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FACTORS .!!TEC'I?NG THE MECHAJ!dICAL PROPERTIES OF STAINLESS 
STEFITJS AT W R X  OPERATJUG TEMPERATURES 

91. R .  Martin 

ABSTRACT 

The mech.ani.cal p ropey t i e s  p e r t i n e n t  to u.se i n  -the 
MPRE for t y p e s  304 and 316 stainless s t e e l  were revi-ewed. 
The s t r e n g t h  of the unirrac%iated wrought rnateria1.s i s  
adequa-Le, bu t  design will have t o  consider, the lower 
s t r e n g t h  07 weld meta l ,  I r r a d i a t i o n  has a g r e a t e r  
e-ffect on due ti l t t y  t han  teinpe:ratire has; qu..antitative 
information on r a d i a t i o n  embrittlement, i n  c reep  i s  
h a d e  quaie . 

S e l e c t i o n  of in%-ter i .a ls  f o r  r e a c t o r  app1fcati.o-n involves  only a few 

very bas t e  c r i t e r i a .  One must esbablish t h e  p r o p e r t i e s  necessary f o r  

success fu l  component opera-tiion and then s e l e c t  t h e  most economical ma-  

t e r i a l .  that s a t i s f i e s  -those : requi rements  w The scope o f  this i n v e s t i g a t i o n  

i s  not, t o  e s t a b l i s h  m a t e r i a l  req i i rements  f o r  t h e  Medium-Power Reactor 

Experiment ( 1 R . E )  but to  poin t  o u i  t h e  major f a c t o r s  a f f e c t i n g  -the rnecharii- 

ca,l p r o p e r t i e s  OC the  gr im can:Jj.d.ate ma,te:rials a t  t h e  MEET opera t ing  

conditioris and some po-tential  probkms with matel- i .  a1.s We shall. l i m i t  

ou r se lves  t o  types 304 aind 316 stai.:fllesa steel and t o  t h e  t e n s i l e ,  creep,  

and. stress-Yuptu-re propzr-ties. Ano-Lher importan-ti property,  strai-n f a t i g u e ,  

i s  discussed. i n  a eonipani.on repon-t.' 

1000 t o  1550°F, aging e f f e c t s  ( t ime-temperature) ,  composi t ional  v a r i a t i o n ,  

and i r rad ia t ion- induced .  proper ty  changes f o r  both wrough-t and weld metal  

a r e  t h e  f a c t o r s  of pri.mary in t e re s t  for a n  ope ra t ing  l i r e  of 10,000 h r .  

A t  MPRE opera t ing  temperatures  of 

1 -. 11. W. SwIdeiiian., Fa t igue  ol" Aus ten i t i c  S t a i n l e s s  S t e e l s  i n  i'ne 
I---_IIpII--̂  

Low and In te rmedia te  Cycle Range C?RNT,-TM-1.363 (January lw: 



2 

ST1BSS -RUPTURE AND CREEP PROPELITTES OF bROUGH'I' S'PAIi!TL€CSS STEEL 

Design of the WRE hardware f o r  t h e  1000 'GO 155C"F tempeyature range 

r equ i r e s  knowled-ge of t h e  creep and s t r e s s - r c p t u r e  p r o p e r t i e s  of t h e  candi- 

da t e  s.tructui-al mai;erri.als * Typical st i-ess-rupture proper-t tes of typc 316 

s t a i n l e s s  s t e e l  a r e  giver  i n  F i g .  1.. 

The inaximum allowable s t r e s s  for types 316 and 304 s t a i n l e s s  steel 

as set  forLh i.n t h e  r ev i sed  ASME Pressure Vessel Code I s  given i n  Table 1. 

The maximum nominal hoop s t r e s s  i n  t h e  MPRE pressure v e s s e l  i s  about 

7 3  p s i ,  which i s  well wi-ihin t h e  l i m i t s  implied by Table 1. for t h e  

projected 10,833C-hr l i f e t i m e  of t h e  WEE. The r e l a t i v e l y  heavy w a l l  

t h i ckness  (1/4 -to 1/2 i n . )  should reduce t h e  p r o b a b i l i t y  of  t h e s e  prop- 

e r t i e s  being degraded because o f  r eax t ions  bz'iween t h e  vessel wall and 

t h e  environment. 

%j.ssion-gas r e l e a s e  from t h e  UO2 rue1  will produce 'ihe s t r e s s e s  

t h e  i'uel element c ladding given by 'Table 2 ,  t a k m  from a corcLpanion r e p o r t . 2  

A t  t k e  a n t i c i p a t e d  gas-release r a t e  ol" about 1$, 'iiie elemen-i wal~l. s t r e s s  

of  31 p s i  wi.11 present  no problems. However, tile rue1  elernent cladding 

i s  t h i n  (0.32C i n . )  and thus ,  i n  c o n t r a s t  t o  t h e  pressu-re v e s s e l ,  i t s  

can be ini^l.ireiiced s ign i f i can - t ly  by intei-ac t i o n  w i t h  t h e  l i y u i d -  

metal environmegt . 
l i q u i d  metal conta.i.ni.n.g carbon or' oxygen show t h a t  t h e  s-trength i s  not 

significan-LJ-y- a f f e c t e d .  These d a t a  are sh.own i n  HE. 2. 

