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Abstract
T he  m igra t ion  o f  i r rad ia t ion  p roduced  point  defects to a c rack under  m o d e  I load in hep M g is studied in this work. 

R a n d o m  diffusion processes and  the effect o f  the long-range  elastic field o f  the crack are considered. A discrete model o f  
the materia l  an d  a num erical  m eth o d  are used. T he  crack is considered  as an  isolated detect a n d  the 'fict itious sink 
s trength  o f  the c rack tip  (AfT) and  crack surfaces (k¡s ) for vacancies (v) a n d  interstitials  (i) are defined. T he  dependence  o f  
these 'f ictitious' sink s trengths on the a n iso tropy  difTusivity ratio ,  ( De l Da) ,  is studied. © 2001 Elsevier Science B.V. All 
r ights reserved.

P A C S :  61 .80 .-x :  61.72.Ji: 66.30.Lw

1. Introduction

In a metal under  i r rad ia t ion  an equal n u m b er  o f  
vacancies a n d  self-interstit ial a tom s.  Frenkel pairs, are  
c reated  o u t  o f  therm al equilibrium. These point  defects 
m igrate  by therm al act ivat ion  in the lattice a n d  they m ay  
be t rapped  by o th e r  defects (sinks) like dis locations [1], 
gra in b oundar ies  [2], in terfaces [3,4] and  voids [5], Also, 
the otherwise  r a n d o m  walk o f  po in t  defects  is biased by 
the long-range  elastic field induced by the larger defects. 
T h e  detailed solu tion  to the p rob lem  o f  irrad ia t ion  
produced  defects diffusing in a  crystal lattice under  the 
com bined  effects o f  extended defects, and  eventually  an 
externally  imposed stress field (<rc). is extremely c o m ­
plex. In o rde 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 c o rre spond ing  m a c ­
roscopic  observable  p h e n o m e n a  were studied earlier 
w ithin the f ram ew ork  o f  the ra te  theory  [3,6]. F o r  this 
a p p ro ac h  to be valid, a d is tr ibu tion  o f  each sink type 
present in the actual  materia l  is required to exist, in 
o rde r  to calcula te  their  average propert ies  [7], Each sink 
type is identified by the c o rre spond ing  sink strength.  F o r  
hep crystals o r  uniaxially stra ined cubic  crystals in a
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given d irection (nam ed  c). the an iso tropy  factor 
( De lDa )  determines the values o f  the sink s trengths for a 
given metallurgical state  o f  the m ateria l  [8 11], Dc(Da)  
being the difTusivity o f  vacancies o r  interstitials  parallel 
(perpendicular)  to c-crystal axis. This diffusion an iso t ­
ropy  depends  on  the intrinsic an iso tro p y  o f  the lattice 
a n d  on the elastic stra in genera ted  by external a n d  in­
ternal stresses. T he  sink s trength  behavior  allows to 
analyze the bias for vacancies o r  intersti tials  o f  each sink 
present in different i r rad ia ted  materials .

A n  externally  loaded crack in a m ateria l  under  i r ra ­
d ia t ion  is also a sink o f  poin t  defects. Flowever, con tra ry  
to o th e r  sinks, the evolut ion  o f  a c rack  in the material  
under  i r rad ia t ion  c an n o t  be analyzed using the above- 
m ent ioned  rate  theory. In fact, the crack is an isolated 
defect a n d  the incom ing po in t  defect fluxes m ust  be 
calcula ted in o rde r  to ascertain its evolution. T he  fluxes 
o f  vacancies a n d  intersti tials  to the c rack were calculated 
by R a u h  and  Bullough [12] assum ing  tha t  the m igra t ion  
in the vicinity o f  the crack tip is d o m in a ted  by the long- 
range elastic field o f  stress (pure  drift app rox im at ion ) .

