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DESCRIPTION OF EBR- I1 S W S E M B L Y  X- 1 O G  

E. E. Bloom J. W. Woods 
A.  J". Zul l iger l  

ABSTRACT 

The experiment described i n  t h i s  document was  designed 
t o  lnves t iga t e  t h e  e f f ec t s  of p re i r r ad ia t ion  microstructure,  
a l l o y  composition, i r r a d i a t i o n  temperature, and f a s t  neutron 
fluence on the  physical  and mechanical proper t ies  of austen- 
i t i c  s t e e l s .  
316, and 318 stainless s t e e l s ,  types 304 and 316 s t a i n l e s s  
steels modified by a l t e r i n g  t h e  amounts of  Mo, T i ,  and C, 
SANDVIK 12Rr72€€V, and 19-9-DL. The experiment has been 
i n s t a l l e d  i n  the  reac tor  g r i d  pos i t i on  2 D 1  of t he  EBR-I1 and 
i s  designated subassembly X - 1 0 0 .  

Alloys included i n  t h e  experiment a r e  types 3&, 

INTRODUCTION 

Subassembly 'x-100 i s  a IIark E-7 subassembly designed f o r  t he  irra- 
d ia t ion  of  cladding and s t r u c t u r a l  mater ia ls  t e s t  specimens i n  a row-2 

pos i t i on  of t h e  EBR-I1 a t  a reac tor  power l e v e l  of 62.5 fGI( t ) .  

assembly was  i n s t a l l e d  i n  g r id  pos i t ion  2D1 on October 7, 1970. 
repor t  summarizes t h e  object ives  of t he  i r r a d i a t i o n  experiment, t he  

design of t h e  i r r a d i a t i o n  subassembly, and t h e  p lan  for pos t i r r ad ia t ion  

examination. 

The sub- 

This 

EXPERIMENTAL OEJECTIVES 

The primary object ive of this experiment i s  t o  e s t ab l i sh  t h e  
e f f e c t s  of p re i r r ad ia t ion  heat treatment ( i. e. ,  microstructure) on the  

swelling res i s tance  and pos t i r r ad ia t ion  mechanical proper t ies  of type 316 

s t s i n l e s s  s t e e l ,  which i s  the  reference cladding mater ia l  for FFCF, and 

titanium-modified type 316 s t a i n l e s s  s t e e l ,  an alloy that exhib i t s  

"enera1 Engineering Division. 
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s i g n i f i c a n t  ihprovements i n  s t re rgkh  and resisbance t o  elevabed- 

t emp e r a t  iir e embr it t lement due t o  t r a n s  mu ta t  ion- pr oduc ed he 1.ii.m. 

Other objectives of t h e  experinlent are: 

1. Inves t iga t ion  of t he  e f f e c t s  of c e r t a i n  compositional v s r i a -  
t i ons  on the  swelling and pos t i r r ad ia t ion  mechanical proper t ies  of 

type 316 s t a i n l e s s  s t e e l .  The compositional va r i a t ions  include 

(1) molybdenum (0.2 t o  5 . 0 $ ) ,  ( 2 )  t i tanium (0 t o  0.6$), and ( 3 )  carbon 

(0.2 and 0.6%). 

2. Determination o f  t h e  e f f e c t s  of fast-neutron i r m d i a t i o n  on 
t h e  swelling and p o s t i r r a d i a t i o n  mechanical proper t ies  of a aimher of 
a l loys  t h a t  a r e  of i n t e r e s t  t o  t h e  ove ra l l  LMFRR Program. 

included i n  t h e  experiment a r e  SANDVIK 12R72RV, 19-9-DL, type 318 s t a i n . -  

less  s t e e l ,  and titanium-modified 'type 3oCt. s ta in l .ess  s t e e l .  

Alloys 

3. Determination o f  t h e  e f f e c t s  of i r r a d i a t i o n  on t h e  mechanical. 

p roper t ies  of type 304 s t a i n l e s s  s t e e l  weldmeribs. 

4 .  Determination by Atomics In t e rna t iona l  of  t h e  e f f e c t s  of micro- 

s t ruc tu re ,  fluence, and i r r a d i a t i o n  temperatwe on void formation and 

high-temperatwe mechanical proper t ies  of type 31-6 staainless steel satn- 

ples  contained i n  s i x  capsules included Ln t h i s  eqe r imen t .  

Specimen Holders 

Mechanical property t e s t  specimens having !;he dimensions s k m m  i n  

F i g .  1 a r e  i r r a d i a t e d  i n  specimen holders shosm schexaatically i n  Fig. 2 .  
A gas gap is provided between t h e  specimen holder sur face  and the ins ide  

surface of the Mark B-7 tube element t o  provide a b a r r i e r  t o  r a d i a l  heat 
f l o w ,  

Heat Transfer Cal.culat ions 

Nuclear heating r a t e s  used i n  t h e  e,xperimental design a r e  shown as 
a funckion of a x i a l  pos i t i on  i n  F i g n  3. For t h e  design of each tube of 
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'END SURFACES TO BE 
FLAT WITWN 0.W 
TR AND PERPENDICULAR 
TO LONG AXIS 

DIMENSIONS IN HCHES 

c 
Fig. 1. Mechanical Property Test Specimen Used i n  EBR-I i  I r rad ia-  

t i o n  Experiments. 

ORNL-0% 67-5927 

r- A 5 7  

Fig. 2. Schematic Drawing o f  a Specimen Holder Used i n  EBR-11 
Materials I r r ad ia t ion  Experiment. The length shown i s  i n  inches. 

t h e  seven-tube subassembly a computer program ca l led  L i t t l e  MAMU,2 

m i t t e n  fo r  t h e  IBM 360-91, was used. Rriefly t h e  technique was :  
1. The mater ia ls  and desired i r r a d i a t i o n  temperature f o r  each 

The above information, along with i n l e t  sodium temperature, 

specimen holder within a given element were determined. 
2 .  

sodium flow ra t e ,  sodium f i lm  coef f ic ien t ,  t he  dimensions of the  tube 

2D. A. Dyslin, L i t t l e  ln\llLT - A Radial Steady S t a t e  Heat Transfer 
Computer Program, O R N L T M  repor t  i n  preparat ion.  
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Fig. 3. Nuclear Heating Kate as a kinction o f  Distance from the  
Reactor Midplane I 

element, ma te r i a l  p roper t ies  as l i s t e d  i n  Table I, and nuclear heating 

r a t e  as a function of a x i a l  pos i t i on  were inputs  t o  t h e  compte r .  

3. The computer was programmed t o  ca l cu la t e  t h e  cold gas annulus 

required t o  a t t a i n  t h e  spec i f i ed  i r r a d i a t i o n  teinpera,tures. 

t i ons  for t h e  gas annulus were performed at, t h ree  plaxes (bottom, middle, 

and top)  on each of t h e  2.25-in.-long specimen holders.  

