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1. Introduction

A good representation of creep deformation 1s an essentlal part of the
design and assegsment of nuclear fuel pin behaviour. This is particularly so
for the cladding of fast reactor fuel pins, which 1s subjected to a wide rauge
of stresses during normal operations and during testing for behaviour in
hypothetical accidents. The difficulties in collecting and interpreting high
temperature deformaticn data has meant that most creep design of components
has been done uaing simple steady-state creep correlations. It has long been
recognised that primary creep is important and cold-worked materials often
have persistent transient behaviour and no proper steady-state {s reached. To
regolve this difficulty tests are often conducted using stress or temperature
ramps that try to mimic the conditions predicted during operation or in
off-normal situations(lsz). More detailed descriptions are required for
the calculation of pellet-clad interactions in reactor fuel plas during power
changes or the more severe conditions during an accideat.

Complicated phencaenoclogical deformation wmodels have been constructed
for Zircaloy and 316 stainless steel with some succelltais). The
construction of these models required the fitting of a large number of free
parameters; over 40 for the austenitic stainless steel model. Despite this
the models are valid only for a particular cast of materials and do oot it
the data well in some conditions. There are a number of advantages in
introducing a microstructural element into such phenosenological theories,

even 1f a truly microstructutal description is not attainable:

(1) The expressions are simpler, because many of the free parameters may be
eliminated in terms of physical properties such as elastic constants,

lattice parameters and diffusion coefficlieats etc.;
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(it) Observable quantitles may also be calculated, providing extra

confidence in the predictions and warning of changes in mechani sos;

(111) Speculation on the effect of changing the metallurgical state of

material is possible;

(iv) The theory may be extended into new regimes such as accounting for the

effect of radiation damage.

This report describes how such a phenomenclogical model of high
temperature deformation incorporating a simple microstructural deacription can
be constructed. It uses as its basis concepts which have proved efficacious
in describing radiation effects in metals; i.e. chemical rate theory(b).

Some progress has already been made in using the rate theory to degscribe
thermal creep and the effect of irradiation creep where dislocation climb
dominates dislocation multiplication and recovery and is also responsible for
the macroscopic atrlln(7-3). This work looks at a wider range of stress
conditlons where diglocation glide may also be important. Only isotropic
deformation {3 described in terms of a single representative dislocation
system. The question of how the multiple dislocation systems Interact with
one another and response to multi-axial stress states will be left to a furure
paper. A paper dealing with a fuller mfcrostructural model will be published

separa:ely(g).

2. The Basic Model — Hardening vs. Recovery

The basis for the model 1s not original. We use the simple concept of
a competition between work hardening and recovery controlling the dislocation

deneity in the material.and also the internal stress state which modifies the



driving force for dislocation notlon(lonlz). Two rate equations govern

the deformation and the dislocation density:
. (1)
£ = bpv
which 1s often known as the Orowan equation and relates the strain produced by

dislocations to thelr wovement; and
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which governs the balance between dislocation multiplication and recovery by
two distinct processes. The right hand side of equation (2) is made up of
three terms which are respectively: the dislocation multiplication term which
is simply & re-statement of the Orowan equation; a climb recovery term; and a
dynamic recovery term where dislocations spontaneously slip to annihilate if
they come within a distance § of each other. 1In a fora with only the first
two of these terms equation (2) has been frequently used to derive creep
equations(|3). Often the dislocation density is identified with an

internal stress opposing motion with the applied stress and when a stable
dislocation density is attained a steady-state creep expression may be
derived®l4), Equations (1) and (2) were probably first used in a
phenomenological theory for micro-plasticity by Johnson and Gil-an(l5) and

an expression with ali three terms in equation (2) was used by Webster in his
assessment of primary creep(lﬁ).

