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Summary

The in-pile stress-relaxation b e h a viour of the m a t e rials usually 

e m p l o y e d  for the elastic structural elements, in n u c l e a r  reactors, 

is c ritically reviewed and the results are compared w i t h  those 

o b t a i n e d  in commercial zirconium alloys irradiated under similar 

conditions.

Finally, it is shown that, under certain conditions, some zirconium 

alloys m a y  be used as an alternative m a t erial for these structural 

elements.

Elastische Strukturelemente n u k l earer Reaktoren

- Eine kritische Übersicht -

Z usammenfassung

Es w i r d  eine kritische Übers i c h t  des in-pile S p annungsrelaxations- 

v erhaltens von Werkst o f f e n  gegeben, die gewohnlich ais elastische 

S t r u k turmaterialien in nuklearen Reaktoren v e r w e n d e t  werden.

Ein V e r g l e i c h  m i t  d e m  V e r h alten kommer z i e l l e r  Zirkonlegierungen

- unter ahnlichen Bestrahlun g s v e r h a l t n i s s e n  - zeigt, daJ3 in be- 

stimmten Fallen einige dieser Zirkonlegierungen ais alternative 

Werkstoffe für elastische Strukturelemente in Frage kommen.



Introduction

Several elastic structural elements, m a i n l y  springs and spacers, 

are included in the fuel bundles of nuclear power plants. These 

elements are made w i t h  Inconel 718 and Stainless Steel (1.49 80 

= A  2 86 in the case of Atucha) and even if they show very good 

m e c h a n i c a l  properties, under servicing conditions, have the disad- 

va ntage of a large neutrón absortion reducing c o n siderably the 

effic i e n c y  of the reactor. In fact, the cross-section for neutrón 

absortion of these alloys is of the order of 30 times h igher than 

that of the usual zirconium alloys.

It seems an i nteresting p r o b l e m  to look at the p o s s i b i l i t y  of 

su b s t i t u t i n g , f r o m  the m e t a l l u r g i c a l  point of view, these structural 

ele ments by similar ones b u t  built w i t h  commercial available zir­

c o n i u m  alloys.

If this is possible, from the point of v i e w  of the m e c h a n i c a l  and 

corrosion properties, one has the additional advantage of a possible 

redesign of the fuel elements, reducing considerably fabrication 

costs. The exact economic advantage has to be evaluated but a rough 

estimate gives quatities that are important (at least 100.000 US-$, 

p e r  year, only from the point of v i e w  of the burn-up; this valué 

was e s t i mated for A t u c h a ) .

It is the purpose of this report to review the mechanical properties 

of Stainless S t e e l s ,Inconel 718 and several zirconium base alloys, 

fundametally elastic properties and their degradation under service 

conditions (temperature and neutrón i r r a d i a t i o n ) .

Finally, the available data w i l l  be analyzed and some additional 

experiments w i l l  be suggested.

1. The p r o b l e m  of design

The elastic structural elements are made m a i n l y  in two shapes: 

springs with circular cross-section and sheets bent elastically.

The m á x i m u m  shearing stress in a spring of mean radius R, supporting



a load P, is given b y  [1]

a = 16 P R / tt d 3 (1)

where d is the diameter of the cross-section of the coil, Fig. 1.

For a sheet (beant beam) of rectangular cross-section, bent initi- 

ally to a radius R q  and that after the application of the load 

changes to a radius R i , the m á x i m u m  shear stress applied to it is 

given by [2]

o = ±  E t (1/Rq - 1/Rj) (2)

w here E is Young's m o dulus and t the thickness of the beam, Fig. 2.

It m u s t  be p o inted out that equations (1) and (2) are useful only 

for rough estimates and one should include additional effects such 

as the changes in temperature, irradiation growth, etc.

F r o m  equation (1) it is seen that the load supported by the spring 

is propor t i o n a l  to the stress applied to the m a t erial so that if 

this stress relaxes the supported load decreases in the same 

proportion. For the case of the bent beam, equation (2), if the 

stress relaxes R^ will increases and consequently the load supported 

by the beam will be reduced.

