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Abstract 

In metals under cascade damage conditions, dislocations are frequently found to be decorated with a high density of small 
clusters of self-interstitial atoms (SIAs) in the form of dislocation loops, particularly during the early stages of the 
microstructural evolution in well annealed pure metals. This effect may arise as a result of either (a) migration and enhanced 
agglomeration of single SIAs in the form of loops in the strain field of the dislocation or (b) glide and trapping of SIA loops 
(produced directly in the cascades) in the strain field of the dislocation. In the present paper, both of these possibilities are 
examined. It is shown that the strain field of the dislocation causes a SIA depletion in the compressive as well as in the 
dilatational region resulting in a reduced rather than enhanced agglomeration of SIAs. (SIA depletion may, however, induce 
enhanced vacancy agglomeration near dislocations.) The decoration of dislocations by SIA loops is therefore considered to 
be due to the trapping of glissile loops. Conditions for the operation of this mechanism are discussed. © 1997 Elsevier 
Science B.V. 

1. Introduction 

Generally, defect accumulation in crystalline solids un- 
der irradiation has been considered to occur in an essen- 
tially homogeneous mode. Accordingly, this process has 
been modeled within the framework of a mean field 
chemical rate theory approach [1,2] in which the following 
assumptions are made: (1) both vacancies and self-intersti- 
tial atoms (SIAs) are produced as  monodefects, randomly 
in space and time, (2) clusters of both types of defects 
result from the three-dimensional diffusion and reaction of 
these monodefects, and (3) these clusters are immobile. 

It has been found, however, that the evolution of void 
and dislocation microstructures under cascade damage con- 
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ditions (particularly in well annealed pure metals at low 
dose irradiations in the temperature range of annealing 
stage IV) occurs in a non-homogeneous and segregated 
fashion: The two most striking features, first observed 
already more than a quarter of a century ago, are: (1) the 
enhanced swelling in several I~m wide regions adjacent to 
grain and subgrain boundaries [3-5] (for further refer- 
ences, see Refs. [6-8]), and (2) the formation of patches or 
'rafts' of dislocation loops [3,9-15] and the decoration of 
grown-in dislocations (with an edge component) by loops 
[3,15-20] which may even extend to form dislocation 
walls [20-23]. The latter features are the subject of the 
present paper (for experimental details, see Section 2). 

Decoration of dislocations with loops plays a key rote 
in the discussion of radiation hardening under cascade 
damage conditions presented in an accompanying paper 
[24]. It is shown there that characteristic features in the 
deformation behaviour of metals and alloys under cascade 
damage conditions such as the increase of the upper yield 
stress without dislocation generation followed by a yield 
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drop and plastic instability cannot be rationalized in tertns 
of the conventional radiation hardening model commonly 
known as 'dispersed barrier hardening' (DBH) model m 
which a distribution of (rigid) obstacles m the form of 
precipitates or defect clusters is assumed to act against the 
dislocation motion. As an alternative, a "cascade induced 
source hardening" (C1SH) model is proposed in which a 
dislocation decorated with loops, like a Cottrell atmo- 
sphere of impurities [25], is assumed to be locked so firmly 
that it cannot act as a dislocation source until the applied 
stress reaches a very high level [24]. 

Principally, there arc two main mechanisms which 
could result in the decoration of a dislocation with loops: 
( 1 ) The sweeping of glissile SIA loops during the motion 
of the dislocation [26], and (2) the accumulation of SIAs 
near the dislocation by SIA transport. In most of the cases 
quoted above, the operation of the first mechanism can be 
ruled out on the basis of the facl that the accumulation 
process continues even when the dislocations are obvi- 
ously locked. For SIA transport to and accumulation near a 
dislocation it is useful to distinguish two possibilities: (at 
the three-dimensional migration and possibly enhanced 
agglomeration of single SIAs in the form of loops m the 
strain field of the dislocation, or (b) the glide and trapping 
of small SIA loops, directly produced in cascades, in the 
strain field of the dislocation, 

In the present paper, it is first shown (in Section 3) that 
decoration of a dislocation by loops cannot be rationalized 
in terms of strain enhanced agglomeration of single three- 
dimensionally migrating SIAs. In this discussion, the pos- 
sibility of enhanced vacancy agglomeration close to dish> 
cations is included. Then (in Section 4), the second possi- 
bility is considered as a realistic alternative. In fact, al- 
ready Brimhall and Mastel [9] have discussed the forma- 
tion of loops rafts and dislocation decoration by loops in 
terms of loop glide combined with self-climb. In their 
discussion, however, the origin of the small primary SIA 
loops and the driving force for their long range migration 
remained unclear. 

To understand the role of displacement cascades in the 
decoration process it is important to recognize the specific 
features of cascades. It is now well established by experi- 
mental (for reviews see Refs. [6,7]) and molecular dynam- 
ics (MD) studies [27 30] that in displacement cascades 
vacancies and S1As are generated in a highly localized and 
segregated fashion resulting in efficient clustering of both 
types of defects. Small SIA loops have been found in MD 
studies to be highly glissile [29]. Such a loop is expected to 
perform a thermally activated random glide motion by 
which it may leave its native cascade region and migrate 
over large distances until it gets trapped directly by or in 
the strain field of another defect such as a dislocation. We 
conclude this introduction by reminding the reader of an 
asymmetry in the behaviour of interstitial and vacancy 
clusters [7]: in contrast to small SIA loops, small vacancy 
loops are not known to he glissile. 

2. Experimental evidence 

Even though the decoration of dislocations by clusters 
of SIAs in the form of small loops is a striking effect this 
phenomenon has not been investigated systematically in 
the past. As a result, the available evidence on dislocation 
decoration is rather limited and scattered. Nevertheless, the 
existing amount of experimental evidence, at least in pure 
metals and simple alloys, is enough to justify investiga- 
tions of possible mechanisms capable of causing an exten- 
sive atmosphere of SIA loops around a grown-in disloca 
tion line. It should be added that since the grown-in 
dislocations act as sinks for vacancies and SIAs. the 
phenomenon of dislocations decoration is rather intriguing 
and does deserve an explanation. 