Before trying to define a high tewmperature deformation law using
equations (1) and (2} let us concentrate on the significance of the two
parameters L and §. We can do this by studying the behaviour of eguation (2)
when the strain rate is sufficiently high for climb recovery to be

ingignificant:
. c Spe (&}
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1f the applied stress is well above the fFlow stress of the materinl,
dislocations will be generated at a rate which is determined by the opposing
Lnternal stress from the existing dislocation network. This willi be discussed
in more detail when the dislocatlon velocity {5 dealt with., We might
therefore expect a relationship between the applled stress and the dislocation

density of the form:

o=0 +abp pi, (4)

where 0, {8 the flow stress of the dislocatlions and o 1s a constant between
0.5 and 1. In stailnless steels O, is controlled by solute hardening and will
be a function of temperature and the wetallurgical state of the steel, If the
mean free path of the dislocations 1s initially fixed by precipitates or in a
well annealed pure materfal by the grain size then the solution of equation

(3) will give parabolic hardening:

o =0, +an Ge/L)t | (5)

As straln is accummulated the ¢islocation network size will become smaller
than the initial value of the mean free path and this will then become a

function of dislocation density:

L= 1/@eh (8)

and the strain hardening will becowe linear. In materials without

precipitates and the dislocation network dominates the solution of equation

{(2) gives the Voce hardening rela:ionuhlp(la):

0 =0, + (Boub/8)l | - exp(-B6e/2b)] . (”

The stress~strain relationship implied by this model is illustrated in

Fig.l. This behaviour is typical of polycrystalline metals and alloys and

high strain rate data can help us fix the correct values for o6 and the



initial size of L. We might expect that the value of ¢ Ils related to the flow
streseg of the material, as the critical distance for spontaneous glide of
dislocations towards one another will be coatrclled by thefr mutual
interaction stress. Experimental observations of this saturation at
temperatures below those where climb recovery 1s expected to be important

imply a telationship:

§ = 0.25Bub/g . (8)

The spacing § will therefore increase with temperature as g, decreases.
The climbd recovery term in equation (2) represents the simplest model
of this process. 1t is based on the network recovery model of

Frledel(lg). The mean climb velocity is given by:

b
3

%)
where s 1s a scale parameter controlling the absorption of point defects by
dislocationg which 1s equal to the spacing of jogs when climb is Jog limited.
When climb is sink limited, which will be the case at high teaperatures, high
strain rates or during irradiation, 8 15 a weak function of the dislocatfon
density. This recovery model is useful as a basis for deformation models but
in practice recovery is a complex process. The same driviang forces for
diglocation annihilation are also responsible for sub-grain formation. The
planing of dislocations by precipitates can inhibit recovery and reduction of
the dislocation density is limited unless recrystallisation takes place. This

will be discussed further,

e

3. Creep at High and Low Stresses

One problem with existing models of high temperature deformation fs
thac they try in a single model to cover the entire stress and temperature
range. Recognition that more than one mechanisa may be operating can greatly
simplify correlations used to fit experimental data and eliminate some of the
more contrived models. 1t is proposed here that four creep reglmes are
sufficlent to explaln most observations. For high temperature deformation at
very low stress levels simple diffusive creep may occur @#nd thiz has now been
demonstrated for materials which had previously been assumed to be resistant to
tt. For stresses below the dislocation flow stress a dislocation creep
mechanism based on elther a climb~creep mode1(8,20) or viscous wotion of
the dislocations is suggested(lg). Above the dislocation flow stress,
strain 15 generated by gliding dislocations and controlled by a combination of
the internal stress generated by the network and the activated cutting of
obstacles. At the highest stresses the behaviour is dominated by dynamic
CECOVEery processes.