Then, from the point of v i e w  of the use of the structural materials 

as elastic members the important mechan i c a l  p r o p e r t y  is the stress- 

relaxation (or the total creep strain) under servicing conditions. 

Once the load that m u s t  be sustained b y  the elastic element, and the 

limits between it can varies d uring service, has been established, 

the m á x i m u m  stress applied to the material can be determined from 

equations (1) and (2) w i t h  the appropriate g eometrical dimensions. 

F r o m  the stress-relaxation behaviour of the material, as a function 

of temperature and neutrón dosis, it m a y  be seen if this conditions 

are fulfilled. Then, the important p r o p e r t y  to be analyzed is the 

stress-relaxation b e h a viour under w o r k i n g  conditions (temperature 

and neutrón flux) since, as it w i l l  be shown, the behaviour of the 

unirr a d i a t e d  material is not representative of the situation in-pile. 

Finally, the approximate w o r k i n g  conditions of the elastic elements 

in the Atucha reactor are given in table 1.



Table 1:

T emper a t u r e T =! 573 K

Instantaneous flux <!>. i * 5 x 1 0 17 n e u t r o n s / m 2s (E > 1 MeV)

Integrated flux
$t

- 1 x 102 5 n e u t r o n s / m 2 (E > 1 MeV)

Total w o r k i n g  time t = 8.000 h

2. S t r ess-relaxation and creep behaviour

a) Inconel 718

It was not possible to obtain information on the stress-relaxation 

or creep b e h a v i o u r  of Inconel 718 under irradiation in conditions 

similar to those given in table 1. There is some information, 

given by Huntin g t o n  alloys [3] on the relaxation of springs of 

u n i r r a d i a t e d  material. The data are shown in Fig. 3 and it m a y  be 

seen that the stress-relaxation, for temperatures of the order 

of 5 73 K, is expected to be lower that 1 % in several thousand 

hours. Recent reports [4, 5] give information only on the influence 

of n e utrón irradiation on short term mechan i c a l  proper t i e s  (mainly 

tensiles) for temperatures above about 673 K and neutrón fluences 

up to 7.5 x 1 0 26 n / m 2 . It is stated in those reports that creep 

tests are in progress. The information given in the literature 

sometimes refers to the creep b e h a viour of the m a t erial and not 

to its stress-relaxation. In order to correlate n u m e r i c a l l y  both 

data, the creep rate of the material, in terms of stress, time, 

etc., must be given [6].

In fact, if the creep rate, é , can be expressed as

e = A a Q n f(t) (3)

w here aQ is the applied stress, A  is a constant related to the 

mater i a l  and to the temperature f(t),is a function of the time t, 

then the plástic strain after a time tQ in a creep experi m e n t  

w o u l d  be

to
ep = A  aQ / f(t) dt + C lf- C : = O 

o

During stress-relaxation, since é = - á/E = A a 11 f(t), the stress,
P

a, after a time t w i l l  be
o



o to
/ (da/a11) = - A  E / f(t) dt + C 2
ao o

C 2 = 0

If n = 1, then

so that the stress-relaxation Aa ,, after the time t is
reí o

reí 1 - (a/aQ ) = 1 - exp (- E £p / a 0 ) . (4)

If n jé 1

reí
1 - [1 + (n-1) Ee /a ] 1/(n 1)

p o
(5)

It must be p o inted out that " time-hardening" [7] was assumed, 

w h i c h  is a reasonable assumption for the in-pile behaviour.

In fact, the in-pile creep of some zirconium alloys [8] and stain- 

less steels [9] seems to be described b y  an equation like (3).

When creep data are reported, the stress-relaxation w i l l  be 

est imated by equations (4) and (5) for several valúes of n.

It should be reminded, however, that this w i l l  give only an idea 

of the order of magnitude of the stress-relaxation involved 

since, in addition , uniaxial conditions were assumed on deducing 

these equations [10, 11].

As an example, from the reported creep properties of Inconel 718

[3], shown in Fig. 4:

e = 0,2 %; T = 866 K; t = 1,000 h; a = 703 MPa 
p o o



the e s t i m a t e d  stress-relaxation is

n Aa , %
reí

0 48

1 38

2 33.7

3 28.6.