In the present  work ,  the vacancy a n d  interst itial 
fluxes to the crack  tip a n d  crack surfaces o f  a m ode  I 
loaded crack are calculated by considering  bo th  the ef­
fect o f  the long-range  elastic field o f  the crack a n d  the 
r a n d o m  diffusion processes o f  po in t  defects. A discrete 
m odel o f  the m ateria l  and  a num erica l  m e th o d  described
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in Section 2.1 are used. Also, f rom  the tota l  defect flow 
a t  the crack tip and  at the crack  surfaces the factors 
nam ed  'fictitious' sink s trengths o f  the c rack tip  (A-fT) and  
crack surfaces (A-,:s ) are calcula ted in a similar w ay  as the 
s trengths o f  o th e r  sinks (Section 2.2). T he  crack be­
hav ior  in a hep M g crystal  is especially considered 
(Section 4.1).

2. Diffusion of point defects to a crack

In o rde r  to calculate  the fluxes o f  i r rad ia t ion  p r o ­
duced po in t  defects to a c rack  under  m ode  I load, the 
defect concen tra t io n  profiles a ro u n d  the crack m ust  be 
calculated. T h e  crack  is considered  to be wedge shaped, 
o f  length R c, occupying the negative v-region o f  the x : -  
p lane with its tip coinciding with the r-axis o f  a C a r te ­
sian c o o rd in a te  system v. v , r  (Fig. 1). T he  choice o f  this 
crack shape  facili tates the use o f  the po la r  coord ina tes  
(/■, fl). T he  location  o f  a po in t  defect is then defined by 
(r.O).  where v =  r c o s O  an d  y =  rsin(?. A t steady state, 
a n d  when a single po in t  defect type is only present in the 
crystal,  the concen tra t io n  profiles must  fulfil Fick 's  law 
o f  defect conserva tion  at every representative  volume 
element (R V E ) (for a definition see [13])

V  ■ J  +  / ^  =  A'. (1)

where  J  is the defect curren t  at a poin t  r a n d  its de ­
pendence  on  the c o n cen tra t io n  c(r)  is a func tion  o f  the 
crystal  an d  defect symmetry,  which will be discussed 
below for hep s truc tures  (Section 2.1). / ,L accoun ts  for

the effect o f  the a lte rna tive  sinks a n d  K  is the h o m o g e ­
neous defect p ro d u c tio n  rate.

In the present w ork  the defect p ro d u c tio n  K  is re­
placed considering  a source far aw ay  from  the crack, 
which m ain ta ins  a constan t  con cen tra t io n  c, at a radius 
Rc from  the crack tip  line. T he  solu tions ob ta ined  within 
this non-fully  consistent ap p ro x im a t io n  [7] show ed the 
right t rend for d is loca tions [14] a n d  voids [11]. T hen ,  this 
a p p ro x im a t io n  is used here in o rde r  to  ob ta in  the a p ­
prox im ate  so lu t ions for an  isolated crack. T he  defect 
conserva tion  eq u a t io n  that  describes this m odel  is

V  ■■/ +  / * . =  0 (2)

a n d  the b o u n d a ry  condit ions  (see Fig. 1) are

c ( R , . ± 0 ) =  0. (3)

c ( Rc ,± 0 )  = c , 1„  (4)

c(r,  ± ( j i  — <Z>)) =  0 (5)

assum ing  the c rack  tip as an ideal sink o f  radius R , 
(Eq. (3)) and  the c rack surfaces as ideal sinks as well 
(Eq. (5)). Also, the c rack is a ssum ed to  be inserted in a 
purely elastic materia l,  a n d  the plastic zone in front o f  
the c rack is no t  considered.  R , is tak en  equal  to 10 in 
units o f  the lattice p a ram ete r  and  2 <t>. the angle o f  the 
crack, is a ssum ed to  be equal to 5°. Finally. R c is taken 
as equal  to (or greater  th an )  50R,: f rom  this distance 
onw ards ,  the influence o f  the long-range  elastic field o f  
the c rack  could  be neglected. Elast ic iso tropy  is assumed 
in o rde r  to evaluate  the crack and  the external strain

