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Abstract
T he  effect o f  the vacancies an d  interstitials  c reated  by irrad ia t ion  on  the m acroscopic  behav io r  o f  a  c rack  in an  in- 

service pressure  tube  is analyzed in the present work .  T he  isolated crack is considered  as a sink o f  po in t  defects.  The  
vacancy a n d  interstitial to ta l  flows to  the crack tip and  crack surfaces are calcula ted  from  the c o rre spond ing  values o f  
the so-called fictitious sink s trengths o f  the crack tip  (&fT ) a n d  crack surfaces (k^ )  and  from  the average defect diflusivity 
values an d  the average  defect concen tra t ions .  F ro m  the in te ra tom ic  po ten tia l  which were used to describe the materia l,  
it is p redic ted  tha t  the c rack length a n d  the open ing  o f  the crack surfaces will be increased by the ir rad ia t ion .  © 2001 
Elsevier Science B.V. All rights reserved.
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1. Introduction

T h e  tex tured  polycrysta ls o f  Zr-2.5  w t%  N b  alloy 
tha t  com pose  the pressure  tubes o f  C A N D U - P H W  
nuc lear  reactors ,  change  their shape  by i r rad ia t ion  
grow th  a n d  creep [1], T he  individual gra in d is to r t ion  is 
restric ted by the geometrical  bou n d a r ie s  p rovided by 
ne ighboring  grains. In te rna l  stresses are generated  
which allow the d is to r tion  to be acc o m m o d a te d  via 
elastic plastic a n d  creep d e fo rm a t io n  within each grain  
[2.3], T he  s tra in o f  the lattice has an  effect on  the th e r ­
mal m ig ra t ion  o f  vacancies (v) and  interstitials  (i) p r o ­
duced by i r rad ia t ion  outside  therm al equil ibrium , and  
modifies the a n iso tropy  o f  their diflusivity tensors  [4,5], 
Those  vacancies an d  interstitials  m ay  be t rapped  by 
o th e r  defects (sinks) like d is loca t ions [6], gra in b o u n d ­
aries [7], in terfaces [8.9] a n d  voids [10]. Also, the o th ­
erwise r a n d o m  w alk  o f  po in t  defects is biased by the 
long-range  elastic field induced by the larger defects. 
T h e  detailed solu t ion  o f  the p rob lem  o f  i r rad ia t ion-  
p roduced  defects diffusing in a crystal  lattice un d e r  the
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com bined  effects o f  extended defects, internal stresses 
a n d  eventually  an  externally imposed stress field (rrc). is 
extremely complex. In o rd e r  to ob ta in  an  a p p ro x im ate  
solution, the m ic ros truc tu ra l  evolut ion  and  the co rre ­
spond ing  m acroscop ic  observable  p h e n o m e n a  were 
studied earlier within the f ram ew ork  o f  the ra te  theory  
[8.11], In this ap p ro ach ,  a d is tr ibu t ion  o f  each sink type 
present  in the actual  m ateria l  is required  to exist, in 
o rde r  to calcula te  their  average propert ies  [12]. In p a r ­
ticular. the bias for vacancies o r  interstitials  o f  each sink 
type d is tr ibu tion  is identified by the co rre sp o n d in g  sink 
strength.  F o r  hep crystals in a given metallurgical state, 
the a n iso tropy  facto r  (£>t / A i )  dete rm ines the value o f  
each sink s trength  [5.13 15], DL(DA) being the diflusivity 
o f  vacancies o r  interstitials  paralle l  (perpendicular)  to c- 
crystal  axis.

An  externally  loaded crack in a materia l  under  i r ra ­
d ia t ion  is also a  sink o f  po in t  defects [16]. However,  
c o n tra ry  to o ther  sinks, the evolution  o f  the c rack  c a n ­
not  be analyzed using the ab ove-m en t ioned  ra te  theory. 
In fact, the c rack is an  isolated defect a n d  the incom ing 
po in t  defect fluxes must  be calcula ted  in o rde r  to a s ­
certain  its evolution. T he  fluxes o f  vacancies a n d  in ter­
stitials were calcula ted  by R a u h  and  Bullough [16] 
within a pure  drift a p p rox im at ion :  the m igra t ion  in the
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vicinity o f  the crack tip  w as assum ed to be d o m in a ted  by 
the long-range  elastic field o f  stress o f  the crack.

