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Abstract 

T h i s p a p e r p r e s e n t s some p r o p o s a l s f o r d e v e l o p i n g a h i g h -
t e m p e r a t u r e s t r u c t u r a l d e s i g n g u i d e l i n e f o r HTGK s t r u c t u r a l 
c o m p o n e n t s . I t i s a p p r o p r i a t e t h a t a b a s i s fo r d e v e l o p i n g h i g h -
t e m p e r a t u r e s t r u c t u r a l d e s i g n r u l e s i s r e s t e d on w e l l - e s t a b l i s h e d 
e l e v a t e d - t e m p e r a t u r e d e s i g n g u i d e l i n e s , i f t h e same f a i l u r e modes 

- - - -a re expec t ed f o r h i g h - t e m p e r a t u r e c o m p o n e n t s a s c o n s i d e r e d i n 
such d e s i g n g u i d e l i n e s . 

As f o r t h e a p p l i c a b i l i t y of ASME B&PV Code Case N-47 t o 
s t r u c t u r a l d e s i g n r u l e s fo r h i g h - t e m p e r a t u r e components ( s e r v i c e 
t e m p e r a t u r e s &900°C), t h e f o l l o w i n g c r i t i c a l i s s u e s on m a t e r i a l 
p r o p e r t i e s and s e r v i c e l i f e e v a l u a t i o n r u l e s have been p o i n t e d 
c u t . 

( i ) no w o r k - h a r d e n i n g of s t r e s s - s t r a i n c u r v e s a t h igh 
t e m p e r a t u r e s due t o dynamic r e c r y s t a l l i z a t i o n 

( i i ) i s s u e s r e l a t i n g t o ve ry s i g n i f i c a n t c r e e p 
( i i i ) d u c t i l i t y l o s s a f t e r l o n g - t e r m a g e i n g a t h igh 

t e m p e r a t u r e s 
( i v ) v a l i d i t y of l i f e - f r a c t i o n r u l e ( R o b i n s o n - T a i r a r u l e ) 

a s c r e e p - f a t i g u e damage e v a l u a t i o n r u l e . 
F u r t h e r m o r e , t h e v a l i d i t y of d e s i g n m a r g i n s of e l e v a t e d -

t e m p e r a t u r e s t r u c t u r a l d e s i g n g u i d e l i n e s t o h i g h - t e m p e r a t u r e 
d e s i g n r u l e s shou ld be c l a r i f i e d . 

S o l u t i o n s and p r o p o s a l s t o t h e s e i s s u e s a r e p r e s e n t e d in 
t h i s - p t . p e r . C o n c e r n i n g no w o r k - h a r d e n i n g d u e t o d y n a m i c 
r e c r y s t a l l i z a t i o n , i t i s shown t h a t v i s c o u s e f f e c t s c anno t be 

n e g l e c t e d even a t h igh e x t e n s i o n r a t e f o r t e n s i l e t e s t s , and t h a t 
changes in v i s c o u s d e f o r m a t i o n r a t e s by dynamic r e c r y s t a l l i z a t i o n 
shou ld be t a k e n i n t o a c c o u n t . The e x t e n t i o n r a t e f o r t e n s i l e 
t e s t s i s p roposed t o change a t h igh t e m p e r a t u r e s . The s o l u t i o n s 
a n d p r o p o s a l s t o t h e a b o v e - m e n t i o n e d i s s u e s l e a d t o t h e 
c o n c l u s i o n t h a t t h e d e s i g n m e t h o d o l o g i e s of N-47 a r e b a s i c a l l y 
a p p l i c a b l e t o t h e h i g h - t e m p e r a t u r e s t r u c t u r a l d e s i g n g u i d e l i n e 
fo r HTGR s t r u c t u r a l components i n s e r v i c e a t about 9 0 0 # C . 

