  also on  the 
an iso tropy  an d  th e re fo re ,  on  the  s tra in  o f  the  lattice. 
H en ce ,  the  effect o f  the la t te r  must  be  in t ro d u ced  in 
any theo ry  which studies  the  stabil ity o f  p rec ip i ta te s  in 
an i r rad ia ted  and  stressed  matrix.

M ayde t  an d  Russel l 's  theo ry  [14] briefly desc ribed  
in section  2 is a d e q u a te  to take  this effect into account.  
T h is  theo ry  was used  in ref. [13] to analyze the  stability 
o f  the  initially cubic  bcc (J-85 w tVc Nb partic les  in an 
u n s t ra in e d  hep a - Z r  (1 w t%  Nb) m atrix  o f  the Z r - 2 .5  
wt%  N b  system, with a m ic ros truc tu re  similar to the 
m ic ro s t ru c tu re  o f  the  p re ssu re  tubes,  u n d e r  ir rad ia t ion .

An an iso trop ic  sh ap e  o f  p rec ip i ta te s  was p red ic ted  
with the  sm alle r  d im ension  in the c -hexagonal  crystal 
direc tion .  Th is  p re d ic te d  an iso trop ic  shape  was a direct 
co n seq u en ce  o f  including explicitly the an iso tropy  o f  
the diffusion of vacancies  and  intersti tia ls in the ca lcu­
lations.  This  an iso tropy  cam e from the intrinsic 
a n iso tropy  o f  the hep « - Z r  lattice.

T h e  sam e theory  o f  M aydet  and  Russell  will be 
used in this p a p e r  to analyze the  bcc [3-85 w t r r Nb 
p rec ip i ta te s  stabil ity in the i r rad ia ted  and  external  
s tressed  hep u -Z r  (1 wt % Nb)  matrix  o f  the Z r - 2 .5  
w t%  N b  alloy o f  tex tu red  p re ssu re  tubes.  T h e  evo lu ­
tion o f  the  elastic  s tra in  g e n e ra te d  by the  evolution  of 
in te rna l  stresses, the add it ional  an iso tropy  th a t  they 
in troduce  on the diffusivity o f  the vacancies  a n d  in te r ­
stitials,  and  consistently, the evolution  o f  the tota l 
( intr insic  and  add it ional)  diffusivity an iso tropy  o f  va ­
cancies  a n d  intersti tia ls  in the « -Z r  lattice, a re  explic­
itly included  in calcula tions.  P rec ip i ta tes  a re  co n s id ­
e re d  to be in co h e ren t  with the matrix, i.e. they can  be 
con s id e red  as ideal sinks for poin t  defec ts  [9], and 
initially cubic in shape .  T h e  ra te  theory  ap p ro ach  
[8.15,16] is used  to associate  the m icro  and  m acro  
evolut ion  o f  the  crystal u n d e r  i rradia t ion .

2. Precipitation model

In M ayde t  and  Russel l 's  theory  [14], p rec ip i ta te s  are- 
a ssum ed  to be spherica l  a n d  cons id e red  as a binary 
subs ti tu tiona l  so lu tion  d ilute  in solvent.  They  are  c h a r ­
acte r ized  by two variables:  x  and  n. T h e  fo rm er  is the
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Table 1
Material  and irradiation parameters

Parameter Value

A', (production ra te of interstitials) 3.00 x  H P  * dpa s ~ 1 [20]
(production ra te of  free vacancies) 2 .9 7 x 1 0  s dpa s ‘ (20]

e = K , / K , 0.99 [20]
a /r (lattice p aram ete r  a -Z r  matrix) 0.323 nm [25]
o pr (lattice param ete r  (i-85 wt% Nb) 0.335 nm [25]
S2m (atomic volume of  the hep matrix) 23.26X10 1 n m '
!1 (atomic volume of  bee precipitates) 18.80X10 1 n m '
T  ( tem pera ture) 560 K [20)
k (Boltzmann’s constant) 0 .8 6 2 x 1 0  4 cV K “ '
E  (Young's  modulus for Z r  at 573 K)

100 direction 466 eV nm 3 [29]
001 direction 613 eV nm '[29]

v (Poisson’s ratio for Zr  at 573 K)
100 direction 0.37 [29]
001 direction 0.48 [29]

y (particle : matrix surface energy) 0.0312 eV (assumed)
( l \  > (fitted vacancy diffusivity) 1.4 x 10 :i m 2 s 1 [20]
E[ (vacancy formation energy) 1.8 eV [12]
< J (equilibrium vacancy concentration) exp( -  E l / k T )
S v = / c l  (vacancy supersatura tion) see table 2
c j  (solubility of  Nb in <<-Zr) 0.6 ]27]
.S', = c,  / c ‘ (impurity supersatura tion) 1.67

n u m b er  o f  so lute  a tom s within the  p rec ip i ta te  and  the 
la te r  is the n u m b er  o f  excess vacancies  in it, so that  
( -V +  n ) is equal  to the  n u m b e r  o f  m atrix  a tom s dis­
p laced. T h e  change  ra te  in x  o r  that  moves the 
particle  in the  x  o r  n d irections,  can  be wri t ten  as