In a recent w ork  [17], the vacancy  an d  interst itial 
fluxes to the c rack  tip a n d  crack surfaces o f  a m o d e  I 
loaded crack [18] in a M g  lattice u n d e r  irrad ia t ion  were 
calcula ted  by considering  bo th  the effect o f  the long- 
range  elastic field o f  the c rack and  the r a n d o m  diffusion 
processes o f  poin t  defects.  A discrete model o f  the m a ­
terial an d  a num erica l  m eth o d  were used. Also, f rom  the 
to ta l  defect flows to the c rack tip  an d  to the c rack sur­
faces the factors nam ed  fictitious sink s treng ths o f  the 
crack tip  (kfT ) and  crack  surfaces (kfs ) were calculated 
(these calcula tions will be briefly reviewed in section 2). 
F ro m  their definition, these fictitious sink s trengths al­
low us to calcula te  the a p p ro x im ate  values o f  the total 
flows o f  vacancies an d  intersti tials  to the t ip  a n d  surfaces 
o f  c racks inserted in m ateria ls under  i r rad ia t ion  in which 
the co rrespond ing  average diffusivities a n d  average 
co n cen tra t io n s  o f  interstitials  and  vacancies are know n
[17]. In the present work ,  these ap p ro x im a te d  calcu la­
tions are used to analyze the effect th a t  the po in t  defects 
have on  the behav ior  o f  a m ode  I loaded subcritical 
crack inserted in an  in-service pressure  tube  o f  a C A N -  
D U --PH W  nuclear  reactor.  T he  m ic ros truc tu re  o f  the 
pressure  tube  an d  the in ternal  stresses genera ted  by ir­
rad ia t ion  grow th  an d  creep processes are explicitly in­
c luded in the calculations.

2. Fictitious sink strengths

T he  fictitious sink strength  o f  a c rack  tip (kfT ) an d  the 
fictitious sink s trength  o f  c rack  surfaces (kfc) were de­
fined in reference [17] in a similar m athem atica l  way as 
the s treng ths o f  o ther  sinks. In fact, if  IT an d  / s are the 
tota l  defect flows at the c rack tip a n d  at the crack su r­
faces, respectively, k ^  and  k can be ob ta in ed  as (as­
sum ing  the isolated crack inserted in an  unit  volume)

h = t r n {D)(c)  ( 1)

and

/s = t & ( D ) ( c ) ,  (2)

where  (D) is the average defect diffusivity a n d  (c) the 
average defect con cen tra t io n  in the m ateria l  where 
the crack is inserted. (D) is chosen as the invar ian t  o f  the 
diffusivity tensor  [19], (£>) =  \ D]D-1D-S}] where  D r  
j  =  1. 2. 3 are the eigenvalues o f  the diffusivity tensor  in 
the crystal coo rd in a te  axes. T he  adjective fictitious takes 
into accoun t  the fact tha t  these sink s treng ths do  not 
m easure  'per  se' any  trap p in g  capabili ty.

O n  the o th e r  h and ,  the to ta l  defect flows /T an d  /s are  
calcula ted  in [17] by solving the diffusion e quat ions  for 
vacancies and  interstitials ,  assum ing  (see Fig. 1(a)): a 
wedge shaped  crack inside purely elastic ideal hep m a ­

terials characterized  by different intrinsic an iso tropy  
factors;  the crack tip  as an  ideal sink o f  radius 
R, (cv.j(/?j, ±(f) =  0. cv.i being the vacancy o r  interst itial 
concen tra t ion ,  respectively); the c rack surfaces as ideal 
sinks as well (c\ , ( r . ± ( n  -  <P)) =  0). Also. R, is taken 
equal  to 10 in units  o f  the lattice p a ram e te r  an d  2 <P. the 
angle o f  the crack, is a ssum ed to be equal to 5°. Finally, 
for m odeling  the m ig ra t ion  o f  i r rad ia t ion  p roduced  de ­
fects to w ard s  the crack, it is a ssum ed th a t  a  source  o f  
c o n s tan t  con cen tra t io n  c v i  exists at a rad ius  Rc f rom  the 
c rack tip. W ith in  the latter a ssum ption ,  (c) is given by 
ccv, [5], R c is considered  to be the length o f  the crack  and 
is taken equal to 50/?,. F ro m  this d is tance onw ards ,  the 
influence o f  the long-range  elastic field o f  the crack 
could  be neglected. F ro m  these considera tions

IT =  2 /A  J, (R,. 0)R,  d() (3)
J o

and

/ s =  2 / A [  1 Jo(r,<I>)dr, (4)
./R

Crack

i R

Fig. 1. (a) Geometrical description o f  a wedge shaped crack 
under mode I load (used in [17]) and their influence area. 
R, =  10 in units o f the y-Zr  lattice parameter and R, =  50/?,. 
2<t> =  5 . (b) Schematic representation o f  a crack in a pressure 
tube (radial tangential plane).
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where J, is the defect curren t  c o m p o n en t  no rm al  to the 
surface o f  radius R , a ro u n d  the crack  tip  and  J„ is 
the co rre sp o n d in g  to the crack surfaces.  A is equal to the 
a rea  (7t -  <t>)(R] -  R;)  and  an unit length in the 
r-d irec tion  (pe rpendicu la r  to the .vr-plane) is considered.  
T he  calcula tions of./ ,  a n d  J„ a re  based on a point  defect 
diffusion m odel  which takes in to  a cco u n t  the discrete 
ch a rac te r  o f  the defect j u m p  [20.21],