Let us first consider the case of electron irradiation 
where defects are produced in the form of isolated Frenkel 
pairs. In this case, accumulation of vacancies in the form 
of stacking fault tetrahedra within the compressional field 
of edge dislocation have been observed occasionally [31 
33]. An example of electron-irradiated Ag is shown in Fig. 
1132]. 

In the present context, a comparison of electron irradia- 
tion and cascade damage effects in one material (or two 
similar materials) at similar temperatures is of particular 
interest. Fig. 2a shows an example of N i -0 .3  at /~ Oe 
irradiated with 1 MeV electron at 473 K [19]. It can be 
easily seen that there is no sign of any accumulation of 
loops at or in the vicinity of the grown-in dislocations. In 
the case of neutron irradiated Ni-0 .2  at.% Ge, on the other 
hand, a large number of dislocation loops are formed at 
o r / a n d  in the vicinity of a grown-in dislocation (Fig. 2b) 
[19]. Thus. this decoration phenomenon seems to require 
cascade damage conditions. 

Fig. I. All example of a dislocation line decorated with vacancy 
Strl ". in silver irradiated with I MeV electrons at 330 K in a high 
voltage electron microscope [32]. 
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Fig. 2. (a) An electron micrograph showing an absence of disloca- 
tion decoration in a thin foil of Ni-0.3 at.% Ge irradiated with 1 
MeV electrons at 473 K to a fluence level of 3.6 × 1025 e / m  2 (0.2 
dpa) [19]. (b) A dislocation line heavily decorated with interstitial 
loops in Ni-2 at.% Ge (bulk) irradiated with 14 MeV neutrons at 
563 K to a fluence level of 6X l022 n / m  2 (2X l0 -2 dpa) [19]. 

While the accumulation of vacancy clusters near dislo- 
cations under electron irradiation is a rather rare case, 
decoration of dislocations by small interstitial loops under 
cascade damage conditions seems to be a common phe- 
nomenon. The latter has been observed, for instance, in 
pure nickel irradiated with 14 MeV neutrons at 300 K [16], 
and 563 K [17]. Kojima et al. [17] made similar observa- 
tions in N i -2  at.% Cu and N i - 2  at.% Ge alloys irradiated 
at 563 K with 14 MeV neutrons. However, no such 
decorations where observed in N i -S i  and N i - S n  alloys. 
Examples of dislocation decoration by small interstitial 
loops in pure nickel irradiated with neutrons at 300 and 
560 K are shown in Fig. 3 [16]. 

The accumulation of interstitial loops at and near 
grown-in dislocations has been also reported for pure 
copper and copper alloys irradiated with 14 MeV neutrons 
at 473 K [18]. The grown-in dislocation segments have 
been observed to be decorated by small loops in OPFHC- 
copper (99.999% pure) irradiated at 320 K with fission 
neutrons [20]. In pure copper irradiated at 523 K, intersti- 
tial loops segregate at grown-in dislocations to the extent 
that dislocation 'wal ls '  are created [20-23]; an example of 
such a wall is shown in Fig. 4 [20]. 

Recently dislocation decoration has been observed in a 
pure single crystal of molybdenum (Fig. 5a) irradiated with 
fission neutrons at 320 K [15]. Fig. 5 also shows examples 
of rafts of dislocation loops formed in molybdenum single 
crystals irradiated at 320 K (Fig. 5b) [15] and polycrys- 
talline Mo irradiated at 773 K (Fig. 5c) [13]. In fact, the 
first observation of raft formation in Mo and TZM (Mo, 
0.5%, Ti, 0.1 Zr) have been reported by Brimhall and 
Mastel already in 1970 [9]. Since then a number of subse- 

~ , 7  ¸ , 

Fig. 3. Dislocations decorated with loops/clusters in pure nickel 
irradiated (in bulk) with 14 MeV neutrons at (a) 300 K (6× l021 
n / m  2) and (b) 560 K (6.2X 10 22 n / m  2) [16]. 

quent observation of raft formation in Mo and TZM have 
been reported [10-15]. The general consensus is that the 
rafts are clusters of small interstitial loops, all having the 

Fig. 4. An example of dislocation wall formation in pure copper 
irradiated with fission neutrons at 523 K [20] to a fluence level of 
5× 1022 n / m  2 (10 -2 dpa, E >  1 MeV). 
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same Burgers vector, the rafts as a whole having a clear 
(l 1 l)  habit plane identical to the Burgers vector o f  the 
loops. 

Raft formation, dislocation decoration and dislocation 
wall formation appear to be related loop accumulation 
phenomena.  In the following we focus on the decoration of  
dislocations with loops. 

3. Clustering of  single SIAs and vacancies near disloca- 
tions 

In discussing the phenomenon  of  irradiation induced 
decoration of  dislocations with small SIA clusters in the 
form of  dislocation loops, it is frequently argued that the 
nucleation and growth of  such clusters would be favoured 

in the region of  positive dilatational strain in the neigh- 
bourhood of  a dislocation where the elastic interaction 
between the dislocation and the SIAs is attractive [16]. 
This possibility will be examined in the following section 
including its counterpart,  i.e., the possibility of  enhanced 
vacancy agglomeration. 

The (biased) accumulation and absorption of  radiation 
induced defects at or by dislocations is controlled by the 
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Fig. 5. Examples of dislocation decoration and 'raft' formation in 
molybdenum irradiated with fission neutrons: (a) dislocation deco- 
ration in a single crystal Mo irradiated at 320 K to a fluence of 
5 x  1021 n / m  -~ ( E >  I MeV) [15], (b) "rafts" in a single crystal 
Mo irradiated at 320 K to a fluence of 1.5X 1024 n / m  2 ( E >  I 
MeV) [15], and (c) "rafts' in polycrystalline Mo irradiated at 773 
K to a fluence of 8.1 x 1024 n / m  2 ( E >  I MeV) [13]. 