Fig. 1. Wedge shaped crack o f length Rc and  boundary  conditions for the defect concentration  around the crack, used in the num erical 
solution o f  Eq. (2) by the finite differences m ethod.
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field. This  a ssu m p tio n  was taken  following the results 
previously ob ta ined  by T o m é  a n d  Savino [15]. In fact, 
they have  show n tha t  the effect o f  elastic a n iso tro p y  in 
the dis locat ion  an d  external field on  the eva lua t ion  o f  
their  in te rac t ion  energy with a point  defect is negligible 
in hep crystals if the full a n iso tropy  o f  the defect dipole  
tenso r  is consistently  considered.  F u r th e rm o re ,  the ra ­
dial an d  a n g u la r  dependence  o f  the long-range  elastic 
field o f  a  slit c rack  [16] was used for the wedge crack as 
well. This  is a good  a p p ro ac h  when the elastic field 
is characterized  by the stress-intensity fac to r  K1 [17], 
v. i as in Eq. (4) refers to vacancies a n d  interstitials, 
respectively.

2. 1. Discrete model  and numerical  me thod

In the initial w ork  [18] and  the fo llowing [19-21] the 
dependence  o f  the defect c u rren t  J  on the crystal  and  
defect sym m etry  was tho ro u g h ly  discussed. W ith in  the 
'd iscrete  m odel '  the curren t  density  o f  defect J  a t  a given 
equil ib r ium  site i located a t  r, in the lat tice is evaluated  
as a sum over all the possible therm ally  act ivated  m i­
g ra tion  j u m p  vectors su = r, — r  to  ne ighbor  equilibri­
um sites j  located  at /-,. F o r  the pa r t icu la r  case o f  
hexagona l  sym m etry .  Eq. (33) in [18] reduces to

V

J(r , )  =  \  e \ p ( - Q " / k T )  [c(r,) e x p ( E( r , ) / kT)
/ I

-  c{r,) e x p ( E(r , ) / kT)]S ,h (6)

where c(r,) a n d  c(r¡) (£(/',) an d  E(r¡))  are the point  de ­
fect densities ( fo rm at io n  energy) at n e ighbor  sites i a n d  /. 
respectively. N  being the n u m b er  o f  sites j  that  the defect 
can  occupy th ro u g h  a single j u m p  f rom  i in a d irection s n 
passing a saddle  point  site with an energy Q " . v is the 
f requency  associated  with the defect v ib rat ion  in the 
j u m p  direction.

If  the lattice is stra ined by a field r„ the first-order 
d ependence  o f  the energies E (r ; ) an d  Q " (r ,) on the in­
duced stra in e.(r) is [18]

£(/•,)=£■„ /■<:(>•,). (7)

Q"(rs) = E m -  / /  ■ <:(/; ). (8)

E„ a n d  £ \ ,  being the energies o f  the stress-free lattice 
with the defect at the equil ibrium  an d  at the saddle point  
configurations,  respectively, j f  and  p'  a re the respective 
defect dipole  tensors  as defined by T o m é  et al. [20] at the 
equil ibrium  an d  at the saddle-po in t  location.  T he  long- 
range elastic stress field, a function  o f  r a n d  0 for each 
K l , is explicitly included in calcula ting  the in te rac t ion  o f  
the c rack  with the point  defects, given by Eqs. (7) and  
(8). T h e  s tra in  dependence  o f  the energies in these 
e quat ions  implies, in turn,  a stra in dependence  o f  the 
defect cu rren t  in (6).

T he  numerical m e th o d  used in the present work al­
lows to solve the set o f  Eqs. (2) (5) by m eans  o f  a finite 
differences technique [20], F o r  the pa r t icu la r  case o f  
po in t  defects di lfusion in the presence o f  a c rack  field, a 
mesh o f  noda l  poin ts  is taken  as show n in Fig. 1. A 
p lan a r  grid,  com posed  o f  a circular sector o f  angle 
±(7t — <P — <5i) centered at the crack  tip. is div ided by an 
integer n u m b er  o f  a n g u la r  nodes separa ted  by an  angle 
AO and  the recursive fo rm ula  R,  =  (1 +  A0)R,  , applied 
for the radia l  nodes. T he  radia l  n ode  R\ t is fitted to 
(Rc -  <>;). <>: =  3 being in units  o f  the lattice pa ram ete r ,  
an d  the last n ode  R \t ., is taken  R u  +  2<>; . Similarly, the 
a n g u la r  n ode  is fitted to  (n -  </> -  <)|). with <>[ equal  to 
2°. and  the last a n g u la r  n ode  is (?v .i =  0\  +  2<5|. The  
values o f  <5i a n d  <5; are chosen to m ake  the last elements 
R v  i , , i and  0\  \ i smaller th a n  the o ther  elements o f  the 
mesh. F ro m  the described geometry ,  the p rob lem  has 
reflection sym m etry  a ro u n d  the v-a.xis a n d  the size o f  the 
mesh is reduced because calcula tions are m ade  over 1/2 
o f  the associated  area.  Then ,  the b o u n d a ry  condit ions 
(5) are replaced by