x  = /3x ( n ,  x )  - a x ( n ,  x ) ,  (1 )

n = / 3 v( " .  x ) - a v( « -  -O -*)• (2 )

w here  /3V and  are the  arrival ra te s  o f  solutes, 
vacancies and  intersti tials  to p rec ip i ta te  and  a ,  and  a v 
are the  ra tes  o f  loss o f  so lu te  and  vacancies,  re sp ec ­
tively. If  and  « v are  rep laced  in eqs. (1) and  (2) by 
their  express ions as calcu la ted  in ref. [14], nodal  lines 
can  be o b ta in e d  by se t t ing  eqs. (1) and  (2) individually 
equal  to zero.
For  n = 0

n = x { S  + ( \ / 2 B )  l n [ S v( l - / V 0 v) ] } ,  ( 3 )

and  for x  = 0

n = .v 5 { l  +  2 A / 3 B 8 2x ' 3 -  ( \ / B 8 2) In 5 t }‘/ 2 , (4 )  

w here

A = ( 3 b i r i I 2 ) ' / \ y / k T ) ,  ( 5 )

B = ! ! E / 9 k T (  \ - i ’ ),  ( 6 )

and

8 = { n - n m ) / n m . ( 7 )

T h e  m ean in g  a n d  values o f  symbols are sum m arized  in 
tables 1 and  2.

If the nodal lines in tersect  at n *  an d  x * ,  the  point 
o f  in te rsect ion  is known as the critical point.  T o  this 
critical point c o r re sp o n d s  the critical rad ius o f  the 
particle

r *  = — 2 y f i / A < P ,  ( 8 )

Table 2
Vacancy supersaturation S v

Neutron fluence 
(n m : X I0 :4 ) ( x 1012 )

().() 5.69
3.21 5.68
8.58 5.66

13.96 5.65
16.65 5.63
19.35 5.61
24.71 5.60
27.40 5.58
32.78 5.57
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w here  A<]> is an ir rad ia t ion -m odif ied  p o ten t ia l  [17] 
given by

A<*> =  - A T { ln  S , [ S V( 1 - / 3 1/ / 3 V) ] ‘S

+  ( l / 4 S ) [ l n  5 V( l - / 3 , / / 3 v ) ] 2}. (9 )

U nlike  M aydet  a n d  R usse l l ’s theory , initially cubic 
p recip ita tes ,  c o n s id e red  to be incohe ren t  with the  m a ­
trix. a re  a ssu m ed  in this work, as in ref. [13]. In this 
case, the  c o rre sp o n d in g  critical size d *  o f  par tic les  is 
[13]

d *  =  - 3 . 2 y i i / A < P .  (1(1)

In genera l,  p rec ip i ta te s  with d  > d  * will grow, while if 
they have d < d *, they are  unstab le  a n d  will decay. If 
A </> ^  0 the nodal  lines do  not in tersect lor .v ^  0 and 
all par tic les  will decay.

3. Param eter evaluation

T o  analyze the  stabil ity o f  p rec ip i ta tes  fo rm ed  in 
the  u -Z r  (1 w t°7c Nb) matrix  o f  the in-service nuc lear  
re ac to r  p ressu re  tubes,  the  values o f  d  * for dif ferent  
s tra in  s ta tes  of  the  m ate ria l  must be calcu la ted .  T h e r e ­
fore, all p a ra m e te r s  in A<I> must be evaluated .

1. Vacancy supersaturation

T h e  vacancy su p e rsa tu ra t io n  is de f ined  as

S v = c v/ c ‘ , (11 )

w h ere  c “ is the  th e rm al  equ il ib r ium  vacancy c o n c e n t r a ­
tion and  c \  is the  actual vacancy c o n cen tra t io n ,  bo th  in 
the matrix.

By assum ing  d ifferen t  p ro d u c tio n  ra tes  o f  f ree  in te r ­
stitials and  vacancies  (AJ, and  e K {, w here  e <  1, r e ­
spectively) [18,19], for the  s teady sta te  case. e v is [20]

rv=(Av</V/2<0{-(l-n

+ [ ( i  + n : + 2} .  ( i 2 )

w here

£ '  =  £ +  [ a K X e  -  (13 )

£ = a c : / k ; ( I ) , ) .  (14 )

and

¥  = 4 a K i/ k l ( D v ' > k ; ( D i).  (1 5 )

< D V> a n d  ( I ) , )  a rc  the average  vacancies a n d  in te rs t i ­
tials diffusivit ies and  «  is the m utua l  re com bina t ion

constan t .  and  k~ a re  the  total sink s t reng ths  for 
vacancies  and  in terst i tia ls  consider ing  all sinks p re sen t  
in the m ate ria l ,  i.e dislocations,  gra in  b o u n d a r ie s  and 
precip ita tes .