MOSL s t r e s s - rup tuxe  a-q.d creep iests' performed i n  

A s  show9 i n  Fig.  3, aging at temperatxrz produces a s-i;ructure wi th  

poorer s t r e s s - r u p t u r e  p r o p e r t i e s .  ' Severa l  l a b o r a t o r i e s  have accumuiated 

pertinen-t  d a t a ,  Data of t h i s  t G e  a r e  useful for p r e d i c t i n g  -[,he l i f e - t h e  

of i-eactor hardware t h a t  i s  not  s t r e s s e d  until sometime a f t e r  r e a c t o r  

s t a r t u p .  It i s  imgor'iant, however, t o  temper the d a t a  i n  F ig .  3 i n  using 

- 
*G. Samuels, Fuel. Element Design f o r  Boi l ing Potassium Reactors,  

'T4SA Resea-ch Corporation Quarterly Progress Report ' .. ̂.... ~ April-May-June 

'.Data takcn from D .  T .  BourgeLte, Evaporati-on of I ron - ,  Nickel-, and. 

ORNL-TM-1344 (January 1966), 

-_I- 1365, MSA Report 65-36 (Au-g. 6, 1965) .  

Cobalt-Base Alloys a t  76C t o  .....I__ 980°C i x i  High Vacuc~ms, ~ - -  O R N L - 3 6 7 7  (November T964) 
and D .  T .  Rourgette alnd H. E .  McCoy, unpublished r e su l i s ,  
___I- ~- 
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Table 1 a Revri-sed ASME S p e c i f i c a t i o n s  of Maximum All.owahle S t r e s s  

Maximum Allowable Stress, a p s i ,  a t  Various Temperatures 

1000°F 1100°F 1200°F 1303°F 14CO"F 1500°F 1.550"E'l' 
M a t  e r i a1 _-̂ -.I 

I__ _--. -.-- 
S t a i n l e s s  s t e e l  9450 8250 5500 3400 2050 3.250 1000 

S t a i n l e s s  steel. 7600 

type 304 

' type 304L 

type 316 
S t a i n l e s s  s?;eel 9800 9450 6950 4000 2000 1150 950 

S t a i n l e s s  s t e e l  8150 
type 316L 

a The l e s s e r  of t h e  s t r e s s  Lo cause c reep  a t  a r a t e  of 0.01% per  
1000 br and 60% oi i h c  stress t o  produce rup tu re  i n  10C,OCO h r .  

Ext rapol a t  e d . b 

Table 2 .  E f f e c t s  OP Assmmed Gas Release Rate from U02 on 
I n t e r n a l  Pressure and Capsule Wall Siicss f o r  

the MPRE Fuel Elnrnerit  

RsSlJmed 

Release Pressure Pres sure C ompo s i t  ion 

C ap.;ul-c 
Wall 

Sti-ess 
( p s i )  

Gas I n t e r n a l  D i  f f e r e n t i a l  Gas 

($J He) Rate (pia) (Psi  ) 
I--... 

(4) 
0 27.7 -1 "3 -15 100 

1 31-6 2.6 31 88 

3 39.A 10.4 12 5 71 

5 47.2 7 8.2 218 53 

10 66.6 37.6 451 42 
..- -I___ 
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it f o r  r e a c t o r  a p p l i c a t i o n s  by cons ide ra t ion  of  both -the t ime t o  rup tu re  

and the aging t ime t o  g ive  a b e t t e r  es t imate  of t h e  l i f e t i m e  of t h e  

equipment. These stress-m.pt1x-e da t a  f o r  wrought m a t e r i a l  i n d i c a t e  t h a t  

type  316 sta,inl.ess s t e e l  should. be ab le  -to withstanCl the  pred.icted MPBE 

s t r e s s  l e v e l s  and temperatures ,  without rup tu re  owing t o  mechanical 

s t r e s s e s ,  f o r  e i t h e r  t h e  r e a c t o r  performance o r  enduraace t e s t s .  

STRENGTH PEOPERTIES OF WETJDMENTS 

Very l i t t l e  appears  t o  be known about t'ne p r o p e r t i e s  of sound weld- 

ments a t  e l eva ted  tempera twe,  p a r t i c u l a r l y  as concerns c reep  and. stress 

rup tu re .  

wel-drnents ou t s ide  of hiph1.y s-tressed reg ions  SO t h a t  t h e y  do not opera,te 

i n  t h e  c reep  range. 

Most designs of hardware circutn-vent t h i s  problem by p l ac ing  t h e  

This app:roach i s  no-1; always possi .ble.  

A review of r ecen t  a r t i c l e s 5 - 7  on -LIE c reep  a n d  st:i'es;-ruptii.re of 

t ype  316 s t a i n l e s s  s t e e l  we3.dments r evea l s  the fol lowing.  