3. Evolution of the anisotropy factors

In hexagonal  s tra ined  materials ,  the diffusion a n ­
iso tropy  ( D J D J  o f  vacancies a n d  intersti tia ls  depends 
on  the intrinsic a n iso tropy  o f  the lattice an d  on the 
elastic s tra in  genera ted  by external a n d  in ternal  stresses. 
T he  effect o f  the induced stra in  field (e) on  the defect 
diffusivity can be ob ta ined  for small elastic de fo rm a tio n s  
explicitly as [4.22]

=  diniEu, (5)

where d  is the elastodiffusion tenso r  for vacancies or  
interstitials. Therefore ,  the tota l  diffusivity tenso r  D  re­
sults

Du =  D~a +  djju^kh (6)

where D  is the point  defect diffusion tensor  in the strain 
free crystal.  In most  cases, by the effect o f  the strain,  the 
te tragonal  sym m etry  is lost a n d  bo th  d iagona l  basal 
c o m p o n e n ts  ( D n a n d  D: : ) o f  D  a re different. W hen  they 
are close enough ,  the a n iso tropy  o f  the diffusion could 
be a p p ro x im a te d  by DJ D' .  where  D[t =  (D M +  D 22 ) / 2
a n d  Dc =  £>,, [23],

4. Evolution o f the point defects in an in-service cold-work 
pressure tube

The  m ic ros truc tu re  o f  co ld-w ork  Zr-2.5  w t%  N b  
pressure  tubes consists o f  two phases:  a hep a-phase  
fo rm ed  by large sized in the axia l-tube d irection  o<- 
grains. con ta in ing  a b o u t  1 w t%  N b  a n d  a h o m ogeneous  
dis locat ion  density  o f  a b o u t  7 x  10M m a n d  a bcc 13- 
phase  con ta in in g  ab o u t  20 w t%  N b  a t  the a-gra in  
b o u n d a r ie s  [24.25], F ro m  C headle  et al. [26], the texture 
o f  the pressure  tube  can  be represented  by three different 
gra in o r ien ta t ions  [27]: <• on  the radial  (^ ) - tangen t ia l  
(Tg) p lane  o f  the tube, ± 8 0 °  from  R  axis (volume density 
0.6); c on  /?-Tg plane. ±70°  from  R  axis (0.2); c on  R -Tg 
plane, ±90°  from  R  axis (0.2). T he  above-m en t ioned  
density  o f  d is locations,  a ssum ed to be prism atic  edge 
d is locations,  a n d  the gra in  bou n d a r ie s  o f  the 3-grains 
(assum ed to  be paralle lepiped shaped  grain  o f  35 x  10 6 
m in the axia l-tube d irection (A). 7 x  10 m  in the 
t angen t ia l- tube  d irection and  0.7 x 10 m in the radial-

tube  direction), are considered  in this w ork  as point 
defect sinks a n d  therm al sources o f  vacancies when the 
tube  is under  n eu tro n  ir rad ia t ion .  T heir  sink strengths 
( function  o f  the diffusion an iso tropy)  are in troduced  in a 
code, based on the m odel  p roposed  by Savino a n d  La- 
c iana  [2], in o rd e r  to calcula te  the m acroscop ic  change  o f  
shape  (due to the creep a n d  i r rad ia t ion  grow th)  o f  the 
i r rad ia ted  pressure  tube  un d e r  an  external below-yield- 
stress field, as a func tion  o f  the fluence. T he  induced 
in te rg ranu la r  stresses, com ing  ou t  from the different 
gra in d is to r tions,  are also ob ta ined  from  the code  for 
different times. These  in te rg ranu la r  stresses an d  even­
tually present  external stresses, in troduced  in the 
developed explicit  expressions for the vacancy a n d  in­
tersti tial elastodiffusivity tensors, a llow us to calculate 
each D,, (Eq. (6)). T hen ,  the a n iso tropy  factors (D^/D'J  
a n d  (D) for  vacancies an d  interstitials  present in the 
pressure  tube, can  be ob ta ined  as a function  o f  the 
n eu tro n  fluence a t  the in-service reac tor  tem pera ture ,  
T  S  560 K.