A discunssion of the details of Coble and Nabarro-Herring creep is
outside the scope of this paper, 8o let us first look at the characterigtics
of the dislocation climb creep model. Strain 1s generated by climbiag
dislocarion edge segments and dislocation multiplication is by the cperation
of climb sources. We may safely assume that the dislocation dengitles are low

enough for dymamic recovery processes to be unimportant, The dislacation

velocity is‘g):

v = (0 /s) fexpl (0 - aubplyo/im - 1)

= (D‘ls) (¢ ~ uubp‘) Q/kT,
{10)
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Equation 1
8 {1) and (2) become for the case where the mean free path of th
e

dislocations is determined by the network spacing:

€= pD, (b/s) (o0 - aubpl) f/kT

and (11)
D o= zpi E . ,,2 bud
b P DllkT .
(12)

This 1a a4 gross silpllficatlon of the climb Creep model ptesented earlier but
’

has all t P P
he rinclpal features except that the separate build of
up

dislocati
on populations of different orientations cannot be modell d
ed. Very

dislo lon vel lty’ e found r
similar expressions for locat veloc can b nd for solute d ag

where the disl
slocation velocity is controlled by either the self diffusi
usion or
solute diffusion coeffictent(19,21)

Equations (1
(11} and (12) describe the transient creep behaviour and w
e

can obtain a steady-state law by aaking 5-0 We find
. nd:

g~ {] +q) l-lbpi
{13)

and

£ =3p B g 3
5 bs kT \TT + ayu .

For stresses above th dislocatlon flow stress dislocation giide
e a C.

becomes the domi
nant source of strain Th
. e mean dislocation veloel
ty Ls then

determined by the cutt of islo n or other obstacles b the
C ing the dislocation etwotrk or ot r y

gllding dislocatlml C y
8. A general model for diSlOCa[lOll veloc it In this case

can be shown to be given by(g)-

2 2

(o-o-u)bh.) (—u bh) -l

. . o "I PR 2 'n
vEvh ““h( i/ P 2T e""( ﬁ) .

om their line

(19)
This form of equation permits local forces on dislocations fr

tension on bowlng out from pinning points or from plle-ups to be described.

This would enable anelastic behaviour to be studied if the model were

developed in that waye. In this simplified treatment we will concentrate on

the long range effect of the dislocation network and not differentiate between

01 and 0, For the case where the obstacles for dislocation movement are the

other dislocations in the network the movement and pluning distances h; and

hy are equated with the network size. The activation energy for cutting,

Ugs 18 assumed to be twice the Jjog formation energy. The dislocation

velocity 1s now:

v-vcjz I:.2 sinh (@ -0, ~-ou bpi)ﬂ

P i
bp 2kT . (16)

In this case the dislocations can move much further than one

dislocation network spacing so gquation (2) becomes:

A

oM.
1
[
w
=
[ Y1
I"I‘l‘.‘
=0
[}
oo
b~
™me

peBp
(17}

where B 1s ilunversely ptoportional to the distance it can move in units of the

average network spacing. We will discuss the significance of below.

Combining equations (1) and {16) together with equation (17) we now have a

transieat deformation model for stresses above the dislocation flow stress.

The steady-state creep solution gives the following relationship between the

applied stress and the dislocation density:

_B—



2D uQp
. I amopt -1 2
g u°+uubp = sinh —e\,.cjbnil-ﬁpliﬁi
" (18)

The final term in equation (17) is negligible unless the dislocation density
approaches the saturation limit p=(g/8)2 in which case it becomes
independent of the applied stress. In the lower end of the stress range when
dynasic recovery is negligible the steady-state creep rate ie glven by:
T A
okT T .
{(19)
When dynamic recovery dominates, at high stress, levels the ateady-state creep

rate becomes:

2 b3 [ 9, - 2ub/8)G6
T sinb % kT .