1. The s t r e s s - r u p t u r e  p r o p e r t i e s  of weld metal  a r e  gene1,ally lower 

than -those of the wr0ugh.t product .  This e f f e c t  becomes s u b s t a i n t i a l  a t  
temperatures  above 1100"F, arid the  d i f f e rence  i n  streng-t;h between wroii.ght 

ma-terial  and weld. depos i t s  i nc reases  w i t ' ?  i nc reas ing  teinrperature, The 

red.uctioii i n  long-time (1000 t o  J.0,OOO h r )  ru.pture s t r e n g t h  of we1d.ments  

i s  a.ssociated with poor d u c t i l i t y  i n  the weld bead rnaterj-al. (as low as 1%) 

2 ,  Over the  temperature rarige 1350 t o  1650°F t h e  c reep  rate  of a l l  

weldments appears t o  be qu-ite s i m i l a r  'LO that  of  the wrought product .  

3 ~ Postweld heat trea-t;ment a t  teinperatures above 1650°F, f o r  example 

1950"F, improves the rv.ptui-e s t r e n g t h  and d u c t i l i t y  ai; 1.500"F f o r  both 

r e s t rai ne d and i i n  r e  s t r a im d we 1 dme n t  s e 

5 ~ .  D. W y l i e ,  C .  L .  Corey, ana W .  E .  Lcyda, T r a n s ,  ~ n i .  S O C .  Meell. 

' G .  H. Rowe arid .T. R .  Stewart ,  Wel.ding J. (N.Y. ) 
Engrs ,  - 76, 1094 (1954). - 

534-s (1962). 

7N. T. Williams nnd G WiJ.l.ou.ghby, "The Notch Rupture Behavioixr of 
Some Au-stenihic S.i;rtels," p.  4-11. i n  J o i n t  I n t e r n a t i o n a l  ConYerence at]. 
CreeE, Insti tn-Lion ol" Mechanical Engineers,  London, 1963. 
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Examples of  comparative strengilis  o f  base metal  agd weld metal from 

t h e  work of Wylie, Corcy, and Leyda’ are given in Table 3. 

Tablc 3. S t r e s s  Required io L’roduce Rupture i n  Wrought and Welded 
‘Jy-pe 316 Stainless S t e e l  

Rupture S t r e s s ,  ps? ,  f o r  Tjme Ind ica t ed  

IC7 hr J 003 h r  10,330 hr 
~ .-__.____- Temperature ___-I 

( O F )  Wrought We1 r?. Wrought Weld Wrough-i Weld 

12 00 30,300 28,000 20,000 19,500 16,030 10,500 

1500 9,000 6,003 5,500 3,000 2,700 2,100 

These d a t a  shou.l.d. be compared Lo -the weld e f f i c i e n c y  d a t a  given by 

Rowe a& Weld e f f i c i e n c y  is a compai-ison of t h e  r e l a t i v e  

s t r e n g t h  of wrought and weld ma’ierial. Data f o r  type 316 s t a i n l e s s  

s t e e l  are as follows: 

S t L’C s s -Ru-pi~ r e  3u.p t u r  e 
Temperature Time 

(hy) 

1350 100 
1 1790 
5000 

1500 100 
1300 
5300 

~ - -  
( O F )  

- 

1650 103 
1000 
5003 

we 1. d 
Eff i c i ency  

( @  

1-00 
80 
70 

80 
60 
50 

80 
7 0 
60 

The infl.uence of postwcl-d h e a t  t reatment  i s  best  i l l i r s t r a t e d  by t h e  

d a t a  gi.ven i n  Table 4 ,  agarin from ’die work of Rowe and S tewar t . 6  

The comparative proper- t ies  of  wrought material  and we1dmen’i;s given 

h e r e i n  f o r  typz 316 s t a t n l e s s  s t e e l  appear t o  be gene ra l ly  app l i cab le  f o r  

t h e  a u s t e n i t i c  c l a s s  of s t a i n l e s s  s i ee l s .  If w e  t‘nen accept these da ta  

as app l i cab le  for type 30/+ s t a i n l e s s  sicel as wel.J., t h e  fol.l.owing con- 

clusions appeal- i n  o rde r .  



~ ~ ~~~ ~ 

T i a e  a t  Keduc-tion E locga t im,  ld. Tiae *o S w a i n  a t  N i i n i i ~ m i  
Load i n  area Fa l lu re  LDcation 3rd Stsg? 31°C Stage Creep Rste 
(h r )  ( $1 T o t a l  Across Weld Creep, ?IT Cree?, d. (i-r-') 

Stress  
(psi)  Condition 

135,: "F TJnrestrai.ned 

Ao -ue 1Be d 
As -welded 
16007 anneal 
As-welced 
500" anneal 

1500 '? 3sszrain-d 

As-;azlded 
i600 97 anneal 
1950V anzeal 
As-iaelded 
i6CO"F  anneal 
1 9 5 0 7  anneal 
A s  -weides 
1603cT anneal 
195C 9 a x e s 1  

150s "F Unresxained 

As -welded 
1600 9 anneai 
1950 7 anneal 
As-;i,1deci 
1600%' anneal 
1950 *F anneal 

1603V anneal 
19% "I: anneai 
A:: -we Iced 
1600V anneal 
19X "E' anneal 
1500 T arineal 

165GV Unrestrained 

As -weldeeL 
X 5 D T  anneal 
As-velded 
1603 T amiea; 
1950°F arineai 
As-welded 
160C"E annesl 
i95J anfieal 

