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ABSTRACT

This report presents the results of an investigation of elevated temperature
irradiation swelling in refractory metals with an objective of understanding
swelling mechanisms in these materials and demonstrating practicality of

swelling-resistant materials. The study was divided intc three phases.

During the first phase, a theoretical model was developed for the swelling in
body-centered cubic (bcc) metals. The model was based on chemical reaction rate
formalism. Calculations were carried out on a model material, niobium, which was
selected for the study. Experimental and theoretical work was conducted to deter-
mine the swelling mechanism. Niobium was irradiated with N&%Q‘ions to a dose of
50 dpa and swellingxwas determined by transmission electron éiéroscopy. A peak
swelling at 900 Cféf 7% was observed. No swelling was observed above 1300 C.

The experimental data were compared to those predicted by the theoretical model.
Reasonable agreements were obtained between the experimental and theoretical
swelling curve when niobium-oxygen interaction was included. Sink strength ratios

were also calculated from the data.

The theoretical model was extended during the second phase to include loop growth/
shrinkage in bcc metals. It was shown that the Little, Bullough, and Wood model was
not strictly applicable. | The difference in bias of <111> and <100> loops and the
high initial dislocation,ﬁensity vwhich decreases with time are not sufficient to
explain <111> loop shripﬁage. Experiments were carried out at 800? and 1000°C

to 0.05 and 5 dpa. Diélocation loops were characterized. High densities, on the
order of 1016 cm'3,’of dislocation loops =10 nm in size were observed at

both temperaturés. Dislocation loops were thoroughly characterizgd and found to

be predominately interstitial in nature with a Burgers vector of 2 <11l1> with some

vacancy loops.

“Tburing the third phase of the program, two alloys, Nb-5Hf and Nb-5W, were irradiated
with Nﬂfﬁialone and with Ngt33+ Hé%%Pver a temperature range of SOSBf

135608. Nb-SHf showed swelling only at high temperatures. However, Nb-5W showed

no swefiing up to 35 dpa. It was thus demonstrated that Nb-5W is a candidate alloy

for high temperature applications in a nuclear reactor environment.

welling resistance to higher doses is recommended for future work.

_ N\
o CH g',.Lj,

/\ -xii-
\

i
Further wbrk to extend both theoretical understanding and experimental verifi-
cation of




1.0 INTRODUCTION

This is the final report of a three phase program on the investigation of
swelling mechanisms in refractory metals at high temperature. The report is
organized into three sections corresponding to each phase of the work. The
Phase I and Phase II reports were published in February 1985 and Jume 1986 in
references 1 and 2, respectively. During the first phase, a theoretical
model was developed and a material, niobium, was selected. Experiments were
carried out to determine high temperature (up to 0.6 T,, where T k6 =

melting point in K) swelling and the model was refined to include effects of
interstitial oxygen trapping. A reasonable agreement between the calculated
and experimental swelling was obtained. The second phase of the program was
devoted to the development of a model for loop growth/shrinkage. Experiments
were carried out to investigate low dose microstructural evolution by
irradiating niobium at elevated temperatures. Dislocation loop structure was
characterized in detail. During the third phase of the program, emphasis was
placed on developing swelling resistant compositions of refractory metal
alloys based on niobium. Alloys containing hafnium and tungsten additions
were irradiated to a high dose with self-ions alone and in combination with
helium ions over a wide range of temperatures. This work showed that
niobium-tungsten alloy is a highly swelling resistant material up to a
temperature of 0.6 T . This is a promising material for applications in
space nuclear reactors. The work on the extension and refinement of a
swelling model developed for pure niobium compared to the alloys was deferred
due to funding limitations. In sections 7.0, 8.0, and 9.0 each phase of the
investigation is described in detail.

