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ABSTRACT

Theoretical models for the deformation of metals subjected simultaneously
to external loads and fast-neutron irradiation are discussed. The follow-
ing models have been analyzed in detail: dislocation climb; climb con-
trolled glide; nucleation, growth and unfaulting of dislocation loops.

It ic shown that the strains produced only by the climb of dislocations

are equal to the isotropic s+ :1ling strains plus the thermal creep strains

due to climb of dislocations. No irradiation-induced creep results from

the climb cf dislocations or growth of loops.

The climb controlled glide of dislocations is a viable irradiation creep
mecnanism for low fluences at all temperatures or for all fluences at

high temperatures. At low temperatures the hardening occurs by the elastic

interaction of loops and dislocations. It 1s shown that the climb con-

trolled glide of dislocations through the loop structure can explain the

transient irradiation creep behavior.

Steady-state creep, however, at low temprratures is explained by the
stress—affected nucleation of dislocation-loops. Comparison of the
theoretical prediction with the experim~ntal results suggests that stress
not only influences the cvrientation of the loop nuclei but also enhances
the interstitial loop nucleation and reduces the vacancy loop nucleation.
In addition, various mechanisms are discussed briefly for the effects of
stress on the irradiation-induced swelling of metals. Finally, since
irradiation creep and swelling both occur by partial segregation of

vacancies and interstitials it was concluded that the two rhenomena are

closely related.
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I. INTRODUCTION

Metals which are subjected simultaneousiy to external loads and fast
neutron irradiaticn may experience two particular modes of ‘deformations
irradiation-induced creep and stress-affected swelling, Of the two only
the former has been measured experimentally for various materials, Stress-
affected swelling, however, has been postulated based on theoretical

. ; . . 1,2,3,4
models as well as indirect evidence from irradiated fuel pins, 22:3,4)

In the past, various models have been proposed for irradiation-induced
creep.s) Those applicable tc fast neutron irradiation and cubic metals
can be divided into two categories. In the first group, irradiation-
enhanced climb is considered to be responsible for creep, although much

6,7,8) |

controvarsy has arisen about this mechanism. n the second cat-

egory, irradiation creep is associated with the formation and growth of

point defect clusters.

In the present paper we briefly review the mechanisms for irradiation
creep and stress-induced swelling and report on some conclusions from
2)

recent theoretical work concerning these subjects. The discussion

will include dislocation c¢limb, climb controlled glide of dislocations,

stress-induced loop alignment, and stress—assisted swelling.

In a recent paper,z) it was proposed that a relationship exists between
swelling and irradiation creep. Additional theoretical aspects of

this relationship will be explored in this paper. 'An experimental method
for defining this relationship involving slit tube tests was proposed

by Pennell?) and an analytical examination of this method was presented



10)

in another paper in this conference . One practical result to be
expected from a direct relationship between the irradiatiom creep
rate and the swelling rate, is that differential swelling would not

be capable of generating large stresses in core components. -

IT DISLOCATION CLIMB
In the first attempts to explain irradiation creep it was assumed that
an enhanced climb of dislocations under irradiation would necessarily
lead to creep deformation}l) This view is shared by many researchers,
although Mosedale}z) Heskethls)

stress~induced differentizt climb of edge dislocations is not affected by

and Wolfer et a12) have showr. that the

irradiation. This is illustrated in Figure 1. In the absence of stfesé
all edge dislocations would climb the same distance g per unit time if the
metal swells. If a uniaxial stress is now applied, edge dislocations or
loops whose Burgers vector b is parallei to the direction of the applieﬁ
stress, climb an additional distance B per unit time. Edge dislocatiéus
with Burgers vectors perpendicular to the stress do not change their

climb rate.

An alternative way to describe the stress—enhancement of climb is

shown on the right hand side of Figure 1. All edge dislocations may be
considered to have climbed the distance a + %—B first which means that

the swelling has increased vy the application of the stress. The addi-
tional term can then be shown to be identical to the thermal creep due to
the climb of dislocations which is independent of the irradiation. The
increase in the climb rate under stress is due to the fact that the vacancy

concentration at properly oriented dislocations 1s enhanced. The reduced



flow of vacancies to the dislocations is of course accompanied by an
increased flow of vacancies to the voids. The enhancement of swelling due
to this.process 1s closely connected with thermal creep due to dislocation

climb.