15 ,om 
10 ,000 
io, 000 
9,000 
6,OJO 
7,000 

13 ,000 
1c ,035 
10, coo 
6,500 
6,500 
6,500 
5 ,0c0 
5,000 
5,000 

13 ,DOC 
i o  ,000 
10,000 

6,500 
5,500 
6,500 
5 ,  G30 
5,000 
5,030 

3,320 
3,500 
2,500 

3,5c0 

5,000 
5,090 
3,030 
;,ci'o 
2,000 
2,000 
2,000 

3,000 

179 
731 
655 
650a 

1463 
2523 

57 
55 
54 

234 
243 
36C 
4.67 
463 
E 19 

74 
3@ 
41 

225 
2 LO 
226 
373 
359 
537 

1285 
1335 
1919 
5527 

68 
6 i  

417 
215 
727 
1491 
1148 
3590 

54 
15  
10 

6 
3 

2.9 
2 1  
25 
7 
4 

13 
2 
0.1 
4 

33 
17 
21 
a 
El 
12 
3 
3 
4 
1 
2 
3 
i 

14 
16 
3 
3 

12 
4 
3 
12 

43 
10 

6 
3.4" 
6 
2 

20 
20 
29 
6 
5 

11 
2 
0 .9 
L, 

42 
16 
26 
7 
7 

12 
3 
3 
4 

2 
1 
2 

1 

:0 
17 
4 
3 

12 
3 
0.1 

12 

7.7 
13.4 
27.3 
2.9 
4.9 

13.3 
6.4 
6.0 
8.7 

-~5.6 
13.9 
21.0 
2.9 
3.4 

12.2 
4.7 

3.6 
5 .c  
4.2 
17 

Sase metal 
Weia j ead  
Weld bead 

Weld bezd 
Vel3 bead 

Weeld bead 
Veld bead 
Weid bead 
Weld bead 
Weld b e d  
Yeld besd 
Veld bead 
X e l O  b e a i  
Weld bead 

Veld bead 
Weld bead 
Weld bead 
Weld bead 
Weld bead 
Weld bead 
hk16  .bead 
Veld 5ead 
Weld bead 
Veld bead 
Fie16 b e d  
Veld bead 
Weld bead 

Wsld bead 
Weld besd 
WeieLS bead 
Weld bead 
Wci'ld bead 
V,eid bead 
Weld bead 
Weld bead 

a 
731 
250 

1150 
2 3 3  

45 
25 
20 

220 
240 
310 
425 
663 
725 

25 
i5 
15 

215 
195 
210 
342 
325 
50: 
io00 
850 
300 

3250 

50 
42 
375 
170 
495 
665 

l143 
1100 

6 
10 

2 

5 
2 

r J 

7 
8 

5 
9 
2 
0.9 
2 

i 

7 

7 
6 
5 
9 
2 
2 
L 
0.3 
0.6 
c.5 
0.4 

'7 

6 
a 
3 
1 
7 
0.5 
0.1 
2 

1.1 x 1c-3 
1.4 x E - 4  
6.3 10-5 
5.1 10-5 
3.9 x 
7.1 x 

2.5 x w3 
2.5 1 r 3  
4.0 x 
2.4 

2.8 x i o - 4  
3.4 x 10-5 
2.0 x 10-5 
3.2 10-5 

2.0 
4.3 x 10-3 

2.7 

4.6 x 
4.3 x 23-5 
4.7 x 15-5 
9.7 x 1c-5 

1.9 x 

4.6 x IO-' 

2 .5 x 

3.1 x 
6.1 x 1L7-6 
5.0 x 
1.1 x 10-6 

1.2 x 

7.2 1 r 5  
6.1 x 13-5 
1.3 
8.5 x 20-6 
3.9 x 10-6 
1.4 x 10-5 

~ 

% e a t  discontinued p r i o r  xo f a i lwe .  
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l. Design s - t r e s ses  i n  o r  near weldnients shou.ld n0.L be based on 

wrought product r e s u l t s ,  bu t  r a t h e r  t hese  al lowable skresses shou1.d be 

reduced by about. 50 or 300% f o r  opera t ing  temperatures i.n t h e  neighborhood. 

of 1500°F and. 1300"F, r e spec t ive ly .  

2 .  Postt.reI.d hea t  t i ea tments  may improve weld duc t i l i . t y  and s t r eng th ,  

bu t  t hese  t rea tments  w i l l  have 'IO 'oe a t  a tempera'iure of about 1950°F. 