E =2V cj
(20)

The overall dependence of creep strain rate on stress 18 illustrated in Fig.2.
The four regimes are clearly seen in terms of the apparent stress power index.
The Coble creep regime with its linear stregs dependence is often not observed
because the strain rates are very low, particularly when materials have large
grain sizes and extensive precipitation on the graln boundaries. The climb-
creep regime 1s often only seen ar higher temperatures, agaln because the
strain rates are low and practical creep tests are often only performed above
the dislocation flow stress. The clilmb-recovery creep has an apparent stress
index much higher than the value of 3 suggeéted by egquation (18), because of
the effect of the threshold stress. The sinh or exponentlal stress
sensitivity is usually only observed in tests at lower temperatures, because
of the assoclated very high creep rates and in injitially well annealed
material the primary creep stralns which are less stress sensitlve tead to be

large.

4. The Behaviour of Stainless Steels

The models described above give clear indicacions of the expected
relationship between applied stress and steady-state dislocacion density.
Fig.3 shows the observed dislocation densities €or a range of stresses and
temperatures on annealed 3116 stainless steel(zz'za). Similar behaviour is
shown by other austenitic stainless steels. This can be compared with the
values predicted for the high and low stress models given In the previous
section. The low stress data cémpares favourably with the low stregs model
for a=0,8, The high stress data of Morris and Harries 1s matched if a value of
about 80MPa 1is taken for a,s The data of Challenger and Moteff might suggest
a higher value of0  and that of Deleury et al a lower value. The flow stress
ig very gensitive to alloy composition and heat treatment so we might expect
some degree of uncertalnty. There is, however, clear evidence of a transition
in mechanism.

In order to evaluate the models more fully a simple computer program
was constructed which solved equations (1) and (2) as a function of time for
conditions of either a fixed load or a fixed strain rate. The properties
assumed for the calculation, given in Table 1, are for austenitic stainless
steel with a compositrion similar to AISI 316 although no particular attempt
was made to model this type of steel in detail, The slze parameter s was
taken to be the reciprocal of the jog concentration, €j» and the value of §
was that given in equatfon (8). In order to wodel the behaviour of cold-
worked steel the value of L was Fixed at 1077n, The effectiveness of
doing this will be seen and a justification will be given in the next section.

The creep rate of the cold-worked wmaterial for the low stress model ts:

-10-
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=" bznkT (0 +aju *
(21)

A selectlon of data on steady-state creep of 316 type steels at 100°C
are shown in Flg-Sa(1-22-24'27). The trends of the various blocks of data
are indicated. Apart from an example of a linear stress sensltivity, which 1a
a result of a particularly esall grain size, the stress dependance of the
creep rate is observed to be split into two regimes: a stress index n=3-4 for
low stresses; and n=6~7 for high stresses. The various sets of data show less
scatter at high stresses but creep rates differing by two orders of magnitude
way be seen at lower stresses. The cold-worked material creeps at a rate
which 1s an order of magnitude lower than the annealed material for most of
the stress ramge. The rates tend to converge for very high stresses and the
distinction becomes confused at low stresses. The results of our model
calculations are shown in Fig.3b. The agreement between the observatlons and
the model is encouragingly close and the main features of the observed creep
rates are reproduced.

Examples of creep transients calculated by the model for cold-worked
and annealed steel are shown in Fig.6. The results are typical of
observations of primary creep for these conditions. The calculation for
annealed steel shows the rapid decrease in the initial creep rate until the
steady-state is established and the calculation Eor cold-worked steel shows
the increase Ln creep rate as the cold-worked structure recovers.

The flnal example is for constant sgraln rate deformation., Fig.7
{1lustrates the development of hardening in cold-worked and annealed 316 steel
at two temperatures. The results are very close to HEDL data collected under

the same conditinns(za).

5. Dislocation lwmobilisation

In the previous section we have shown that our simple model has the
potential for describing wost features of high temperature deformation.
However, a number of questions were left unresolved, {.e. the parameter g
coutrolling the high temperature regilme and reagon for the distinction between
cold~worked and annealed steel, when fer a true steady-state solution they
should be identical. In this sectlion we will address these peints but in
order to do so it will be necessary to increase the complexity of the model.

Let us now consider two populations of dislocations; a mobile
population with a density Py and a population which is immobile with a density

Pg+ The deformation ig produced by the mobile dislocation so:

£ = I:r.)u_l v .