Jn(r.  0) =  0 (9)

and

c ( r . ( n  -<*>)) = 0 .  (10)

w here  ./„ is the defect cu rren t  in the 0 direction. Finally, 
for calcula tions,  the c o n cen tra t io n  a t  0 = n — </>. r  =  R c 
is assum ed to be equal  to 0. Then ,  the considered  
b o u n d a ry  condit ion  (4) will be valid when  0 C I)-C 
n — cf> — ¿ i . C onsider ing  the small size chosen for the last 
e lements R u u . \  an d  v . , ,  the e r ro r  in troduced  with 
this a ssu m p tio n  is minimized. Therefore ,  the defect 
curren t  density  as given by (6) is inserted in to  (2). (3). 
(4). (9) a n d  (10).

T he  a lte rna t ive  sinks present in the materia l  are 
considered  to be sm eared o u t  at an  effective m edium  
within the area  A = (n -  <P)(Rl -  R~). T h e ir  a b so rp t ion  
rate  (per unit volume) /SL is assum ed  to depend  linearly 
on the average defect diffusivity (D) an d  co ncen tra t ion  
clr).

W ) = k i { D ) c ( r ) .  (11)

k'^ is the sink s trength  tha t  m easures the trapp ing  
capabil i ty  o f  the a lte rna tive  sinks an d  will be assum ed 
to be a kno w n  param ete r .  The  average defect diffusivity 
is chosen as the invar ian t  o f  the diffusivity tenso r  [22].

P  D P P ’ . ( 1 2 )

w here D, . j  -  1 .2 .3  are the e ingenvalues o f  the diffu­
sivity tenso r  in the crystal  c o o rd in a te  axes.
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2.2. 'Fictit ious'  sink strengths

Even if  a crack m ust  be considered  as an  isolated 
defect,  the 'f ictitious' sink s treng ths fo r  vacancies or  
interstitials  are defined in a similar way as the strengths 
o f  o th e r  sinks [S.9.11.14], In fact, the 'fictitious' sink 
s trength  o f  a c rack  tip (Af-,) and  the 'f ictitious' sink 
s treng th  o f  c rack  surfaces (Afs ) a re  defined from  the total 
defect flows at the c rack tip  / 1 and  a t  the c rack surfaces 
Is (assum ing  the isolated c rack insert in an  unit volume)

I r = k h  (D)(c)  (13)

and

Is =k ;s ( D) (c ) .  (14)

where  (c), when the co n s tan t  con cen tra t io n  b o u n d a ry  
cond it ion  is used, is given by ccv, [11], T he  adjective 
'fict itious'  in troduced  here  takes in to  accoun t  the fact 
tha t  these sink s trengths do  n o t  have any special physical 
m eaning. They  do n o t  m easure  'per  se‘ any  trapp ing  
capabil i ty  o f  the crack.

O n  the o ther  hand ,  if  an  unit length in the r-d irec tion  
is considered , the to ta l  defect flows !\ and  / s are calcu­
lated as

rn-4>
I T = 2 /A  /  J,■(R,.0)Rl dO (15)

.In

and

/ s =  2 / A I  J tl(r,4>)dr.  (16)
Jit

J,.(R,.0) is the defect curren t  density  c o m p o n e n t  n o rm al  
to the surface  o f  radius /?, a ro u n d  the crack tip  and 
J,,(r.<P) is the co rre sp o n d in g  defect cu rren t  density 
c o m p o n e n t  no rm al  to the crack  surfaces.