DIJC TI L1 TY OF S T N  NIIESSS S TEEIS 

The a p p l i c a t i o n  of s t a f n l e s s  s t e e l s  i n  the  temperature range of  

1.000 to 1550°F r e s u l t s  i n  t he  p r e c i p i t a t i o n  of carbi-des and. t h e  formati.on 

OP sigma and c h i  phases. The morphology of  Lhe carb ides  aiid t h e  carbon 

so l .ub l l i ty  vary g r e a t l y  over t h e  temperatu:re range c i t e d .  Therefore ,  hea t  

t reatment  for t imzs of l0OC t o  3.0,OOO hi- will prod-uce vast1.y d i f f e r e n t  

s t r u c t u r e s .  The r e l a t i v e  i-mportance of  carb ides  versus  t h e  c h i  or sigma 

phases i s  difficult LO determine. It i s  gene ra l ly  be l ieved ,  perhaps 

wi-thout j u s t i f i c a t l o n ,  t h a t  a l l  of  t hese  rem:: Lions s ign i f i - can t ly  a f f e c t  

t he  s t r eng th  and duc-Lility- of t he  a l l o y s ,  Oum i n t e r e s t  must. be focused 

on mechanical p rope r t i e s  both a t  e l eva ted  temperature and a t  room tem- 

pe ra tu re .  A t  -the higher  temperatxres one should consider  short- t ime 

t e n s i l e ,  creep,  s t r e s s - r u p t u r e ,  and faAlgue propel-t ies.  

Elevated Temperatu.re D u c t i l i t y  

Some typical du.ctili.ty d a t a  ob ta ined  i.n connecii.on with s t r e s s -  

rup ture  t e s t s  a r e  given i n  Fig. 4. The lowest d ~ u c t i l - l t y  w a s  found i.ii 

t e s t s  a t  1100°F. AL -ihe h.igher -ternpera-l;uyes of 1200, 1300, and 1500"F, 

t h e  du-c-iil-ity i s  markedly improved even f o r  times of  5000 h r .  The type 

316 a l l o y  after aging has been ev-aluated both in shor t - t ime 'censilz 

t e s t s  a n d  sti-ess rup tu re .  The shorL-time t e n s i l e  t e s t  r e s u l t s  for type 

316 s t a i n l e s s  steel .  aged 1009 h r  a t  14'75°F and 1650°F are given i n  

Tab1 e 5. The aging Lreatment did. not change t h e  e leva ted-  temperature 

d i i c t i l i t y ~  s i g n i y i c a n t l y .  Fi-gure 4 inc ludes  -the ductil.i."c.es a s soc ia t ed  

with t h e  s t r e s s - r u p t u r e  da t a  gi.ven in Fig" 3 f o r  aged sanples. 
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'Fable 5.  Short-Time Tensi-le D i i c t i l i t y  and Y i - e l d .  Strength of 
Uni. r-radiated Type 316 S t a i - d e s  s S-beel. 

Ty>e 3 l h L  'Type 316H 
(0.06$ C) ( c . 1 4  c )  - -. Deforma,l;.i.on 

Temperature Aging - 
C ondi~i; ionsa, Tota.1. Yield To ta l  Yj..el.d 

($4 (psi-) ($> (psi .)  
Elongation S t r z  ss El.ongai;i.on S t r e s s  ( O F )  

x l o 3  x l o3  
1330 A s  aniiealed 46.0 19 .7  54.5 22.3 

1550 A s  amea1.e d 44. 6 1.2 . 5 83.5 10.7 

1475 lC00 h r  a t  1475°F 38.2 13.4 52.4 14.. 6 
1.000 h r  a'i 165C"F 37.1:: 14.0 58.4 13.0 

1650 100C br a t  14-7T"E '  16.9 8.5 92 1 7 . c  
1000 h r  at, 1650°F 30.5 7.6 75.8 6.1 

a 
Alloy s o l u t i o n  annealed a i  1900°F for 1 hr  p r i o r  i o  aging. 

The creep d u c t i l i t y  decreascd as a r e s u l t  of  t h e  aging tveatmeiit, 

bu t  Lh? du.ctt.13 t,y observed i s  %-!;eater t'nan t h a t  observed for unaged 

samples i n  t h e  temperature range where t h e  al-1-oy i s  commonly used (1100°F). 

From these  d a t a  one conclu-des "L'riat aging can e i t h e r  incyease or decrease 

the elevated-temperaiure d u c t i l i t y  of ty-pe 31.6 s t a i n l e s s  steel. However, 

f o r  t h e  1000 t o  10,1300 h r  l i f e t i rne  the  d . u c t i l i t y  of t h e  u n i r r a d i a t e d  alloy 

i n  a l l  cases i.s above 2 9  anri tilereCore i s  adequete. 

Room Temperature Proper i i o s  A f t e r  Aging a t  Elevated Temperaturz 

When the  r e a c t o r  is cooled down, one must be a s s u x e d ~  t h a t  the  impact 

p r o p e r t i e s  of 'th2 s'cmctiirral m a t e r i a l s  are not so low as to presen t  a 

r i s k  of  f a i l - a re  diiring main.icriance o r  examination. Most of  t h e  o t h e r  

room- temperature mechaniczl p r o p e r t i e s ,  suxh a s  t h e  t e n s i l e  s t r eng th ,  

are probably of  J-i-ktle importance. The d a t a  given i n  '7abl.e 6 show the  

impac-t; values8 for bo-ill 'iy-pes 3C4 aiid 316 stainless s t e e l s  a f t e r  a,gi.!ig 

8P. K, Menard, - S i g m  Phase i n Au s t e n i i i  c S t a i n l e s s  S t e e l s ,  Wood .......... l_ll 
Works PI a n t  oi" Trvin Works, U . S .  S t ee l ,  Report P - 1 2 7 1 w T 4 ,  1952). 
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Table 6. Effect of Aging a t  Elevated Tempera-i;.ureo 
on Hoom-Temperature Jmpac 1; St reng th  of 