Fo r  the steady-s ta te  case, the vacancy  concen tra t ions  
(c)K. a n d  the c o rre spond ing  interstitials  concen tra t ions  
(c), in a pressure  tube  under  i r rad ia t ion  (in the case o f  
an iso trop ic  diffusion [28]). can  be described by the rate 
e quat ions  [29]

(c)v =  (¿ f (£ > } , /2 a ){ - ( l  — ; )  +  [(1 +  ; ) : +  i;]1 (7)

and

(£■>, =  (A-i<Z>)v/ 2 * ) { - ( l  + c )  +  [(l + . T  + »/]' (8)

where

C =  <xccJ k f ( D ) i (9)

an d

n =  4 < x K / k ; ( D ) t f ( D ) i, (10)

by assum ing  the same p ro d u c tio n  ra te  K  for free in te r­
stitials a n d  vacancies,  y. is the m u tu a l  recom bina t ion  
co n s tan t  (z =  21 ( D ) J a \ r [30], «/,  being the ot-Zr lattice 
pa ram ete r )  a n d  c\ the equil ibrium  vacancy  c o n ce n tra ­
tion at a given tem pera ture .  A\: and  k~ are the tota l  sink 
s trengths for vacancies an d  interstitials  considering  all 
sinks present in the m ateria l ,  i.e. dis locat ions and  grain  
boundaries .

F o r  the high d is loca tion  density  case o f  co ld-w ork  
pressure  tubes, and  from  the behavior  o f  the grain 
b o u n d a ry  sink s trengths versus dis locat ion  density [13], 
the tota l  sink s trengths for vacancies and  interstitials  are 
a p prox im ate ly  equal to the dis locat ion  sink s trengths for 
vacancies an d  interst itials ,  respectively [14]. An 
a p p ro x im ate  expression for prism atic  d islocation sink 
s trengths as a func tion  o f  the a n iso tropy  factors 
( D J D j ) ^  r  can  be ob ta in ed  as follows (see Fig. 3 in [15]):
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4  , =  [4.85 -  2 .83(DC/ D a)4, +  1. 05(De/ D a) ; ,

- 0 . 1 3 ( D , / D , ) J  x 1()1J m (11)

As it is show n in Eq. (11). the d is loca tion  sink strength  
will change  with the fluence a n d  tem pera ture:  (i) th ro u g h  
the co rre sp o n d in g  change  in the (£>,/'£>.,) factors; (ii) 
th ro u g h  the co rre sp o n d in g  change  in the d islocation 
density. In this w ork ,  the last change  will no t  be c o n ­
sidered a n d  the dis locat ion  density will be taken  as the 
above  m ent ioned  c o n s tan t  value. In Section 6. it will be 
analyzed how  this a ssu m p tio n  could  affect the results. 
T hus ,  f rom  the evolut ion  o f  (Z)c/D „ ) w , and  (Z))vl with 
the n eu tro n  fluence. the co rre sp o n d in g  evolution  o f  
(l\  r  can  also be obtained.

(a) d d,

5. Results

5.1. Fictit ious sink strengths o f  an isolated crack

The  a lready  defined fictitious sink s trengths ob ta ined  
from  the flow o f  po in t  defects to the crack tip  a n d  crack 
surfaces in [17] are show n in Fig. 2(a) a n d  (b). for dif­
ferent a n iso tropy  factors, considering  c / ¡ y .  c / / .v  o r  c / / :  
and  Rc/R,  =  50. F ro m  these results, each curve can  be 
ap p ro x im a te d  by cubic po lynom ials  in ( D J D J  (see 
A ppend ix  A for some examples).

The  effect o f  stresses up o n  the fictitious sink strength  
enters  via the changes in dilTusivity o f  vacancies and  
interstitials  induced by them. F o r  the sake o f  i llustra­
tion, in Fig. 2(a) and  (b) (D^ /D'J  ranges are indicated  for 
bo th  defects m ig ra t ing  in n-Zr.  This phase  is assum ed to 
be pure  y.-Zr a n d  it is described, in all ca lcula tions,  by a 
s trongly repulsive pa ir  potentia l  adjus ted  to a vacancy 
fo rm at ion  energy o f  1.8 eV [15], T he  value o f  label li (v) 
co rre sponds  to the intr insic a n iso tropy  factor  for in te r­
stitials (vacancies) (stra in free crystal  lattice) at 560 K.. 
Label 2i (v) c o rre sponds  to the a n iso tropy  factor 
( D J D ' J  for intersti tials (vacancies) at the same tem per­
ature ,  calcula ted  assum ing  c / ¡ y  a n d  the lattice under  a 
biaxial h o m o g en o u s  stress in the v a n d  y  d irections (see 
Fig. 1(a)). Here, the values o f  these h o m o g en o u s  stresses 
are ob ta in ed  by p u t t ing  in the stress field o f  the crack 
[18] 0 = 0 a n d  r equal  to R , a n d  K  1 = 2  M P a  m m 1 : , 
ob ta in ing  an  elastic d e fo rm a t io n  equal to 0.3 x 10 ’ for 
r ^  R t [17], D't a n d  Dc c o m p o n e n ts  o f  the dilTusivity 
tensor  are evaluated  as described in Section 4.