Fig. 6. One-dimensional sketch of two characteristic potential 
energy profiles for a point defect (self-interstitial) near a disloca- 
tion. In cases a and b, the defect annihilation is taken to be 
diffusion and reaction limited, respectively. E"  is the migration 
energy in undistorted regions and ES(r) and Ee(r) are interaction 
energies in metastable equilibrium and saddle point sites, respec- 
tively, with EXr t) = - kT where r t is the trapping radius. 
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3.1. Defect concentrations near dislocations 

Fig. 7. Equipotential lines for the interaction of a point defect with 
an edge dislocation. Regions favoured by SIAs and vacancies are 
indicated by I and V, respectively. 

interaction between the two components. In Fig. 6, two 
characteristic types of attractive interaction energy profiles 
felt by a defect (SIA or vacancy) near a dislocation are 
sketched. The most likely first case illustrated in Fig. 6a is 
characterized by a continuous decrease of both the 
stress/strain induced changes of the metastable equilib- 
rium energy Ee(r) and the saddle point energy ES(r) with 
decreasing distance, r, from the dislocation, even up to the 
dislocation core. The effective trapping radius r~ is defined 
by the position where E~(r) falls short of the thermal 
energy kT; no metastable equilibrium position exists be- 
low the stability limit r o. In this case, the dislocation 
would act as a perfect sink for SIA annihilation which 
would therefore be diffusion limited. The less likely sec- 
ond case illustrated in Fig. 6b is characterized by a high 
barrier against the final absorption step realized, for in- 
stance, by a row of impurity atoms along the dislocation 
core. In this case, the dislocation would act as a poor sink 
for SIAs and the annihilation would therefore occur in a 
reaction limited mode. 

For distances larger than r o, the elastic dipole approxi- 
mation may be used to describe the stress/strain induced 
changes in the equilibrium and saddle point energies of the 
defects as 

Ee,~(r) = _Qe,S.  o r ( r ) ,  with traceQ e's = AV e,s, (1)  

where Qe,~ is the strain tensor and AV e'S is the relaxation 
volume of the defect in the equilibrium and saddle point 
configuration, respectively, and or(r)  is the elastic stress 
tensor field induced by the dislocation [34]. Since o r ( - r )  
= - or(r),  the angular dependence of  the interaction en- 
ergy is characterized by attractive and repulsive directions 
with a vanishing directional average (see Fig. 7). 

The flux density of defects in such a potential energy 
mountain is given in compact form by [35] 

j ( r )  = - D ( r ) e x p (  - [3Ee(r))  V exp( + [3Ee(r))  ce ( r ) ,  

(2) 

with 

O ( r )  = O~ exp( - [3 (ES( r )  - E e ( r ) ) ,  [3 = 1 / kT ,  

where D(r)  is the (r-dependent) diffusion coefficient, 
D= = D(r  ~ ~) and ce'~(r) are the defect concentrations in 
the metastable equilibrium and the saddle point positions, 
r e spec t ive ly .  No te  that  in loca l  equ i l i b r i um 
exp([3Ee(r))ce(r)  = exp([3ES(r))c~(r). In the following 
we need to consider only c¢(r) and we therefore omit the 
superfix e. 

In steady state, the defect flux to a dislocation is 
determined by defect production and annihilation in the 
environment. Ignoring mutual recombination and assuming 
a defect production (displacement) rate P and a sink 

strength Zk 2, we may express continuity under a steady 
state by 

d i v j ( r )  = P - DcZk 2, (3) 

where the absorption efficiency or bias factor Z is intro- 
duced to later account for differences in the sinks strength 
for SIAs and vacancies. We note here that the neglect of 
recombination (which may crudely be accounted for in a 
reduced effective displacement rate) does not affect the 
main conclusions. 

In general, solutions of Eq. (3) subject to appropriate 
boundary conditions are complicated because of the com- 
plicated angular dependence of Ee'S(r). Several simplify- 
ing approximation concerning the right hand side of  Eq. 
(3) as well as the quantities Qe,S and o ' ( r )  in Eq. (1) can 
be made without affecting the general conclusions to be 
drawn from the results. Since the majority of the defects 
(SIAs) accumulating in the vicinity of the dislocation are 
not produced there but come from outside, P at the right 
hand side of Eq. (3) may be neglected. For establishing the 
conditions for defect accumulation near a dislocation it is 
sufficient to consider the initial stage where the second 
term at the right hand side of Eq. (3) may be neglected too. 
Both assumptions imply that the extension of the region of 
efficient interaction, r < r t, is small compared to the over- 
all diffusional mean free path A = k -~, i.e., rt << k -~. 
Under these conditions, we may start from d i v j ( r )  = 0. In 
this case, P - DcZk 2 enters only via the embedding of the 
dislocation and its close environment into the effective 
medium. 

On the other hand, the strain tensor Qe,~ may be 
assumed to be isotropic and the difference between the 
equilibrium and the saddle point configuration may be 
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Table l 
Relaxation volumes of self-interstitial atoms, AV i, and vacancies, 
,~V,, in the unit of atomic volume [36] 

fcc bcc 

AI Ni Cu Pt Au Fe Mo 

A V , / 1 2  1.9 1.8 1.55 1.8 - 1.1 1.1 

AV~/.Q -0.05 -0 .2  -0.25 -0 .2  -0.15 0.05 -0.1 

neglected (except for the barrier against the final absorp- 
tion step in the second case illustrated in Fig. 5b). Assum- 
ing further elastic isotropy, the energy of a defect of 
relaxation volume AV in the strain field of an edge 
dislocation of Burgers vector b may be written as [34] 

1 I + u  
E(r )  = - ( a c o s  q:)/r, with a tx2~Vb, 

37r 1 - ~, 

(4) 

where r is the distance between the defect and the disloca- 
tion, ~ is the angle between the distance vector and the 
direction of maximum dilation (see Fig. 7), u is Poisson's 
ratio and /x is the shear modulus of the medium. An 
estimate on a homologous basis, A = 7kTmbAV/-(L is 
obtained by assuming u =  1 / 3  and /x12= 35kT m [6,7] 
where -(2 is the atomic volume and T,,, is the melting 
temperature. This corresponds to an upper bound estimate 
for the effective trapping radius given by r t = flA = 
7(Tm/T)(AV/I2)b ( =  20b for T =  0.35T m and A V =  .(2). 