Austeaitri.c S t a i n l e s s  S t e e l s  

Impact Strefigth,  ft-lb, a f t e r  Aging a t  k i n a  Time 

~ 

Type 304 

0 86 86 86 86 
10 92 92 80" 111" 

100" r r n  1.00 90 89" l0 
1,000 85" 73 a. 82 a 85" 

10,000 69" 67" 74a 

Type 31.6 

0 83 83 83 83 
10 116 67 61." 9i!" 
LOO 8% 7 0a. 68" 8n.a 

l., 000 65" 60" 79" 79" 
10,000 44" 34" 565 80" 

"Si-gma phase p re sen t .  

f o r  up t o  10,000 h r  at, 1200, 1350, 1500, and 1650°F. These da-La show t h a t  

the impact s t r e n g t h  of type  304 s t a i n l e s s  steel is bei;ter t b a n  t h a t  of 

type 316 and t,he mini.mum abso lu te  value for e i ther  m a t e r i a l  a f t e r  agi.ng 

i s  at. 1350°F. The mi.n.irnum value is, however, well above t he  7.5 f t - l b  

normally accepted as s u f f i c i e n t  for carbon-st,eel pressure  -vessels. 

W e  believe 'chat there are two a r e a s  of special  note  when cons ider ing  

t h e  room temperature  p r o p e r t i e s .  One i s  t h a t  t h e  impact V a l - u r s  f o r  aged 

samples may be g r e a t l y  affected by p r e t e s t  aging t rea tments .  Tne d a t a  

i n  Table 7 obta ined  by Tirtlkin R o l l e r  Beari-ng Company9 show t h i s  e f f e c t  

.to be more s igni f ica ,n t  f o r  type 316 s t a i n l e s s  s t e e l  than  for type 304. 

As t h e s e  d a t a  show, .the aging temperature  Por rrtrinimixn imipac-t enei'gy f o r  

type  316 s t a i n l e s s  steel can be i n  'the 1600°F range if the p:Jreag?iiig h e a t  

t rea tment  i s  a t  about 2000°F. During the  braz ing  of t,he MPI3.E fuel elements 

t h e  c ladding  wi1.3. be exposed t o  t he  1300 t o  2000°F Lemperature range. 

'Resume of High Temperature 1nvestigs.i;i.on Conducted During 1948-50, 
'The Tiinkin Roller Bearing Conipn,y,  Canton, Ohio, 1950, p p .  111-12. 



Tablk 7. C h a r a c t e r i s t i c s  of S k i n l e s s  Stee1.s after Vmious Heat Treatinents 
______I.. .. ......... .......... . 

Cnndit ions 
_l_._l__ ....... ~ ........... Sfgma Phase" Grain S i z e  Key-hole Chai'py Values 

Time, hi- Temper2 ture  , "F 
......... 

As normal i zed 
1350 
1350 
1350 
7 50c 
1500 
1500 
1600 
1600 
14oc 

As quenched 
1350 
1350 
1350 
1500 
1500 
1500 
1600 
1600 
1600 

A s  normalized 
1350 
1350 
1350 
1500 
1500 
1500 
1.600 
1600 
1600 

A s  quenched 
1350 
1350 
1350 
1500 
1500 
1500 
1600 
1600 
1600 

__ 

' Q i p ~  304 ..- P r i o r  Treatment 1700 "F Norrnalizc 
Nd 

25 NO 
500 N O  

loco N 3 
25 NO 

500 NO 

1000 NO 
25 NO 

500 N3 
1000 NO 

Type 304 .- Pi-ior Treatment 2000°F Watei- Qucrch 

25 
500 

1000 
25 

500 
1000 

25 
500 

1000 

N'3 
NO 

No 
No 
N3 
No 
NO 
No 
Yo 
Nc' 

Type 316 - P r i o r  Treazrneni 1'1007 Norrralize 

25 
500 

1000 
25 

500 
1.000 

25 
500 
1000 

Tyge 316 

25 
500 

1000 
25 

500 
1000 

25 
500 

1.000 

NO 

NO 

NO 
No 
NO 
No 
No 
NO 
No 
No 

P r l o r  Treatment 1.900 OF Water Queiich 

NO 

No 
NO 
SNC 
SNC 
SNC 
PNC 
SNC 
SNC 
SNC 

3 /Ir 
4 3  
4 / 3  
3 / 4 ( 5 )  
4 / 3  ( 5  1 
4 / 3 ( 5 )  
3/5 
4 / 3  
L/3 
3/5 

87-76 -83 
72 -66 - 60 
59-62-60 
62-60-64 
65 -65 -72 
66-64-66 
64 -62 -60 
69-67-69 
71 -68 -68 
64 -68 -72 

155 -1K 5 -1.56 
84 -84- - 92 
49-44-53 
31- -30 - 36 
72-77-7J. 
46-49-33 
4.9-53 .-& 
61-66-61 
62-04-62 
5A-54-53 

58-56-54 
38-38-38 
39-36-39 
35-3L-33 
45 -44-43 
43 -43 -41 
40 -41-38 
4 2  -41. -43 
44 -(i.lt -46 
iil-43 -43 

157-163-152 
53-5/.-55 
35 -35-33 
35 -36-32 
30-30-31 
20 -18-24 
22-22-20 
25 -25-23 
22-23-25 
20 -20 -27. 