3. Evolution of the anisotropy factors

In hexagonal  stra ined materia ls ,  the diffusion a n ­
iso tropy  (De i Da)  o f  vacancies and  intersti tials  depends 
o n  the intrinsic a n iso tropy  o f  the lattice a n d  on  the 
elastic s tra in genera ted  by external an d  in ternal  stresses. 
T he  effect o f  the induced stra in field (i:) on  the defect 
diflusivity can  be ob ta ined  for small  elastic d e fo rm ations  
explicitly as [19.23]

D\, =  </«»/• (17)

where  d  is the elastodiffusion tenso r  fo r  vacancies or 
interst itials . Therefore ,  the tota l  diffusivitv tensor  D  re­
sults

D,i = D°j -( </,,*/(:</. (IS)

where D  is the po in t  defect diffusion tenso r  in the strain- 
free crystal.  In par ticular ,  when  the applied external 
stress is not paralle l to c a n d /o r  when  the inhom ogeneous  
s tra in field o f  the crack is considered,  the te t ragona l  
sym m etry  o f  the hep lattice is lost and  b o th  d iagonal  
basal c o m p o n e n ts  (/)</, a n d  D a: ) o f  D  a re different. Then, 
the a n iso tropy  fac to r  (D c / D a ) c an n o t  be directly defined. 
However,  when £>«, and  Da-  are  closed enough ,  the a n ­
iso tropy fac tor  o f  the diffusion can  be a p p ro x im ated  by 
D c / D a ' , where Da'  =  (Da, + D a 2) / 2  [24], Each  D a t . D a ; 
and  Dc  co m p o n e n t  o f  the diflusivity tensor  is evaluated  
using in Eq. (IS) the explicit expressions developed for 
the vacancy  and  interstitial elastodilfusivity tensors  in a 
s tra ined hep lattice, as a function  o f  the defect equil ib­
rium and  sadd le-po in t  dipole  tensors  [23].

4. Results

4.1. Vacancy a nd  intersti t ial  f lows

The  vacancy flow (.A) and  the interstitial flow (./,) to 
the t ip  an d  surfaces o f  the c rack are calcula ted  (as in­
d icated  in Section 2.1) for different intensities o f  the 
stress field o f  the crack. T he  values used for AT ( taken as 
a pa ram ete r )  give elastic de fo rm a tio n s  for / -> /? , .  The  
results are deriva ted  using defect configura tions co rre ­
spond ing  to a hexagonal  crystal  with a c / a  ra tio  o f  Mg. 
where  a to m s in teract  via an empirical sho rt - range  pa ir  
po ten tia l  fitted to var ious physical characteris tics o f  the 
M g lattice [25]. Also, in Eq. (6) v is assum ed to be the 
sam e for vacancies a n d  interst itials .  T he  e-crystal axis is 
taken  to be parallel  to  different geometrical crack-axes. 
Fig. 2(a) and  (b) show the (.A(A1 )/.A(AT = 0 ) )  ra tio  
a n d  ( J , ( K \ ) / J , ( K l  = ( ) ) )  ra tio  to the crack  tip  (T)  and  
crack surfaces (S ) as a func tion  o f  A T  considering  
c / / y .  c / / . x  and  c / / : ,  for R J R ,  =  50 a t  560 k .  It can  be 
seen that  (,A(A1 ) / J s (K \  — ())) to the c rack tip decreases 
when the stra in  field o f  the crack increases, while the 
opposi te  is t rue  for (./,(A 1),. / ,(A 1 = 0 ) ) .  These  results 
are consis tent  with the calcula tions o f  R a u h  a n d  Bul- 
lough  [12] within the 'p u re  drif t '  ap p ro x im at io n .  In  fact, 
they found  that  when A / '  >  0 (interst itials) the point  
defects which are no t  lost in the su r ro u n d in g  micro- 
s truc ture  are flowing again  only  in to  the precise tip o f  
the crack, whereas when A I' <  0 (vacancies),  they flow 
due  to  the stra in field effect only in to  the c rack surfaces 
behind the c rack tip (AT is the re laxation  vo lum e o f  the 
elastic materia l  aris ing f rom  an isolated p o in t  defect). 
T he  c o rre spond ing  (./, (A1 ) , . / , (A l  =  ())) and  (./,(A1), 
./, (A 1 = ( ) ) )  values to the crack  surfaces are ap p ro x i ­
mately  constan t .  This is a result o f  the pa r ticu la r  strain 
field o f  the c rack (zero on  the crack surfaces).