In the present context, the difference between the val- 
ues of AV for SIAs and vacancies in metals is important. 
~V/.(2 is positive for SIAs with values between I and 2, 
and it is negative for vacancies with values between 
- 0 . 0 5  and - 0 . 2 5  (see Table 1). Thus, according to Eq. 

(4), the interaction is not only opposite (and attractive in 
opposite directions) but also considerably weaker (by an 
order of magnitude) for vacancies than for SIAs. 

For solving Eq. (3), the boundary conditions must be 
specified. Close to the dislocation core, thermal equilib- 
rium defines the defect concentrations [37,38]. Since the 
corresponding values are negligible compared to typical 
irradiation induced defect concentrations in the tempera- 
ture range of interest (annealing stage IV), even though 
their relative local variations may be very large, we may 
assume c- -*0  for r ~ 0 .  For large r, c must reach a 
direction independent value to be determined by an appro- 
priate embedding procedure. Under these and the other 
conditions mentioned above ( r  t << k -~)  the complicated 
general solution [38] for Eq. (3) with P - D c k  2= 0 to- 
gether with Eqs. (2) and (4) simplifies to [37] 

c ( r ) = C F ( r ) ,  with F(r )  

= ( 2 w )  ' e x p [ f i A ( c o s q ~ ) / 2 r ] K o ( ~ S A / 2 r ) ,  

(5a) 

where K o is the modified Bessel function of zero order 
and C is an integration constant to be determined by the 
embedding procedure. This is done by considering an 
appropriately weighted partitioning of the defects over the 
available sinks. Thus, the total defect flux per unit length 
to one dislocation, defined by the behaviour of Eq. (5a) for 
r ~  as l = 2 q v r j ( r ~ ) = D C ,  must be equal to the 
production rate, P, per overall sink strength, k 2, weighted 
by the ratio of the dislocation bias factor, Z", to the 
average bias factor, Z. This yields 

C -- z d p / D Z k  2 . ( 5 b )  

Principally, the solution of the complete Eq. (3) including 
the right hand side is required to determine the dislocation 
bias factor Z a. A reasonable approximation is obtained by 
matching the approximate solution according to Eqs. (5a) 
and (5b), valid for r << k -  ~, at an intermediate distance R 
satisfying r~ << R << k ~, to the cylindrically symmetric 
solution of the complete Eq. (3) for vanishing interaction, 
valid for r >> r~, with the following result for the disloca- 
tion bias factor Z 't 

Z d = 2 7r/lln e2~'k;Ba/8[, (6)  

where y = 0.5772 is Euler's constant and R cancels out. 
In Fig. 8, the spatial dependence of the defect concen- 

tration near a dislocation is illustrated in plots of F(r) vs. 
r as given by Eq. (5a) for the directions of maximum 
attraction and repulsion ( ~ p = 0  and ~p=rr  for SIAs), 
respectively. Fig. 8 shows clearly that even on the attrac- 
tive side the defect concentration decreases monotonically 
with decreasing distance from the dislocation - -  opposite 
to what one could expect intuitively. This decrease occurs 
in spite of the contraction of the effective cross section for 
the defect flux with decreasing distance from the disloca- 

e-i 

t--- 
O 

2 attraction f ~ ~ - ~  
c 

O 
(.5 ,/ re0uson 
z 

0 0 1 2 3 4 5 
Normalized Distance from Dislocation ~=r/13A 

Fig. 8. Normal ized detect  concentrat ion,  ( D Z k 2 / z d p ) c  - F(,~) 

vs. normalized distance from the dislocation, s c = r/fiA, lot 
maximum attraction and repulsion, respectively, according to Eqs. 
(5a) and (5b). 
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tion, an (thus invalid) argument for enhanced SIA accumu- 
lation used by Kiritani [16]. 

The reduction of the concentration of each type of point 
defect everywhere close to the dislocation even on the 
respective attractive side is, however, not sufficient to rule 
out enhanced agglomeration of one or the other type of 
cluster since the nucleation and growth of such clusters is 
controlled by the difference in the absorption of SIAs and 
vacancies rather than by the absorption of just one of these 
two types of defects. 

3.2. Cluster growth near dislocations 

The minimum requirement for the accumulation of a 
certain type of defect in a corresponding type of cluster is 
that an existing cluster of this type is able to grow. In the 
framework of the standard rate theory approach, the accu- 
mulation of defects in clusters, say of SIAs in SIA clusters, 
ic, may be described by the increase of the concentration 
of these defects in clusters as 

Cic = ( D i c i Z i  ic - D v c v Z i v C ) k i 2 c ,  (7) 

where D i ,  D v are the diffusion coefficients, c i, c v are the 
concentrations and Z~ c, Z~ c are the bias factors for the 
absorption by clusters of SIAs and vacancies, respectively, 
and k~ is the sink strength of the clusters. An analogous 
expression holds for vacancies in vacancy clusters. For 
steady state, the defect flux quantities D~c i and DvC v may 
be expressed by the production rates Pi,v, and sink strengths 
Zi,vk 2 using Eq. (3) (recombination ignored), and their 
spatial dependencies close to a dislocation may be ac- 
counted for by using Eqs. (5a) and (5b), according to 

O i v C i  , ( r )  = P i , v  { 1 globally, 
• " Zi,vk 2 ZdvFi.v(r)  locally, (8) 

where k 2 is the total sink strength, Z~,~ are the average 
bias factors, Zdv are the dislocation bias factors and Fi,v(r) 
are the functions defined by Eq. (5a) using in the constant 
A the specific values AVi, v for the relaxation volume of 
SIAs and vacancies, respectively. Using Eq. (8) with Pi = 
Pv = P (no 'production bias' [6]) we may write Eq. (7) in 
the general form 

~ = A ( r )  Pk~ /k  2, (9) 

where we have introduced a kinetic factor A(r) for clus- 
ters growth as the growth rate of the density of defects in 
clusters c per unit displacement dose and fractional sink 
strength, according to 

A ( r )  = Z.C,/Zi - ZCv/Zv globally (lOa) 

A( r)  = ( Z~Zid/Zi)Fi( r)  - ( z c z O / Z v ) F ~ (  r) locally. 