Calcula- 

It was assuuied t h a t  a t  steady s t a t e  a l l  hea,t t r ans fe r  within the  
capsule tube was radial  and that t h e  t o t a l  heat t ransfer red  across t h e  

gas annulus w a s  t h e  sum of t h e  amounts t r ans fe r r ed  by conduction and 

r ad ia t ion .  The in s ide  surface of each capsule Lube w a s  gold p l a t ed  t o  

ena.1)l.e one t o  more accura te ly  caLcu.late t h e  amount of  hea t  t ransfer red  

across t h e  gas gap by r ad ia t ion .  Standard equations appl icable  t o  these  

conditions and t h i s  geometry were used. On t h e  bas i s  of i n i t i a l  com- 

puter  ca lcu la t ions ,  t he  sodium flow r a t e s  f o r  each element were adjusted 

t o  a t t a i n  e x i t  coolant temperatures of  approximately 425°C. Next t h e  

required gas annulus was ca lcu la ted  for each specimen holder within a 

given element. Starting a t  t‘ne bottom e s d  of t h e  element, where t h e  
sodium i n l e t  temperature is  370”C, heat w a s  added t o  t h e  sodium a t  each 

ca lcu la ted  pos i t i on .  The heat added included a3-1 t h a t  generated w1th i .n  
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Table 1. Propert ies  of Materials Used i n  I r r ad ia t ion  Experiment 

Property Material Temp e r a t  UT e 
( " C )  

Valxe 

Emissivity Gold-plat ed 
surface 

Type 30L s t a in -  
less s t e e l  

Density Helium 

Type 3'2.4 stain- 

Thermal expansion Type 304 s ta in-  

Thermal conductivity Helium 

l e s s  s t e e l  

coe f f i c i en t  l e s s  s t e e l  

Type 304 s t a in -  
l e s s  s t e e l  

Ta 

Ta 

T 

-1'7 .? 

204 

37 1 
5 93 

815 

-1'7 .? 

5 38 

10'33 

0.01118 + 0.000038T 

0.2458 + 0.0000612T 

N 0 

7 . '3 

(1.645 x 10-5 
+ 3.7 X 10-'3T)/"C 

0.0014 W cm-I "C-' 

0.00206 

0.00251 

0. (30303 

~3.00353 

(3.147 

0.221 

0.296 

a Surface temperature. 

both the  element and the  coolant.  In each of  t he  s i x  outs ide elements 

(A, B, C ,  E, F, and G ) ,  one s i x t h  of t h e  heat generated i n  the hexagonal 

can of  t h e  subassembly plus some heat flowing r a d i a l l y  from adjacent 

d r ive r  f u e l  assemblies were added t o  the sodium. This was accomplished 

on t h e  computer program by input t ing t h e  coolant densi ty  as a composite 
dens i ty  of coolant and hexagonal can and by adjust ing t h e  sodium flow 

r a t e  to a t t a i n  an e x i t  coolant temperature of about 425°C. 

coolant temperature a t  each ca lcu la t ion  pos i t ion  was then determined, 

and t h e  ca lcu la t ion  for gas annulus was based upon t h e  t r ans fe r  of heat 

The sodium 

t o  sodium a t  t h i s  temperature. 
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Subassembly Layout 

So t h a t  t h e  e f f e c t  of a given metallm*gi.cal. var iab le  upon both the  

amount of swelling and the  post i r rad. ia t ion mechanical proper t ies  can be 

determined, t he  standard t e n s i l e  specimen wi.1-1. serve 8s both a dens i ty  

specimen and a mechanical property t e s t  specimen. To supplmenb these  
dens i ty  measurements and provide ad.ditional mater ia l  for pos t i r r ad ia -  

t i o n  transmission el-ectron microscopy, those specimen holders located 

within t h e  reac tor  core were fabricabed from se lec ted  a l loys  ( e . g . ,  

t m e  316 and titanium-modified type 316 s t a i n l e s s  s t e e l s  i n  both the 

annealed and 20% cold-worked condit,ions) . 
The contents of each of t he  seven p ins  of t h e  subassembly a r e  

This l i s t  sbcms (1) t h e  mater ia l  l i s t e d  i n  d e t a i l  i n  the  Appendix. 

(and i t s  meta l lurg ica l  condition) used i n  t he  f ab r j ca t ion  of each spec5.- 

men holder and i t s  locat ion;  ( 2 )  the  specimen number, locat ion,  mater ia l ,  

and heat treatment of each mechanical property t e s t  specimen; (3)  t h e  

design i r rad- ia t ion temperature for each specimen holder; and ( 4 )  t h e  
projected goa,l fluence a t  t h e  center  of each specimen holder. The loca- 

t i o n s  of specimens and specimen holders. within each element a r e  numbered 

from 2 a t  t h e  top t o  23 a t  t h e  bottom. 'The o r i en ta t ion  of t he  subassem- 

b ly  with respect  t o  t h e  reac tor  center  l i n e  is  shown i n  Fig. 4 .  Figure 5 

shows the  approved schedule for t h e  rzmoval and replacement of elements 

from the  subassembly. The mater ia ls ,  heat, treatments,  and design irra- 

d ia t ion  temperatures f o r  those specimen holders and specimens located 

within -110 i n .  of t he  core midplane (pos i t ions  9 Lhrough 16) a r e  

duplicated i n  each s e t  of two elements with the  same i r r a d t a t i o n  schedule. 

The three  s e t s  w i l l  be removed during two scheduled changeouts and a t  
terininati.on of the  subassembly, thus giving th ree  flinence leve ls  f o r  a 
given a l l o y  and p re i r r ad ia t ion  heat, treatment.  Element G contains p r i -  

mavily type 318 s t a i n l e s s  s t e e l ,  19-9-DL, and SANDVIK l2R72HV. This 

element will be removed during t h e  second changeout. 

A t  each changeout t he  outside diameters o f  t h e  elements w i l l  be 

measured. and t h e  e f f e c t  of capsule swelling on t h e  i r r a d i a t i o n  tempera- 

t u re s  w i l l  be estimated. if these  estimates ind ica te  t h a t  t h e  tempera- 

t u re s  of t h e  specimen holders e i t h e r  have increased significarit1.y (50°C) 
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ORNL- DWG 71 -3! 13 

TO e REACTOR 

Fig. 4 .  Capsule Arrangement i n  t h e  Wrapper. ORNL E B R - I 1  Sub- 
assembly X- 100. 