F o r  the high dis locat ion  density  case o f  cold-work 
m ateria ls ,  an d  from the b ehav io r  o f  the  gra in  b o u n d a ry  
an d  p rec ip i ta te  sink s t ren g th s  versus dis locat ion  d e n ­
sity [11.13], the  tota l  sink s t reng ths  for vacancies and  
intersti tia ls are approx im ate ly  eq u a l  to the  d islocation 
sink s t reng ths  for vacancies  a n d  interstitials ,  r e sp ec ­
tively [13]. A n  a p p ro x im ate  express ion  for prism atic  
dis locat ion  sink s t reng ths  as a function  o f  the an iso tropy  
( Di / I ) a ), being Dt the diffusivity paral le l  to c-la tt ice 
axis and  D a the  diffusivity p e rp en d icu la r  to c-la tt ice 
axis, can  be o b ta in e d  as follows (see fig. 3 in ref. [12]):

^ = [ 4 . 8 5  -  2 . 8 3 ( D , . / D J  +  1 . 0 5 ( D , / D J 2

— ().13( D c/ D af ]  x 1()14 m : . (H i)

w here  the  num erica l  coefficients  result  from assum ing 
a dis locat ion  density  o f  7 x 1014 m 2 in the m ateria l .  
By rep lacing  ( D c/ D a ) by the  c o rre sp o n d in g  values for 
vacancies  and  intersti tials , the  p r ism atic  dislocation 
sink s t reng ths  for vacancies  an d  in tersti tia ls  may be 
calcula ted .  T h en ,  c\  and  .S\ can  be ob ta ined .

3.2. ) ratio

As a lready  m en t io n ed ,  and  (1v are  the arrival 
ra tes  o f  in tersti tia ls  a n d  vacancies,  p ro d u c ed  by i r rad ia ­
tion. from the  m atrix  to the p rec ip ita te .  F ro m  the 
an iso tropy  o f  the diffusion ten so r  in hep m ateria ls ,  
e ach  face in the  p rec ip i ta te  takes  up  d ifferen t  n u m b er  
o f  vacancies  and  d ifferen t  n u m b er  o f  intersti tials ,  ac ­
cord ing  to its o r ien ta t io n  with respec t  to the hep crystal 
lattice, the  so-called diffusional an iso tropy  d ifference  
( D A D )  [16], T h e re fo re ,  the  behav ior  o f  d if feren t  faces 
will be tak en  into accoun t  explicitly in o rd e r  to ca lcu ­
late in A</>. H e n ce fo r th ,  for simplicity in the 
analysis o f  results ,  the  c-latt ice and  the a-la tt ice  axes 
a re  tak en  to be paral le l  to the  edges  o f  the  p recip ita te .  
If the la t ter  condit ion  is re laxed, the  new c o r re sp o n d ­
ing /y,/ /y% ra t io  over each  face should  be considered .  
T h e  above a ssum ption  does  not invalidate  the in co h e r­
ent  c h a ra c te r  a ssu m ed  for the  m a t r ix -p re c ip i t a te  in te r ­
face.

From  the  defin i t ion  o f  p rec ip i ta te  par tia l  sink 
s t reng ths  ( the  sink s t ren g th  o f  each  prec ip i ta te  face 
[13]). the ra t io  for  the  face whose  no rm al  is
paral le l  to c-latt ice d irec tion  can be calcu la ted  as

( f ) l/ P v ) c = { k ; . prl( D l) c l ) / ( k ; ^ ( D v ) c , . ) ,  (17 )
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w here  A(2priv a re  the  par tia l  p rec ip i ta te  sink s t reng ths  
o f  the face whose  no rm al  is paral le l  to the  c-latt ice 
direc tion ,  for in terst i tia ls  and  vacancies,  respectively.

T h e  prec ip i ta te  partial  sink s t reng th  o f  the  face 
p e rp en d icu la r  to c-axis, can  be o b ta in e d  as a function 
o f  the an iso tropy  factor (£>,./£>„) (see the  ap pend ix  in 
ref. [13]). In par ticular ,  if a density  o f  9 x  10 lg m 1 
cubic  p rec ip i ta tes  o f  0.03 X 10 m in size is a ssum ed,  
k ~ pr can be ap p ro x im a te d  by

k ; p r = [ 0 . 6 2 ( £ > , / D J  +  0 .41] x  109 m : (1« )

in the ( Dc/ D a) =  0.7 -  ( D( / D u) =  0.8 range, an d  by

^.2Pr =  [ 0 . 1 9 ( D , . / D J  +  0 .83] X 10y m ~ : (19 )

in the ( D c/ D a) =  1.8 -  ( D c/ D a) = 2.0 range. T he  
choice  o f  these  p a r t icu la r  ranges  and  the  geom etry  of 
p rec ip i ta tes  will be justif ied in section 5. If ( D l / D a)l or 
( D( / D a)x values (i (v) indicates intersti tial  (vacancy)) 
rep lace  to ( Dl. /D a) in cq.  (18) o r  eq. (19), the c o r re ­
spond ing  partial  sink s t reng th  for intersti tia ls o r  v acan ­
cies may be o b ta in e d  in the  m e n t io n ed  ranges.