In fact, it can be shown that the total thermal creep rate must obey

the relation14)
: AV, _ AV '
el > 2 p ¢ V)U ( V)o (1)
- ’
@19~ 151n(R/rv) nr_ . Iy

provided the enhancement of the swelling fate by the gpréss,'(égﬁg(é%)o
is small compared to the stress-free swelling rate, (égjo. In the above
equation, p is the dislocation density, ZR thelr average spacing, r,

the capture radius for vacancies, n the void density, and r, the void
radius obtained in a stress-free metal. The equation (1) may be used v
in the interpretation of the observed diameter changes in fuel pins.

If it is observed that AD/D is identical to 1/3 AV/V:'there can be no
stress—~enhancement of swelling according to the above mechanism.lA’ls)
It 1s, however, conteivable that other stress—assisted processes enhance

swelling indirectly. This topic is discussed further in Section V.

III CLIM3 CONTROLLED GLIDE OF DISLOCATICNS

Since the climb of dislocatioms by itself can not account for irradiation
creepy other possibili:ies for irradiation creep must be considered. One

obvious choice is the climb controlled glide of dislocations, and various
models of irradiation creep based on this idea have been developed in the

past.l6’l7’18) The basic process of all chese models is the irradiation-



induced glide of dislocatious over obstacles in their glide plénes. How-

ever, two basic difficulties are encountered.

First the glide can be so severely restricted by the irradiarion produced
loops that no creep may take place. For example, if % is the average
spacing of the loops, and R their radius, the stress must be larger than

R .
o 24Gb =3, . , A (2)

where G is the shear modulus and b the Burgers wvector. Since.

~1 )
= 0.55 N /3 , where N, is the loop density,

028 Py, Be)

for nsz N, is the volume fraction (AV/V) Loops occupied by the atoms
contained in the ]oops. Stiegler and Bloom have observe% zhat after a
fluence of about 10 nvt the interstitial loops in solutiom-annealed type
304L stainless steel occupy a fractional volume of about 0.1%Z. Thus,

the mininum stress required for dislocations to glide past the loops is
approximately 80,000 psi, For this reason, we believe that climb con~
trolled glide will not contribute to irradiation creep .at fluencas above
1022 nvt and 2t low temperatures where a high loop density is formed.
However, the mechanism may occur at higher temperatures, where a large
number of loops can not be sustained, or it may occur at all teﬁperatures

for very low fluences.




The second difficulty referred to above involves the dislocation climb
rate. In the absence of sinks with different bias, i.e. different inter-
actions with the point defects, the dislocations cannot climb. Should,
however, voids be present, then the climb rate of the dislocations is
simply proportional to the swelling rate of the metal?’ls) The frequency
with which dislocations escape the glide obstacles is then equal to the
cliwb rate divided by the average obstacle height d. If L is the average

distance between the glide obstacles the creep rate is them given by

5L %1% v
g, === —— (), (4)
1 2 d Geq Vv
where g, = 3 (¢, + o, + o,) : B - (5)
H 3 1 2 37 .
1 o Y2 e )% & s 32
and ceq = [(c1 62) + (02 03) :.(03 01) 1. (6)

Equation (4) predicts that the creep due to climb con?rolled glide »f
dislocations 1s proportional to the swelling rate. This result was
derived under the assumption that all dislocations exhibit the same °
bias for interstitials and thus climb at the same rate. If no swelling

occurs, the irradiation creep must cease according to equation (4).