ORNL-DWG 71-3112 

0 DENOTES REMOVAL AN0 REPLACEMENT OF INOICATEO EXPCRl MENTS 
ELEMENT 

DESIGNATION 

A and B 

A‘ond 8’ 

C o n d  D 

C’ond D‘ 

EandF 

G 

G‘ 

Fig. 5. Goal Exposures fo r  Original and Replacement Elements of 
EBR-I1 Subassembly X-100. 

or  would during the next portion of t he  experiment, then reencapsulation 

of t h e  highest  p r i o r i t y  specimens w i l l  be recommended. 

A l i s t i n g  of the  raterials t o  be included i n  the  changeout capsules 

(A’, Bf , C’ , D’ , and Gf ) w i l l  be submitted t o  AFX-RDT before the capsules 

a r e  constructed. 

c r i t e r i a :  

Materials will be selected on t h e  basis  of the  following 
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1. a l loys  and/or heat treatments t h a t ,  on t h e  basis of then-available 

r e s u l t s ,  exhib i t  improved resristance t o  iuradiation-induced swell.ing 
or improved mechanical. p roper t ies ,  

reencapsulation of selected specimens t o  obtain high fluence data 

over a wide range of i r r a d i a t i o n  temperatures (37G75O"C) , 
i r r a d i a t i o n  of "new" mater ia l s  ( e . g . ,  EV54-8) t h a t  are of i n t e r e s t  
for LMYBR's. 

2. 

3 .  

DOSIMETRY 

Dosimetry f o r  EBR-I1  subassembly X-100 cons is t s  of 30 s e t s  of f lux 
monitors and four f i s s i o n  monitor s e t s .  Each f1.m monitor s e t  consists 

of one wire each of Fe, N i ,  T i ,  and Co, and each f i s s i o n  s e t  cons is t s  

of 2381J, 235U, Sc, and 2371Vp. 

t i o n  and weight of each f l u x  monitor. 

such t h a t  one element i n  each s e t  of t w o  elements contains a s i i f f ic ien t  

number of f l u  monitors (7 sets with 4 flux monitors i n  each s e t )  t o  

allow a determinat;ion of fluence as a function o f  a x i a l  pos i t i on  upon 
removal of t h e  element. The remaining element of each s e t  contains 

3 flux monitor s e t s ,  which w i l l  e s t ab l i sh  t h e  fluence va r i a t ion  from 
element to element e 

Tables 2 and 3 and Fig.  6 show t h e  loca- 

The dosimetry program was planned 

Table 2 .  F iss ion  Flux Monitor Location and Weights 
i n  EBR-I1  Subassembly X-100 

---- Weight, (mg) of -- Tub e 
Pos it ion 2 3 B U  2 3 5 u  s c  2 3 7 ~  

A6 

A13 

E l 3  

E19 

- - -  

2.842 0.235 3.566 a 

2.7/& 0.253 3.567 0.722 

2.573 0.266 3.560 0.422 

2.892 0.259 3.502 0. '145 

a The 237Np sample w a s  omitted from pos i t i on  A6. 
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Table 3 .  Wire Flux Monitor Location and Weights 
i n  EBR-I1 Subassembly X-100 

Tube Weight ( m g )  of 
Posi t ion  Fe N i  T i  CO 

A7 
A9 
All 
A12 
' 0 4  
A16 
A18 
.B7 
1513 
Bl8 
C7 
c9 
c 11 
c 13 
C 14 
C 16 
c 18 
D7 
111.3 
D l 8  
E7 
E9 
Ell 
E12 
E14 
E16 
El.8 
F7 
F13 
F18 

-5.480 
6.010 
5.923 
6 * 088 
6.300 
5.685 
5.585 
6. (378 
5.345 
5.570 
5.640 
5.625 
5.206 
6.135 
6.431 
6.465 
5.490 
5.900 
6.065 
5.395 
6 I 275 
5.990 
5.481) 
6.031 
5 . '367 
5.590 
6.232 
6.068 
6.130 
7.090 

6.868 
'7 .35'7 
6.440 
'7.340 
7.288 
7.544 
7.271 
5.725 
7.102 
6.735 
6.910 
5.735 
6.856 
6.846 
7.439 
7.140 
7.512 
6.668 
6.595 
6.810 
6.761 
6. $10 
6.845 
7.265 
7.743 
7 .&O 
6.284 
6.995 
7.400 
6.528 

6.905 
6.435 
5.602 
6.165 
6.453 
6.319 
6.1'79 
6.585 
6.530 
6.079 
5.921 
6.195 
6.205 
5.323 
6.290 
6.380 
4.585 
6.663 
7.005 
6.722 
6.335 
6.424 
6.410 
0.675 
6.751 
5.385 
5.895 
6.555 
6.420 
6.555 

6.170 
5,813 
G * 470 
6.183 
5, 990 
6.43'1 
6.153 
6.028 
6.481 
5.964 
6.195 
6.403 
G .469 
5.812 
6.064 
6.228 
0.209 
13.225 
0.265 
6.175 
5.985 
6 . h7C 
6. 3'70 
5'. 325 
6.090 
6.230 
6.740 
6,998 
5 .A60 
6.16k 
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POSTIRRADUYTTON TESTING 

The general  p l an  for p o s t i r r a d i a t i o n  examination i s  as follows. 

1. Pos t i r r ad ia t ion  dimensions of each specimen holder w i l l  be 

determined. 

outer containment tube t o  e s t ab l i sh  the  end-of-l ife i r r a d i a t i o n  

temperatures. 

2 .  

This inforniation w i l l  be used along with dimensions of t h e  

Upon disassembly of specimen holders, t he  Length of each ten- 
s i l e  specimen w i l l  be measured and compared t o  p r e i r r a d i a t i o n  measure- 

ments. 

measurements. 

3 .  

Length changes w i l l .  serve as a, check on immersion dens i ty  

The dens i ty  and dens i ty  change of each specimen (and specimen 
holder) i r r a d i a t e d  i n  pos i t i ons  9 through 16 (within t h e  core) w i l l  be 

determined. 

i r r a d i a t e d  i n  pos i t ions  further removed from the  reac tor  core. 

Density measurements w i l l  be made on se lec ted  specimens 

4 .  To e s t a b l i s h  the  p o s t i r r a d i a t i o n  micros t ruc twe,  transmission 

e lec t ron  microscopy samples w i l l  be removed flrom t h e  shoulder of 

se lec ted  mechanical property specimens before t e s t i n g .  
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5 .  A t e n s i l e  or  creep-rupture t e s t  w i l l  be conducted on each 

mechanical proper ty  specimen. These t e s t s  w i l l  be conducted i n  t h e  

ra,nge 4[J0 t o  7 5 O 0 C ,  and each specimen w i l l  be t e s t e d  a t  or  near i t s  
i r r a d i a t i o n  temperature 

6. Transmission electron, scanning e lec t ron ,  and o p t i c a l  micros- 

ccpy w i l l  be used t o  determine the  e f f e c t s  of' i r r a d i a t i o n  on t h e  
microstructure.  