5.2. A crack inside a pressure tube

In o rd e r  to analyze the evolution  o f  a crack inserted in 
the R -T g  p lane  o f  an  in-service reac tor  pressure  tube  (see 
Fig. 1(b)) com ing  ou t  from  the t rap p in g  o f  poin t  defects, 
it will be a ssum ed hereafter  th a t  the only  effect o f  the 
c ap tu re  o f  a vacancy  at the tip o f  the c rack  is to lead the

(k) ID D ,1

Fig. 2. (a) Fictitious sink strengths o f  a crack tip (&fT). and (b) 
crack surfaces (A,:s ). as a function o f  the defect dilTusivity ratio 
Dc/D a, for three different crystal orientations and R JR , =  50 
(from [17]). D JD ,: predicted by a repulsive pair potential for 
vacancies (v) and interstitials (i) in 2-Zr at 560 K are shown; labels 
1 and 2 correspond to strain free crystal lattice and to the hom o­
genous strained crystal lattice (e =  0.3 x 10 5). respectively.

p ro p ag a t io n  o f  the crack by an  a tom ic  step [31], T h e  re­
verse will be assum ed if an  interstitial is cap tu red .  Then, 
an  effective crack p ro p ag a t io n  will occur  when m ore  va ­
cancies than  intersti tials  arrive to  the crack tip 
( (A //,).,■ >  1). In the same way. the angle  (o r  the opening) 
o f  the crack will be increased when m ore  vacancies than  
intersti tia ls  arrive to the crack surfaces ( (A / / , ) s >  1).

F ro m  Eq. (1). the tota l  flow o f  vacancies to the crack 
tip /the total flow o f  interst itials to the c rack tip  ra tio  (or 
the equivalent flux o f  vacancies to  the c rack tip/flux 
o f  interstitials  to the crack tip  ra tio  ( .A M ) , )  can  be 
ob ta ined  as

( / v / / i ) r  =  ( ^ v < 0 ) v ( c ) v ) / ( * f T i ( £ ) ) i ( c ) i ) ,  ( 1 2 )

where a n d  depend  on ( D J D .,)s an d  (D J D , {)r  
respectively. O n  the o th e r  hand ,  from  Eq. (2). the
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Table 1
(D JD .,)S (D )>, and (c ) , , for different neutron fluences, T =  560 K

Fluence ( 10:4 nm ' ) (D J D ,)S (A /O .,), (D)v (10 r  m ; s ') (D), (10 " m: s ') ( c \  (10 5 dpa) (<■>, 1

0 2.02 0.65 0.34 0.15 0.39 0,62
5.9 2.00 0.67 0.34 0.14 0.39 0.63

11.3 1.98 0.68 0.34 0.14 0.39 0.63
16.6 1.96 0.70 0.33 0.14 0.39 0.63
22.0 1.94 0.72 0.33 0.13 0.39 0.64
27.2 1.92 0.74 0.33 0.13 0.39 0.64
32.X 1.90 0.76 0.32 0.12 0.38 0.65

corre sp o n d in g  to ta l  flow o f  vacancies to the c rack su r­
faces/to tal flow o f  intersti tia ls  to the c rack  surfaces ra tio

(A//,)s is

( / v / / , ) s  =  ( * 5 i v < 0 ) 4 (c>l ) / ( 4 i ( 0 > i ( c ) i ). ( 1 3 )

Therefore ,  in o rde r  to k n o w  if (A /A), an d  ( / , / / , )s are 
g rea te r  o r  smaller th an  1 a t  different neu tro n  fluences, all 
factors  in Eqs. (12) a n d  (13) must  be evaluated  a t  dif­
ferent times o f  i rradia t ion .

F ro m  the analysis in Section 4 a n d  from  the 
b o u n d a ry  condit ion  m en t ioned  in Section 2: c \,( /?c, 
± 0 )  =  ccv i =  (c)v ,, (c)v and  {c)i in Eqs. (12) and  (13) can 
be tak en  to be equal to the (c)K an d  (c), given by Eqs. (7) 
a n d  (8). T o  ob ta in  the co rre sp o n d in g  values as a func­
tion o f  the fluence. , a n d  (D \  , m ust  be known. 
(Dc/ D a)x l a t  the in-service reac tor  tem pera tu re ,  ca lcu­
lated as described in Section 4. are show n in Tab le  1. 
T he  in ternal  stresses com ing  o u t  from  the grow th  and 
creep processes, the external stress (h o o p  stress, taken  as 
136 M P a  [32]) an d  the values o f  the s tra in field o f  the 
c rack in the v a n d  v d irections m en t ioned  in Section 5.1, 
are explicitly included in the calcula tion . T he  choice o f  
the value for r  = R , overestim ates the effect o f  the crack. 
T h e  subs ti tu tion  o f  the inho m o g en eo u s  long-range 
elastic field o f  the crack by a h o m ogeneous  biaxial stress 
field, is done  to facili tate the a t ta in m en t  o f  an associated 
value o f  (Dt / D a )s , from  the code tha t  calculates growth  
an d  creep under  i rradia t ion . This  subs ti tu tion  could  be 
considered  acceptable  since only the average  values (c) 
a n d  (D) a re  going to  be calcula ted. Also, a  tem pera tu re  
j u m p  o f  - 3 2 0  K from  a s ta te  free o f  internal therm al 
stresses at 880 K is im posed  as an  initial cond it ion  in the 
calcula tions o f  the g row th  a n d  creep processes. This 
value is assum ed considering  tha t  the internal therm al 
stresses generated  by the m an u fa c tu re  process could  
induce plastic  de fo rm a tion  in the n-Zr  gra ins above  880 
K [33]. Finally, the initial value o f  (D)s is taken as an 
ad jus tab le  p a ram e te r  fixed by fitting the axial d e fo rm a ­
tion o f  the pressure  tube  calcula ted using the above 
m en t ioned  code  to the co rre sp o n d in g  m easured  value at 
a fluence o f  32.8 x 10;J nm  : [34], T he  ob ta in ed  values 
o f  {c)v , a n d  (D)s t for different fluences are show n in 
Tab le  1. also.  F r o m  the evolut ion  o f  the an iso tropy