Finally, if a lte rna t ive  sinks are present  in the m a te ­
rial. the (J, (ksc) /J ,  (A* =  ())) ra tio  behaves as it is show n 
in Fig. 3. While for a relatively large density  o f  single
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(a) K1 (MPa mm1*)

(b) K1 (MPa mm1'2)

Fig. 2. (a) Flux o f  vacancies J s (in units o f  J ,(K \  =  0)1 and (b) 
flux o f  interstitials J, (in units of./,(AT =  ())) to  a crack in a Mg 
crystal m odelled with an em pirical potential vs. the intensity 
factor K 1. Three different crystal o rientations are considered. 
T  and S  on the curves indicate the crack tip and the crack 
surfaces, respectively. Tem perature =  560 k .  R J R , = 5 0 .

crystal sinks the calcula tions predict a decreas ing  linear 
dependence  o f  the ra tio  with the single crystal sink 
strength,  for strengths smaller th an  10,: m : the 
(Jv( k ^ ) / J ^ ( k x  = ())) ra tio  converges to a c o n s tan t  value. 
This behav io r  agrees with the screening effect o f  the 
su r ro u n d in g  m ic rost ruc tu re  m en t ioned  by Bullough [26],

4.2. Fictit ious'  sink strengths o f  an isolated crack

\la w n cd s 288 ( 2001 j 130 ¡36

log kst ( m ')

Fig. 3. R atio  between the flux o f  vacancies to the crack tip in 
Mg with alternative sinks and the corresponding flux o f 
vacancies in the same m aterial w ithout alternative sinks, as 
a function o f the single crystal sink strength k^. T em pera­
tu r e - 5 6 0  K.. (R JR ,)  =  50.

show the values o f  Apr a n d  A-(:s fo r  different an iso tropy  
factors, considering  c / / y .  c / / x  o r  c / / z  a n d  R c/R-, =  50. 
If  the e-crystal axis is parallel  to the c rack r-axis o r  the c- 
crystal  axis is parallel to the c rack v-axis. the ‘f ictitious’ 
sink s trength  o f  the c rack tip  exhibits a m in im u m  value 
(close to the iso tropy in the first case). O n  the con tra ry ,  if 
the r-crystal  axis is parallel to the c rack tip (r-axis). k p, 
decreases as ( Dc /Da)  increases. The  ‘ficti tious’ sink 
s trength  o f  the c rack  surfaces, A-,:v  increases o r  decreases 
with ( De / Da)  depend ing  on  the crystal  orientat ion .

T he  dependence  o f  kjy upo n  the ra tio  (Dc / Da)  is also 
analyzed by assum ing  (Rc/ R , ) =  100 a n d  150. In 
Fig. 4(a) it is show n tha t  the dependence  o f  the ‘fictitious’ 
c rack sink s trength  upo n  [Dc/ Da)  becomes s t ronger  as 
the (RJR, )  ra tio  decreases. T he  sam e behav ior  was o b ­
tained for the cavity sink s trength  [11], These numerical 
results permit to conclude  that,  for an  assum ed ( -crystal 
lat tice o r ien ta t ion  a n d  a pa r t icu la r  ( RJ R, )  ratio ,  the 
calcula ted  ‘f ictitious’ sink strength  o f  the crack in a hep 
m ateria l  (in a given metallurgical state) depends  only 
upon  the analyzed d imensionless p a ram e te r  (Dc/Da) .