7. Tens i le  tes ts  and a few se lec ted  creep-rupture t e s t s  w i l l  be 

conducted on t h e  weld specimens f o r  w e l d  development o f  FTR components 

FABRICATION PROCEDURES 

The f ab r i ca t ion  procedures f o r  encapsulation of  t h e  mechanical 

property t e s t  specimens involve f a b r i c a t i o n  of t he  spec'imen holder, 

pos i t ion ing  t h e  holders within t h e  Mark B-7 tubes,  and sea l ing  t h e  p ins .  

Specimen Holders 

The body of t he  holder i s  constructed by d r i l l i n g  four  holes i n t o  

a s t a i n l e s s  steel .  cylinder and then s p l i t t i n g  it i n t o  four quar te rs  t o  

f a c i l i t a t e  assembly and disassembly. 

of those holders designated t o  contain f l u x  monitors. Mechanical prop- 

e r t y  t e s t  specimens with a s p l i t  f i l l e r  piece around t h e  gage sec t ion  

of each specimen and t h e  dosimeters a r e  loaded i n t o  t h e  body of t h e  

holder.  End caps a r e  then welded i n t o  t h e  specimen holder body to hold 

it together as we l l  as t o  r e t a i n  t h e  specimens i n  t h e  holder.  The out- 

s i d e  of the specimen holder i s  then machined by "center less  grinding" 

t o  t h e  co r rec t  dimensions (as determined by t h e  heat trarisi'er calcula- 
t i o n s  described above i n  t h e  design sec t ion ) .  

loca ted  a t  pos i t i ons  with a l a rge  gradient i n  t h e  nuclear heating r a t e  

a r e  tapered t o  obta in  a uniform temperature along t h e  specimen. 

specimen holders a r e  u l t r a s o n i c a l l y  cleaned i n  hot soapy water, r insed 

i n  alcohol, and t h e  a x i a l  spacers ( t o  minimize a x i a l  heat t r a n s f e r  from 

one holder t o  another) and t h e  centering p ins  ( t o  center  t h e  holder i n  

t h e  tube)  a r e  i n s t a l l e d .  The centering p ins  a r e  ground t o  t h e  co r rec t  

A ho le  i s  d r i l l e d  i n  each quadrant 

Those specirnerz holders 

The 



dimensions t o  center  t he  holder within the  tube so t h a t  t h e  desired 

temperature i s  obtained during i r r ad ia t ion .  A f i n a l  u l t rasonic  cleaning 

i n  a lcohol  i s  given the  specimen holder j u s t  before in se r t ion  i n  t h e  

housing tube. 

Assembly of Pin 

The bottom end plug o f  t he  p i n  i s  welded i n  place.  The fabr ica ted  
specimen holders a r e  then l a i d  out on a t a b l e  according t o  t h e  loading 

diagram. 

holder)  by a nylon thread looped around t h e  holder ' s  centering p ins ,  

A f t e r  a l l  holders have been inser ted,  t h e  top plug with i t s  f i l l  tube 

is  placed i n  pos i t ion  and welded. 

Each holder i s  lowered i n t o  the  p i n  ( s t a r t i n g  with the  bottom 

Pin Sealing 

The p i n  i s  placed i.n a heater  and t h e  f i l l  tube connected t o  a 

vacuum system. The assembly i s  twice evamated and f i l l e d  with helium. 

During the  t h i r d  evacuation the  asscmbly i s  baked out a t  200°C f o r  1 hr ,  

cooled t o  room temperature, and r e f i l l e d  with helium. The f i l l  tube i s  

clamped, cut  o f f ,  and sealed by welding. The top end cap i s  added t o  

t h e  p i n  and welded i n  place.  
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Contents of EBR- I1 Subassembly X-100 

I n  the  pages t h a t  follow i s  a complete l i s t  of specimens i n  t h e  

i r r a d i a t i o n  experiment. 

designations of mater ia l s  and conditions,  an  explanation of  t h e  designa- 

t i o n s  follows. 

Since e f f i c i e n t  t abu la t ion  requi res  terse 

Materials 

S t a in l e s s  s t e e l s  of A I S I  types a r e  designated by t h e  type number. 

Experimental modjfications of AISI types a r e  designated as indicated by 

these  examples: 3% + 0.2 T i  means type 3% except t h a t  0.2% T i  has 

been added; 316 (2.4 Mo) means type 316 except t h a t  t h e  molybdenum con- 

t e n t  has been a l t e r e d  t o  2.4%. 

type 316 s t a i n l e s s  s t e e l  with t h e  following ana lys i s :  

High-purity 316 i s  a s p e c i a l  heat of 

N i ,  14.4; C r ,  17.46; Mo, 2.79; S i  0.01 w t  4; 
J!&I, < LO; P, 65; Cu < lo; S, 20; B, < 1; C ,  50; 0, 25; N, 3 ppm. 

The letter-number weld designat ion (F07, SA&, e t c .  ) denote d i f f e r -  

ent  weldtng conditions.  These w i l l  be i d e n t i f i e d  when the  r e s u l t s  on 

t h e  specimens are reported.  Specimen o r i en ta t ions  a r e  as follows. 

TW indica tes  t r ansve r s e a 11- we Id- m e t  a1 sp e c imen . 
TFL ind ica tes  t ransverse  fusion-l ine specimen. 

LBM indica tes  longi tudina l  base-metal specimen. 

LWM indica tes  longi tudina l  weld-metal specimen. 

LBI4 o r  LWM specimens may be base metal, weld metal, or fusion l i n e  speci- 

mens; t he  a c t u a l  specimen type w i l l  be determined metallographically 
a f t e r  t e s t .  

P re i r r ad ia t ion  Treatments 

" M i l l  anneal'' designates mater ia l  t h a t  had been annealed a t  t h e  

m i l l  and was used as received. 

where a is the  time i n  hours and b i s  the  temperature i n  "C.  Mechanical 

deformation i s  indicated by t h e  percent s t ra in ;  room-temperature deforma- 

t i o n  i s  implied unless a temperature ( i n  O C )  i s  indicated.  

Heat treatments a r e  designated a,/.! 

Successive 



treatments a r e  given i n  order. For example, specimen D2-152 i n  

pos i t i on  A15 w a s  annealed 1 h r  a t  1O5O0C, s t r a i n e d  20% at room tempera- 

ture, and then heated 24 h r  at 482°C and 100 hr  a t  700°C. 

i n  Al.7 w a s  annealed 1 h r  a t  1050°C and then s t r a ined  40% a t  450°C. 

welded specimens t h e  so lu t ion  anneal was 2 h r  at 1063°C and aging was 
10 hr a t  800°C. 