Neutron Fluence (x10 ‘ J nm 2)

Fig. 3. Total flow o f vacancies/total flow o f interstitials ratio 
((A / / , ) T) to 'he tip o f  a crack in an in-service pressure tube as a 
function o f  the neutron fluence, at different temperatures.

factors for vacancies and  interstitials  and  the numerical 
coefficients given in A ppend ix  A. the fict itious sink 
s trengths can  be a p p ro x im ated  m ak in g  an in te rpo lat ion  
between the values co rre sp o n d in g  to the c / / y  an d  c / / x  
cases, to take  in to  a cco u n t  the texture  o f  the pressure 
tube  (see A ppend ix  A).

T h e  values o f  (A /A )T ob ta ined  for different neu tro n  
fluences are presented  in Fig. 3. F o r  the sake o f  c o m ­
parison, the co rre sp o n d in g  values at 460 K (calculated 
from  the values o f  Tab le  2) an d  660 K. (from Tab le  3) 
are show n in Fig. 3, also. (A /A )s takes the a p p ro x i ­
m ate  con s tan t  values: 2.2. 2.3 and  2.4 at 460, 560 and  
660 K., respectively.

6. Discussion and conclusions

T he  fictitious sink s trengths o f  the c rack  tip  a n d  crack 
surfaces o f  a  wedge shaped  crack were defined and 
calcula ted  in a previous w ork  [17] as a  function  o f  the 
an iso tro p y  factors  (Dc/'/>,) (Fig. 2(a) an d  (b)). The  
curves ob ta ined  can be app ro x im ated  by cubic
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Tabic 2
( A / A ) ,  ,■ (A , and ( t)w for different neutron fluences, 7" =  460 K

Fluence (10:4 nm : ) ( A /A X ( A /A , ), {£>), (10 nr s 1 ) (D)i(10 111 m; s 1 ) <0 ,(10  ! dpa) ( O ( io B dpa)

0 16.6 1.98 0.70 0.46 0.39 0.21 0.17
22.0 32.8 1.97 0,70 0.46 0.38 0.21 0.17

Table 3
(Z)c/D a) ,„ (D ) , ,  and <«•), < for different neutron fluences. T =  660 K.

Fluence (10:4 nm : ) ( A / A ) , (AVA, ), ( A ,U °  15 m: s 1 ) (£>),( 10 “ n r  s ') < 0 ,(10  7 dpa) (0 ,(1 0  ' ; dpa)

0 2.05 0.63 0.35 0.38 0.52 0.32
5.9 2.03 0,64 0.34 0.37 0.52 0.32

11.3 2.00 0.66 0.34 0.36 0.52 0.32
16.6 1.98 0.67 0.34 0.34 0.51 0.32
22.0 1.96 0.69 0.33 0.33 0.51 0.33
27.2 1.94 0,71 0.33 0.32 0.51 0.33
32.8 1.92 0.73 0.32 0.30 0.51 0.33

p olynom ials  as it is presented  in A ppend ix  A for the 
p a r t icu la r  cases o f  the e-crystal axis //v-geometrical crack 
axis and  the r-crystal  axis//.Y-geometrical crack axis.