1 . Introduction 

High-temperature components, e.g., He/He intermediate heat exchangers 
(IHXs), of HTGRs fo r nuclear process heat u t i l i z a t i o n systems are expected 
to funct ion at service temperatures of 900C or above. Some of Ni-base or 
Fe-base h e a t - r e s i s t a n t a l l o y s , e.g., Has te l l oy X i n c l u d i n g Has te l l oy XR, 
Inconel 617 and Al loy 800H, are the candidate s t ruc tura l mater ials fo r the 
high-temperature components. The service temperatures and the mater ials 
are beyond the scope covered by e leva ted- tempera tu re s t r u c t u r a l design 
gu ide l i nes which are a iming p r i m a r i l y a t app ly ing to LMFBR components. 
Development of a high-temperature s t ruc tura l design guidel ine, therefore, 
i s one of key issues to e s t a b l i s h nuclear process heat u t i l i z a t i o n 
systems. 

I t is appropriate and reasonable that a basis for developing a h igh-
temperature s t r u c t u r a l design g u i d e l i n e i s res ted on w e l l - e s t a b l i s h e d 
e leva ted- tempera tu re design g u i d e l i n e s , i f the same f a i l u r e modes are 
expected for the high-temperature components. In th is paper, a p p l i c a b i l i t y 
of e leva ted- tempera tu re s t r u c t u r a l design guidelines to high-temperature 
components of Hastelloy XR is discussed, and some proposals are presented 
to solve c r i t i c a l issues on the app l i cab i l i t y . 

2. Applicability of the Elevated-Temperature Structural Design Guideline 

App l i cab i l i t y of elevated-temperature s t ruc tura l design guidelines to 
the high-temperature components should be discussed from aspects of f a i l u r e 
modes of the s t ruc tura l materials and t he i r material propert ies, as the 
f i r s t step. Fur thermore, sa fe t y margins f o r design a l l o w a b l e s t resses 
should be discussed. 



2.1 F a i l u r e modes of Has te l l oy XR 
From rev iew ing m a t e r i a l property and s t ruc tura l mechanics test ings 

f o r H a s t e l l o y XR and o p e r a t i o n e x p e r i e n c e s o f h i g h - t e m p e r a t u r e 
exper imenta l f a c i l i t i e s made of Has te l l oy X such as the ERANS High-
Temperature Helium Test Loop, OGL-1 of JMTR and HENDEL i n OAERI. the 
f o l l o w i n g seven modes of f a i l u r e should be considered f o r the h i g h -
temperature components of Hastelloy XR in service up to about 1000C. 

•Duct i le rupture from short-term loadings 
The d u c t i l i t i e s at tens i le rupture exceed about 40% for unaged Hastelloy 
XR. 

•Creep rupture from long-term loadings 
•Fatigue and creep-fat igue f a i l u r e 
•Gross d i s to r t i on due to incremental collapse and ra tchet t ing 
•Buckling due to short-term loadings 
•Creep buckling due to long-term loadings 
"Loss of funct ion due to excessive deformation 

I t should bo noted here that long-t-"rm exposures at high temperatures 
lose the d u c t i l i t i e s of Hastelloy XR at ""oom temperature. The d u c t i l i t i e s 
of thermal ly aged Hastelloy XR, however, s t i l l exceed about 10%. Although 
thermal ageing e f f e c t s should be considered in s t r u c t u r a l des ign ing , 
therefore, therm?! ageing does not add new f a i l u r e mode of b r i t t l e rupture. 

ASME Boi ler and Pressure Vessel Code Case N-47' ' provides guidel ines 
for guarding against these f a i l u r e modes >n elevated temperature range (up 
to about 300C). Therefore, basic design philosophies of N-47, fo r example, 
the p r imary s t ress l i m i t s , are concluded to be app l i cab l e to the se rv i ce 
temperature range up to 1000C for Hastelloy XP. 

2.2 Material propert ies of Hastelloy XR 
The m a t e r i a l p r o p e r t i e s of Has te l l oy XR should be reviewed as 

shown below, because ru l es in N-47 f o r guarding aga ins t 7 f a i l u r e 
modes ar? cons t ruc ted on severa l assumptions f o r p r o p e r t i e s of the 
mater ials l i s t ed in fl-47 and the mater ial propert ies are changeable w i th 
t e m p e r a t u r e even i f the same f a i l re modes are expec ted at h i gh 
temperatures. 