Specimen %-1 

For 

Specimens i n  I r r a d i a t i o n  Experiment 

Specimen Holder ... Specimen 
b e i r r a -  Pre i r rad ia t  ion 

Condition 

G o a l  Design 

Treatment Posi t ion :zr- Fluence Material d ia t ion  Niunber Material ocl (neutrons/cm*) 

A3 

A4 

A5 

450 0.20 

450 0.31 

450 0.47 

304 

304 

304 

A6 
A7 450 1.0 

A 8  500 1.4 

A9 500 1.9 

A l O  500 2.4 

304 

304 

3 16 

x 1022 
A2 450 0. I2 3w M i l l  anneal F10191 308 weld F10, TW 

F10192 308 weld F10, TW 
E101921 308 weld F10, TFL 
F101922 308 weld F10, TFL 

Mill anneal F11192 308 weld F11, 'TW 
F11W4 308 weld F11, TW 
F111921 308 weld F11, TFL 
F111922 308 weld F11, TPL 

Mill anneal F a 1 9 1  308 weld Fl2, TW 
Fl2192 308 weld F12, TW 
F111921 308 weld Fl2, TPL 
Fl.21922 308 weld F12, TFL 

Mill anneal FW7162 308 weld k W 7 ,  'IW 
F(n161 308 weld FX', 'Fd 
FW71621 308 weld FV7, TFL 
FW71622 308 weld FW7, TFL 

Spacer 
304 M i l l  anneal f.Ej-I8 High-purity 316 

51-36 316 + 0.33 T i  
T1-39 316 + 0.46 T i  
U1-39 316 + 0.60 T i  

M i l l  anneal R1-170 316 + 0.23 T i  
H1-171 316 A 0.23 T i  
R1-177 316 + 0.23 T i  

Si l icon carbide 
M i l l  anneal E-1 High-purity 316 

Sl-30 316 + 0.33 T i  
T1-31 316 + 0.46 T i  
Ul-31 316 0.60 T i  

111050 R2-80 316 + 0.23 T i  

All 500 2.8 316 

R2-81 316 + 0.23 T i  

R2-92 316 + 0.23 Ti 

As welded 
Solution anneal 
As welded 
Solution anneal 

As welded 
Solution anneal 
As welded 
Solution anneal 

As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 

111050 
111050 
111050 
1/1050 

111050 + l O / R 0 0  
l/1050 + 10/800 
111050 + 10/800 

1/1050 
111050 
1/1050 
1/1050 
1/1050 + 20$ E 

1/1050 + 20% E 

l / l050 $. 204 E 

+ 101550 

+ 101550 

+ 10/650 
R2-93 316 + 0.23 T i  1/1050 + 20$ E 

+ 101650 
111050 Hl-I59 316 A 0.23 T i  111050 

R1-160 316 + 0.23 T i  1/1050 
DG260 316 + 0.23 T i  1/1050 
DO-261 316 + 0.23 T i  1/1050 

+ 20$ E 
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Specimens (continued) 

Design Goal Specimen Holder Specimen 
Tenper- Preirra- Prelrradiat  ion 

Condition 

Flwnce Position atwe 
Treatmnt Number Material oc )  (neutrons/cm2) W t e r i a l  diat ion 

x lo= 
A12 500 3.3 3 16 i/i050 MS-3 Kigh-pwlty 316 1/1050 

+ 0.23 Ti 

Au 

A14 

AI5 

AL6 

a9 

A20 

A21 

443 

5 00 

500 

500 

500 

400 

37 0 

370 

3.3 

2.8 

2.4 

1.9 

1.4 

1.0 

V1-286 304 + 0.2 T i  1/1050 + 100/700 
t 10% E 

Sil icon carbide 
A I  capsule 

316 1/1050 m-7 High-purity 316 1/1050 
+ 0.23 Ti  

3 16 
+ 0. 

02-U3 316 1/1050 + 20% E 

t 10/650 
UR; tube Ultrafine-grain 

V1-285 3W+ i 0.2 Ti 1/1050 + 100/700 
316 tube 

+ 10% t 

1/1050 D 2 - I - a  316 
23 T i  + 20% E 

Z-105 316 

D 2 - U C  316 

D2-117 316 

1/1050 + 2% c 

1/1050 + 20% E 

l/l050 + 20$ t 

1/1050 + 20$ c 

+ 10/550 

+ 10/550 

+ 10/650 

+ 10/050 

3G 1/1050 DO-196 316 111050 + 100/700 
+ 0.2 T i  + 20% E + 20$ c 

l/l050 + 20% E 

Rl-71 31b + 0.23 T i  1/1050 + 204 E 
D2-152 316 1/1050 + 20% E 

D2-L55 316 

+ 241482 + 100/71;0 

3G 1/1050 A2-1 316 (0.2 Mo) 1/1050 

M2-1 316 (0.5 Mo) 1/1050 
02-1 316 (2.4 Mo) 1/1050 
P2-1 316 (/+.8 &lo) 1/1050 

3w M i l l  anneal 21-1 316 + 0.25 T i  1/1050 
22- 1 310 t 0.25 T i  1/1050 + 20% E 
z4- 1 316 t 0.25 T i  1/1050 t 40% t 

+ 0.2 Ti 

a t  450°C 
Silicon carbide 

3 a  M i l l  anneal DG.209 316 1/1050 + 100/700 

DCr214 316 1/1050 c 100/700 
+ lo$ f 

+ 10s E 
D3-7 3 16 1/1050 + 10% c 
D3-8 316 1/1050 + 10% e 

Spacer 

0.47 304 M i l l  annetll FV7163 308 weld Fm, %ti ks welded 
?W/lfA 308 weld IW, TW Solution anneal 
KVl.624 308 weld Fo7, TFL A s  welded 
Fo71623 308 weld FW, TFL Solution anneal 

0.31 304 Mill anneal F12194 308 weld FU,  W Rs welded 
F12193 308 weld F12, Tw Solution anneal 
F121923 308 weld FU,  TFL As welded 
Fl21924 308 weld Fl2, TFL Solution anneal 
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Specimens (continued) 