...... - ........... ......... .- ........... ...... 
ll_l_ 

a SNC, slight amount of nnedl~e - l i k e  co rxb i tuen t  present; PNC, proncunced 
axcunt of needle - l i k e  coss-Lituent present  . 



Alt,hough t h e s e  impact va lues  a r e  lower than  those  given by Menard., we 

do not  be l i eve  them t o  be t o o  low. 

The second a r e a  of s p e c i a l  note concerns t h e  room-temperature 

impact p r o p e r t i e s  of  w e l d s  a f t e r  aging a t  e l eva ted  temperatures .  I f  

t h e  reduced imp3c.t p r o p e r t i e s  prev ious ly  rioted f o r  t h e  vrought protlixt are 

pr imar ly  due t o  sigma phase, we then  be l i eve  t h a t  weld metal  conta in ing  

4 t o  lC$ f e r r i t e  would be more responsive t o  the  aging t rea tment .  

are uimable t o  f ind  d a t a  t o  clari-fy t h i s  pmblem and suggest t h a t  -it 

might be worthy of f u r t h e r  Considerat ion.  

We 

I r r a r l i a t i o n  E:ff'ects a t  El.evated. Teiiipera1;ure 

The i r r a d i a t i o n  of s t a i n l e s s  s t e e l s  a t  temperatures  i n  t h e  range of 

1100°F and above r e s u l t s  i n  an enibrittlement o f  the  a l l o y  that  i s  si&- 

ficani;ly d i f f e r e n t  in characl;e:r from t h e  neutron displ.acement damage t h a t  

i s  of p r i n c i p a l  importance at  temperatures below 1100°F. This embr i t t l e -  

ment a t  e l eva ted  temperatures  does not r izeessar i ly  a f f e c t  t h e  s t r e n g t h  of 

an a l l o y ,  b u t  f . t  can be severe ,  and. d . i x t i l i t i e s  l e s s  t han  1% have been 

observed f o r  c reep  cond i t ions .  

1rradiati.o-n a f f e c t s  t h e  a'nili.t,y of t he  a l l o y  "GO 1-esist  i n t e r g r a n u l a r  

f r a c t u r e ,  and most experiments po in t  t o  the pr incipal .  c a m e  as  one r e l a t e d  

'LO t h e  prodi.iction of hel.i.i.~.m. This may come from two sourcez, t h e  "oB(n,cr) 

s e s c t i o n  induced by thermal  neutrons and r eac t ions  between the  major 

a l l o y  cons t , i tuents  and f a s t  neutrons having ene rg ie s  i n  the 3-Mev rarige 

'TYie rieutron doses a n t i c i p a t e d  for the MPRE a.".i;@r l 0 , O O O  hr a,ix given 

i.n Table 8. Uote t h a t  t h e  uiaximum t h  n a l  neutron dose i s  observed f o r  

t h e  pressure  vesse l  r a t h e r  than t h e  core .  The cal.c_ul.af;ed maximum helium 

concen t r a t ion  f o r  s t a i n l e s s  s t e e l  i n  t he  core  six3 v e s s e l  a r e  plotted.  on 

F ig .  5 a s  a func-Lion of r e a c t o r  opera t ing  Li-rrie. 

Elevated temperature  i r r a d i a t i o n  of s t a i n l e s s  s t e e l  can r e s u l t  i n  

one o r  both of .the fol lowing phenomena: 

1. Emhvitt1ement of t h e  alloy a t  e leva ted  temperatures  - 
2. Reduct,:i.on i n  s tx-ess-rupture  st:ren.gth because of t h e  etdo?5ttlement. 
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Ta1,l.e 8. Peak Neu'cr.on Exposure a f t e r  1 0 , O O C  h r  i n  t h e  IWPd 

Neutron Dose, ncutrons/cm2, i n  

Reacl;oi- Core Pressure Vessel Expansion Tank 
Average Range _._...__._I 

The rcna 1 i.,8 x 1Cl9 2 x 1.020 1.6 1 ~ 1 9  

3 t o  1.0 Mev IF. 5 x K ? 2  1 x 1020 5.4 x 1.0'-9 

The thermal neutron r e a c t i o n  a f f e c t s  t h e  shor-i--time t e n s i l k  proper- 

t i e s  of -type 316 s t a i n l e s s  s i ee l .  

4.5 X lo2 '  neu.ti*ons/cm2 are given i n  Table 9 f o r  deformation t e s t  iem- 

pe ra tu res  of 13010 and 1550'1;'. Note t h a t  t h e  duct-i.li.ty i n  the23 shor t -  

Liltie tcst ,s  i s  as l o w  as ?$, a value considerably lower than any observed 

ri.n t h e  creep-agi.ng stirdies of ur i i r rad~lated material. _D The ef fec- i  on 

s t r e  s s- rupture  p rope r t  l i e  s ri s le s s e a s i l y  p red ic t ed  . 