T hese valúes are reasonable, w h e n  compared w i t h  those shown 

in Fig. 3 at lower stresses. The valué for n = O is an over- 

e s t i m a t i o n .

b) Stainless Steels

b . 1 SS 1.4980 (A-286)

No p u b l i s h e d  data have been found for the in-pile creep and

st ress-relaxation behaviour of this Steel. Some results for the

tensile and creep properties, in u n irradiated material, can be

ob t ained from the supplier [12]. For example, at 873 K w i t h

a = 360 MPa a strain of 0.2 % is obtained after 1,000 h. 
o

N o  data are reported at lower temperatures.

W i t h  these valúes, the estimate stress-relaxation is

n Aa , % 
reí

0 89

1 59

2 47

3 40

The stress-relaxation of this Steel, for temperatures of 

573 K and below, is expec t e d  to be slightly higher than that 

of Inconel 718.

b.2 Other stainless steels

Only few p u b l ished data were found for the stress-relaxation of 

stainless steel, during irradiation.

J. W. Joseph, Jr. [13] reported some valúes of the stres s - r e l a ­

xation behaviour of SS type 304, under neutrón irradiation.

Round specimens under compression were used and the irradiation 

temperature was lower than 373 K. No stress-relaxation was ob- 

served in the unirradiated specimens tested at the same tempera- 

ture. The results are shown in Fig. 5 and, as discussed in the



paper, the data at the higher stresses are in error due to 

the fact that the specimens w e r e  strained plastically.

In a later report by the same author and R. E. S c h r e i b e r  [14] 

some s t r ess-relaxation data for the same m a t e r i a l  are reported, 

but for m e a s u r e m e n t s  made in torsion w i t h  tubular specimens. 

E s s e n t i a l l y  the same results were o b t ained as for c ompression 

and they are shown in Fig. 6. The data shown in Fig. 5 are included 

for a comparison.

There are some reported results on the stress-relaxation of 

SS 302 and 34 7. These data are given in ref. [15] and it was 

not possible, up to now, to obtain the original papers. The 

data on the 302 steel are shown in Fig. 7 and were obtained 

at an irradiation temperature of 583 K u n d e r  a flux > 1 0 16 n / m 2s 

(> 1 M e V ) , in compressionsprings.

The results in SS 347 are shown in Fig. 8 and w e r e  o b t ained at an 

irradiation temperature of 333 K, in bending, for a stress of 

5 3 MPa.

There are some data on the creep b e h a v i o u r  of SS 302 m e a s u r e d  

in springs, with a diameter of 9 m m  and a wire diameter of 1.5 mm, 

under a stress of 407 MPa. These results, reported in [15], 

o b t a i n e d  at irradiation temperatures between 293 and 333 K are 

shown in Fig. 9. It is seen that the p l á stic strain is large, 

exceding the elastic strain, so that the stress-relaxation 

is expected to be high.

R. A. Wolfe and B. Z. Hyatt [16], reported some in-pile stress- 

relaxation data in Almar 362, a m a r a n g i n g  stainless steel.

The measur e m e n t s  were done at two nominal temperatures 333 and 

586 K, b y  using the b e n t  b e a m  technique. The results are shown 

in Figs. 10 and 11. The authors did not give the initial stresses 

b ut the radii of curvature. These stresses w e r e  calculated 

from the radii taking E= 190 GPa and the reported thickness.

The stress relaxation can be calculated from the figures with 

the equation

Aa , = 1 - R /R. 
reí o'

It may be seen that the stress-relaxation varies b e t w e e n  40 

and 60 %, according to the temperature and the initial stress.

The two type of specimens, A  or B, differ in the initial coid-



w o r k i n g  conditions and thermal treatments. The B specimens 

were stressed to valúes above the yield stress.

D. M o s e d a l e  et al [9, 17] and G. W. L ewthwaite and K. J. Proc- 

tor [18], reported several data on the in-pile creep of SS 

springs at stresses lower than 100 MPa. The data reported in

[18] were taken in two austenitic stainless steels, FV 548 and 

ASI 316. The usual thermal treatments were given to the springs 

w i t h  a d i a meter of 12.7 m m  and a wire diameter of 1 mm. The 

irradiation temperature w a s  of the order of 373 K.