( lOb) 

A(r)  is defined such that it is positive for the growth of 
SIA clusters and the shrinkage of vacancy clusters, and 

F • T I I I 

0.3- 1 
-- • A , ~" 0.2b :4 

< i I ~ 
~ 0.1! ~ 

1.1_ 0 . . . . . .  

-0.3-0"2 ~ vc/d 

-3 -2 -1 0 1 2 3 
Normalized Distance ~i=drti 

Fig. 9. Kinetic factor for cluster growth, A(r), defined by Eqs. 
(10a) and (10b) vs. distance from the dislocation, r, normalized to 
the SIA trapping radius rti = flA i (=  8 nm) for SIA (ic) and 
vacancy clusters (vc) in a microstructure dominated by disloca- 
tions (d) and voids (v), respectively. A(r) is positive for SIA 
cluster growth and vacancy cluster shrinkage and negative in the 
opposite cases. The differences to values of ~l(r) away from the 
dislocation are indicated by arrows at the left and right hand sides. 
The curves for the combinations ic/d and vc /v  are identical for 
the assumptions made. 

negative for the shrinkage of SIA clusters and the growth 
of vacancy clusters• 

For the further discussion, we assume that (even small) 
dislocation loops are characterized by the same bias factors 
as dislocations, Z~, c = Zdv (which are, of course, different 
for SIAs and vacancies) and that all types of vacancy 
clusters including cavities and stacking fault tetrahedra are 
'neutral', Zi'v c = 1. Under these assumptions we then con- 
sider growth (or shrinkage) of SIA (ic) and vacancy (vc) 
clusters for the two extreme microstructural conditions of 
dislocation (d) and vacancy cluster (v) dominance. For the 
corresponding four combinations i c / v ,  i c /d ,  v c / v ,  vc /d ,  
the cluster growth factors A(r)  defined by Eqs. (10a) and 
(10b) are plotted against the distance from the dislocation 
in Fig. 9. The differences to values far away from the 
dislocation are indicated at the left and right hand side by 
arrows. To illustrate the effect of the interaction of vacan- 
cies with a dislocation on cluster growth near the disloca- 
tion we overestimate the vacancy relaxation volume to be 
AV v = AVi /5  = 0.3/2 (see Table 1) such that the effective 
trapping radius for vacancies reaches 1.6 nm as compared 
to 8 nm for SIAs at T = Tm/3. The dislocation bias factors 
Z~v have been calculated with use of Eq. (6) for k 2 = 10 j2 

d _ _  m -2 and T = T m / 3  to Z d = 1 . 0 9  and Z v - 0 . 8 5  corre- 
sponding to a relative bias factor of z d / z $  = 1.28. 

Fig. 9 shows that the SIA cluster growth rate is reduced 
at the dilatational side of the dislocation ( s ~ > 0) compared 
to the growth rate far away from the dislocation for a sink 
structure dominated by (neutral) vacancy clusters ( ic /v) .  
When dislocations dominate ( ic /d) ,  existing SIA clusters 
would even shrink (za ( r )<  0) for not too small reduced 
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distances ~ = r/rti > 0. Only very close to the dislocation, 
at ~:_<0.5, the growth factor A(r )  for the case i c / d  
becomes positive due to vacancy depletion there, and SIA 
cluster growth would be formally 'enhanced'  there since 
far away from the dislocation A(r)  vanishes in this special 
case. Close to the dislocation, J ( r )  remains, however, at a 
low level and the maximum is at s c = 0.1 corresponding to 
distances less than 1 nm where, in fact, SIA depletion 
rather than accumulation is observed experimentally. The 
negative values of J ( r )  for the i c / v  and i c / d  curves at 
the compressive side of the dislocation ( s  ~ < 0) show that 
SIA clusters cannot develop there under any microstruc- 

tural conditions. 
From these results we may conclude that the accumula- 

tion of SIAs in the form of clusters near dislocations over 
regions of tens of nm cannot be rationalized in terms of the 
production, three-dimensional diffusion and agglomeration 
of single SIAs. This conclusion does not change qualita- 
tively in the case of a production bias, Pi :¢: Pv, associated 
with defect cluster production in cascades. Thus, a higher 
production rate of single SIAs, P~ > Pv, would result in an 
increase of SIA cluster growth. However, this increase is 
smaller for clusters close to a dislocation than for those 
that are far away from it. In the opposite case, P, > P,, 
SIA cluster growth would be reduced far away as well as 
close to the dislocation, without changing the relation 
between both regions qualitatively. 

The results for vacancy cluster growth are quite differ- 
ent as shown in Fig. 9. In the case of void dominance 
(vc /v ) ,  vacancy cluster growth may be enhanced even in 
the dilatational region, but the enhancement is more pro- 
nounced in the compressive region and is not affected by 
the overall sink character ( v c / v  as well as vc /d ) .  This 
enhancement occurs over a distance of several rti COlTe- 
sponding to tens of nm and is due to SIA depletion rather 
than to the interaction of vacancies with the dislocation 
which is restricted to a much narrower range (less than 1.6 
nm). Accordingly, the accumulation of stacking fault tetra- 
hedra in a wide region (about 20 to 30 nm) adjacent to a 
dislocation in electron irradiated silver as shown in Fig. 1 
may be explained by substantial SIA depletion in that 

region. 
Finally, we return to the second case illustrated in Fig. 