Typical d a t a  f o r  1 X lo2 '  and 

I n - r e a c t o r  tube b u - r s t  t e s t s  on o ther  a u s t e n i t i c  sLa in le s s  s teels  

show no reduct ion i n  sti-ess--rupture p r o p e r t i e s .  These same iest,s show 

em'o r i t t ].erne n i . 
rup.ture t e s t s  of i y p  334 s t a i n l e s s  s t e e l  a t  1203 and I4,*/5"F do show both 

embrittlemen'i ani1 reduct ion i n  s t r e s s - r u p t u r e  p rope r t i  e s  a t  neukron ex- 

posures of about lo2 '  neuti-ons/crn2. 

i n  tube b u r s t  t e s t s  i s  such t h a t  t h e  reduct ion i n  d u c t i l . i t y  does no-L pro- 

duce s i g n i f i c a n t  redixt,ri.on in t h e  rupture  li-fe. Therefore it 5.s e n t i r e l y  

poss ib l e  t h a t  a reduct ion of s t r e s s  rupLure p r o p e r t i e s  depends upon t h z  

s t r e s s  s t a t e  and means by which t h e  i-nember i s  s t r e s s e d ,  

Eo weve r , i n  - re ac: {.to r and po si; i I' ra [ti. at, i- 01-1 un i a x i  a 1 r; t r e s s - 

Very poss ib ly  t h e  ra?;e of d.eformatri.on 

The e f f e c t  or' i r r a d i a t i o n  on bo-tli duc t i . l i t y  and s t r e s s - r u p t u r e  

p r o p e r t i e s  appears t o  be the most important Pactor  reviewed i n  this 

memorandum. The ductl.li .ty of  t h e  i r r a d i a t e d  reactor pressure v e s s e l  

a f t e r  10,000 h r  rvid.ently will be i n  the range of 5 .to lO$. 

rup tu re  p r o p e r t i e s  of the irrad-iated. a l l o y  a r e  no-t known. 

The stress- 
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Tablo 9. P o s t i r r a d i a t i  oa Ductil--L:,y oP Type 316 
Stainless Steel"  

Tensi le  %si; 
Temperature True True 

1 r r a d . j  a t i o n  
Conditions Toial Uniform Fraciurse 

S t r a i n  Strain Elongation (OF) 

1303 UIii. r radi a t  e d 
ORR 126b 
ORE 126 
ORR 127" 

1550 Unirradiated 
ORR 126 
o m  l26 
O m  127 

21:. 0 
18.3 
18 ,2  
6.9 

20,4 
6.2 
5.6 
1.2 

97.0 
36.4 
33.1 
40 .8  

124.0 
16.7 
16 .7  
15. i~ 

?.1. A 
22.7 
22.5 
21,8 

53.6 
11.. 0 
11.5 
6.9 

a Annealed 1 b r  a t  1036°C i n  argon before  i r r a d i a t i o n .  
Analysis ($): 
S i ,  0.51; N i ,  12.57; C r ,  3.7.3; 140, 2.21; B, 3.6 ppm. 

neu.ti-on doses of 5 X lo1* ( f a s t )  and 1. X 
( the rma l ) .  

doses of 3.5 x 1.020 ( f a s t )  and 4.5 x 1g20 neuti-ons/cm2 
( the rma l ) .  

C, 0.069; mi, 1.95; P, 0.024; S, 0.012; 

' I r r ad ia t ed  a t  120°F i n  ORE Yacj.lj.ty P.B. (P-5) t o  
neu.trons/cm2 

c I r r a d i a t e d  a t  1300°F ti? ORR f a c i l i t y  B - 8  t o  neuiron 

C ONC ZJiSI ONS 

1." The eleva-i;~:d-temperature s t r eng th  of u n i r r a d i a t e d  wrought s t a i n -  

less  s tee l  i s  su.ff ic ient  'io withstand t h e  predi.cted MPIU s t ress  l e v e l s  

f o r  -the tj-me per iods up t o  1 3 , C C O  h r .  

2 .  The creep s t r e n g t h  of u n i r r a d i a t e d   weld^ bead ma'ieri.al can be 

s i g n i f i c a n t l y  l e s s  than  t h a t  of  t h e  .wrou.ght a l l o y  and should be so con- 

s ide red  i n  'ihe design of t h e  r e a c t o r  planl;. 

3. The elevated--i ;eni~erature dv.c-t;j.lri.ty of unirradj-ated s t a i n l e s s  

s t e e l  i s  s u f f i c i e n t  f o r  temperatures and tirnss of MPRE operat ion.  The 

room 'iemperature p r o p e r t i e s  such as irnilact s t r eng th  a f t e r  reac"ior opera- 

t i o n  a r e  rediJced. Maj.n-teii3n.ce and examtnati.on of t h e  r e a c t o r  a f t e r  

opera-i;:i.on should be pel-formed wli.ih care t o  prevent a needless  fracti i-re 

and f a i  3.ii.r e 
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4 .  Based on thermal. neu.trou exposure, , r rad. ia t ion will have a 

g r e a t e r  e f f e c t  on d u c t i l . i t y  than  temperature will. The degree of 

embrittlement i n  creep and i t s  subsequent effect on stress-rupture a r e  

not known q u a n t i t a t i v e l y .  
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