2.0 BACKGROUND

Refractory metals and their alloys offer distinct advantages for applications
in nuclear systems where high temperatures are required because they exhibit
high elevated temperature strength, better corrosion resistance in liquid
metal coolants, and better thermophysical properties than other structural
materials. In applications where high temperatures are accompanied by high

neutron fluxes, these materials are expected to experience swelling which

-1-




which is caused by the agglomeration of irradiation-induced vacancies into
cavities and by the production of gaseous transmutation products such as
helium. Unfortunately swelling data for these materials are limited, also
current theoretical treatments of swelling are not directly applicable to
refractory metals since they were developed for face-centered cubic (fcc)

rather than body-centered cubic (bcc) materials,

Recognizing the need for a mechanistic swelling model applicable to

refractory metals, a three phase research program was developed with the

objective of achieving an understanding of the swelling phenomenon that would

apply to all bcc metals. This program builds upon the understanding of
swelling in fcc materials, which have been studied extensively since the
first discovery of voids in stainless steel, and also on the available

swelling information for refractory metals and their alloys.

In the experimental area, this program adopts the techniques of self-ion
irradiations developed for austenitic, iron, and nickel based alloys. This
report summarizes the available literature on refractory metal swelling,
details the development of the theoretical model and the experimental tech-

niques and presents the experimental data generated on swelling and micro-

structure evolution in pure niobium at high and low displacement doses and in

two alloys of niobium containing additions of hafnium and tungsten. The
results of incorporating the data into the theoretical model are given and

recommendations are made for future work.

3.0 PROGRAM OBJECTIVE

The primary objective of this program is to further the understanding of high

temperature (from 0.3 T - 0.6 T ) cavity swelling and microstructural
response of refractory metals to neutron irradiation. The ultimate goal is

to acquire a theoretical understanding of swelling and through this to

demonstrate the practicality of a low swelling alloy for elevated temperature

service. This goal will be achieved by a close coupling of theory
development and controlled experimental studies. The neutron-induced
swelling was simulated by single and dual ion irradiations with self-ions,
and self-ions plus helium, respectively.

-2-




4.0 SIMULATION TECHNIQUES

Over the last fifteen years, techniques have been developed for simulating
neutron irradiation damage in small, transmission electron microscopy (TEM)
size specimens. These techniques have been developed to a high degree of

sophistication(3'7)

and have been proven to be very useful in alloy design
and modeling of microstructural evolution and swelling. Simulation

techniques offer several advantages over in-reactor irradiations:

(a) They can be performed ex-reactor. Heavy ion bombardment is used to
produce the simulated neutron damage. Ion bombardment can be performed

at a number of accelerator facilities around the country.

(b) Irradiation times for a specific dose are three to four orders of

magnitude shorter.

(c¢) 1Irradiation variables such as dose rate, temperature, helium to
displacement per atom ratio (He/dpa) can be varied in a controlled

manner.

(d) The technique is significantly less expensive than in-reactor

irradiations.

(e) The irradiated specimens are not radioactive.

The versatility of the simulation method is of major importance in the type
of work proposed here since a wide variation in irradiation conditions can be
achieved and can be tailored to investigate specific aspects of theoretical

models.

An important modification to the heavy ion bombardment technique is the use
of self-ions. Although difficult to accomplish for refractory metals, the
use of self-ions prevents the possibility of chemical interactions which
might influence swelling behavior.




—

A second modification proposed in this work is the simultaneous bombardment
of the specimens with self-ions and helium. In earlier work, the specimens
were pre-injected with helium to simulate the transmutation-produced gas.
More recently it was realized that nucleation of cavities and subsequent
microstructural evolution in pre-injected specimens differ significantly from

that in specimens under simultaneous bombardment.

In this work, the displacement damage produced by the energetic neutrons is
simulated by high energy (5-6 MeV) self-ions, and the transmutation produced
helium is simulated by irradiating the specimen simultaneously with a beam of
high energy self-ions and a beam of helium ions. The energy of the latter is
adjusted so that the displacement damage and the deposition of helium occur

in the same location in the specimen.
5.0 REVIEW OF IRRADIATION TESTS ON REFRACTORY METALS

The refractory alloy systems are based on vanadium, niobium, molybdenum,
tantalum, and tungsten. Swelling in these metals has received much less
attention than in the austenitic materials, although some attention has been
given to these metals because of their potential use in fusion reactors.
Most of the studies have been limited to relatively low temperatures and the
information in the range of 0.4-0.6 T is scant. The other drawbacks of
these studies are that they deal with existing alloys or metals of
uncontrolled purity and the ion irradiation studies utilized heavy ions of
foreign metal (e.g., Ni in V, Ta in Mo) rather than self-ions. This latter
factor clouds the results of these studies since foreign atoms are deposited
in the damage region introducing microstructural features, such as
precipitates, which would not be present in a neutron irradiation. Dual-ion
irradiation data of refractory metals are very limited. In the following
section, high temperature ion and neutron swelling results of Mo, Nb, V, Ta,
and W and their alloys are presented. Earlier studies on helium pre-injected

or uninjected specimens are also included.