6b (dislocation as a poor sink, reaction limited SIA anni- 
hilation). In this case, the SIA concentration close to the 
dislocation increases with time until it has established a 
kind of Cottrell cloud [25] with a quasi-equilibrium distri- 

bution 

c , ( r )  --- c~ exp( - ~ E e ( r ) ) .  ( l  l )  

According to Eq. (11), the SIA concentration is strongly 
enhanced in a region on the attractive side of the disloca- 
tion where [3E~(r) < - I, occurring for r < 20b at tem- 
peratures around Tin~3. This enhancement is even accentu- 
ated in the SIA clustering rate which depends at least 
quadratically upon the SIA concentration. SIA clustering 

will therefore be particularly high in the immediate vicin- 
ity of the dislocation core. This behaviour is opposite to 
that in the diffusion limited case described by Eqs. (5a) 
and (5b). SIA precipitation at the core of the original 
dislocation will, however, lead to a reconstruction of a new 
clean dislocation suppressing further SIA clustering as 
discussed above for the first case. We emphasize here that 
blocking of dislocations by impurities is anyway very 
unlikely in well annealed pure metals where decoration of 
dislocations with loops has been found to be most pro- 

nounced. 
So far, we have assumed that the diffusion of the SIAs 

is three-dimensional and concluded that, in this case, no 
enhanced SIA clustering would occur near dislocations. In 
the present context, we should also consider the possibility 
of SIAs produced in the crowdion configuration which 
would be constrained to one dimension and thus could be 
trapped by a dislocation without getting absorbed by it. 
There is, however, general consensus that in the strong 
distortion field of a dislocation crowdions, even if they 
were metastable in the undistorted lattice, would readily 
convert to the three-dimensionally migrating dumb-bell 
configuration which would annihilate at the dislocation. In 
the following section, we shall, however, consider the 
possibility of a one-dimensional migration of defects pro- 
duced in the perfect loop configuration (coupled crowdions 

[29]). 
We may summarize this section by stating that the 

observed decoration of dislocations with SIA loops is most 
likely not due to a preferential clustering of single SIAs in 
the neighbourhood of such dislocations. 

4. Accumulation of glissile loops near dislocations 

It is now well established that in displacement cascades 
a substantial fraction of SIAs are produced in the form of 
clusters [27-30] and that some of these clusters are glissile 
[29]. Such a loop may perform a thermally activated 
random glide motion until it gets trapped in the strain field 
of another defect cluster or a dislocation [6,7]. 

There are two important aspects in the kinetics of 
one-dimensionally migrating defects in comparison to the 
kinetics of three-dimensionally migrating defects: (1) the 
range of free migration and (2) the frustrated absorption 
once the defect is trapped in the strain field of another 
defect. The crucial quantity characterizing the range of a 
one-dimensionally migrating defect is its mean free path. 
For a defect of configuration i migrating one-dimension- 
ally in a crystal containing a number density c i of defects 
of configuration j with effective interaction cross section 
~ri~ = wri 2 and a line density p of dislocations with effec- 
tive interaction diameter d i the reciprocal mean free path 
•i - A i i  is given by [6,7] 

K, - A i ' = Y'~ o i j c  i + d i ~ ,  ( 1 2 )  
i 
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region of loop repulsion 

' I ' ' I , 

I I 

region of loop accumulation 
Fig. 10. Sketch of regions of strong attractive and repulsive elastic 
interaction between an interstitial type dislocation loop and a 
straight edge dislocation. Loop accumulation will occur in the 
region of strong attractive interaction. 

where /3 = "trp/4 is the dislocation line length per unit 
volume projected on a plane perpendicular to the migration 
direction, trij and d i are determined by the mutual elastic 
defect interaction. 

The most striking feature resulting from Eq. (12) is that 
for low and moderate defect densities, C i and p; the 
ranges of small glissile loops are of the order of several 
Ixm and are thus significantly larger than for three-dimen- 
sionally migrating point defects. Consequently, the mi- 
crostructural evolution occurs, particularly at low doses 
and in well annealed pure metals in a very heterogeneous 
fashion characterized by a large-scale segregation of SIA- 
type and vacancy type defects. Under such conditions, a 
grown-in dislocation would have a large drainage area for 
accumulating glissile loops in its neighbourhood. 

As for a single SIA, the elastic dipole approximation 
for the interaction of a small loop with the stress field of 
another defect such as a dislocation is given by Eq. (1) 
(see Fig. 10). For a loop, the strain tensor may be written 
a s  

Q k t = A k b t ,  w i t h A . b = A k b k = n i O ,  (13) 

where A is the area vector of the loop, b is its Burgers 
vector (BV) and n i is the number of SIAs in the loop. A 
small glissile loop is assumed to perform a virtually free 
thermally activated one-dimensional random walk as long 
as the interaction with other defects is below kT (region 1 
in Fig. 12). The motion of a loop will be significantly 
affected by the interaction where this is larger than kT 
(region 2 -5  in Fig. 12). Using p , f / =  35kT m [6,7] in 
estimating the magnitude of the interaction energy we 
write 

IEI _< 0.351xg2ni/r  = 12bnikTm/r ,  (14a) 

I E I > k T  for r <  12bniTm/T.  (14b) 

The angular dependence of the interaction energy is 
characterized by attractive and repulsive directions as 
sketched in Fig. 10. Glissile loops will be trapped at the 
attractive side. It should be noted that the upper bound 
estimates for the interaction energy and the range where its 
magnitude is larger than kT as given by Eqs. (14a) and 
(14b) are meant for the most strongly interacting disloca- 
t ion/ loop configuration (both mainly of edge type, parallel 
BVs) and are thus substantially higher than the estimates 
for the 'average interaction' given in Refs. [6,7]. Accord- 
ing to Eq. (14b) a maximum range as high as 90 nm is 
estimated for b = 0.25 nm, n i = 10 and T = Tin/3. 

Except for a direct encounter of a glissile loop with a 
dislocation, the loop will generally be trapped in a 
metastable state. Absorption of such a loop by the disloca- 
tion requires a change in the direction of motion of the 
loop either by a thermally activated BV change or by 
conservative ( 'self ' )  climb via core diffusion, or a mutual 
approach of the loop and the dislocation by a joint motion 
in the case of non-parallel BVs (see Fig. 11). In the latter 
case, the loop would be readily absorbed. In the former 
case the real fate of a trapped loop depends, via the 
interaction energy, on its distance from the dislocation (see 
Fig. 12). In the outer part of the trapping region (region 2), 
thermally activated detrapping will dominate but the inter- 
action with other loops or even loop clustering in this 
region may impede detrapping. Somewhat closer to the 
dislocation (region 3), thermally activated BV changes 
and /o r  conservative climb will dominate. In approaching 
the dislocation further, the barrier against BV changes or 
climb may disappear and the motion may become unstable 
(region 4). When the loop comes very close (i.e., within a 
few b) to the dislocation (innermost region 5) it may 
disintegrate in a kind of melting process and get incorpo- 
rated into the dislocation [24]. Because of their relatively 
high mobility, isolated small loops will not form strong 
obstacles for glissile dislocations but will be sucked in by 
such dislocations [26]. 