Nevertheless, it is in principle possible, to obtain irradiation creep
by climb controlled glide even in the absence of swelliﬁg. For this

to occur some dislocations must c¢limb in one direction, and other dis~
locations in the opposite direction. The required partial segregation
of vacancies and_interstitials is indeed possible because of the follow-

20) that isolated dislocations and dis-

ing reason. It has been shown
locations arraunged in dipole configurations exert a different bias on

the point defects. The reason for this difference is simply that the



stress field of an isolated dislocation has a 1/r dependence, whéréas
the stress field of a closely spaced dipole decreases as 1/r2 with the
distance r. Therefore, in an inhomogeneoué dislocation network, one
expects interstitials to flow preferrentially to isolated dislocations
whereas dislocation tangles absorb more vacancies and thereby cause a
differential dislocation climb. 1In such a casé, the factor (§¥) in equa-
tion (4) is replaced by the climb rate of either group of dislocations.
We expect that this differential dislocation climb is more pronounced

in cold-worked than in annealed materials, since cold-working produces

a highly non-uniform dislocation structure. Furthermore, differential
dislocation climb is expected to decrease with fluence as a more uniform
dislocation structure is regenerated by the unfaulting of diSlocation
loops which seem to be continuously produced by the irradiatiom. There-
fore, we conclude that climb controlled glide of dislocations occurs
mainly during the transient period of irradiation creep. Because of

the argument given above, transient creep should be more pronounced in
cold-worked materials. This is indeed observed, as discussed in more

detail.by Foster et al.lo)

In order to find the stress-dependence of irradiation creep by climb con-
trolled glide it is important to identify the major glide obstacles. It
has been shown by Makin et a1.21)that irradiation hafdening in metals

is caused by the dislocation loops. Therefore, we conclude that loops
also represent the dominant glide obstacles for irradiation creep. Based
on this premise, Wolfer et al?) have estimated the stress dependence

of the creep rate given by equation (4) and obtained a relation élmol'z.

However, a more refined analysis is given below.
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Because the stress field at a distance r from a loop of radius R 1522)

2
o ¥ Gb R R ' ' N
21'3

a dislocation cannot bypass a loop if the distance of closest approach

is smaller than

2 1/3 '
] : (8)

- [CbR
26

where ¢ 1is the external stress. The average separation of stress-fields

23)

intersecting the glide planes is given by

-1/2
L= ,-(Zer) . . ) o (9)

[\V]

To escape the influence of the stress—~field of a loop the dislocation

has to climb an average distance

d = r/2. : : _ (10)
Taerefore,

L. (2r3N2)”1/ 2 | (11)
and with equation (8) and the relation CQX) = FRZN b Qe obtain

) V/loops - 2

L ., 70 1/2 : (12)
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This result is only valid for low stressas. At high stresses, dis-
locations will tend to pile up and the stress exerted by the front dis-

location is then equal to (leozlcb), so that L/d becomes

27k

1/2 g .
b (AV/V) e ' 4D

L.
d loops G

where Zp is the length of the pile-up,

Combining equations (4), (I12), and (13), irradiation creep by climb
controlled glide, or transient creep, is thus expected to be propor-
tional to 61/2 at low stresses but to become liiearly depeﬁdent on the
stress ror higher stresses. Again, this is in qualitative agreement
with the experimental observations on the stress dependence of transient
irradiation creep.lo’24) Since transient creep is either terminated
because of loop hardening or because the loops eventually create a more
uniform dislocation structure, the transient period is expected to be
determined by the time period t which is necessary to grow loops to
their maximum radius Rm. Under typfi;l neutron conditions the loop
growth rate is of the order of 5x10 cm/sec.* If we assume that

Rm; 3002, the time tm ¥ 170 hours. Thus, we expect the transient period

2

to extend to fluences of about 1021n/cm , which is in agreement with

. . 4
enperimental observatlons,z”26)

e

% This can be estimated with the formula dR/dt bz(Zi—Zv) VP/a, where
504b,-"DV with b equal to

the Burgers vector, and Dv equal to the vacancy diffusion coefficient.

i

P is the production rate of Frenkel pairs, a

The difference in the bias factors Zi and ZV is approximaiely equal to

0.012°)



IV NUCLEATION AND GROWTH OF DISLOCATION LOOPS

‘Irradiation of stainless steels in the high voltage microscope has
revealed that loops are nucleated continusouly below 500°C at least to

a dose of 6 dpa?7)