5.1 Vanadiup

High purity vanadium was neutron irradiated by Weber et al.(8) ¢
temperatures from 600° to 750°C (0.4 to 0.46 Tp) to damage levels from

1 to 5 dpa. Volds and precipitates of vanadium carbide, VC, were observed.
The voids increased in size and decreased in density with increasing
temperature. At the peak swelling temperature of 650°C, a swelling of 2.5%
was observed at 5 dpa. It was recommended that carbon contamination be

minimized to avoid VC precipitation.

Agarwal and Taylor(g) irradiated high purity vanadium with vanadium ions at
650° and 700°C to 55 dpa and found the swelling fraction increased at
first, attained a maximum (2% at 34 dpa), and decreased with increasing
dose. The reduced swelling was explained on the basis of a change in bias
due to precipitates requiring excess vacancies for accommodation. The
effects of interstitial impurities were very significant in the study of

vanadium.

In another study (on self-ion irradiated, pre-injected vanadium), Agarwal

et al.(lo), showed that nitrogen was most effective in controlling swelling
with carbon and oxygen showing smaller effects. Fine precipitation was
observed in specimens doped with C and O. The observations were analyzed in

terms of solute segregation theory.

Santhanam et al.(11) 1hvest1gated the effects of impurities and
pre-injected helium content (10 and 100 ppm) on swelling of high purity and
commercial vanadium ion-irradiated with Ni ions at temperatures from 650°-
850°C (0.42 T, to 0.51 Tm) to =60 dpa. A maximum void swelling of
3.5% was observed in commercial purity vanadium containing 10 appm He. The
voids were cubic and their concentration was an order of magnitude larger in
commercial purity material than high purity material at 650° and 700°C.
However, the voids were smaller in the commercial purity material. The peak
swelling temperatures (700°C for high purity and 750°C for commercial
purity) coincided with the temperature at which precipitates were first
observed. The effect of helium was significant only at 750°C (0.46 Tm)
where the swelling decreased with increasing helium content. It was
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postulated that bubbles were formed by prior annealing at 750°C for one
hour and acted as predominant sinks and competed with dislocations, thus
causing low swelling. Also, it was suggested that helium bubbles were not

good void nuclei in vanadium.

Lott et al.(12) investigated the effect of substitutional nickel and
interstitial nitrogen on vanadium bombarded with Cu®™™ ions without the
presence of helium at relatively low temperatures of 450° to 650°C (0.26
to 0.34 T ). Both of these elements reduced swelling in vanadium. It was
suggested that the reduction in swelling was caused by precipitation
phenomena observed in nickel-doped specimens. The precipitation increased
the density of unbiased sinks and enhanced recombination. In the
nitrogen-doped specimens, it was speculated that the small black dot
(dislocation loop) damage caused the same effects as the precipitates.
In studies of neutron-irradiated vanadium, Bressers and van Witzenberg(13)
irradiated single crystal and polycrystalline vanadium at 400°-800°C

(0.31 - 0.49 T ), after doping with 850 appm oxygen, to a fluence of 2.5 x
1022 n/cm2 (E>1 MeV). A maximum swelling of 0.14% was observed in doped
polycrystalline material. The effect of interstitial oxygen was greatest in
the annealed single crystals and at the higher temperature range. Void
lattice formation was not observed in any of the specimens.

Tyler and Goodhew(1%)

conducted annealing studies on helium pre-implanted
vanadium, to study the bubble growth mechanism. Isothermal anneals were
conducted for times up to 100 h at 950°C. Bubbles produced during

annealing were faceted. It was concluded that the growth of bubbles occurred
by migration and coalescence. The rate limiting parameter was impurity

sensitive nucleation of atomic ledges on the bubble facets.