The density of loops built up in the neighbourhood of a 
dislocation will depend on the loop arrival rate determined 

_J_ J_ ± 
¢1 i i  ~ l 

I 

(a) (b) (c) 

Fig. 11. Possible configurations for the trapping and absorption of 
a glissile loop by a dislocation segment, (a) metastable trapping 
state for parallel Burgers vectors, (b) metastable trapping state at a 
sessile dislocation segment for nonparallel Burgers vectors, (c) 
absorption of a loop by a joint motion with a glissile dislocation 
segment. In cases (a) and (b), absorption requires Burgers vector 
change or climb of the loop. 
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Fig. 12. Sketch of characteristic regions in the interaction of a 
glissile interstitial loop with an edge dislocation. In region 1, 
I EI_< kr, the loop performs a one-dimensional random walk 
motion. In regions 2-5. I EI-> kT. the motion of the loop is 
significantly affected by the interaction with the dislocation. In 
region 2, thermally activated detrapping dominates over changes 
in the direction of motion of the loop but the interaction with 
other loops may impede detrapping. In region 3, thermally acti- 
vated BV changes and/or conservative climb dominate. In region 
4, the loop motion becomes unstable and, in region 5. the loop 
disintegrates and gets incorporated into the dislocation. 

by the cascade induced glissile loop production rate and 
the loop trap (dislocation) density. For low loop arrival 
rates (low loop production rate/high dislocation density) 
loop interaction and clustering is negligible. In this case. 
the outer boundary of the region where BV changes and 
climb becomes dominant (region 3) defines the loop ab- 
sorption range of the dislocation. For high loop arrival 
rates (high loop production rate/ low dislocation density), 
loop interaction and clustering will reduce the detrapping 
rate as well as the rate of BV change and climb. In 
addition, loops may become sessile by faulting. These 
processes will lead to an accumulation of loops in the 
corresponding regions (region 2 and 3). Thus, lot the 
limiting case of very high loop arrival rates, the initial 
extension of the region of decoration is given by the 
boundary of the trapping region (90 nm in the above 
example). Virtually no loop accumulation will occur in the 
inner regions of rapid unstable approach (4 and 5) where 
the loop density is expected to remain very low. Accord- 
ingly, the extension of these regions defines the 'stand-off 
distance' [24] between the loop ensemble and the disloca- 
tion. 

For a quantitative estimate of the loop behaviour in the 
most important regions of possible loop accumulation 2 

and 3. thermally activated BV changes and conservative 
climb must be considered in some detail. For the average 
time between two BV changes we may assume an Arrhe- 
nius behaviour 

T h r/) exp([.JEb), (15)  

where the pre-exponential term r~ is estimated to be of the 
order of 10 ~ s. Unfortunately, not much is known about 
the activation energy E~,. In MD studies of cascade defects 
in Cu, the change in the BV of a cluster consisting of four 
SIAs ('coupled crowdions') has been observed [29]. From 
the life time of a given configuration a relatively low value 
of 0.4 eV has been estimated for the barrier against this 
transformation. E b certainly increases with increasing loop 

~/2 if the BV change size and would be proportional to n i 
were controlled by the sweeping of a partial dislocation 
across the loop area. 

The drift velocity of a loop climbing in a force field is 
given by 

v ( r )  = - / 3 D , V E ( r ) ,  (16) 

where D I is the (two-dimensional) diffusion tensor of the 
loop. Below 0.5 T m, the fastest climb mechanism is conser- 
vative 'self-climb' by dislocation core diffusion the activa- 
tion energy of which may be expected to be comparable 
with those for self-diffusion along dislocations and grain 
boundaries [7] which are around 9 k T  m. This conservative 
loop climb is characterized by a loop diffusion coefficient, 
l )  u, which is proportional to the dislocation core diffusion 
coefficient D,l c and decreases with increasing size n, as 
D n = D d j n ~ / 2 .  Integrating Eq. (16) for E ( r )  oc 1 / r  we 
may estimate the time required for a loop to reach the 
dislocation as 

~<--- r - ' / [ 3 ~ l E ( r ) n , ] .  (17) 

The quantitative evaluation of these processes remains 
uncertain, particularly for BV changes because of the 
uncertainty concerning their activation energies. We may, 
however, deduce lower bound estimates for the activation 
energies of both processes simply on the basis of the 
experimental fact that decoration of dislocations by loops 
occurs and in our view this must be due to the capture of 
glissile loops by such dislocations. Because of the low 
values of the activation energy for thermally activated 
glide, the glissile loop concentration between the existing 
dislocations (similar as the single SIA concentration) will 
reach quasi-steady state very soon after the beginning of 
irradiation. In this situation, the rate of absorption of loops 
by sinks equals their production rate, P]. Assuming for the 
moment that the glissile loops are really absorbed by 
dislocations their flux per unit length may be expressed by 
their density per unit length within the trapping region, N r, 
over the average time required by them to reach the 
dislocations by BV change and climb (without being de- 
trapped before) T~,.c. Assuming furthermore that the dislo- 
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cations of density p form the dominant sinks for glissile 
loops we may write the balance equation as 

PI = P N , / ' r b . c .  (18) 

Using this equation, N I could be estimated if the other 
quantities were known. Assuming, for instance, Pi 12 = 
10-2pd12 = 10-8/S,  where PdJ'2 is the NRT displacement 
rate, p = 10t2/m 2 and ~'b values estimated on the basis of 
MD [29] and Eq. (15) for four coupled crowdions at 0.4T m, 
we find a negligibly small value of about 5 / m  meaning 
that such clusters would be virtually instantaneously ab- 
sorbed by dislocations, like single crowdions, and thus 
would not contribute to decoration. In fact, loop interaction 
and immobilization by clustering would require a suffi- 
ciently large loop density per unit dislocation length, say at 
least 1 / 100 nm. Leaving the other numbers unchanged we 
obtain with this condition lower bound estimates for the 
activation energies for BV change and climb which would 
allow loop immobilization by agglomeration. Using Eqs. 
(15) and (17) we find E b >_ 9 k T  m for both BV change and 
climb. The relatively large lower bound value for E b 
compared with the value for four coupled crowdions means 
that the glissile loops contributing to decoration must be 
substantially larger than this configuration, perhaps up to 
n i --- 20. Our above assumed activation energy of 9 k T  m for 
climb is consistent with decoration up to about 0.4T m. 