Dislocation loops are also found in neutron irradiated
materials in approximately the same temperature range together with voids.
Fisher and Williamsza) have recently explained the dose dependzncy of ‘
swelling observed under ion, electron, and fast neutron bombardment. They
postulated that there are three distinct stages pertaining to the evolution
of the loop structure. In the first stage loops nucleate and grow con-
tinuously and the dislocation density builds up. In the second stage

a dynamic equilibrium is reached between nucleation and growth of locps
and their mutual annihilation. Finally, in the third stage, nucleation

of loops ceases and the dislocation density decreases at high doses.

Under neutron irradiation the third stage can probably not be observed

becausa of the relatively low dose rate.

In metals exhibiting extensive void growtbh  mainly interstitial loéps

are observed. However, both types of loops have been identified in
metals irradiated at temperatures where swelling is possible. It appears
that the vacancy loops are more numerous but smaller than the interstitial
loops. Once stable three-dimensional vacancy clusters are produced
through gas~stabilization, vacancy loop formation apparently ceases.

29) 30)

According to recent theories developed by Russels, Burton, ‘and

31)

Katz and Wiedersich , the nucleation of voids and loops is mainly
governed by kinetic rather than by thermodynamic factors. These theories
suggest that as far as the effect of stress is comncerned thé nucleation

rate is given by

2 : »
V= v exp {ijobUn/kT}, W14)



where v_ is the stress-free nucleation rate, Ro the effective radius of
the critical loop and o, the stress component normal to the loop area.

The plus sign is wvalid for interstitial loops and the minus sign for
vacancy loops. Equation (14) states that stress influences the orien-
tafion of the nucleating loops as well as their number. Although there

is little doubt about the orientation dependence, stress may have no
effect of the total nucleation rate. To illustrate this point we have
calculated the creep rate in a torsion experiment as a function of the
shear stress for the two limiting cases where stress.does or does not
enhance the total nucleation rate of loops. Without giving the detailed
calculations, the results are as shown inm Figure 2. .In the latter case
the creep rate will eventually become independent of the stréss when all
loops are positioned in their energetically most favorabIe‘or;entatioﬁ.

In both cases, however, the creep rate is proportional to T for low values
of the shear stress. Actually, the extent of the linear range depends on-
the value of ﬂRosz/kT, and thus on the critical radius Ro; Since nRozb
is the effective volume of the critical loop we may also write anzb = nf,
where n is the effective number of defects in the critical loop and £ the

atomic volume,

If the critical loop size were just one interstitial, n can be estimated
from the difference of the dipole tensor component of the dumbell inter-

32) In this case one finds that

stitial, as calculated by Seeger et al.
n(interstitial) ¥ 1/2. As the critical size increases n rapidly approaches
the actual number of interstitials in the cluster. Since interstitials
strongly interact and bind each other, and since the migration energy of

33)

these clusters rapidly increases with the size » we estimate that. the
critical cluster size consists of three to six interstitials. Thus, we
expect that chn/kT becomes of the order of one and that a deviation from
linearity occurs for stresses between 10,000 and 20,000 psi. This is

indeed observed in the irradiation creep of 207 cold~worked M316 at equi- .

- 10 -



valent stresses above 15,000 psi, 10,24)

Furthermore, since the d 2viation
from linearity is such as indicated by the curve A in Figure 2, we believe
that stress also influcnces the total nucleation rate of loops, i.e.
tensile stresses increcase the nucleation rate of interstitial loops and
reduce the nucleation of vacancy loops. This behavior may then be inter-

preted as a stress—-enhancement of swelling.