Spechen Specinnen Holder G a l  Design 
Position :tzy- Fluence Preirra- 

Preirradiatlon 
Treatment Material. ocl (neutrons/cm2) Material dlation 

Condition Number 

x 1022 
A22 370 0.20 3 a  

A23 370 0.12 

K2 0.12 

F?4 

E5 

0.20 

0.31 

0.47 

Bb 
I37 450 1.0 

E3 500 1.4 

B9 600 1.9 

BlO 600 2.4 

B11 600 2.8 

3% 

3% 

304 

3a 

Spacer 
304 

3% 

3% 

3 16 

3 16 

K i l l  anneal F111% 
F11193 
F111923 
F111924 

M i l l  anneal F10193 
F101% 
F101923 
F101924 

N i l 1  anneal SA4251 
SA4273 
SA42521 
SA42522 

M i l l  anneal SA5271 
SA5276 
SM2321 
SA52322 

Mill anneal SA6301 
SA6302 
SA63022 
SA63021 

M i l l  anneal Fl3172 
FU171 
FUl722 
F1.31721 

M i l l  anneal DO-2l.5 

DO-216 

D2- I57 

D2-158 

Mill anneal V1-220 

V1-2139 

V1-217 

V1-226 

M i l l  anneal PS-2 
51-31 
T1- 32 
U1-32 

1/1050 R2-82 

R2-83 

R2-91, 

R2-95 

1/1050 R1- 16 1 
+ 20% E 

R1- 162 
DO-262 
DC-263 

3C8 weld F11, TW 
308 weld F11, TW 
308 weld F11, TFL 
308 weld F11, TFL 
308 weld F10, Iw 
308 weld F10, 'IW 
308 weld F10, TFL 
3c8 weld FLO, TFL 
308 weld SA&, TW 
308 weld SA&, TW 
308 weld SA4, TFL 
308 w e l d  SA4, TFL 
308 weld SA5, TW 
308 weld SA5, TW 
308 weld Sk5, TFL 
308 weld SA5, TFL 

308 weld SA6, TW 
308 weld SA6, TW 
308 weld SA6, TPL 
308 weld SA6, TFL 
308 weld Fl3, TW 
308 weld F13, TW 
308 weld F U ,  TFL 
308 weld FU, TFL 

3 16 

3 16 

3 16 

3 16 

3W+ + 0.2 T i  
304 + 0.2 T i  
3% + 0.2 T i  

3% + 0.2 T i  

High-pirity 316 
316 + 0.33 T i  

316 + 0.60 T i  
316 + 0.23 T i  

316 + 0.23 T i  

316 + 0.23 T i  

316 + 0.23 T i  

316 + 0.46 T i  

316 + 0.23 T i  

316 + 0.23 T i  
316 + 0.23 Ti 
316 + 0.23 T i  

As welded 
Solution a.nned 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As  welded 
Solution anneal 
As  welded 
Solution anneal 
A s  welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 

1/1050 + 100/700 

1/1050 + 100/700 

1/1050 + 24/42  + 204 + 100/'700 E 

l/l050 + 10% k 
+ 24/42  + 100/700 

1/1050 

1/1050 + 100/700 

1/925 
1/1050 
1/1050 
1/1050 
1/1050 

+ 10% E 

+ lo$ < 

1/1050 + 100/800 

+ lo$ E 

1/1050 + 10/550 + 20% E 

l/l050 + 20$ i 
+ 10/550 

+ 10/650 

+ 10/650 

1/1050 + 2G$ E 

1/1050 + 20$ i 

1/1050 

1/1050 
1/1050 
1/1050 



Specimens (continued) 

Specben Holder 
Goal Preirra- Specimen 

&sign 
Position T*er- Fluenc e 

a t m e  (neutrom/cm2 wterial diation F'reirradiation 
Treatment Material ("C) Condition "umber 

x 1022 
Bl.2 600 3.3 3 16 

+ 0.23 T i  
1/1050 

1/1050 

1 / m o  
+ 20% F: 

1/1050 
t 2% E 

111050 

.%-4 High-purity 316 

D2-I% 316 

V1-28'7 7% + 0.2 T i  

A I  capsule 
D2-l35 316 

D2-U5 316 

V1-288 301, + 0.2 T i  

ITFG tube Ultrafine-grain 
316 tube 

1/1050 t 20% 
+ 101650 

l/l(i50 4 100/7CYJ 
+ 10% E 

B U  TOO 3.3 316 
+ 0.23 T i  

1/1070 + 20$ E 

l/lrJ50 t 20% E 
+ 101650 

+ 10/650 
l/lC50 + 1W/700 
+ 10% F 

B14 600 2.8 316 

316 

3 16 

3 16 

3 16 
+ 0.23 T i  

E- 106 

D 2 - 1 0 7  

D2-1LB 

D2- 119 

D2-145 
DO- 1%' 

02-156 

A2-2 

m-2 
02-2 
P2-2 

111050 k 20% E 

1/1040 + 2oqb F 
+ 10/550 

+ 10/550 

+ 10/650 
1/1050 + 20% E 

111050 + 20$ E 

1/Lo50 t 20% E 
1/1050 + 1OC,/700 

t 10/650 

t 20% E 
l/lOSO t 2036 E 

+ 24/482 + 100/700 

111050 

1/L050 

1/1050 

1/?050 + 20% E 
1/1050 + 40% E 

l / l O S O  + 40% E 

1/mo 

1/1050 + 20% E 

a t  450'C 

a t  450°C 

B15 600 2.4 304 
+ 0.2 T i  

316 
316 

3 16 

Silicon carbide 
316 (0.2 Xo) 

316 (0.5 Mo) 
316 (2.4 Mo) 
316 (4.8 Mo) 
316 + 0.25 T i  
316 + 0.25 T i  
316 4 0.25 Ti 

316 + 0.25 T-i 

Bl6 600 1.9 304 
+ 0.2 T i  

B1:' 500 1.4 301, Mill anneal 22-2 
w-3 
24-2 

u-3 

a.6 400 1.0 304 Mill anneal V1-221 
V1-231 
V1-290 

v1-2u 

3M + 0.2 T i  
304 + 0.2 T i  
301, + 0.2 T i  

304 + 0.2 T i  

1/1050 
i/1050 + 100/800 
1/1050 100/700 

+ lo$ E 
11925 

Spacer 
301, 0.47 

0.31 

M i l l  anneal FW174 
FW173 

308 weld F13. TW AS welded 
Solution anneal 3G8 weld FI.3; TW 

308 weld. F U ,  TFL A s  welded 
308 weld FU, TFL Solution anneal 

Fl31723 
F13172k 

Mill anneal SA63oL 
SA6303 
SA63023 
SA63024 

Mill anneal SA5273 
SA5274 
SA52323 
SA52324 

304 308 weld SA6, TW A8 -welded 
308 weld SA6, TW Solution anneal 
308 weld SA5, TFL As welded 
3G8 weld SA6, TFL Solution anneal 
308 weld SA5, TW A5 welded 
308 weld W5, TW Solution anneal 
308 weld SA5, TFL A s  welded 
308 weld SA5, TFL Solution anneal 

E22 0.20 3or, 
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Specimens (continued) 

Specimen Holder Spechen 
Freirra- F’reirradiatton 

Goal Design 

Treatment Elaterial diat ion Number Material Position Fluenct 
( o c )  (neutmns/un2) Condition 