The alloys of vanadium were evaluated in both the U.S. and West Germany as
candidate cladding materials for LMFBRs, and are currently being evaluated
for use in fusion devices. As a result, there are more vanadium alloy data

at elevated temperatures than for any other refractory alloy.
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Van Witzenberg et al.(13) investigated the effects of pre-implanted helium
(up to 1000 ppm) on neutron-irradiated vanadium and V-Cr-Ti alloys. The
022 n/cm2 (E > 0.1 MeV) at a low

temperature of 540°C (0.37 Tm). Helium caused decreased swelling and

irradiations were carried out to 4.5x1

void concentrations and increased void sizes in pure vanadium irrespective of
concentration, in qualitative agreement with oxygen in the previous study.

In V-Cr-Ti, the opposite effect was found. Helium increased the void
concentration and decreased the size irrespective of concentration. The
swelling, however, was less in V-Cr-Ti than in pure vanadium with or without
helium. The differences were explained on the basis of the critical cavity

concept.

A number of vanadium alloys have been investigated in simulation tests to
determine swelling behavior. These studies, reviewed by Gold et. al.(l6),

have concentrated on the V-Ti-Cr system which has shown a general resistance
to void swelling in alloys containing titanium. In V-10Cr alloy, a maximum

of 1% swelling was observed at a fluence of 1.5 x 1022 2

n/cm® at
irradiation temperatures of 700° and 800°C. The VANSTAR-7 alloy has
shown very low swelling. For alloys containing titanium, irradiated at
temperatures from 470° to 780°C to fluences as high as 6 x 1022

n/cmz, little or no swelling was observed.

The V-20 Ti composition is highly swelling resistant, however injection of

90-200 appm of helium results in void formation during subsequent neutron
(17)

022

irradiation The swelling was low, however, of the order of 0.03s%,

n/cm2. Recent ion bombardment experiments show that V-Cr

after 3 x 1
binary alloys swell more than unalloyed vanadium while alloys containing Ti
were completely swelling resistant(ls), thus confirming the swelling
resistance of Ti containing vanadium alloys for the range of ion bombardment
temperatures 400° to 700°C, and damage levels to 50 dpa.

5.2 Niobium

In uninjected niobium and its alloys irradiated with Ni ions, Loomis

et al'(19,20), found void swelling between 600° and 1150°C (0.31 T

and 0.52 T, respectively) with peak swelling occurring at 0.4 T, in Nb
-7-




and =1025°C (0.47 Tp) in Nb-1 Zr. Oxygen impurities reduced the

swelling, promoted void ordering, and increased void nucleation.

Loomis and Gerber(21,22) irradiated niobium and its binary and ternary
alloys with dual beams of Nit and He' at temperatures as high as 950°C
(0.47 Tm) and showed that Fe and Ni impurities that diffuse rapidly in Nb
have a minor influence on swelling whereas those (e.g., Mo) that diffuse
slowly decrease the swelling. Elements that getter oxygen (e.g., Ti)
decreased the swelling, suggesting a strong role of oxygen in swelling in

niobium.

Jang and Moteff(23) neutron irradiated Nb-1 Zr to 1x1022 n/cm2 at
temperatures varying from 430° to 1050°C (0.26 T, to 0.48 T,) and

found void swelling at all temperatures. A maximum of 2% swelling was
observed at 800°C (a shift of =200°C from ion data) at this

relatively low dose. The swelling was analyzed in terms of reaction rate

theory with a good agreement.

Bartlett et al.(2%4) reported results of swelling in Nb-5Zr and Nb-10Zr
irradiated to a fluence of 3.6 x 1022 n/cm? at 450° to 600°C. They
found no significant amount of swelling for any condition, although a few

voids were observed for the irradiation at 550° and 600°C.

5.3 Tantalum

Unalloyed tantalum showed swelling under neutron bombardment between 400°
and 1000°¢¢25) At a fluence of approximately 2.5 x 1022 n/cm?, a
swelling of 2.5% was observed(26) Murgatroyd(27) found swelling in
tantalum irradiated at 500°C, however, the swelling decreased with
increasing fluence. This recovery was attributed to the shrinkage of voids
due to the transmutation of Ta to W, with a resulting reduction in lattice

parameter.