(22)
We require a rate equation for each of the populations:
. %
Pp = TP, v =8B (ot v -p %
(23)
and
. v _ _ o b 2 it
p' pm L Gp-pn v-2 ) Ds ps %T
(24)

The main features of these equations are: (1) mobile dislocations are produced
by the expansion of links of dislocation in the lmmobile network, of which a
proportion, n, are very active; (ii) the dislocations move a distance L before
being immobilised; (11i) dynamic recovery can take place either through mutual
annihilation of mobile dislocations or by an interaction between a mobiile and
an immobile dislocation segment; and ({v) climb recovery occurs largely within
the immobile network.
The climb recovery process holds the key tu the understanding of the

problem. The recovery takes two Forms; dislocation segments can annihilate or

2=



segments of the same Burger's vector can move into low energy configurations
and form sub-boundary walls. These sub-boundaries provide the main obstacles
to long tange dislocation wovement. In annealed material durlng monotonically
loading we can equate the mean free path of the dislocation with the sub-grain
diameter. Using equation (6) we get:

ot = 1/8a).

(25}

Let us take the steady-state limit for the low stress regime. From equation
(23) and neglecting dynamic recovery we get:
Py = NP /B,

(26)

and solving equation (22) and (24) for the case of climb creep we obtain:
o = (@+ t/nybp! = (@ + 1/m/Ra .
(27)
In ovrder for equation (25) to hold d must be inversely proportional to the
applied astress. This is a widely observed relatlonshlp(22'25-29) which
provides additional informatlion to fix the unknown parameters. For 316
stalnless steel the observed value of (@ + IM)/B 1s approximately 20.

In the case of a cold-worked steel there is an initfal high dislocation
dengity, On heating the material to test temperature recovery reduces the
dislocation density but many of the diglocatlons arlsing from cold~work become
part of a sub-grain boundary structure. These gub—grains are very stable and
persist during creep deformation unless recrystallisation takes place. The
mean free path of the dislocations 1s thus limited to a value of:

L/ h) .

(28)
where pcw 1s the density of dislocations originally preseat from the
cold-worked state. For steady-state creep the moblle dislocation density is
given by:

_l]_

/2
Pp=ndp "

29)

6. Sub—Grain Formation and Recrystallisation

In Sectlon 5 we have given a solution to the problem of the mean free
path of dislocations but we are left with questions on how sub-grain
boundaries form and why they are so stable. A clue to the problem of
sub-grain Eormation is given in a computer study by Holt(30). A random
distribution of dislocations with Burger's vectors of mixed signs, is found to
re~distribute producing density fluctuations with a characteristic wavelength
Lnversely proportional to the square root of the dislocation density. These
density fluctuations form the nuclei for sub-boundaries. We might therefore
anticipate that if the local dislocation density rises above the density
associated with the existing eub-boundary dimensions then a new sub-boundary
is nucleated. The observed relatlonship between sub-boundary size and applied
stress s for this model the result of the dependence of dislocation denelity
in the network on the applied stress.

Processes within the sub~boundary may be more important than implied by
our simple mode1(31332). A schematic diagram of the interaction between
diglocations and the sub~boundaries iz shown in Fig.B. Dislocations reaching
the boundaries are immobllised as the applied stress is not large enough for
the dislocations to break through for creep conditions. The immobiliged
dislocationg will be subjected to short range elastic interactions with the
diglocations in the boundary which will cause them to climb into the boundary.
Dislocations of the same sign as those making up the boundary will lose thelr
long range elastic fields. Dislocatlons of opposite size will form dipoles

within the boundary which are unstable against climb and will eventually be

_1{._
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eliminated. The presence of dipoles in the boundary is important as they may
form sites for disloclation multiplfcation and still have a significant
contribution to the internal stress field. The behaviour of dislocation in
Such a model will be dependent on the spacing of the dislocation and dipoles
within the boundary. This results in a significantly more complicated set of
rate equations. This model is discussed elaewhere(g).