To show the magnitude of the creep ratesidué to loop nucleation the loop
volune (ﬁszV )produced per unit time has to be eyaluated. Brager and
Straalsund>%) have recently reported detailed measurements on loop density
and size for solution-annealed type 316 stainless steel. At an irradiation
temperature of 320°C and a fast fluence of 0.75x1022 (E>0.1 Mev), the observe
loop density was 1016 cm—3 with an average diameter of ZSOK. According to
Figure 2 the linear portion of the irradiation creep rate is given by:

szbv t ﬂsz

¥ =5 ] ) e ’ @s)

Equation (15) can be rewritten as:

AV) .
[—-i‘—’ﬁ’ﬂ1 [kT] 4t ' | (16)

34)

and evaluated on the basis of Brager and Straalsunds data as follows:

-3 . -
=2 B0y 105107 Bt ¥ 10070 nBpr. an

0.75x10

This constant is in good agreement with the experimental value for solution-

zanealed M316 of 4.7x10—30 obtained by Toster, et‘-al.lo) from an analysis

24)

of the data reported by Yosedale and Lewthwaite,.

- 11 -



It should be noted that irradiation creep due to stress-affected loop
nucleation requires only the exlstence of one type of loop. Should vacancy
loop formation not occur, one would expect that the volume of the inter-
stitial loops is at least a fraction of the irradiation-induced volume
change. It has in fact been demonstrated by Stiegler and Bloomlg) that
the observed density change in type 304L stainless steel can be aécounted
for by the interstitial loop volume. Since irradiation creep due to

. stress-affected loop nucleation is also proportional to the loop volume,
irradiation creep and swelling are interreléted. Irradiation creep by
this mechanism does not necessarily require the existence of swelling

if interstitial and vacancy loops are formed simultaneously. Other
possibilities which do not involve volume changes require that ome type

of defect forms loops, and the other type is absorbed at dislocationms.

The existence of both types of loops has been observed in ion-bombarded
type stainless steel by Laidler,35) and in molybdenum by Brimhall- et al%e)
Howéver, when swellding occurred in these materials the vacancy lobﬁs could
no longer be observed. This result verifies the contention that vacancy
loops form by the collapse of three-dimensional clusters, and that when

the collapse is prevented, swelling takes place.

Microstructural observations of irradiated metals.consistently reveal that
loops can not be observed above a critical irradiation temperature which
is of the order of O.STm. The critical temperature appgars to be lowered
by cold working. If indeed no loop formation occurs above this critical
temperature, irradiation creep due to loop alignment will cease to exist.
In such a case, however, irradiation creep probably proceeds by the climb

controlled glide mechanism discussed in the last section.

- 12_




It has been suggested that external stresses may influence the direction
of the unfaulting of Frank loops and thus cause a contribution to .

irradiation creep?7)As discussed by Wolfer et al.z)

this contribution
should become independent of stress above relatively small stress values.
In addition, Bullough et al, °’ have shown that a rotation of

the loops occurs after unfaulting. The rotaticn causes the loop normal
to become again parallel to the Burgers vector and thus cancel the.
strains produced by the unfaulting. Therefore, we do not expect that

the unfaulting of loops makes any contribution to ifradiation creep.
V. THE EFFECTS OF STRESS ON SWELLING

The effects of stress on swelling were discussed earlier in connection
with dislocation climb. In this section, other possible effects of
stress will be examined. 1In the past, two different effects have bzen
considered in some detail that could give rise to an enhancement of
swelling under tensile stress. At temperatures above 0.5T,, an exchange
of vacancies between the voids and the dislocations takes place that

leads to volumefric changes as well as volume-conservative changes.1’2’3)

1 .
Straalsund et al.s) have expressed this effect in terms of an effective
Poisson's ratio which deviates from 1/2, the value consistent with
volume-conservative creep. A different, but equivalent description of

this effect was described earlier in Section II. .

The stress—induced increase of the wvoid volume by exchange of vacaancies
does not depend directly on the irradiation, and should more correctly

be described as a stress~effect on the annealing rate of voids%’a’ls)pigure
3 shows the enhancement of swelling due to this mechanism for a tensile
stress of 20,000 psi. It is seen that this effect is only important

at high temperatures.

- 13 -



At low temperatures, a possible effect of stress on void growth is the
change of the vacancy migration energy. However, it -has been shownZ)

that this effect would lead onlv to a small change of the void growth

rate, as shown in Figure 3.