Swelling in tantalum alloys has received little attention. No swelling was

observed in T-111 irradiated at 450° and 600°C. The Ta-10W alloy showed

some voids, but swelling was less than in the unalloyed metal(28)
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5.4 Molybdenunm

(29)

Brimhall and Simonen studied swelling in uninjected Mo single crystals

at temperatures up to 900°C (0.4 T,) by ion bombardment with 7.5 MeV
Ta*** ions to doses as high as 150 dpa. A void swelling of =2% was

observed at the highest dose. They found a maximum in void concentration
occurring at relatively low dose and further swelling occurred by void
growth. The dose dependence of swelling was less than linear. Void ordering

was also observed.

Simonen and Brimhall(30) analyzed the swelling data on Mo irradiated to
1000°C (0.44 Tm) and concluded that the voids act as unbiased sinks. In
another study, Bradley and Brimhall(31) found a good correlation between
swelling with Ni ions and that with neutrons when the temperature shift was
included. They also found little effect of free surfaces on the

ion-bombarded specimens of Mo single crystals,

Recently, Brimhall, et al.(32) jrradiated Mo at high temperature (0.44

T,) in a dual beam facility and injected Ta*** and He' ions

simultaneously to a dose of 80 dpa. Simultaneous injection of helium caused
continuous nucleation of voids. The helium had littlie effect on the absolute
magnitude of the swelling which was approximately 0.5%, and the dose

dependence was similar to neutron irradiations at low dose levels.

The effect of an oversized atom (Zr) on void swelling at 700°-900°C in Mo
was investigated by Liou, et al.33) z¢ appeared to reduce the stacking
fault energy and ease loop nucleation. Solute-defect flux coupling caused

precipitation of an incoherent phase.

Stubbins and Moteff(3*) studied Mo and its alloys irradiated at the highest

temperatures to 1425°C (=0.55 T,). Their study on the uninjected Mo

and TZM (an alloy with Ti, Zr, and Mo) metal showed increasing swelling with

increasing temperatures. The duse dependence of swelling varied with

temperature and was not the same Iin different alloys. Over a temperature

range of 850°-1000°C, TZM showed lower swelling than Mo-0.5Ti; also

swelling in TZM showed less temperature dependence than in Mo-0.5Ti alloy.
-9-




In Mo and its alloys, neutron irradiated from 330° to 850°C to fluences

of 1 and 3 x 1020 n/cmz, Bentley, et al.(35'36) observed voids at all
temperatures, and void growth with increasing temperature. In TZM, however,
void shrinkage was observed at 750° and 850°C and the damage structure
consisted of dislocation loops and almost a complete absence of voids. A
strong influence of impurities with damage structure was envisaged, with
oversize alloying elements segregating to the dislocation core. Pard and
Garr(37) irradiated TZM to 8 x 1022 n/cm2 (E > 0.1 MeV); however, their
temperatures of irradiatian were low and very little void swelling was

(39) also studied low

observed. Sprague et al.(38) and Gelles et al.
temperature (650°C, 0.32 Tm) swelling in Mo and its alloys. A value of

3% swelling was found in Mo at a fluence of 5.4 x 1026 n/cm2 (E>0.1

MeV) by Sprague et al. Gelles et al. reported a swelling of 3% in TZM alloy
at a fluence of 1.47 x 1023n/cm2 (E > 0.1 MeV); however, saturation was

not predicted until 1024 n/cm2 with 20% swelling.

5.5 Tungsten

Tungsten and its alloys have received the least amount of attention of the
five refractory alloy systems. Neutron-irradiated tungsten showed swelling
over the temperature range of 450° to 1300°C (0.2 to 0.43 Tm)°

Matolich et. al.(4®) observed swelling of approximately 2% at 750°C,

however, increasing swelling was suggested at temperatures >1200°C.

A tungsten-rhenium (W-25Re) alloy examined after exposure to a range of

(61). No void formation was

irradiation conditions showed no swelling
observed in W containing 5 to 25% Re irradiated to a fluence of 4 to 5 x
102! n/cm? at temperatures from 600°-1500°C.

(42)

A recent review paper by Wiffen provides an excellent review of

irradiation effects data in refractory metals.