F o r  Mg. as described by the empirical potential ,  the 
(D c / D a ) °  c o r re spond ing  to the intrinsic an iso tro p y  factor 
for vacancies (values o f  label v in Fig. 4(a) and  (b)) and 
interstitials  (label i in the sam e figures) are 0.79 a n d  0.95, 
respectively. T he  effect o f  stresses u p o n  the 'fict itious'  sink 
s trengths enters via the changes in diffusivity induced by 
them. F o r  the m en t ioned  Mg. these changes in diffusivity 
are larger for intersti tia ls  th an  for vacancies [27],

The  a lready  defined ‘f ictitious’ sink s trengths are o b ­
tained from  the flow o f  po in t  defects to the c rack tip and  
c rack surfaces using Eqs. (2)—(4) a n d  (6) (16) a n d  c o n ­
sidering the crack inside o f  ideal materia ls  characterized  
by different intrinsic a n iso tropy  factors . Fig. 4(a) a n d  (b)

5. Discussion and conclusions

T he  present analysis o f  point defect m igra t ion  to a 
w edge-shaped crack un d e r  m ode  I load in a m ateria l
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(a) d . / d ,

(b) (Dc /D„)

Fig. 4. (a) 'F ic titious' sink strengths o f a crack tip and (b) crack 
surfaces, as a function o f  the defect dilTusivity ratio  D el Da. for 
three different crystal orientations. The diffusivities ratio  pre­
dicted by an em pirical potential for vacancies (label v) and in­
terstitials (label i) in a strain-free hep Mg are shown. (Rc/R ,)  =  
50. 100 and 150.

u n d e r  i r rad ia t ion ,  completes the studies o f  'p u re  drift'  
a p p ro x im a t io n  previously pe rform ed  by Bullough and  
c o-w orkers  [7.12.26], In fact, bo th  the r a n d o m  diffusion 
process o f  defects a n d  the effect o f  the long-range  tield 
stress o f  the c rack are included in the present work . The  
calcula tions are based on a point  defect diffusion model 
which  takes in to  accoun t  the discrete ch arac te r  o f  the 
defect jum p [18], A num erica l  m eth o d  [20] is used in

o rde r  to o b ta in  the fluxes o f  poin t  defects to a crack, 
a ssum ing  tha t  the latter is inserted in a purely elastic M g 
with hexagonal  sym m etry  where a to m s  in teract  via an 
empirical po ten tia l  [25],

F ro m  the results  ob ta ined  (Fig. 2(a) and  (b)). it can 
be seen tha t  the flux o f  poin t  defects  to the tip o f  the 
crack is s trongly affected by the long-range  elastic field 
o f  the crack. In fact, the flux o f  vacancies is reduced to 
on e -h a lf  a n d  the flux o f  interstitials  is increased by =  2.4 
times, when the intensity fac to r  K1 increases from  0 
(pure  r a n d o m  diffusion processes) to 4.2 M P a  m m 1

Also, it cou ld  be seen in Fig. 2(a) and  (b) th a t  the 
presence o f  the long-range  elastic field o f  the c rack splits 
the flux o f  poin t  defects  to the tip o f  the crack in to  three 
curves. This  splitt ing is a consequence  o f  the dependence 
o f  this flux on the s tress-induced change  in diffusivity 
given by Eq. (17). which, in turn ,  is depend ing  on the 
o r ien ta t ion  re la tionship  between the crystal  lattice and  
the crack. T he  m ag n i tu d e  o f  the splitt ing depends  on the 
defect under  considera tion  (it is larger for interst itials 
th an  for  vacancies) a n d  on the intensity o f  the field. In 
the absence o f  external stresses (A'l =  0) is the intrinsic 
an iso tro p y  o f  the diffusivity tensor  D°  which tu rns  the 
c rack m o re  o r  less effective for defect t rapp ing ,  de ­
pending  on the above-m en t ioned  crack or ien ta t ion  (see 
Tab le  1).