Fo r  the sam e  condit ions  as 3.1, c,, the actual  in te r ­
sti tials con cen tra t io n ,  is [20]

c-, =  (A-v: < D v> / 2 a ) { - ( l + £ ) +  [ ( l + r ) 2 + ^ ] ‘/2 } 

- [ K , ( e -  l ) / 2 A - r < D , ) ] .  (20 )

T h e  value o f  ( D v ) is used  as a variable  p a ra m e te r  
to fit the  exper im en ta l  result  o f  the  axial change  of 
sh ap e  o f  a p ressu re  tube  in-service [20,21], Finally, if 
the  express ion  by the  recom bina t ion  constan t  in hep 
m ate ria ls  given by F a in s te in -P ed raza  et al. ( a  =  
21 ( D t ) / a 2, w here  a is the  lattice p a ra m e te r )  [22,23] is 
in tro d u ced ,  eq. (17) does  not d e p e n d  on (Z ) ,) .

Similarly (/3i/ / 3 v)u, the ra t io  for the faces whose 
no rm als  a rc  p e rp en d icu la r  to the c-la tt ice d irection ,  
can  be calcu la ted  as

( P , / /3  v) „ =  ( k  I  prl < D ; > c ,)  /  ( k  I  prv< D v ) c v) ,  (2 1 )

w h ere  A• prlv a re  the  par tia l  p rec ip i ta te  sink s t reng ths  
o f  the  c o r re sp o n d in g  faces, for intersti tia ls a n d  v acan ­
cies, respectively.

stresses. T h e  effect o f  the induced  stra in  field ( T )  on 
the defec t  diffusivity can  be o b ta in ed  explicitly as [4,5]

DU = dijUrkh (2 2)

w here  d  is the  e lastodiffus ion  ten so r  for vacancies  or  
interstitials .  T h e re fo re ,  the  total diffusivity ten so r  D  
results:

D , r D ° j + d l lUr k l , (2 3 )

w here  D°  is the  po in t  defec t  diffusion ten so r  in the 
s tra in  free crystal. In most cases, the te t rag o n a l  sym­
metry  is lost and  bo th  d iagona l  basal c o m p o n e n ts  ( D n 
and  D 22) o f  D  a re d ifferent.  But in the  p re sen t  work 
they arc  close enough ,  th e re fo re  the  an iso tropy  o f  the 
diffusion will be a p p ro x im ated  by £>,./£>,' w h e re  D ’a = 
( D n + D 22) / 2 and  This an iso tropy  o f  the
diffusion as a func tion  o f  the  evolution  o f  the  in te rnal  
stresses deve lo p ed  in a p ressu re  tube  in-service, in tu rn  
a function  o f  the  m ic ros truc tu re ,  gra in  o rien ta t ions ,  
i r rad ia t ion  a n d  time, is o b ta in ed  from a m odified  code 
[20]. T h e  la t te r  is based  on  the m odel  p ro p o se d  by 
Savino and  L aciana  [2], to calcula te  the  m acroscopic  
change  o f  sh ap e  o f  an i r rad ia ted  p ressu re  tube  u n d e r  
an  external  below-yield-stress field and  the  induced  
in te rg ran u la r  stresses. In the  m odified  codc  [20], the 
d eveloped  explicit  express ions for the  vacancy and  in­
tersti t ial  e lastodiffusivity tensors  in a s t ra in ed  hep la t ­
tice, as a function  o f  the  defec t  equ il ib r ium  and  
saddle-po in t  dipole  tensors  [5], are in troduced .  T h en ,  
dllk,rkl for each  defec t  can  be calcula ted .  F ro m  (23), 
and  calcula ting  previously D° for vacancies  a n d  in te r ­
stitials, D c , l)'a a n d  ( D , / 0 , ' ) v ] a re  ob ta ined .

Previous results  in ref. [11], tha t  allow the  expres­
sion o f  the grain  b o undary  sink s t reng ths  as a function 
o f  the anisotropy, eqs. (16), (18) and  (19), a n d  the 
tex ture  and  m ic ros truc tu re  o f  the  p re ssu re  tube,  d e ­
sc ribed in the next section, a re  also in t ro d u ced  in the 
code.

A  te m p e ra tu re  ju m p  o f  260 K from a s ta te  free of 
in te rnal  stresses, is im posed  as initial condit ion  in the 
calcula tions.

Point defec ts  in each  gra in  a re  t re a te d  within the 
ra te  theory  a p p ro ac h  for an iso trop ic  m ate ria ls  [16],

4. Evolution o f the diffusion anisotropy in pressure  
tubes

In hexagonal  s t ra ined  m ateria ls ,  the diffusion 
an iso tropy  ( Dc/ D a ) o f  vacancies and  intersti tia ls d e ­
pen d s  on  the intrinsic an iso tropy  o f  the  lattice and  on 
the  elastic  s tra in g e n e ra te d  by ex ternal  and  in ternal