5.6 Conclusions on the State of the Art of Refractory Metal Ixradjation Data

From the literature survey of swelling in bcc refractory metals, it is clear
that no controlled and systematic study is available from which to draw any

definite conclusions on the swelling mechanisms in these metals. In additiom,
-10-




the data base on high temperature swelling under controlled conditions is
meager at best. The present work is intended to fill the gap existing in the

understanding of high temperature swelling in these materials.

6.0 SELECTION OF MATERIAL FOR STUDY

The technologically important refractory metals can generally be classified
into two groups: i.e., Group V metals, vanadium, niobium, and tantalum, and
Group VI metals, molybdenum and tungsten. All were considered in the selection
of a model material. The choice was based on three major considerations:

(1) theoretical, (2) experimental, and (3) practical; i.e., those related to
the engineering application of these materials. In making the choice of
material, the third consideration was weighted less than the first two.

The theoretical considerations involved the availability of the parameters
needed for theoretical modelling of the swelling phenomenon. These parameters
are related to dislocation bias, point defect diffusivities, sink strengths,
binding energies, vacancy and interstitial migration and formation energies.
In addition, an important consideration was the probability of formation of
<100> loops. Based on these latter considerations V, Nb, and Mo were more

desirable than Ta and W.

Among the experimental factors considered were the availability of a self-ion
beam with sufficient ion current in an energy range of 4-8 MeV, the depth of
penetration of the incoming self-ion, and susceptibility to contamination
during the irradiation. These considerations favored niobium over all of the
other candidates, since ion beams of sufficient current can be obtained using a
novel approach which is described in Section 7.1. Peak damage due to self-ions
in Nb occurs at a depth of approximately 1 um, which is considered

sufficiently removed from the surface to avoid surface sensitive effects.

Also, the only other candidate material, V, is very susceptible to
contamination during ion irradiation. Ta, Mo, and W were rejected because ion
currents of sufficient intensity could not be obtained and because the

penetration depth is limited due to their high atomic weights.
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Practical or applications-oriented considerations favored Nb and Ta because
alloys of these materials can be utilized up to high temperatures, 1200° and
1350°C, respectively, whereas V alloys are only usable to <800°C. W and Mo
can be used at high temperatures, however, fabrication of their alloys is
difficult and they undergo a transition from ductile to brittle behavior at
relatively high temperatures, especially in the irradiated condition.

Based on these considerations niobium was chosen as the material for study.

Table I summarizes the matrix used to make the selection of material for study.

Model calculations, which predict the swelling in niobium are provided in the

next section.

TABLE 1

Summary of Choice of Material Considerations

Metal Theoretical Experimental Practical
v 0 X X
Nb o 0 0
Ta X X o
Mo 0 X X
W X X X

0-Favorable

X-Less Favorable
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7.0 PHASE I PROGRAM
7.1 velopment of Theoretical Mode or Refracto als

Since the discovery of voids in irradiated stainless steel by Cawthorne and
Fulton(43) in 1967, there has been considerable study of void and cavity
nucleation and growth in metals. Classical steady state nucleation theory
has been extended to treat nucleation when supersaturations of both vacancies
and interstitials are present, and has been used to calculate nucleation

(46-46)

rates for various irradiation conditions Time dependent nucleation

models, based on the chemical reaction rate formalism, have also been
developed to predict nucleation rate as a function of time(47:48)
Experimental data suggest that the classical separation of cavity evolution
into nucleation and growth regimes is not a bad approximation, and
theoretical models have been developed to predict growth of an average void

(49,50)

or cavity after nucleation is complete These growth models have

recently been expanded to include equations that describe higher moments of

the cavity size distribution function(?1) .

Although the details of crystal structure are not emphasized in rate theory
model development, calculations are generally performed for face-centered
cubic metals and have been quite successful in reproducing qualitative trends
in the experimental data, including the temperature dependence of the
nucleation and growth behavior, the general form of the size distribution
function, nucleation times, and gross impurity effects. Little attention, on
the other hand, has been given to body-centered cubic metals. In these
metals, differences in the migration and formation energies of vacancies and
interstitials, in surface energies, in development of the loop
microstructure, and in impurity interactions can give rise to significant
differences in cavity growth and swelling behavior. The purpose of the
present work is to develop a cavity growth model specifically for
body-centered cubic metals and to calculate growth rates and swelling
behavior in refractory metals. The results of this effort are presented in
this section.
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7.1.1 Point Defect Concentrations