1) Short-term or tens i le property 
The s h o r t - t e r m r u p t u r e d u c t i l i t i e s are h igh even f o r the aged 
mater ia l , as mentioned above. As for the s t ress -s t ra in curves, no work-
hardening and "wav ing" are observed at temperatures of about 850C and 
above, due to dynamic r ec r ys ta l l i za t i on , one of viscous f low phenomena 
as i l l u s t r a t e d i r F ig . 1. 

u True Total Strain 

Fig. 1 Schematic Illustration of Stress -
Strain Curves under Dynamic 
Recovery / Recrystollizotion 

2) Creep property 
The creep rup tu re d u c t i l i t i e s are high even at longer creep rup tu re 
l i ves , as shown in Fig. 2. Even for Haste!loy XR, creep ef fects are very 
s i g n i f i c a n t a t temperatures of about 900C and above. Thus, r e l a x a t i o n 
r a t e s o f t h e r m a l s t r e s s e s a re so f a s t a t 900C and above t h a t 
e l a s t i c a l l y - c a l c u l a t e d s t resses cannot s a t i s f y the design a l l owab le 
l i m i t s on s t ra i n and creep-fat igue damage, as mentioned in another paper 
by the author e t a l . ' ^ ' . 

3) Fatigue property 
Hastel loy XR is one of cycl ic-hardeni- ig mater ia ls. In the temperature 
rarge of very s i g n i f i c a n t creep, however, no c y c l i c hardening. , i .e . , 
constant stress range, is observed under s t ra in ra te-cont ro l led fat igue 
t e s t i n g s a t constant t o t a l s t r a i n ranges, due to very s i g n i f i c a n t 
viscous f low or creep even at high s t ra in rates. 
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Fig. 2 Creep Rupture Ductility of Hostelloy XR (Temperolure = 900°C) 

* 

- - -As- t h e - c o n c l u d i n g r e m a r k s , t h e f o l l o w i n g c r i t i c a l i s s u e s on t h e 
m a t e r i a l p r o p e r t i e s o f H a s t e l l o y XR s h o u l d be d i s c u s s e d f o r t h e 
a p p l i c a b i l i t y o f N-47. 
•No w o r k - h a r d e n i n g o f s t r e s s - s t r a i n c u r v e s a t h i g h t e m p e r a t u r e s due t o 

dynamic r e c r y s t a l l i z a t i o n 
' I s s u e s r e l a t i n g t o very s i g n i f i c a n t creep 
" D u c t i l i t y l o s s a t l ow t e m p e r a t u r e s a f t e r l o n g - t e r m a g e i n g a t h i g h 

tempera tu res 

2 .3 S a f e t y margins 
S a f e t y marg ins are d e f i n e d f rom f a i l u r e p r o b a b i l i t i e s o f components. 

The f a i l u r e p r o b a b i l i t i e s are c l o s e l y r e l a t e d t o v a r i a t i o n s i n m a t e r i a l 
p r o p e r t i e s , e s p e c i a l l y t o p r o b a b i l i t y d i s t r i b u t i o n s o f v a r i a b l e s d e f i n i n g 
t he v a r i a t i o n behav io r . 

The c r e e p r u p t u r e l i f e , one o f t h e g o v e r n i n g m a t e r i a l p r o p e r t i e s a t 
h i g h t e m p e r a t u r e s , i s l o g n o r m a l l y d i s t r i b u t e d f o r H a s t e l l o y XR, as shown 1n 
F i g . 3. The lognormal d i s t r i b u t i o n o f t he creep r u p t u r e l i f e i s assumed 
f o r the m a t e r i a l s i n N-47. Thus, t he bas ic ph i l osophy o f N-47 f o r d e f i n i n g 
t he s a f e t y marg ins are a p p l i c a b l e t o the h i g h - t e m p e r a t u r e s t r u c t u r a l des ign 
g u i d e l i n e . 

3 . Proposals f o r the C r i t i c a l Issues 

Of t h e c r i t i c a l i s s u e s on t h e m a t e r i a l p r o p e r t i e s as m e n t i o n e d 1n 
C h a p t e r 2 , d y n a m i c r e c r y s t a l 1 i z a t i o n and d u c t i l i t y l o s s due t o t h e r m a l 
ageing are d i scussed here. S t r u c t u r a l behav io r such as s t r e s s r e l a x a t i o n 
p r o c e s s unde r v e r y s i g n i f i c a n t c r e e p i s a b l e t o be p r e d i c t e d by u s i n g a 
s o p h i s t i c a t e d and accu ra te i n e l a s t i c ( i n p a r t i c u l a r , c reep) a n a l y s i s method. 