5. Application to cold-work pressure tubes o f Z r -2 .5  
wt% Nb

M aydet an d  Russell 's  theory  [14] is app lied  in this 
section  to analyze the experim ental ly  obse rved  prec ip i­
ta t ion  o f  the (3-85 w t r r Nb phase  in the  a - Z r  (1 w t%  
Nb) matrix  o f  p ressu re  tubes  o f  C 'A N D U  reac to rs  [24],
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Som e o f  the  ir rad ia t ion  and  m ateria l  p a ra m e te r s  used 
are given in table  1. T o  calcula te  A</>. except  for S x , 
the hep a - Z r  (1 w t '7  Nb) is a ssu m ed  to be a - Z r  pu re  
phase .  This  ph ase  is desc ribed  by a strongly repulsive 
p o ten t ia l  ad jus ted  to a vacancy fo rm at ion  energy  o f  1.8 
e V  [12], Assum ing  the  vacancy m ig ra t ion  en erg ies  1.440 
e V  an d  1.500 eV  for the  n onbasa l  and  basal ju m p  [12] 
respectively, the  vacancy an iso tropy  facto r  ( D ( / D u)v in 
the u n s t ra in ed  m ate ria l  at 560 K is 2.14 [13]. Also, if 
the  intersti tial  equ il ib r ium  conf igu ra t ions  a re  tak e n  as 
the  basal o c ta h ed ra l  ( fo rm at ion  energy: 4.547 eV )  and  
the  tr igonal  ( fo rm at ion  energy  4.701 eV )  configura tions  
[12], an d  the  intersti tia l  sadd le-po in t  con figu ra t ion  is 
tak en  as the  dum bbel l  configu ra t ion  for bo th  equ il ib ­
r ium configu ra t ions  (m igra t ion  energy  4.831 eV )  [12], 
the  intersti tia l  an iso tropy  facto r  ( D l / D a)[ is 0.60 [13] 
for the  sam e  m ate ria l  condit ions.  T h ese  an iso trop ies  of  
the  diffusivity change  in the p re sen ce  o f  external 
s tresses and  w hen  in te rg ran u la r  s tresses begin  to d e ­
velop.

T h e  m ic ro s tru c tu re  o f  cold-work Z r - 2 .5  w t%  Nb 
p re ssu re  tubes  consists  o f  two phases: hep  p a ra l ­
le lep iped  a -g ra in s  con ta in ing  ab o u t  1 w t r i N b  an d  a 
h o m o g en e o u s  d is loca t ion  densi ty  o f  a bou t  7 X 1014 
m and  a bee [i-phase con ta in ing  ab o u t  20 w t r-i Nb 
at the a -g ra in  b o u n d a r ie s  [25,26], Th is  densi ty  o f  d is lo­
cations.  a ssu m ed  to be p r ism atic  edge  d islocations,  and  
the  grain b o u n d a r ie s  o f  the pa ra l le lep ip ed  sh ap ed  a- 
g ra ins (35 x 10 6 m in the  axial d i rec tion  (A), 7 X 10 h 
m in the tangent ia l  d i rec tion  (Tg) a n d  0.7 x 10 h m in 
the  radial  d irec tion  (R))  a re  con s id e red  as po in t  defect
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<  ’ 2 
CL
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0 4
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Fig. I . Anisotropy of  the diffusion of  vacancies ( Dt /£>„)v and 
interstitials ( Dc / F)' ,) in the hep a -Z r  matrix of  the in-service 
pressure  tubes and arrival rates ratio (/3, / /8V )c, as a function 
of  the neutron  fluenee at / ' = 560 K. fi, ( f iv) is the arrival rate 
of  interstitials (vacancies) from the matrix to the faces of  bee 
(3-85 w tr r Nb precipitates perpendicular  to c-lattice axis. Dt 
is the diffusivity parallel to c-lattice axis and DJ the average 

basal diffusivity.

------ (Dc/Da),

(Dc/Da)v

— ( p,/pv)c

sinks and  th e rm al  sources  o f  vacancies  in the m odified 
code. Also, a h o m o g en e o u s  cubic  p rec ip i ta te  (0.03 x 
10 h m in size) densi ty  p pr =  9 X 1014 m ' within the 
a - Z r  matrix  is a ssu m ed  as a sink o f  point de fec ts  an d  a 
source  o f  vacancies  [13],

T h e  co n ce n tra t io n  o f  N b  in the a - Z r  matrix is 
c o n s id e red  to be equal  to the  value o f  the  uns tra ined  
m ateria l:  1 w t% .  A ssum ing  the  phase  d iag ram  [27] to 
be also valid, S x = 1.67.

F rom  ref. [28], the texture  o f  the p ressu re  tube  is 
re p re se n te d  by th ree  d i ffe ren t  gra in  o r ien ta t io n s  [21]: c 
on  R - T g  plane. ± 8 0 °  from R axis (volume density  0.6); 
c on R - T g  plane,  ± 7 0 °  from R  axis (0.2); c on R - T g  
plane ,  ± 9 0 °  from R axis (0.2). H en ce fo r th ,  for simplic­
ity. only analyses on gra ins with this last o r ien ta t io n  
shall be  considered .  T h e  behav ior  o f  p rec ip i ta tes  within 
g rains with o th e r  o r ien ta t io n s  will be similar, because  
o f  the  small d iso r ien ta t ion  b e tw een  grains.