The results for the F V  548 springs are shown in Fig. 12.

T hese data correspond to the irradiation creep since the thermal 

creep was subtracted out. The deflection, D, of the spring is 

given in terms of the initial elastic deflection, D e *

The results for the ASI 316 springs are shown in Fig. 13. At 

the stresses used, no thermal creep w a s  observed in these 

springs. The annealed spring crept t r ansiently 0.2 D e ) and 

c o n siderably less than the cold-worked ones. An estimate of the 

s t r ess-relaxation can be made, form the valúes given in Figs.

12 and 13, by using equation (4) and the reported deflections 

for the springs. The results are

o  A  a , %
o reí

43.3 58

26.6 61 F i g - 12

41.8 41 Fig. 13

For the data reported in references [9] and [17] it was found 

that springs made from seven austenitic stainless steels crept 

far more in reactor, at temperatures of the order of 553 K, 

than in the laboratory at the same temperatures. The specimens 

were irradiated at a flux of the order of 3 x 1 0 19 n / m 2 s 

( > 0 . 1  M e V ) .

There are several additional results reported in these papers and they 

w i l l  not be detailed. As an example, Fig. 14, taken from 

reference [17], shows a comparison between the irradiation in- 

duced creep in springs of ASI 316 and the thermal creep at a 

much higher temperature. It is seen that the irradiation induced 

creep is very high.



A  s t ress-relaxation of the order of 30 % is o b t a i n e d  w i t h  

e q u ation (4) from the data of Fig. 14, in the irradiated specimen 

and after 4000 h.

Finally, K. D. Closs et al [19], reported some data on the in- 

pile creep of SS 1.4981, cold-worked 15 %. The m e a s u r e m e n t s  w e r e  

taken in rods of 3 m m  in d i a meter and 50 irn long.

The change in length as a function of the irradiation time 

is shown in Fig. 15 and it is independent of temperature for 

temperatures b e tween 623 and 723 K. Using equation (4), w i t h  

E = 180 GPa [12], a stress-relaxation of the order of 90 % 

is obtained, w i t h  the reported dimensions.

c) Z i r c o n i u m  alloys

Several data for the in-pile creep and s t r ess-relaxation of 

z irconium alloys have been p u b l i s h e d  in the literature [20-2 7] 

and only the most representative w i l l  be shown.

Fig. 16 (a) to (e), from reference [20], shows some results on 

the stress-relaxation of zircaloy-4 w i t h  different thermo-mechani- 

cal treatments and in Zr + 2.5 w t  % Nb + 0.5 w t  % Cu. It is seen 

that the irradiation increases the stress-relaxation at b o t h  t e m ­

peratures. It must be p o i n t e d  out that the stress-relaxation data 

in zirconium alloys, given in Figs. 16 to 19, were m e a s u r e d  by 

the bent b e a m  technique. Fig. 17, taken from reference [23], 

shows the stress-relaxation b e h a viour of zircaloy-2 specimens 

w i t h  different initial conditions, at various stresses. The 

specimens were p r e p a r e d  from pressure tubes in hoop (transverse) 

and longitudinal directions. The longitudinal specimens were 

cutted w i t h  the neutral axis either in the tangential (T) or 

in the radial (R) direction. These data w e r e  taken at temperatures 

of the order of 573 K and at a fast neutrón flux (E > 1 MeV) of

2 x 1 0 17 n / m 2 s. As for the data shown in Fig. 16, the in-pile 

stress-relaxation is h igher than that observed in the unirradia- 

ted material. Similarly, Fig. 18, taken from reference [22], 

and Fig. 19, taken from reference [23], show the stress-relaxation 

behaviour of Zr-2.5 w t  % Nb at similar temperatures and neutrón 

e x p o s u r e s .