3.1 Dynamic r e c r y s t a l l i z a t i o n 
Dynamic r e c r y s t a l 1 i z a t i o n i s w e l l - k n o w n t o be d e v e l o p e d u n d e r h i g h 

s t r a i n i n g r a t e s a t h i g h t e m p e r a t u r e s i n some t y p e s o f m a t e r i a l s , and t o 
cause m e t a l l u r g i c a l changes i n m a t e r i a l s and t h e n changes i n v i s c o u s 
d e f o r m a t i o n s t r e n g t h e s , as i l l u s t r a t e d i n F i g . 1 . I n t h i s f i g u r e , t h e 
Zener -Ho l lomon f a c t o r Z i s d e f i n e d as f o l l o w s , 

U e t exp (Q/RT) 
where 6^ i s the s t r a i n r a t e and T the a b s o l u t e t e m p e r a t u r e . For H a s t e l l o y 
XR, t h e d y n a m i c r e c r y s t a l 1 i z a t i o n does n o t o c c u r a t s l o w s t r a i n r a t e s 
observed d u r i n g creep t e s t s , bu t does a t h igh s t r a i n r a t e s d u r i n g t e n s i l e 
and f a t i g u e t e s t s . A c c o r d i n g l y , q u e s t i o n s as shown below a r i s e a s s o c i a t e d 
w i t h the dynamic r e c r y s t a l l i z a t i o n . 
Ql)How t o d e f i n e the t i m e - i n d e p e n d e n t des ign a l l o w a b l e s t r e s s l i m 1 t s ( S u , 

Sy and Sm i n N-47) 
Q 2 ) S t r u c t u r a l behav io r a t h igh s t r a i n r a t e s under dynamic r e c r y s t a l l i z a t l o n 

As f o r Q l , i t s h o u l d be n o t e d t h a t d y n a m i c r e s t o r a t i o n caused by 
dynamic recove ry and /o r dynamic r e c r y s t a l l i z a t i o n i s one o f v i scous f l o w o r 
c r e e p phenomena. Under t h e d y n a m i c r e s t o r a t i o n phenomenon, t h e r e f o r e , 
y i e l d s t r e n g t h and u l t i m a t e t e n s i l e s t r e n g t h are expected t o change w i t h 
s t r a i n r a t e as s c h e m a t i c a l l y i l l u s t r a t e d 1n F i g . 4. The y i e l d s t r e n g t h e s 
and u l t i m a t e t e n s i l e s t r e n g t h e s as t h e des ign s t r e s s l i m i t s are p o s s i b l e t o 
be d e f i n e d t h e i r va lues ob ta i ned a t t he s t r a i n r a t e s o f 6"** tor above, wh ich 
are cons ide red the t i m e - i n d e p e n d e n t , p l a s t i c p r o p e r t y ( w i t h o u t c reep ) . The 
y i e l d s t r e n g t h e s and u l t i m a t e t e n s i l e s t r e n g t h e s a t the s t r a i n r a t e s below 
c \ t s h o u l d i e c o n s i d e r e d e x a m p l e s o f s h o r t - t e r m c r e e p p r o p e r t i e s a t 

cons tan t s t r a i i ; r a t e s under ve ry s i g n i f i c a n t c reep. 
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As for Q2t an example of numerically analyzed structural behavior of a 
thin cy l indr ica l p i p e ^ is shown in Fig. 5. In th is f igure , the sol id 
l i n e shows the s t r u c t u r a l behavior under dynamic recovery and 
recrys ta l1 i za t ion . As the behavior predictions on extremely ideal ized 
assumptions, the dashed line shows that under dynamic recovery only, while 
the chained l ine does that of the recrystal 1 ized mater ia l . This f igure 
shows that the structural behavior under dynamic recrystal1ization can be 
predicted within those by two extremely idealized assumptions. 