T h e  ex te rna l  stress (h o o p  stress) is tak en  as 136 
M P a  [29],

T h e  evolution  o f  ( D c/ D' a )s -[ with the n e u tro n  flu- 
ence ,  ca lcu la ted  as de sc r ibed  in section  4, is shown in 
fig. 1. F rom  these  results  and  from eq. (16), the  values 
o f  k j  are ca lcu la ted  for vacancies  a n d  intersti tia ls ,  and  
they a re  in tro d u c ed  in eqs.  (12) an d  (20) to ob ta in  c v 
and  Cj. T h e  co rre sp o n d in g  values for vacancy s u p e r sa t ­
u ra t ions  at 560 K. as ca lcu la ted  by assum ing  1 — e =  1%, 
a re  p re sen te d  in table  2. Also, from  the  ( D( / D 'a )v , 
evolution, from eqs. (18). (19) a n d  (17), {¡i t/ f i ^ ) i is 
o b ta in e d  as a func tion  of the n e u tro n  f luenee (fig. 1).

F rom  fig. 1 it can  be seen tha t  ( D c/ D' a) >  1 for 
vacancies,  ( D c/ D' il) <  1 for in terst i tia ls  and  (/i , / f S v ), <
1 at the n e u tro n  f luences considered .  F u r th e rm o re ,  
from the  sam e  figure a n d  from the behav ior  o f  k ~ p! 
versus ( Dc/ D a) (see fig. 4 in ref. [13]). it results  /c"pri > 
k I  prv and, consequent ly ,  is ( f i , / f i v )a >  >•

As the  (ySj//3v) ra tio  is sm alle r  than  one  for p rec ip i­
ta te  faces p e rp en d icu la r  to the  c-latt ice direc tion ,  and  
g re a te r  th an  o n e  for p rec ip i ta te  faces paral le l  to the 
c-la tt ice d irec tion ,  the  behav io r  o f  each  face is taken  
into accoun t  explicitly in o rd e r  to calcula te  A<X>.

5.1. ( f i , / f i ,  ) < I (faces o f  the precipitate perpendicular 
to the c-lattice direction)

Fig. 2 shows the  va lues d * / a pr at 560 K, w h e re  d *  
is m e a su re d  in the  p e rp en d icu la r  d i rec tion  to the  face 
be ing  considered ,  for d if fe ren t  n e u tro n  fluences. T hese  
values are o b ta in e d  from p a ra m e te r s  desc ribed  in t a ­
bles 1 and  2, in t ro d u ced  in eq. (9) and  then  in eq. (10). 
B  values a re  ca lcu la ted  taking £ (1 0 0 )  a n d  v =  [r(100)  
+  ^ (001)1 /2  becau se  the  growth in the  c -d irect ion  is
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analyzed, i )  a n d  f l m a rc  considered  to be the  sam e as 
the co rre sp o n d in g  values in the  u n s t ra in e d  matrix.

All pa r tic les  o f  (3-85 w t r i N b  p re sen t  in the  m a te ­
rial with d  > d *  will be able to grow.

5.2. ([¡¡/ (I,  ) > 1 (faces o f  the precipitate parallel to the  
c-lattice d irection)

T h e  nodal  line x  =  0 at 560 K is shown in fig. 3.
Fo r  faces with (/3i/ / 3 v) >  I, it is not possible to 

def ine  a priori the  nodal  line h = 0 (see eq.  2), and 
co nsequen t ly  it is not possible to de f ined  d * .  However,  
as it was analyzed in ref. [13], as the intersti tial  si tes in 
the  bcc s t ru c tu re  are sm alle r  than  0.25r,  w here  r is in 
this case the  N b  a tom ic  radius,  the ir rad ia t ion - induced  
Z r  se lf- intersti t ia ls would not occupy those  sites. T hen ,  
once n = 0 inside the  prcc ip i ta tc ,  only a n u m b er  /S' o f  
these  self-intersti t ials ,  equal  to (/3V — a v) could  ju m p  
in to the  p rec ip ita te .  T h en ,  from eq. (2) it may be 
a ssum ed  that ,  in this case

h =  0. (24 )

T h e  d ifference  b e tw een  /3, and  /S' may be accom-

N E U T R O N  F LU E N C E  (x1 O «  n nr?)