In the m odel  considered  here, the crack is assum ed to 
be in a purely iso tropic  elastic m edium . However,  as the 
long-range  stress field o f  the c rack in real cases diverges 
at r  =  0. a plastic yield will occur  at the tip. T he  slip 
d is locations fo rm ed  will themselves act as alternative  
sinks for interstitials  an d  vacancies and  they will screen 
the c rack tip from  the po in t  defects. Then ,  as it is show n 
in Fig. 3 by the .A (A\L.)/./, (kx  =  0) ratio, the to ta l  defect 
flow will be decreased from  the values ob ta in ed  in 
Fig. 2(a) an d  (b).

The  factors 'f ictitious' sink s trengths o f  the c rack tip 
(A,2, ) and  the c rack  surfaces (A,:s ) are also calcula ted  in 
this work . They are depending  on the dimensionless 
p a ram e te r  (De / Da)  (Fig. 4(a) a n d  (b)). Then ,  know ing  
the an iso tro p y  factors o f  vacancies an d  interstitials  in a 
given materia l  the co rre sp o n d in g  'f ictitious' sink 
s trengths o f  a c rack  insert in this materia l  can  be de ­
termined. F ro m  their definit ions (Eqs. (13) an d  (14)). 
these 'fictitious' sink s trengths allow to calcula te  the 
ap p ro x im ate  to ta l  flows o f  vacancies a n d  interstitials  to 
the tip a n d  surfaces o f  cracks insert in materia ls  where 
(D }x , a n d  (f}is are know n. Then ,  cou ld  be the behavior

Table 1
Effect o f  the intrinsic anisotropy on the defect trapping

•A (A'l = 0 )M (A1 = ().<■//.-) 7,(A'l = 0)/J,(A'l = 0.<•//-)

e/' /y
<7'/'-V

1
0.93
0.86

1
0.84
0.82
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o f  a c rack in a m ateria l  under  i r rad ia t ion  analyzed 
w ithou t  solving the diffusion e q u a t io n s  lo r  vacancies 
an d  interstitials.

F r o m  the analysis perform ed  in this w ork  it is clear 
tha t  all p redic tions a b o u t  the t rap p in g  o f  vacancies and  
interstitials  by a c rack in a m ateria l  under  i r rad ia t ion  
depend  o n  the knowledge o f  the behav ior  o f  bo th  the 
a n iso tro p y  fac to r  o f  vacancies a n d  interst itials .  T hus ,  all 
p redic tions have a s trong  dependence  on  the in te ra tom ic  
po ten tia l  used to decribe  the materia l  [28], Also, the 
assum ed geom etry  o f  the c rack  will have an  influence on 
the results.

6. Summary

• Vacancies and  interstitial fluxes to a wedge shaped 
c rack un d e r  m o d e  I load in a hexagona l  M g  crystal  
un d e r  irrad ia t ion  are ob ta ined  tak in g  into account  
the elfect o f  the in h o m o g en o u s  long-range  stress field 
o f  the crack and  the r a n d o m  diffusion process o f  
point defects.  It is a ssum ed that  the a to m s  o f  M g 
in teract  via an  empirical sho rt -range  pa ir  potential .

•  The  long-range  stress field o f  the crack decreases the 
flow o f  vacancies an d  increases the flow o f  intersti­
tials to the c rack tip  in Mg. These pred ic tions are de ­
pending on the po ten tia l  assum ed  to represent the 
a tom ic  interactions.

•  The  'fict itious'  sink s trengths o f  the c rack tip (k;r ) 
and  the c rack surfaces (A^) are defined. Af2iT Sil 
(AyI S l ) is the fac to r  tha t  when multiplied by 
( D) J{ D) , )  a n d  ' x ) J(c ) , )  allows to a p p ro x im ate  the 
total flow o f  vacancies /, r s \ ( to ta l  flow o f  intersti­
tials. /  [ s . )  to the c rack tip  and  the c rack surfaces.  
(.D \  ((D),) an d  (c), ((c),) are the vacancy  (intersti­
tial) averaged diflusivity and  averaged concen tra t ion ,  
respectively. T he  ‘f ictitious’ sink s treng ths depend  on 
the a n iso tropy  fac to r  ( Dc/Da) .

•  T he  vacancy a n d  the interstitial flux to the c rack  tip 
a re  decreased by the presence o f  d is locations a ro u n d  
the crack.
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