3.2 Ducti l i ty loss due to thermal ageing 
Ni-base superalloys such os Hastelloy XR and Inconel 617 are w e l l -

known to lose not only the i r d u c t i l i t i e s but also the i r f racture 
toughnesses at low temperatures after long-term thermal ageing. Moreover, 
thermal ageing is found to rsduce fat igue crack growth resistance of 
Hastelloy XR at low temperatures^'. 

Such embrittlenient due to thermal ageing should be taken into account 
for structural safety evaluation on pre-existing flaws in low temperature 
operating conditions (for example, during reactor shut-down), but haven't 
necessarily to be done for s t ructura l i n t e g r i t y evaluation. Structural 
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i n t e g r i t y evaluation on thermal ageing embri t t lement. however, should be 
made of the heat t ransfer tube bundle st ructure of the IHX under seismic or 
f lu id- induced v ib ra t ion condit ions i f the heat t ransfer tubes are supported 
by a type of assembled tube support mechanism. The s t ruc tu ra l safety and 
i n t e g r i t y eva lua t i ons show tha t the design of the IHX by JAER1 is 
acceptable fo r the thermal ageing embri t t lemenv K 

4. Service Life Evaluation Rules 

The d iscuss ion on f a i l u r e modes and m a t e r i a l p r o p e r t i e s and the 
proposals to the c r i t i c a l issues c l a r i f y t h a t N-47, one of the e l e v a t e d -
temperature s t r u c t u r a l desiqn qu ide l i nes i s b a s i c a l l y a p p l i c a b l e t o the 
high-temperature components. Next, the app l i cab i l i t y of the design rules 
of the elevated-temperature design guidel ines should be discussed. 

Another paper by the author e t a l . ' * ' revealed t h a t the accumulated 
creep damages or creep s t r a i n s determined the serv ice l i f e of the IHX. 
Here, the a p p l i c a b i l i t y of creep damage evaluation rules is discussed. In 
N-47, the t i m e - f r a c t i o n r u l e i s app l ied to the accumulated creep damage 
evaluation of elevated-temperature components. The t ime- f rac t ion ru le has 
the fo l lowing features. 
•safe-side evaluation of creep damage, and in some cases, overconservative, 
• the l eas t exper imenta l data requ i red to e s t a b l i s h the r u l e among creep 

damage evaluation rules proposed, and 
•many appl icat ions to elevated-temperature components such as IHXs and SGs 

of LMFBRs. 
Furthermore, the t ime- f rac t ion ru le has been applied to one of h igh-

temperature m e t a l l i c m a t e r i a l s , Has te l l oy XR, and has demonstrated the 
sa fe -s ide e v a l u a t i o n s / ' Therefore, the creep damage evaluation ru le in 
N-47 can be concluded to be bas ica l l y app l i cab le to the h igh- tempera tu re 
components of Hastelloy XR. 

Under very s i gn i f i can t creep, however, the t ime- f rac t ion ru le needs 
accurate s t r e s s - t i m e h i s t o r i e s , r e q u i r i n g a s o p h i s t i c a t e d and accurate 
i n e l a s t i c ana lys i s method, and t h i s r u l e does not have any t h e o r e t i c a l 
backgrounds. Designers of the h igh- tempera tu re components p r e f e r nore 
reasonable damage evaluation rule", to the t ime- f rac t ion ru le , because the 
accumulated creep uamages determine the s t ruc tura l l i f e . Other well-known 
creep damage evaluation rules have the fo l lowing d i f f i c u l t i e s in applying 
to the high-temperatur • components. 
1) Strain-range pa r t i t i on ing r u l e ^ " 

The ru le is d i f f i c u l t to apply to hysteresis loops without any p las t i c 
s t ra ins . 

2) Damage rate accumulation rule^ ' 
The updated version applicable to mu l t i -ax ia l stress f i e l ds has not yet 
been proposed. Many exper imenta l data are requ i red t o e s t a b l i s h the 
ru le . 

On the other hand, the d u c t i l i t y exhaustion r u l e ' ' ' has a prospective 
a p p l i c a b i l i t y to high-temperature components as fo l lows, 
• to have the t h e o r e t i c a l background which can be der ived from continuum 
damage mechanics as shown in Appendix, 



•the least experimental data required, and 
•creep strains or enhanced creep produced by thermal stresses even under 
very significant creep can be evaluated without using inelastic analysis 
method. 