Fig. 2. Critical size ratio d * / a pr in the c-lattice direction for 
the precipitat ion of  bcc (3-85 w t% Nb in the anisotropic hep 
a -Z r  matrix of the in-service pressure tubes, at T = 560 K, as 
a function of  the neutron fluence. Calculations were done by 
assuming that: (a) the pressure  tube texture is represented  by 
three grain orientations: c-lattice axis on the radial-tangential  
plane, +80°. +70° and ±90°  from the radial-tube direction 
( ■■■- • ■■) .  (b) the external hoop stress is released after  the 
neutron fluence of 32 .8X 111-4 n m : . Pressure tube texture 
represented  by the lat ter  three orientations (•).  (c) the pres­
sure tube texture is represented by one grain orientation:
c-lattice axis parallel to the tangential-tube direction ( ----------).
(d) the external hoop stress is released after the neutron 
fluence of 32.8 x l O 24 n m : . Pressure tube texture repre­
sented by the latter  orientation ( t  ). (; [)r is the lattice param e­

ter of precipitates.
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Fig. 3. Nodal line x = 0 for the precipitation of (3-85 wtr r Nb 
in the a -Z r  matrix of the in-service pressure tube, when faces 
parallel to c-lattice axis are considered, x  is the number of 
solute atoms and n is the number of excess vacancies, both 

within the precipitate.

m o d a te d  in the  incoheren t  p re c ip i ta te -m a t r ix  in te r­
phase  [8,9],

A t t em p e ra tu re s  lower than  600 K, the ra te  o f  
emission of  vacancies is negligible [13] and then,  /S' =

0 v
From  eq. (24), from the  condit ion

n = 0, (25)

and  from fig. 3 ( x  = 0 for n = 0). it follows that  d *  = 0. 
There fo re ,  in d irections pe rp en d icu la r  to c-crystal axis 
all particles will be able to grow, independen t ly  o f  their  
initial size.

6. Effect o f intergranular and external stresses

The effect o f  in te rg ran u la r  stresses on  d *  may be 
visualized by com paring  the  above values o f  d * ,  o b ­
tained  considering  the texture  m en t io n ed  in section 5 
(tex ture  o f  p ressure  tube), with the  values o f  d *  o b ­
tained  by assum ing that  all grains, in the p ressu re  tube,
have the c-la tt ice axis paralle l  to the  Tg-tube  d irection.
In this case,  in te rnal  stresses are  not developed  and
the  an iso trop ies  ( / )  / / ) ' )  for vacancies and  inte rstitia ls  
will not change  with the  fluence. T he  calcula ted  values 
are: ( D ( / D i'l ),. =  1.95 and  ( D c/ D ^ ) { = 0.72, respectively. 
C onsequently ,  its result: (/3i/ / 3 v)(. =  0.55, S v = 5.66 X 
1012 and  d *  / a  pr =  13.7. Fig. 2 shows that  the latter  
value agrees  with the  d * / a pr value o b ta in ed  in the 
tex tu red  polycrystal  (texture  o f  p ressure  tube),  for the 
in te rm ed ia te  n eu tro n  fluence 1025 n m : . T hen ,  it can 
be seen that  in te rg ran u la r  stresses e n h an ce  the  fo rm a­
tion o f  the  (3-85 wt% Nb prec ip ita te s  for neu tron  
fluences lower than  1025 n m 2, and  hind the i r  fo rm a­
tion for n e u tro n  fluences g re a te r  than  the  la t te r  one.
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Tabic 3
(D r / D (,) iv, ( f i t / f i s ), and 5 V for zero external stress

Texture  of 
pressure  tube

c ITg-direction

(O . / D a), 0.63 0.60
(£>,./£>„), 2.09 2.14

( 0 i / / U 0.48 0.42
,SV 5 .82X I 0 l: 5.86 X 1012

If  the ex ternal  ho o p  stress is tak e n  equal  zero  a f te r  
1 .3 6 x 1 0 *  s (full pow er  days 1576; n e u tro n  fluence 
32.8 X 1024 n m : ). ( D c/ D ' J t, ( D c/ D' a\ ,  ( /3 ,/ /3v 
and  S v take  the values ind ica ted  in table  3 for bo th  
tex tures  considered .  Also, bo th  d * / a pr ca lcu la ted  val­
ues a re  shown in fig. 2.

Finally, in the case  o f  non i r rad ia t ion  (in this case 
A</> = - k T  In S x [10]) results  ( d * / a pr)m  =  2 2 A  at 560 
K. This  is the g re a te r  value o b ta in e d  in the  presen t  
work. However,  as the impuri ty  sa tu ra t io n  S x is o b ­
ta in ed  from  a ph ase  d iag ram  o f  an u n s t ra in e d  materia l  
(see section  5), the la t te r  value cou ld  be  only co m p a red  
with the  value o b ta in e d  w hen  all gra ins have the c-axis 
paral le l  to the  T g-d irec t ion  a n d  the external  s tress is 
zero  (sec fig. 2 ( t  )).

7. D iscussion  and conclusions

Critical sizes </*, for bee (3-85 wtCi N b prec ip i ta te s  
in the  hep a - Z r  (1 w t r i Nb)  matrix  o f  the  in-service
C 'A N D U  re ac to r  p ressu re  tubes,  a re  ca lcu la ted  a t  560 
K in this pap er .  P rec ip i ta tes  a re  a ssum ed  to be  initially
cu b e-sh a p e d  and  the ir  p re e ip i t a te -m a t r ix  in te rfaces  in­
coheren t .

