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Abstract

Addition of impurities to vanadium can substantially enhance its swelling. However, the swelling is accelerated only
by ‘undersized’ and not by ‘oversized’ impurities. In this report we propose a mechanism of swelling acceleration in
vanadium, which is based on the impurity effect on the elastic interaction of dislocations with point defects. It is shown
that the segregation of impurity atoms at dislocations modifies the dislocation bias, the sign of the bias correction being
opposite to that of the impurity misfit. Such bias modification should affect the swelling in qualitative agreement with

the existing experimental observations for vanadium alloys. © 1999 Elsevier Science B.V. All rights reserved.

PACS: 61.80.Az

1. Introduction

Addition of solutes to structural materials can sub-
stantially modify their swelling behavior. For example,
the addition of approximately 1 wt% Si noticeably de-
creases the swelling of Fe-Cr-Ni alloys, whereas 0.2
wt% Si sharply increases the swelling [1]. The most
pronounced effect of impurity on swelling was observed
during irradiation of vanadium alloyed with iron [2] or
chromium [3]. Although pure vanadium, like all bcc
metals, exhibits very low swelling as compared to aus-
tenitic stainless steels, addition of 5-10 wt% of solutes
can increase the swelling rate of vanadium by two orders
of magnitude, making it comparable to or even higher
than that in fcc metals. One of the most striking features
of the vanadium swelling acceleration by solutes is re-
lated to the effect of solute atomic size misfit. It has been
demonstrated that swelling is accelerated only by ‘un-
dersized’ solutes (Fe,Si,Cr), whereas those ‘oversized’
(Mo,W) do not modify the swelling rate [4].

The microstructural reasons for the effect of
swelling acceleration by undersized solutes is not yet
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firmly established. As demonstrated by high-voltage
electron microscopy [5], the dislocation evolution is
not sufficiently modified in order to explain such
enormous differences in swelling rate. An alternative
possibility can be related to solute segregation at dis-
locations. As demonstrated by TEM [2], the onset of
enhanced swelling in V-5%Fe is preceded by solute
accumulation at dislocation lines and therefore it
seems reasonable to assume that the reason for the
swelling enhancement is related to modification of
dislocation bias for interstitial absorption by these
solute atmospheres.

The only analytical model devoted to the study of the
modification of point defect absorption rate at disloca-
tions [6] is based on the inverse Kirkendal effect ac-
companying solute segregation. It was demonstrated
there, however, that this effect can only diminish dislo-
cation bias and thus cannot explain the acceleration of
swelling observed in Refs. [2,3].

In this work we propose another mechanism for
dislocation bias modification by solute atmosphere. This
mechanism is based on the fact that the primary reason
for dislocation bias is the elastic interaction of disloca-
tions with point defects [7]. In the cases when solute
noticeably modifies the swelling behavior of a host ma-
terial, the size of solute atoms is noticeably different
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from that of the host material atoms and thus solute
segregation at dislocations should be accompanied by
changes of the dislocation stress fields and, conse-
quently, of dislocation bias factors for vacancies and
interstitials.

2. Modification of dislocation stress field by solute
atmosphere

Let us assume that the average concentration of im-
purity in material is C,o < 1 and spatial variations of
solute concentration are due only to the formation of
solute atmospheres around dislocations. Then the solute
concentration near a dislocation (i.e. in the cylindrical
‘influence cell’ V4 around the dislocation with the cell
radius Ry ~ (mpy) "%, where pq is the dislocation den-
sity) can be described as

Co(r) = Coxc ¥ (r), (1)
where
P(r) = exp (BU) 2)

~ Pa Jy, exp(BU) dr”’

U, is the energy of the solute interaction with disloca-
tion, f=1/kT and kT has its usual meaning.

A particular spatial dependence of U, depends on the
solute distribution near the dislocation, in particular
whether precipitation of the solute in dislocation core
occurs. Below we assume that U, is determined by
elastic interaction of solute atoms with the trace of the
dislocation stress field (Cottrell atmosphere), so that U,
is equal to [8]

Rysin 0
U, = —kTe, ~>0 7 (3)
r

where ¢, is the solute atom dilatation, » and 0 are cyl-
indrical coordinates related to the chosen dislocation
and R, is the radius of point defect elastic interaction
with the dislocation strain field,

(I—2v)
~2n(1 fv)y ’ )

where y = fKQ, K is the bulk modulus of the material, Q
the atomic volume of the host material and b the value
of the dislocation Burgers vector. In structural materials
at typical irradiation temperatures of T ~ 600-800 K
the value of y is of the order of 10.

Solute atoms create in the surrounding material
stress fields with the trace ou(r,r') = 3KQe d(r-1'),
where r is the observation point, r' the position of a
solute atom, and ¢ the Dirac’s delta function [9]. The
trace of the total stress field, g,(r), created by solute
atoms in the vicinity of the dislocation is obtained by
integration of o, over the material volume,
04(r) = 3Ke,C,(r). The energy U, of point defect inter-

Ry

action with the united stress field of the dislocation and
the solute atmosphere is then equal to

Rysin 0
r

U, = —kTe, ( + 7€, Cooo ‘P) , (5)
where e, is the point defect dilatation (x=1i for inter-
stitials and « = v for vacancies).

When the solute misfit is small, y!eg‘ < 1, the elastic
interaction of the solute with dislocation is weak ev-
erywhere in the matrix up to the dislocation core radius
ro. Then ¥ ~ 1 + U, and

Rysin 0
U, ~ —kTe,(1 — 7Cynee?) oY (6)

g r

Thus, independent of the sign of the solute volume
misfit, the primary effect of the solute in this case is the
weakening of the dislocation stress field. On the con-
trary, when the elastic interaction of solute atoms with a
dislocation is sufficiently strong at least near the dislo-
cation core (|eg|Ry/ro = 1), Eq. (1) predicts the segre-
gation of the solute in the regions of local material
compression (e,< 0) or tension (e, > 0) near disloca-
tions and noticeable depletion of solute in the material
matrix. Correspondingly, the angular dependence of U,
becomes strongly asymmetric.