Under these conditions, loop absorption by a disloca- 
tion would be sufficiently reduced to allow mutual block- 
ing by accumulation in regions 2 and 3. Loop clustering 
may be described similarly as for single defects. The 
formation rate of closely bound loop pairs will be en- 
hanced in region 2 at least by a factor of e 2 -~ 7.4 accord- 
ing to a second order chemical reaction. Thus the primary 
extension of the region of decoration may be of the order 
of 100 nm as estimated by Eq. (14b). We do not discuss 
details here but confine ourselves to a qualitative descrip- 
tion of the decoration process. The conditions for the 
occurrence of loop accumulation near dislocations will be 
discussed in more detail elsewhere [39]. 

In Fig. 13, the characteristic phases of the decoration 
process are sketched schematically. In the first phase, loop 
trapping in the region of strong attractive interaction oc- 
curs resulting in loop accumulation in spite of partial 
detrapping and absorption; loop clustering and growth 
(coarsening) are still negligible; quasi-equilibrium concen- 
tration ('Cottrell cloud') and quasi-steady state concentra- 
tions of loops are established in regions 2 and 3 of Fig. 11, 
respectively. The second phase is characterized by loop 
agglomeration and growth under continued loop trapping; 
a repulsive force against further loop trapping gradually 
builds up. In the third phase, loop trapping ceases and the 
SIA content in the primary trapping region saturates since 
the attractive stress field of the leading dislocation is now 
fully compensated by the existing loops. Concerning the 
stress field, the whole dislocation/loop configuration is 
equivalent to a dislocation shifted by the extension of the 

2_ _1_ _L_ ± 

Fig. 13. Sketch of characteristic phases in the decoration of 
dislocations with loops: (1) loop accumulation by trapping in 
region of strong attractive interaction; loop clustering negligible; 
(2) loop clustering and growth (coarsening) under continued trap- 
ping; building up of repulsive counter force field; (3) saturation of 
SIA content in the primary region of loop accumulation; growth 
of the structure by loop trapping away from the dislocation 
resulting in wall formation; (4) exhaustion of loop supply due to 
the overall build-up of the microstructure; coarsening, shrinkage 
and disappearance of the loop structure. 

primary region of loop trapping. Loop trapping occurs now 
only ahead of the existing structure where the elastic 
interaction remains attractive. Accordingly, the structure 
grows by further loop trapping in the direction where the 
interaction is strongest, i.e., away from the leading disloca- 
tion, and begins to form a dislocation wall there. In a 
possible late fourth phase the supply of glissile loops may 
exhaust due to the overall build-up of the microstructure. 
In such a phase, loop coarsening may result in a shrinkage 
or even disappearance of the pronounced structures occur- 
ring in the third phase. 

This scenario is able to explain the observed features of 
the decoration of dislocations by small dislocation loops. 
The specific conditions for the occurrence of the processes 
will be discussed elsewhere [39]. 

5. Conclusions 

In many microstructural studies of neutron irradiated 
metals segregation of small dislocation loops of SIA type 
in the vicinity of grown-in dislocations in the form of a 
'Cottrell-like' atmosphere, or in 'rafts' of loops and 'walls '  
of loops and dislocation segments has been observed. In 
the present paper, possible mechanisms for this phe- 
nomenon associated with cascade damage conditions have 
been considered. The main conclusions may be summa- 
rized as follows. 

(1) The phenomenon cannot be rationalized in terms of 
strain enhanced agglomeration of single three-dimension- 
ally migrating SIAs since the strain field of a dislocation 
induces a depletion not only in the compressive but also in 
the dilatational region resulting in reduced rather than 
enhanced agglomeration of SIAs. SIA depletion, particu- 
larly at the compressive side, may, however, induce en- 
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hanced vacancy agglomeration as has been occasionally 
observed after electron irradiation. 

(2) The present  analysis suggests that the trapping and 
accumulation of  SIAs near dislocations would require a 
restriction of  the dimension of  the SIA migration which is 
most efficient for the case of  a strictly one-dimensional  
motion. Any transversal component  in the motion or a 
discrete change in the migration direction must be rela- 

tively small or rare, respectively, to ensure efficient SIA 
accumulation. It seems highly unlikely that a possibly 
metastable one-dimensional ly  migrating crowdion could 

fulfill this requirement since this defect  configuration would 
certainly be unstable in the strong distortion field of  a 
dislocation. Coupled crowdions in the form of  glissile 
perfect  SIA loops, on the other hand, could easily fulfil 
this requirement.  We, therefore, consider  the decoration 
phenomenon to be due to the glide and trapping of  glissile 
SIA loops directly produced in cascades.  

(3) Small loops trapped in the strain field of  a disloca- 
tion may be detrapped by thermal activation. Before this 
occurs they may approach the dislocation by thermally 
activated changes in the Burgers vector a n d / o r  by conser- 
vative climb. Thus, decoration of  dislocations with loops 
requires that a single trapped loop is immobil ized by other 
loops before it is detrapped from or absorbed by the 

dislocation. This requirement makes the dislocation deco- 
ration phenomenon  dependent  upon the dislocation den- 
sity, the loop production rate, the rate of  Burgers vector 
change, the climb velocity and temperature. More detailed 
model ing is needed to establish these dependencies  quanti- 

tatively. 
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