Pressure  tubes  a re  c o n s id e red  to  be fo rm ed  by 
e lo n g a ted  « -Z r  grains and  the ir  tex ture  is a ssum ed  to 
be  re p re se n te d  by th ree  d ifferen t  o rien ta t ions .  A n ex­
te rna l  ho o p  stress, a n d  in ternal  s tresses g e n e ra te d  from 
the individual gra in d is to r tions by ir rad ia t ion  growth 
and  c reep ,  a re  explicitly included  in the calcula tion.

T h e  an iso trop ic  diffusion o f  vacancies  a n d  in ters t i ­
tials in the  s t ra ined  u -Z r  phase  o f  p ressu re  tubes ,  is 
responsib le  o f  the d ifferen t  t rap p in g  o f  vacancies  and 
in terst i tia ls  in d ifferently  o r ien ted  p rec ip i ta te  faces.  O n  
accoun t  o f  this d if feren t  t rapp ing ,  Ai> (eq. (9)) is 
ca lcu la ted  assum ing first the  co rre sp o n d in g  ( 0 , / / 3 v) 
values for the  face with its norm al paral le l  to c-latt ice 
axis ((/3i/ / 3 v)<. <  1), a n d  then  for the faces with norm als  
p e rp en d ic u la r  to the  c-la tt ice axis ( ( f3i/ f i v )a > 1). This

b ehav io r  o f  the arrival ra tes  ra tio  ( /3 j/ /3v) agrees with 
the  o b ta in e d  in the  u n s t ra in e d  « -Z r  m atrix  [13], i.e. the 
la t te r  b ehav io r  is not ch an g e d  by ex ternal  an d  in ternal  
stresses.

For  the  ( / 3 , / 0 v ), < 1 case,  and  from the  p a ram e te rs  
ca lcu la ted  for d i f fe ren t  n e u tro n  fluences, A<l> results  
negative  and  the  par tic les  will be able  to grow in the 
c -d irect ion  if they have For  the o th e r  d i rec ­
tions, w here  the  faces have the ir  no rm als  p e rp e n d ic u ­
lar to the c-crystal axis ( (yS,//3x )tJ > 1), all particles  will 
be able to grow, becau se  d *  = 0. T h ese  results  and  the 
values o f  d *  from fig. 2 should  indica te  th a t  p rec ip i­
ta tes  o f  (3-85 w t r i Nb. fo rm ed  in the  o - Z r  matrix o f  the 
in-service  p re s su re  tubes ,  have only a slightly 
an iso trop ic  shape ,  with the  sm alle r  size in the  c-crystal 
d irection .

From  fig. 2, it can  be seen tha t  the ex ternal  hoop  
stress does  not he lp  the  p rec ip i ta t ion  o f  the (3-85 wt% 
Nb phase  in the p re ssu re  tubes. In fact, when  af te r  
1.36 x 10s s (n e u tro n  f luence 32.8 x 1024 n m 2) the 
ho o p  stress is re leased ,  d * / a pr decreases .  Also,  if it is 
a ssum ed  th a t  all gra ins have the  sam e  or ien ta t ion ,  
d * / a pr increases from  12.8, w hen  the hoo p  stress is 
zero ,  to 13.7 (see section  6) w hen  the  hoop  stress is 136 
MPa.

T h e  effect o f  in te rna l  stresses d e p en d s  on the n e u ­
tron  f luence (fig. 2). At n e u tro n  f luences lower than  
1025 n m 2, the  in te rna l  s tresses d eveloped  from the 
tex ture  of  p re ssu re  tubes  he lp  the  fo rm ation  o f  the 
(3-85 wt% Nb p rec ip i ta te s  in these  tubes; this behavior  
is reversed  for h igher  n e u tro n  fluences.

Finally, by c o m p ar in g  the d * / a pr o b ta in e d  values 
with the c o rre sp o n d in g  o n e  for the case o f  n o n i r rad ia ­
tion: ( r / * / i i pr)N1 =  22.4 (section  6). we can see that  the 
fo rm at ion  o f  (3-85 w t °/c Nb p rec ip i ta tes  in pressure  
tubes  o f  C A N D U  reac to rs  should  be e n h an c ed  by 
i r rad ia t ion  at 560 K.

T h e  e n h a n c e d  p rec ip i ta t ion  and  the  p red ic ted  m o r ­
phology agree  with the exper im en ta l  obse rved  ones,  
accord ing  to Griff i tts  [24],

T h e  results  o b ta in e d  for the stabil ity and  sh ap e  of 
the  (3-85 w t%  Nb p rec ip i ta te s  fo rm ed  in the hexagonal 
u - Z r  matrix  o f  the in-service C A N D U  reac to r  pressure  
tubes,  a re  a direct co n seq u en ce  o f  explicitly including 
in the  calcu la tions the evolution  o f  the an iso tropy  of 
the diffusion o f  vacancies  and  in tersti tia ls  with the 
n e u tro n  f luence. Th is  an iso tropy  results f rom  the in ­
trinsic  anisotropy o f  the lattice and  from an addit ional  
one ,  in tro d u ced  by in te rna l  stresses g e n e ra te d  from 
external  stresses, the m ic ro s t ru c tu re  and  the texture  ol 
the p ressu re  tubes.
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