Di s c u s s i o n  and conclusions

U n d e r  the w o r k i n g  conditions given in table 1, the Zr-2.5wt%

N b  alloy shows the lowest stress-relaxations when compared w i t h  

the rest of the commercial zirco n i u m  alloys (no d a t a  w e r e  found 

for Zr-1 wt% N b ) . In fact, from Figs. 18 and 19(c) it is seen 

that this alloy relaxes 50 % or less if the appropriate thermo- 

m e c h a n i c a l  treatments are used. These valúes are v alid for stres- 

ses of the order of 200 M P a  since the creep rate and consequent- 

ly the s t r ess-relaxation is expected to increase very r a pidly at 

stresses above about 300 M P a  [26].

It is clear that a stress-relaxation of the order of 50 % is too 

high w h e n  compared w i t h  the valúes expected, from out of pile mea- 

surements, for Inconel 718 (less than 1 %), Fig. 3, or SS 1.4980.

The quest i o n  is: Are the out of pile data representative of the 

in-pile behaviour? U n f o r t u n a t e l y , as p o inted out before, it was 

not possible to obtain information on the in-pile creep or stress- 

relaxation of these materials. However, if the stress-relaxation 

of Inconel 718 and SS 1.4980 is affected by irradiation in a w a y  

similar to the reported steels, shown in Figs. 5 to 15, then their 

in-pile stress-relaxation is expected to become of the same order 

of magnitude as that found in Zr-2.5 wt% Nb.

It is evident that an important e xperiment w o u l d  be to measure the 

elastic behaviour of the structural elements after servicing, i.e., 

when the fuel elements are changed. If the stress-relaxation is 

found to be of a few 10%, then these elements can be made of Zr-2.5 

wt% Nb it the w o r k i n g  stresses are of the order of 150 MPa. N o  cor- 

rosion problems are e x p ected since this zirconium alloy shows ex- 

cellent corrosion behaviour.

Finally, more e x p erimental work is needed on the in-pile stress- 

relaxation of zirconium alloys, stainless steels and Inconel 718, 

since the out of pile data are not representative, specially at low 

t e m p e r a t u r e s . For example, the irradiation induced creep and stress- 

r elaxation in stainless steels seem to decrease slightly w i t h  in- 

creasing temperatures [9,17,18]. This is an interesting problem, too,



from the p o i n t  of v i e w  of an u n d e r s t a n d i n g  of the fundamental 

m e c h a n i s m s  of i rradiation damage.

A c k n o w l e d g e m e n t s

I w i s h  to express mey thanks to Prof. L. Fernandez and Lic. R. 

Giadanes, of CNEA, and to Dr. K. Herschbach, Ing.M. Schirra and 

Dipl.-Ing. C. Wassilew, of KFK, for their c o ntribution to this 

w o r k .

This work was p e r f ormed w i t h i n  the Special I n t ergovernamental 

Ag r e e m e n t  on the Scientific and Techno l o g i c a l  Cooper a t i o n  be- 

tween A r g e n t i n a  and the Federal Republic of Germany.



R eferences

[1] S. Timoshenko;

"Strength of Materials" (Part I). V a n  N o s t r a n d  Reinhold 

Co. (1958), p. 290.

[2 1 F.V. W a r n o c k  and P.P. Benham;

"Mechanics of Solids and Strength of Materials". Pitman 

(L o ndon), (1965), p. 161.

[3] Hunti n g t o n  Alloys;

" Inconel alloy 718". The International N i c k e l  Co. (1973).

[4 ] Semi-Annual Progress Report;

"Irradiation Effects on Reactor Structural Materials". R e ­

p o r t  H E D L - T M E  75-95; UC-79b (1975).

[5 ] J.M. Steichen and A.L. Wardj

"Effect of strain rate on the tensile p roperties of irradi- 

ated Inconel 718". Report HEDL-TME 76-14; UC-79h, p (1976)

[6l J.B. Conway, R.H. Stentz and J.T. Berling;

"Fatigue, Tensile and Relaxation behaviour of Stainless Steels". 

U S A E C , Technical Information C e nter (1975).

[7 ] I. Finnie and W.R. Heller;

"Creep of Engine e r i n g  Materials". McGraw-Hill, N.Y. (1959).