Ip3 

c2 

c3 

c4 

x 1022 
0.12 304 Mill anneal SA/+254 

SPA274 
SAA.2524 
SPA242523 

0.2 

0.4 

0.6 

c5 0.9 

C6 450 1.4 

61 45 0 2.0 

C8 500 2.8 

c9 500 3.8 

c 10 500 4.8 

C I l  500 5.7 

C l 2  500 6.7 

304 

304 

304 

3 w  

3 w  

3w+ 

304 

3 16 

31h 

Spacer 
!fill anneal SA393 

SA351 
SA3321 
SA3521 

Mill anneal SA355 
SA353 
SA3322 
SA3926 

Mill amen1 Fwl.611 
F101911 
F111911 
E’l.21911 

M.11 anneal CO-195 
xo-22 
vo- 18 
VO- 16 

M i l l  anneal S1-37 
T1-38 
tG-17 
U1-38 

M i l l  anneal R1-173 
R1- X74 
R1-175 
R1-176 

M i l l ~ e a l  me;-8 
S1-32 
T1-33 
U1-33 

1/1050 R2-84 

E-85 

R?-96 

R2-97 

l/l050 R1- 163 

R1- 164 
DO- 264 
D0-265 

+ 20% E 

316 1/1050 D2-203 

D2-U6 
+ 0.23 T i  

D2 - 147 

308 weld SAL,, Ti 
308 weld SAb,  TW 
308 weld  Si&9 TFL 
308 weld SA.4, TPL 

308 weld SA3, TW 
308 ueld SA3, !Ed 
308 weld SA3, TFL 
308 weld W, TFL 

3C8 weld SA3, TW 

308 weld SA?,, TFL 

308 we1.d Fw, LEN 
308 we13 P10, LBM 
308 weld F11, LBM 
308 weld Fl2, LBM 

304L 
3C4L + 0.2 T i  
3041, + 0.1 T i  
3C4L + 0.5 T i  

316 + 0.33 T i  
316 + 0.46 T i  
High-purity 316 

305 weld sA3, Tw 

308 w e l d  sA3, TFL 

316 + 0.60 T i  

316 + 0.23 T i  
316 t 0.23 T i  
316 + 0.23 T i  
316 + 0.23 T i  

High-purity 316 
316 + 0.33 T i  
316 + 0.46 T i  
316 + 0.60 T i  

316 + 0.23 T i  

316 + 0.23 T i  

316 + 0.23 T i  

316 A 0.23 T i  

316 + 0.23 T i  

316 + 0.23 T i  
316 + 0.23 T i  
316 + 0.23 T i  
3 16 

3 16 

3 16 

A I  capsule 

As welded 
Solution anneal 
As welded 
Solution anneal 

As welded 
Solution anneal 
AS welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
Anneal and aged 
Anneal and aged 
m e a l  and aged 
Anneal and aged 

1/1050 
1/1050 
l/l050 
1/1050 

1/1050 
1/1050 
1/1050 
1/1050 

1/1050 + 10/8OG 
1/1050 + 10/800 
l/l050 + 10/800 
1/1050 + lO/R00 
1/1050 
1/1050 

1/1050 
1/1050 + 20$ E 

1/1050 + 20% E 

1/1050 + 20% E 

1/1050 + 20% E 

1/1050 

1/1050 
1/1050 

1/1050 + 100/.70a 

1/1050 + 20% E 

111050 + 20% E 

1/1050 

+ 10/550 

+ 10/550 

A 10/650 

+ l0/650 

1/1050 

+ 20s E 

+ 11700 

+ 1/700 
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Specimens (continued) 

Specimen Holder Sp scimen 

Preirradiation 
Treatment 

Preirra- 

Condition 

Goal Design 

Material d ia t ion  Mrmber Material Posit ion Fluence 
( neutrons /a2 ) 

x 1022 
C U  4 3  6.7 3 16 

+ 0.23 Ti 
1/1050 

C 14 500 

CI.5 500 

C 16 5 00 

C 17 5 00 

CLB 400 

c 19 

c20 

c21 

c22 

C23 

5.7 

4.8 

3.8 

2.8 

2.0 

1.4 

0.9 

0.6 

3 16 
+ 0.23 Ti 

3c4 
+ 0.2 Ti 

304 
+ 0.2 m 

3 a  

3% 

304 

3 a  

304 

0.4 304 

0.2 3a 

1/1050 
+ 20% E 

1/1050 
+ 2c$ L 

1/1050 

Mill anneal 

Mill anneal 

M i l l  m e a l  

Mill anneal 

Mill anneal 

Mill anneal 

Mill anneal 

D2- 143 

D2-144 

w-202 

R2-1c4 

D2- 108 

D2- 109 

D2-120 

D2-121 

A2-3 

M2-3 
02-3 
P2-3 

DO-210 

DO-211 

Do- 198 

DO- 199 

Ms- 15 
DC-206 

DO-207 

DO- 268 

V1-251 
Vl-252 
V1-266 
V1-267 

V1-253 
V1-254 
V1-26E 
v1-263 
FlOl'718 
F'101917 
88.127 18 
SA425 17 
F101711 
F101712 
F1017l3 
F101312 

F101714 
Fl017l.5 
FlOl.913 
F101314 

F101716 
F101717 
F 10 1915 

3 16 

3 16 

3 16 

316 + 0.23 Ti. 

3 16 

3 16 

3 16 

3 16 

316 (0.2 Mol 

316 (0.5 Mol 
316 (2 .4 Mol 
316 (4.8 Mo) 

3 16 

3 16 

316 

3 16 

High-purity 316 
3 16 

3 16 

3 16 

3c4 + 0.2 Ti 
303 t 0.2 Ti 
3% + 0.2 'Pi 
3% + 0.2 Ti 
301 + 0.2 Ti 
3oL + 0.2  Ti 
3W + 0.2 'ri 
3c4 + 0.2 'Pi 
308 weld F10, LBM 
308 weld E'10, J23l.l 
308 weld SAL, LBM 
308 weld Sf f i ,  LEM 

308 weld Fl0, LBM 
308 weld FLO, LBM 
308 weld F10, LEN 
308 weld Fl0, LEN 

308 veld FLO, LBM 
308 weld F10, LBM 
308 weld E'LO, LB4 
308 weld F10, Lis l  

308 weld FLO, LBM 
308 weld Pl0, LE24 
308 weld FLU, LW 

1/1050 + 20% E 

1/1050 + 20% E 

l/l050 + 100/700 
1/1050 + 204 E 

1/1050 + 20% 6 

l/l050 + 212% c 

1/1050 A 20% E 

+ 101650 

+ 101650 

t 20% E 

+ 11700 

+ 101550 
+ 1015.50 

+ 10/650 

+ 1.0/650 
1/1050 + 20% < 

1/1050 

1/l050 
1/1050 

l/l050 + 100/700 

111050 + 100/700 

111050 i 100/700 

1/1040 + 100/700 

1/E050 
1/1050 + 100/700 

l/l051) + 100/700 

L/1050 + l00/700 

1/1050 + 10% E 

1/1050 + 10% E 

l/1050 + 20% 6 

111050 

t 10% F 

+ lo$ c 

+ 20% F 

+ 20% i 

+ 20% E 

+ 20% i 

+ 20% F 

1/1050 + 20% c 

1/1050 + 10% E 

A s  welded 
.Amealed and aged 
As welderi 
h e a l e d  and aged 
As welded 
A s  welded 
.4s welded 
Annealed and aged 
As welded 
As  welded 
Annealed and aged 
. h e a l e d  enrl aged 
As welded 
As welded 
Annealed and wed 