The rate equations for the concentrations of point defects - vacancies and

interstitials - can be written as

D,C, ac

(D,VC,, + T VU,) + G, - RC,Cy - K,C, = - (1)

IRS]

and

D;Cq ac;
Tkt WD) * 61 - RGOy - KeCp = T

1

(D{VC; + (2)
where subscripts I and v denote inerstitials ad vacancies, D is a diffusion
coefficient, C is concentration of point defects per unit volume, k is
Boltzmann's constant, T is absolute temperature, U is the interaction energy
of point defects with a sink, G is a point defect product rate per unit
volume, R is the recombination coefficient, and K is a reaction rate
constant. Time-dependent solutions of Eqs. (1) and (2) can be obtained using
standard numerical techniques. Treatment of void swelling, however, does not
require this since the relaxation times for changes in the point defect
concentrations are short when compared with those required to change the
microstructure. A quasi-steady state condition is generally assumed to hold,
and the time derivatives are neglected. A second approximation that is
invoked to simplify the problem is that the real material with its set of
inhomogeneous sinks can be replaced by a continuum with a uniform sink
distribution whose integrated effect on the point defect concentrations is
the same as that of the discrete set. The spatial derivatives in Eqs. (1)
and (2) are then eliminated, and an analytic solution can be obtained for the

quasi-steady state point defect concentrations:

[K[K, + R(G-G,)] 4RG KK, 1/2 3)
v - > (11 + )} D
RKy [KiK, + R(G[ - G,)]

[K;K, + R(G,-Gp)] 4RG{KK,, 1/2 ()

Cy = ({1 + } -1)
! 2RKy [K(K, + R(G] - G,)]2
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The steady state defect concentrations obtained from Eqs. (3) and (4) are
functions of the point-defect production rates Gy and G, and the sink
strengths, KI and K, which are determined by the microstructure. They
enter the rate equations that describe the microstructural evolution as
parameters that are self-consistently adjusted as the microstructure changes

with time.
7.1.1.1 Sink Strengths

The model material is assumed to contain a variety of sinks for point
defects: network dislocations (nd), interstitial dislocation loops (%),
cavities (c), precipitates (p), and grain boundaries (gb). The strength Sj
of a given sink, j, is that quantity which, when multiplied by the point
defect diffusion coefficient and concentration, gives the loss rate of
defects to the sink. Sj is generally written as the product of three
factors: a geometric parameter describing the sink, a capture efficiency
Zj' and a correction factor that accounts for interactions between sinks.

The expressions that were used for Sj in the present work are

S - Lz , (3)

where L is the network dislocation density;

st o un ey 22 6
Iv -4 TFyZr v (6)

*
where Ny is the loop density and ry, 1is an effective capture radius,
*
defined by r£2 = 6ry/2, where s is the dislocation core

radius and r, is the loop radius;

S mbrrN Z
I,v cc

c
I,v

(7

where r, is the cavity radius, and N, is the cavity density;

P _ P
sI,V 4x rpr zI,v (8)
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where rp is the precipitate radius, and Np is the precipitate density; and

geb _ 6572 9

I,v d !

where S is the sum of the strength of all sinks within the grain, and d is the

grain diameter.

The capture efficiencies ZI,v' which occur in Eqs. (5) through (9), are given
by the ratio of the actual point-defect current to the sink to an ideal current,
which would result if the sink were a perfect absorber and had no stress field
to interact with that of the point defect. Attempts have been made to
theoretically evaluate the capture efficiencies for a variety of sink
types(52-55).

tions can be criticized because of oversimplifications, invalid approximations,
(56,57)

The problem is a difficult one, however, and these calcula-

and inconsistencies For numerical calculations, the capture effi-
ciencies are therefore treated as parameters: Z, for a sink type is gen-
erally assumed to be 1, and Z; for dislocations ranges between roughly 1.02

and 1.5, with ZI for other sinks assumed to be 1.

The reaction-rate constants Ki v for each sink are obtained by multiplying the

sink strengths by the appropriate point-defect diffusion coefficient:

J o dd
KI,v SI,V DI,v ’ (10)

and the rate constants Kj ,,, which appear