[8] D.E. Fraser;

" S t r ess-relaxation testing of small b e n t  b e a m s " . Report A ECL- 

3782 (1971).

C 91 d . Mosedale, G.W. Lewthwaite and I. Ramsay;

"Further creep experiments in the Dounreay fast reactor". Proc.



Conf. on Irradiation E m b r i t t l e m e n t  and creep in fuel clad- 

ding and core components. BNS, L ondon (1972).

[10] F. Povolo;

"The determ i n a t i o n  of creep constants from s t r ess-relaxation 

in bending and t o r s i o n " . J. Nucí. Mater. 68 (1977) 308.

[11] F. P ovolo and E.H. Toscano;

"On stress-relaxation in bending. A n  example for Zry-4". 

j. Nucí. M a t e r . , to be published.

[12] Rochling'sche Eisen- und Stahlwerke GmbH, V o l k l i n g e n  (Saar) 

"Handbuch für hochwarmfeste Stahle und Legierungen" . p . 49

[13] J.Wal t e r  Joseph, Jr;

" S t r ess-relaxation in stainless steel d uring irradiation"

AEC Report DP-369 (1959).

[14] J.W. Joseph,Jr; and R.E. Schreiber;

" Relaxation of torsional stresses in stainless steel during 

irradiation". AEC Report DP-669 (1962).

[15] R.E. Schreiber;

"Mechanical properties of irradiated stainless steels. A  com- 

pilation of the data from the l i t e r a t u r e " . AEC Report DP-579 

(1961) .

[16] R.A. Wolfe and B.Z. Hyatt;

"Viscoe l a s t i c  analysis of in-pile stress-relaxation", J.Nucl. 

M a t e r . 45 (1972) 181.

[17] G.W. Lewthwaite and K.J. Proctor;

" Irradiation-creep in a m a t e rials testing reactor". J. Nucí. 

Mater. 46 (1973) 9.



[18] D. Mosed a l e  and G.W. Lewthwaite;

" I r radiation creep in some austenitic stainless steels 

N i m o n i c  PE 16 alloy and Nickel". Proc. Conf. on Creep 

strength in steel and high temperature alloys. ISI, Shef- 

field (1972).

[19] K.D. Closs, K. H e r s c h b a c h  and W. Schneider;

"E x p e r imentelle Unters u c h u n g e n  zum b e s t r a h l u n g s i n d u z i e r t e n  

Kr i echen an stabilisierten S t a h l e n " . Proc. Conf. on Irradia- 

tion b e h a v i o u r  of fuel cladding and core component materials. 

Karlsruhe (1974).

[20] P.H. Kreyns and M.W. Burkart;

"R a d i a t i o n - e n h a n c e d  relaxation in Zircaloy-4 and Zr-2.5 wt%

Cu alloys". J.Nucl. Mater. 26 (1968) 87.

[21] E.F. Ibrahim, E.G. Price and A.G. Wysiekierski?

"Creep and stress-rupture of high strength zirconium alloys". 

Can. Metallurg. Quarterly 11 (1972) 273.

[22] P.A. Ross-Ross, V. Fidleris and D.E. Fraser;

"Anisotropic creep behaviour of zirconium alloys in a fast 

neutrón flux", Ibid. p. 101.

[23] D.E. Fraser, P.A. Ross-Ross and A.R. Causey;

"The relation b e tween stress-relaxation and creep for some 

zirconium alloys during neutrón irradiation". J. Nucí. Mater. 

46 (1973) 281.

[24] A.R. Causey;

" In-reactor stress-relaxation of zirconium alloys " . A S T M  Sympo- 

sium on Zirconium in N u c l e a r  Applications. Portland, Oregon 

(1973). A S T M  STP 551.



[25] A.R. Causey;

" In-reactor creep of Zircaloy-2, Zircaloy-4 and Zr-1.15 

wt% Cr-O. 1 wt% Fe at 568K d e rived from their stress-re- 

laxation b e h a v i o u r " . J.Nucl. Mater. 54 (1974) 64.

[26] C.E. Coleman, A.R. C a u s e y  and V. Fidleris;

"Uniaxial in-reactor creep of Z i r c o n i u m - 2 .5 wt% N i o b i u m  

at 5 7 0 K " . J. Nucí. Mater. 60(1976) 185.