The sub-boundaries formed during recovery of cold working appear to be
very stable up to temperatures of 700°C. Above this temperature the material
recrystallises after an incubation time which decreases with increasing
temperature(33). The recrystallisation is rapid but the temperature and
incubation times for recrystallisation are very sensitive to the alloy
composition and previous history. This stability of the sub—boundary
structure is almost certainly due to the decoration of the sub-boundaries by
precipitates. This mainly occurs during the initial recovery of the cold
working at the temperatures of the mechanical teats. The recrystallisation is
probably permitted by a coarsening of the precipitate concentration by a
ripening process when the material is aged at high temperature. The
recrystallisation starts by the growth of islands of low dislocation density,
as the cold-worked structure tends to be inhomogeneous. Without the
precipitates the sub-boundaries are appareatly moblle for Lemperatures above
500°C, so the dynamics of precipitation are critical,

Recrystallisation 1s enhanced during creep, both the temperature for

initiation and the incubation times are reduéed('). One suggestion for

for this is that creep increases the driviang force for recrystallisation by
increasing the dislocation density and hence the internal stress levels.
There may be some contribution from this process, but the main effect s

possibly from precipiltation effects. New dislocations generated during

deformation have been observed to nucleate precipitates and generally refine

) 5=

the precipitate structure(ZZ-ZA). This secondary preclpitation is very
active and could deplete the sub-boundaries of precipltates and trigger
recrystallisation. For a full understanding of high temperature deformation

further work is required to develop a model for precipitation and

recrystallisation.

After recrystallisation the cold-worked material is commonly observed
to creep at the same rate as that seen in annealed material, However at low
stress levels the creep rate may be higher than for annealed materlal with the
samé conposttlon(l). This 15 because primary recryetallisation often
results In a reduction in grain size and a coarsening of the grain boundary

precipitate size, permitting Coble creep.

7. The Effect of Irradiation

A full discussion of the effect of irradiation on high temperature
deformation is outside the scope of this report, but it is worth looking at
the iaplications of irradiation in the context of out siaple model. It is
well known that fast neutron irradiation can produce both hardening and
softening effecte in laterials(34-35). The production of samall point
defect clusters, interstitial loops, volds, helium bubbles and fncreasing the
jogs concentration on dislocatlons all increase the effective flow stress.
This is balanced by irradiation accelerating the ageing process in steels,
coarsening the precipitate structure, which softens the material and
accelerates recrystallisation in cold-worked materials. The greatest effects,
however, are on the dislocation density. Well annealed materials show an
{ncrease in dislocation density and heavily cold-worked saterials generally
show a decrease. These both are manifested in changes in the strength of the
waterlal. For high displacement doses the dislocation density and the yleld
stregs of the material tend to an equilibrium value, which 18 a weak function

of dose rate and stroag function of temperature.

-1 6‘



The effect of irradiation on high temperature deformation is outside
the scope of this report, but It is worth looking at the implicatlons of
irradiation {n the context of our stmple model by relating it to a forced
climb-recovery velocity v¢ » Equation (2) 1s amodified by adding radiation

damage driven terms:

s b E _ .2 bl 8 .
o= Bp b 20 55 D, 7 PE
* v, (c,6"% - e 0¥ - 6ptm) (30)

The quantities s and § are given a dash to indicate that they will be changed
by irradiatfon. The effect flwo stress of the dislocations, o, will tend to
increase which will reduce 6. The jog concentration on the dislocations
will tend to increase decreasing the value of s', which will accelerate
climbt~recovery. The origin of the forced climb rate v¢ is an lwbalance in the
flux to the dislocations of vacancles and interstitfals produced by
displacement damage(b). This can occur as a transient effect due to the
higher mobility generally observed for interstitials over vacancies, but is
more important as a continuing effect when there is accompanying vold growth
in the material. Here a higher flux of interstitials goes to dislocations
because of a stronger elastic field tnteraction compared with vacancies. The
supergaturation of vacancies must go to another sink, viz voids. In this case
the forced climb rate is proportional to the swelling rate in the material and
hence will have a complex dose dependence because of the effects of void
nucleation and growth.