5. Concluding Remarks 

Discussions on f a i l u r e modes, material propert ies and safety margins 
of Has te l l oy XR lead t o the conc lus ion tha t the e leva ted - tempera tu re 
s t r u c t u r a l design gu ide l i nes could be applicable to the high-temperature 
components in service up to about 1000C. The fo l lowing c r i t i c a l issues on 
the a p p l i c a b i l i t y are c l a r i f i e d . 
•No work-hardening at high-temperatures due to dynamic r ec r ys ta l l i za t i on 
•Issues re la t i ng to very s i gn i f i can t creep 
• D u c t i l i t y loss a f te r long-term ageing at high temperatures 
Some proposals to these issues are presented in th i s paper. 

Fur thermore, the a p p l i c a b i l i t y of t y p i c a l creep damage e v a l u a t i o n 
r u l es to the h igh- tempera tu re components i s d iscussed. The w e l l -
es tab l i shed t i m e - f r a c t i o n r u l e in N-47 demonstrates the a p p l i c a b i l i t y to 
Hastelloy XR, whi le the d u c t i l i t y exhaustion ru le is shown to be prospective 
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Appendix Derivat ion of D u c t i l i t y Exhaustion Rule from Continuum Damage 
Mechanics 

(A - l l The Rabotnov's hypothesis* ' , a c r i t e r i o n of the continuum damage 
mechanics, i s formulated through the fo l lowing combination of equations, 

d t ( I - - ) ' 
(A- l ) 

- 4 H - - ^ o 8 — - (A-Z) 
d t 0 - u ) C 

where c i s the creep s t ra in and u> the accumulated creep damage. Now, 
consider a case where n = £ in the above equations, and then 

dw = - 5 - o 0 " a de c — - (A-3) 

In a case of b r i t t l e creep rupture at a constant-load isothermal creep tes t 
when the rupture elongation is so small that o = o 0 = const . , the creep 
rupture d u c t i l i t y e can be expressed as fo l lows , c i r 

E C i r (a = o,) = - § - o 0

a ' e — - (A-4) 

Then, Eq.(A-3) can be rewr i t ten as 

d u • -T^fczr •- (A"5 ) 

This is the d u c t i l i t y exhaustion ru le . 

[Reference] 

(A- l ) Yu. N. Rabotnov, "Creep Problems in Structural Members", 
North-Holland Publishing Company, 1969. 
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DESIGN REQUIREMENTS FOR HIGH TEMPERATURE 
METALLIC COMPONENT MATERIALS 
IN THE US MODULAR HTGR* 

A.S. SHENOY, W.S. BETTS 
General Atomics, 
San Diego, California, 
United States of America 

Abstract 

The modular high temperature gaa-cooled reector (MHTGR) ia a 
350 MV(t) aecond generation raactot systr.a dasign which during normal 
oparation circulatea halium with a mixed maan cold and hot temperature 
of 260*C (S00*F) and 690*C (1270*F), respectively. Tha daaign incor-
poratcs paasiva daaign faaturaa which allow tha plant to ba safely 
shutdown and cooled with no active systems or oparator action baing 
raquirad. A kay faatura of this concapt ia eha capability of tha resid-
ual haat removal by paaalve conduction cooldown from eha cor* to tha 
raactor cavity via an uninsulated vaaaal. Tha MHTGR uaaa a numbar of 
metallic components. A deacriptlon of thaae component! and chair 
deaign requirement* are preaented in Rhla paper. 

1. MHTGR PLANT DESCRIPTION 

Tha MHTGR plant is divided into two major areasj a Nuclear Island 
(NI) containing the four reactor module*, and an Energy Convaraion Area 
(ECA) containing the two turbine ganeratora. The four reactor modules, 
each of which produces a thermal output of 3S0 MW, are cross-haaderad to 
feed the two turbine generators operating in parallel. 

Within tha NI, each raactor modulo ia housed in adjacent, but sepa
rate, reinforced concrete structures located below grade. A typical 

*This ia a report of work sponsored by tha Department of Energy 
under Contract No. DE-AC03-88SF17367. 