[27] A.R. Causey;

"Therm a l l y  induced strain recovery in irradiated and un- 

irradi a t e d  zirco n i u m  alloys s t r ess-relaxation specimens". 

J. Nucí. Mater. 61 (1976) 71.



Fig. 1



\  /

Fig. 2



Re
lax

at
io

n, 
%

0 200 400  600  800  1000
Time, hr

Fig. 3: Relaxation of helical coil springs made from 3.76 m m  - diameter 

cold-drawn Nr. 1 Temper wire. (Springs annealed 1255 K/lh and 

aged 991 K/8h. F.C. to 894 K, hold at 894 K for total aging time 

of 18 h ) . Data taken from Ref. (3).
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Fig. 4: Creep—rupture properties (1000 h) of hot-rolled, 15.88 m m  ** 

diameter bar (1255 K/lh, W.Q. and aged 991 K/8h, F.C. to 894 

K, hold at 894 K  for total aging time of 18 h ) . Data taken from 

Ref. (3).
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Fig. 6: Comparison of shear stress-relaxations in tensile 

and torsional specimens of 304 Stainless Steel. 
Data taken from Ref. (14).
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Fig- 7. Stress relaxation of Stainless Steel 302. Data taken from Ref. (15).
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Fig. 8: Stress-relaxation of Stainless Steel 347. Data taken from Ref. (15).
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F ig- 9: Creep of Stainless Steel 302. Data taken from Ref. (15).
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Fig. 10: In-pile stress-relaxation of Almar-362 at a nominal 

temperature of 333 K. Data taken from Ref. (16).
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Fig. 11: High temperature in -pile relaxation of Almar-362. Data taken from 

Ref. (16).
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: Creep of cold-worked FV 548 springs; ©  43.3 MPa,° 26.6 MPa. 

Data taken from Ref. (18).
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Fig. 13: Creep of 316 springs; ©  41.8 MPa and, from first experiment,

o 39.5 MPa, + 38.2 MPa, x 62.5 MPa. Data taken from Ref. (18).
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Fí-.g’ 14: Comparison of irradiation creep at 538K-553K and thermal creep at 773K of cold-worked 
M316 (Batch 2) springs. Data taken from Ref. (17).
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Fig. 15: In-pile creep of Stainless Steel 1.4981. Data taken 
from Ref. (19).
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Relaxation of Zr+2.5 wt% Nb + 0.5 w t % Cu. Data taken from Ref. (20).
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17d; Unrelaxed stress ratio as a function of time for Zircaloy-2 at 
566 K, cold-worked. The autoclave tests were performed at 573 K. 
Data taken frome Ref. (23).
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Fig. 18: Results from stress-relaxation tests with specimens

from heat-treated Zr-2.5 wt% Nb tubes. Tests performed 

at 558 K and at a nominal initial stress of the order 

of 150 MPa. Data taken from Ref. (22).
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Fig. 19a: Unrelaxed stress ratio as a function of time for Zr-2.5 w t % 

Nb. Inreactor tests at 566 K  and autoclave tests at 573 K, 

heat-treated. Data taken from Ref. (23).
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Fig. 19b: Unrelaxed stress ratio as a function of time for Zr-2.5 wt% Nb.

Inreactor tests at 566 K  and autoclave tests at 573 K, heat- 
treated. Data taken from Ref. (23).



UN
RE

LA
XE

D 
Sl

Rt
SS

 
RA

I 
I O 

a/
a.

0 1 2 3 4 5 6 7 8

TIME x lO"3 h

Fig. 19c: Unrelaxed stress ratio as a function of time for Zr-2.5 w t % Nb.

Inreactor tests at 566 K  and autoclave tests at 573 K, cold-wor- 
ked. Data taken from Ref. (23).
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Fig. 19d: Unrelaxed stress ratio as a function of time for Zr-2.5 wt% Nb.

Inreactor tests at 566 K  and autoclave tests at 573 K, cold-wor- 

ked. Data taken from Ref. (23).