F ro m  the definition o f  these fict itious sink strengths,  
the tota l  flow o f  vacancies/tota l  flow o f  interstitials  ra tio  
to the c rack  tip  a n d  crack surfaces can  be calcula ted  as in 
Eqs. (12) a n d  (13). Each facto r  o f  the right side o f  these 
equations ,  a n d  then (A / / , ) ,  a n d  (A /A )s - depends  on  the 
s tra in o f  the lattice. In par ticular ,  when the c rack is a s­
sum ed (as in this w ork)  to be inside an  in-service pressure 
tube,  this s tra in  depends  on  the h o o p  stress, the elastic 
stress field a ro u n d  the c rack a n d  the internal stresses 
developed in the tube  due to the creep an d  irrad ia t ion  
grow th  that ,  in turn ,  depend  on the neu tro n  fluence. The  
ab o ve-m en t ioned  stresses (the inho m o g en eo u s  long- 
range elastic field o f  the c rack replaced by a h o m o g e ­
neous biaxial field) are explicitly included in the ca lcu­
lation o f  ( A / A , ) ,  (£>)v , a n d  (c)v , given in Tab les  1 3.

F ro m  the ob ta ined  values o f  ( /v/ / j ) T and  (A / / , ) s 
show n in Fig. 3 a n d  indicated  in Section 5.2 it can  be 
seen that

(A //,)T  >  1

and

( /v / / , ) s >  1

(14)

(15)

f rom  the initial fluence up to the last fluence studied. The  
first result (Eq. (14)) allows us to predict tha t  the t r a p ­
ping o f  the po in t  defects  will lead to the g row th  o f  the 
crack. Therefore ,  the ir rad ia t ion  will enhance  any  
e ven tual  p ro p a g a t io n  o f  a crack  inserted in an  in-service 
pressure  tube. Also, as it is show n in Fig. 3 this tendency 
will be accen tua ted  with t ime a n d  tem pera ture .  Finally, 
it could  be seen from  Eq. (15). the i r rad ia t ion  will in­
crease the open ing  o f  the crack surfaces and.  perhaps,  an 
excess vacancy  flux to c rack surfaces m ay  co n tr ibu te  to

crack blunting.  Since it is no t  possible to o b ta in  values 
for the latter m en t ioned  effects within the static geo ­
metrical ap p ro x im a t io n  used, they will no t  be taken  into 
a ccoun t  in the following analysis.

A n  a p p ro x im ate  value o f  the c rack length increase 
can  be ob ta in ed  considering  the difference (AO between 
the n u m b er  o f  vacancies a n d  the n u m b er  o f  interstitials  
tha t  arrive  to the c rack tip in the unit  time. In fact, 
tak ing  the larger value o f  (A / / , ) ,  at 560 K ( =  equal  to 
1.8. see Fig. 3). it is (Eq. (1))

N  = A (I -U — IT ) — 0 . 8 / 4 ^  (D> ¡(c) (16)

By replacing the value of.-) (f rom  R, and  R c values) a n d  
tak in g  into acco u n t  tha t  the a tom ic  volume o f  the hep yt- 
Z r  m atr ix  is equal  to 23.26 x 10 5 run '  it results

N  S  0.1 x 10 (17)

If  every t ime tha t  one vacancy  m oves to  the t ip  o f  the 
crack, the c rack advances  a d istance ¡//, (0.323 nm  [24]). 
du r ing  the reac tor  30 years lifetime design, the c rack tip 
will advance

(18)

T he  small value ob ta in ed  (within the a p p ro ach es  used) 
would  indicate  that ,  even if the c rack length o f  a sub- 
critical crack increases by the effect o f  the t rap p in g  o f  
poin t  defects, this increm ent will no t  be significant. In 
fact, for a c rack  lying as it is indica ted  in Fig. 1(b). the 
increment would  be only 7.5 \  10 4 times the thickness 
o f  the pressure  tube  (4 10 ' m). I f  the d islocation 
density  is no  longer considered  to be constan t ,  i.e. dis­
location  density  increases with fluence. A-pn [17] an d  {c)i 
w ould  decrease. Then .  A t  would  result smaller  th an  the 
value given by Eq. (18). Also, in the m odel  considered 
here, the c rack is assum ed to be in a purely isotropic
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elastic m edium . However,  as the long-range  stress field 
o f  the c rack in real cases diverges a t  r  =  0. a plastic yield 
will occur  a t  the tip. T he  slip d is loca tions fo rm ed will 
themselves act  as a lternat ive  sinks for interstitials  and  
vacancies. Then ,  they will screen the c rack  tip  f rom  the 
po in t  defects [16.17],

F r o m  the analysis pe rform ed in this w o rk  it is clear 
tha t  all pred ic tions ab o u t  the m acroscop ic  behavior  o f  a 
c rack  in a pressure  tube  under  i r rad ia t ion  (even the 
quali tat ive  ones a b o u t  the open ing  o f  the c rack) depend  
on the knowledge o f  the b ehav io r  o f  bo th  the a n iso tropy  
facto r  a n d  the average  defect diffusivity o f  vacancies and  
intersti tials  in the 3-Zr  m atrix .  Therefore ,  all predic tions 
have a s trong  dependence  on the in te ra tom ic  potential  
used to describe the materia l.  F o r  instance,  different 
p o ten tia ls  m ay  even reverse the diffusional an iso tropy  
a n d  therefore  the results [35], Also, the assum ed g eo m ­
etry o f  the c rack  m ay  have an  influence on the fictitious 
sink s treng th  values an d  then on the ob ta in ed  results [17], 

Finally, it must  be po in ted  o u t  tha t  in this work ,  any 
eventual  effect o f  the (i-phase (which is su r ro u n d in g  the 
grains o f  the 7 -Zr  phase) on the diffusion o f  the point 
defects  was no t  considered.