If the external loads produce deviatoric stress components, the external
stresses incude an elastic interaction between the interstitials and
" the void due to the non~-uniform stress distribution around the void.

40
Li et al. )and Bullough and Perrin 41) have estimated thls effect
approximately and apparently arrived at. opposite conclusions. Accord-

ing to Li et al. uniaxial tensile stresses reduce the void growth rate

whereas Bullough and Perrin find that compressive stresses reduce it.

A complete analysis of this effect should be expressed in terms of

deformation strains since stress—affected swelling is most probably

connected with creep strains. It is suspected that the different

results obtained by Li et al. and by Bullough and Perrin can be recon-

ciled if this is done.

Other possible effects of stress on swelling are:

a) stress—induced loop nucleation,
b) stress-assisted precipitation of carbides, and

c) stress-induced rearrangement of the dislocation network.

The influence of stress on interstitial and vacancy loop nucleation

was discussed in the previous section. An enhancement of the former

and reduction of the latter by tensile stresses is suggested by the

irradiation creep results. Such an enhancement of irradiation creep

would be accompanied by a corresponding enhancement of the swelling.

- 14 -~
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According to the observations of Applebyéz) enhanced swelling measured
in irradiated fuel pin cladding is closely associated with the preci-
pitation of carbides. He suggested that, stress ma&.indirectiy enhance

swelling by accelerating the precipitation processes.

A very effective way by which stress could enhance the swelling is the

20)

change of the dislocation bias. Under external loads it is expected
that dislocations form pile-ups., A pile-up of edge dislocations can be
considered as a single dislocation of strength Nb, where b is the Burgers
vector and N the number of dislocations in the pile-up. Such a pile-up
has then a.capture radius which is N times larger than a capture radius
of z single dislocation. Therefore, this type of dislocation configur-
ation should provide a stronger preferential attraction for interstitials,

and thereby increase the driving force for swelling.,

Vi CONCLUSIONS

i)' Irradiation creep can proceed by either the climb controlled glide

of dislocations or by the alignment of loop nuclei,

2) Irradiation creep by the climb controlled glide of dislocations can
be responsible for the transient irradiation creep. Since it is
driven by the difference in the bias of a non-uniform dislocation
network, cold-worked materials show larger transient creep strains
than annealed materials. The stress~dependence of the transient
creep is 01/2 at low stresses and o at high stresses. This wmeode
of creep is terminated by a dense loop =tructure and by a uniform
dislocation network.

3) At temperatures above Q.STm where a high dislocation density can
not be maintained, the irradiation creep rate due to climb controlled

glide is proportional to.the swelling rate.

- 15 -
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In the temperature range where loop nucleation occurs, the
steady-state tomponent of irradiation creep is consistent with

the loop alignment model. The stress-dependence is linear at lower
stresses but shows a more rapid increase at high stresses. This
deviation from linearity indicates that tensile stress enhance the
interstitial loop nucleation and reduces the vacancy loop nucleation.
Electron microscopy observatiops indicate that when swelling occurs
only interstitial loops are %Arﬁed,.ﬁnd thft the loop volume is,of

the order of the wvoid volume. Thus, irradiation creep by inter-

"stitial lodp alignment is expected to be related to swelling,

Possible effects of stress on swelling may be due to a number of
processes. At high temperatures (I>0-5Tm) an exchange of vacancies
between voids and dislocation is induced by hydrostatic tensile-
stresses. Furthermore, carbide precipitation may be accelerated

by tensile stresses. Stress-eff%cts which may alter swelling

at lower tempmeratures are the stress-induced elastic interaction of
the point defects wiih the voids and the formation of dislocation
pile-ups.

Theoretical studies of irradiation processes indicate that irrad-
iation creep and swelling are both produced by the partial segreg-

ation of vacancies and interstitials. This leads to the conclusion

.that the irradiation creep rate should increase as the swelling rate

increases. One practical result of this relationship would be that
differential swelling would not be capable of generating 1arge

stresses in core components.

- 16 -
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