The first of the irvadiation terms in equation {30) describe the
multiplication of dislocations by the expansion of dislocation links by forced
climb. This effect is described In the climb-creep model work (7)1t 15

balanced by the annihilation of dislocation dipoles in the network or

-17-

sub-boundaries by randomly orientated forced L‘.llmb(:“'), represented by the
second term. In general ) Is greater than ¢y leading to an overall
hardening effect frow forced climbe The dislocation density is limited by
dynamic recovery given by the Final term. For high displacement dose rates at
low temperatures dynamic recovery 1is an important process, as dislocation
densities can be large. Even heavlily cold-worked material can be further
hardened at low temperatures.

If we neglect dynamic hardening from the deformation rate, which only
occurs at high teamperatures we obtain from equations (30) and (l1) a

relationship between applied strese and dislocation density during

irradiation:
g = (G + 2/5 = c]) pl + °¢
1)
where
v 8'kTd'
o= T
BbD
32)
and
kTs'v
0¢ - (c1 - c2) E:§§-¢
{33)
The creep rate by dislocation climb, thermal and forced, is given by:
2bD ) ag-g 3
NI I AR S s
Bs'kT ¢B a-cy pb
b d-a 2
Vgl T |G ¢y ~ 27BVub
(34)
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The main points to note are that: there is a creep contribution from
forced climb; and at high temperatures O¢ is reduced enhanci;g the creep rate
from both the thermal and forced cliab processes. The expression for
diglocation velocity is clearly inadequate for high dislocaticon densities and
low stresses.

This model may provide some new insight into the fnteraction between
thermal creep and irradiation. To be fully effective it requires couwpling to
a rate theory model of swelling for the forced climb velocity to be

calculated.

B, Discussion and Conclusion

The simple dislocaticn model presented in this paper can reproduce many
of the features of high temperature deformation of stainless steel, The fact
that it has few unknown parameters and that these can be obtained from strain
hardening measurements and the observed dislocation structure gives confidence
that the model is a sound basis for a phenomenological treatment of transient
creep.

The model also shows some promise for being extended into the range of
irradiation behaviour. Depending on the cheice of the parameters controlling
the effect of irradiation in the model, irradiation can produce either an
enhancement of the creep rate particularly at low stresses and high
Ltemperatures or a sign{ficant hardening at high stresses by increasing the
dislocation flow stress. At lower temperatures pure irradiatfon creep is
likely to mask any enhancement from forced climb recovery. A schematic

Lllustration of the effect of Lrradiation s shown 1n Fig.9 for comparison

wicth Fip.2.

-14-

In additlon to the development of methods for calculating the effect of
irradiation, further work Ls required on the effect af the microchemical state
of materials. The development of precipltation and the coarsening of
precipitation during ageing or irradiation needs to be understood. The role
of deformatlon In affecting precipitation needs clarifying and the behaviour
of solutes during these changes needs to be determined. The process of
recrystallisation of cold-worked materials is jmportant In nuclear
applications because of the reuuitlng softening and Increase in creep rates,

particularly at low stresses.
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TASLE 1

Properties Used in Calculations

b{nm) 0.257

a(m’) 1.2 x (0729

Dg(a? §71) 6 x 1075 exp(-3.364 x 10%/T)
u(HPa) 7.594 x 104 (1-3.413 x 107%7)
0, (MPa) 33.5 exp(1250/T)

j exp{- Ll /5T kT)/b

« 0.8

Alhigh stress range) 0,083

v (s"hH 10!t
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strain rate deformation
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