7. Summary

•  P redic t ions a b o u t  the effect o f  the point  defects on  the 
b ehav io r  o f  a wedge shaped  crack  inserted in an  in- 
service pressure  tube  were done.

•  F ro m  the no t ion  o f  the fictitious sink strengths o f  the 
crack tip (Ap, ) and  crack surfaces (A,:s ) in troduced in a 
previous w ork [17]. the tota l flow o f  vacancies U and 
the total flow o f  intersti tials I, to the crack tip (T) and  
cracks surfaces (S) are  approx im ated  (Eqs. (1) and  (2)). 
In fact, AfTl and  Afv  (AfTi and  A,:S] ) are the factors that 
multiplied by (D)s ((£>),) and  U \ (  (<;•),) allow us to calcu- 
l a te A ,( / , r )  and  As (As) values, respectively. (D)K((D)  ¡) is 
the vacancy (interstitial) averaged dilfusivity and  
(c)v ( V ) ,) the corresponding  averaged concentra t ion .

• Assum ing  that  the crack p ro p ag a tes  only if  the total 
flow o f  vacancies to the crack tip  is g rea te r  than  the 
co rrespond ing  tota l  flow o f  interstitials  ( ( /1/ / , ) T > 
1). it is predic ted that  the c rack  length o f  a subcritical 
c rack  in a pressure  tube  in an  in-service nuc lear  reac­
to r  will be increased by ir rad ia t ion .  However,  this in­
c rem ent will be small  in the reac to r  30 years lifetime 
design. Also, an  increase o f  the to ta l  open ing  o f  the 
crack is predic ted since m ore  vacancies than  intersti­
tials arrive  to the c rack  surfaces ((A / / , )s >  1).
T he  above  predic tions a b o u t  the effect o f  the point 

defects on  the m acroscop ic  behav io r  o f  a c rack  in a n  in- 
service pressure  tube, depend  on the po ten tia l  assum ed 
to represent the a tom ic  in teractions .  In particular ,  in this 
work  the y- Zr  phase  was described by a s trongly  re­
pulsive pa ir  potential .
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Appendix A

A p p ro x im ate  expressions for the fictitious sink 
s trength  o f  the crack tip  (Fig. 2(a)) and  crack surfaces 
(Fig.  2(b)) for the cases c / / y  a n d  c / / x  as a function  o f  the 
an iso tropy  fac to r  ( A / A , ) .  can  be ob ta ined  as follows:

I f  ( A / A )  < 2 .1 2 :  

k;-u  , =  [0.50 -  0 . 0 2 ( A / A )  +  0 . 0 5 ( A / A ) :

- 0 . 0 1 ( A / A ) ‘] x 10'- m  ; . ( A . l )

A4  /v =  [o.32 +  0 . 2 1 ( A / A )  + 0.01 /). l>

-  0 . 0 1 ( A / A ) ' ]  x 1014 m (A .2)

rc ,  =  [°-48 -  0 . 0 3 ( A / A )  +  0.11 ( A / A ) 2

-  0.02( A / A )'] x 101’ m ; . (A .3)

AL ., =  [ 0 . 6 3 - 0 . 1 4 ( A / A )  • 0 "4  A  I)

-  0 . 0 1 ( A / A ) ’] x 1014 m ; (A.4) 

an d  if ( A / A i ) <  0.79:

k L ' / y =  Í 1-00 -  + 2 .28 ( D J D , ) 2

-  0 .98(DC/ A , ) ‘] x 10n m : . (A .5)

Ayv  /v =  [(). 11 +  0 . 7 8 ( A / A . ) 0 . 5 9 ( A / A ,  P

+  0 . 2 4 ( A / A i f ’j - 1014 m : . (A .6)

ApK. , =  io.64 -  0 . 8 0 ( A / A )  +  1 . 1 7 ( A / A , )"’

-  0 . 4 9 ( A / A , ) ] x 10!’’ m  ; . (A .7)

, =  jo.93 -  1 . 2 2 ( A /A >  +  1 . 4 2 ( A / A ) :

-  0 . 6 0 ( A / A ) ’] x 1()14 m (A .8)

T he  values o f  the fictitious sink s trengths used to cal­
culate A a n d  1, were ob ta in ed  from  the c / / y  and  c / / x
cases as
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* ^  =  (8/9)*^.s , / / ,  +  (l/9)*Fr.s . - (A-9)

tak en  in to  accoun t  the texture o f  the pressure  tube.
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