3. Diffusion problem for point defects

The concentration C, of a-type point defects in a cell
around a dislocation is determined by the diffusion
equation

VZC“ + ﬁv(CaVUot) = 07 (7)

with the boundary conditions that the concentration
vanishes at the dislocation core radius and is maintained
at a certain constant level C,,, at the outer boundary of
the cell. It is convenient to look for the solution of
Eq. (7) in the form [7]

Cy(r) = Cune " w,, 8)
where w, satisfies the boundary value problem

B
v+ (5720 - L v -0 )
we(r=Rq) =1, (10)
Woc(r:r()):ov (11)

where we have assumed that at the outer cell boundary
pU, < 1. Then the dislocation bias factor Z, for a-type
point defects is given by [10]:

2n

1
Z,=—rp / (va + zﬁWNU,,) e PU/2 4. (12)
0
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Using the bias factors for vacancies and interstitials,
one can obtain one of the main factors that determine
the swelling behavior of materials [11], namely the dis-
location bias for interstitial absorption B = (Z;/Z, — 1).
Below we concentrate on the modification of B by the
solute segregation at dislocations.

Substituting Eq. (5) into Eq. (9), one obtains

2
ﬁWm-%Wwf

2
[eg(l — Co ) — 4ngoce%ez,‘I’] (13

__0

474

In the case of small solute misfit (y|eg| < 1) this re-
lation can be approximated as

2 22
2, B 2, Ree,
BV =7 (VU) = —— =%, (14)
where e,, is the re-normalized point defect dilatation,
_ wC. e_g
e =ey |1 —7y gweg(l-l-Zei)]. (15)

The value of the bias factor in this case has the well-
known form [7]
2n

Zy =1 e
ln(Rd/\ew\Ro)

(16)
and the modification of the dislocation bias B due to the
solute is given by

29C,€(e; — e,
B:BO<1+V"&’()>,

ee, Inle; /e,
where B, is the bias in the absence of impurity. Note that
the modification of B is sensitive to the sign of the solute
misfit. Since usually ¢; > 0 and ¢, < 0, an undersized
solute (e, < 0) increases the dislocation bias, whereas an
oversize solute decreases it.

Due to the requirement of small solute misfit, eg| <
1/y =~ 0.1 and at typical dilatation values ¢; ~ 1.2, ¢, ~
—0.2[12] and C,oo =~ 5% the value of the correction term
in Eq. (17) does not exceed 0.5%. However, in applica-
tion relevant materials the values of solute volume misfit
can reach 0.3-0.4 (e.g. for iron or silicon impurity atoms
in vanadium [4]), when the approximation y eg| < 1is
no longer valid and Eq. (9) should be solved using the
full expression (13). Since no analytical solution is pos-
sible in this case, we have solved Eq. (9) numerically by
a finite difference method.

The resulting behavior of the bias as a function of
the solute misfit ¢, is shown in Fig. 1. The curves are
obtained for host material parameters corresponding to
vanadium, the dislocation density p; =10% cm~2 and
the temperature 7=800 K. It can be seen that at
leg] = 0.2 the value of the bias factor begins to quite
noticeably deviate from its solute-free value B,. Suffi-
ciently high concentration of solutes with dilatation
leg] ~ 0.3 can increase the bias by a factor of two

(17)
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Fig. 1. Dislocation bias factor B as a function of the solute
dilatation e, for solute contents Cy,, = 1% (a) and 5% (b).

(undersized solutes) or totally suppress the bias (over-
sized solute).

The modification of the dislocation bias can affect
the swelling in two ways. First of all, the swelling rate
at the steady stage is directly proportional to B. How-
ever, the steady swelling rate in vanadium (if achieved) is
expected to reach sufficiently high values of 1-2% dpa
[13] and the modification of B by several tens percent is
not of much importance in accelerating it. Second, the
modification of the dislocation bias changes the critical
radius of the void nucleation R., which is related to B as

~ 2

c — m ) (18)
where D, and 0, are the vacancy diffusion coefficient and
supersaturation, respectively. Since both the void nu-
cleation rate and the swelling incubation time expo-
nentially depend on the critical void size, modification of
B can substantially affect the nucleation of voids, if the
value of R, falls in the range where the void nucleation
barrier is highly sensitive to the critical radius modifi-
cation. The latter condition is sensitive to a particular
material and vanadium seems to be the case where it is
satisfied. If so, the increase of the dislocation bias by
undersized solute should accelerate the onset of swelling
in vanadium alloys as compared to pure vanadium. On
the contrary, oversize solutes can only delay the swell-
ing. Since in pure vanadium the steady-state swelling
does not arise at doses as high as 100 dpa, this means
that the presence of oversized solutes practically do not
affect the swelling behavior of vanadium. Both of these
trends are in good qualitative agreement with the ex-
perimental observations [4].

4. Conclusions

In this paper we demonstrate that the accumulation
of solutes at dislocations in vanadium can noticeably
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modify the dislocation bias for interstitial absorption
and thus affect the onset of swelling. It is shown that
undersized solutes increase the dislocation bias, thus
accelerating the onset of swelling as compared to pure
vanadium, whereas the oversized solutes can only slow
down the swelling (which in pure vanadium is already
quite low). These trends qualitatively correlate with ex-
perimental observations.
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