F101916 308 weld F10; LBM Annealed and 



Specimens (continued) 

Specimen Holder Specimen 
Prei';.radiatlon 
Treatment 

Preirra- 

Condition 

G o a l  Design 

Msterial diation Number Msterial Posit ion :tztr- Fluence 
o c )  ( neutmns/cm2 1 

D2 

D3 

D1 

D5 

D6 450 

m 450 

DB 450 

D9 600 

D10 600 

D l l  600 

Dl2 600 

D U  700 

x 1022 
0.2 3M Mill anneal 

0.4 

0.6 

0.9 

1.4 

2.0 

2.8 

3.8 

4-8 

5.7 

6.7 

6.7 

3w 

3% 

3% 

3M 

304 

3w 

3cG 

3 16 

MI11 anneal 

* N i l 1  anneal 

M i l l  anneal 

M i l l  anneal 

M i l l  anneal 

M i l l  anneal 

1/1050 

316 1/1050 
+ 20% E 

3 16 1/1050 
+ 0.23 T i  

316 
+ 0.23 T i  

1/1050 

F18111 
FIE 1U 
F1R921. 
F18924 
F18112 
F181l5 
Fl.8922 
F18925 
SA354 
SA352 
SA3323 
SA3925 
FU17ll  
Sp/t2511 
SA52711 
SA63011 
90-233 
c1-u 
81- U 
SO-115 

12-9 
I2-lo 
L2-11 
12-Y. 

m-u 
E2-9 
E2- 10 
E2-11 

.w-9 
S1-33 
Tl-Y+ 
u1- 34 

W-86 

R2-87 

R2-98 

R2-99 

R1-165 

R1- 166 
00-266 
DO-267 
DO-206 

D2- M 8  

D2-149 

D2-3-37 

D2- 138 

D2-205 

R2-105 

308 weld FIB, '1W 
308 weld FU, l W  
308 weld F18, TFL 
308 weld FU3> TFL 
308 weld F18, 'pw 
308 weld F18, TW 
308 w e l d  FU, TFL 
308 weld FIB, TFL 
308 weld SA3,  Tw 
308 weld SA3, 1W 
308 weld SA3, TFL 
308 weld SA3, TFL 

308 weld F U ,  LRM 
308 weld SA&, LB4 
308 weld SA5, LW 
308 weld sA6, LW 

3wr 
304 + 0.l5 T i  
3% + 0.15 T i  
3% + 0.27 T i  
3161. + 0.20 T i  
316L + 0.20 T i  
3161, + 0.20 T i  
316L + 0.20 T i  

High-pWity 316 
316L 
316L 
316L 
High-pui ty  316 
316 + 0.33 T i  
316 + 0.46 T i  
316 t 0.60 T i  

316 + 0.23 T i  

316 + 0.23 T i  

316 + 0.23 T i  

716 + 0.23 T i  

316 + 0.23 T i  

316 + 0.23 T i  
316 t 0.27 T i  
316 t 0.23 T i  

3 16 

3 16 

3 16 

A I  capsule 
3 16 

3 16 

3 16 

3 I6 

As uelded 
Solution anneal 
As welded 
Solution anneal 
AB welded 
Solution anneal 
As welded 
Solution enneal 
As welded 
Solution anneal 
A8 welded 
Solution m e a l  
Aruiealed and aged 
Annealed ana aged 
Annecled and aged 
Annealed ana aged 
1/1050 
1/1050 
1/1050 

1/1050 + 20$ E 

1/1050 + 208 t 

1/1050 + 20$ E 

1/1050 + 20% E 
1/1050 + 20% E 
1/1050 + 20% E 

1/1050 
1/1050 
1/1050 
1/1050 

1/1050 + 20$ 

1/1050 + 20% t 

1/1050 + 2C$ E 

1/1050 + 20% E 

1/1050 

1/1050 
1/1050 
l/l050 

1/1050 + 100/700 

1/1050 + 20s E 

1/1050 + 20$ t 

1/1050 

1/1050 + 209 G 

lIl0SO 

+ 10/550 

+ 10/550 

+ 10/650 

4 10/650 

+ 206 E 

+ 1/700 

+ 1prm 

1/1050 + 20s E 

1/1050 + 20% E 

1/1050 + 100/700 

1/1050 + 100/700 

+ 101650 

+ 10/650 

+ 20$ E 

+ 20% E 
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Specimens (continued) 

Specimen Holder Speclmen Preirra- 

Condi t ion 

Goal Design 
Weirradiat ion 

Treatment Material diat ion Number Rater ia l  Posftian Fluence 
.,cl (neutrons/cm2 1 

x 1022 
D U  600 5.7 3 16 1/1050 D2- 110 

+ 0.23 T i  + 20% E 

D2-ll2 

1/1050 + 20s E 
+ 10/550 

+ 10/550 
1/1050 + 2 0 $ 5  

3 16 

3 16 

3 16 

3 16 

D2-I22 

D2-123 

l/l050 + 20s E 

1/1050 + 20% E 
+ 10/650 

+ 10/650 

1/1050 

1/1050 
1 f I050 
1/1050 
l/l050 + 20% 

1/1050 + 20$6 E 

1/1050 + 40$ E 

1/1050 + 40% 6 

1/1050 + 2C$ E 

at 250°C 

a t  45O'c 

a t  450°C 

a t  650°C 

at 250°C 

600 

600 

4.8 

3.8 

3% 1/1050 A2-4 
+ 0.2 T i  + 20% € 

M2 -4 
02-4 
F2-4 

3od 1/1050 D5-10 

D5-30 
+ 0.2 T i  

316 (0.2 Mo) 

316 (0.5 Mo) 
316 (2.4 Mo) 
316 (4.8 Moo) 
316 

3 16 

316 

3 16 

D l 5  

Dl6 

D5-40 

D5-90 

D17 500 2.8 304 M i l l  anneal D5-11 

D5-31 

D5-41 

E-91 

3 16 

3 16 

3 16 

3 16 

1/1050 + 20% E 

1/1050 + 40% E 
at 450°C 

at 1+50"C 

at 65U'C 

t 10% E 

1/1050 + 40% E 

1/1050 + 100/700 

1/1050 + 100/700 

1/1050 + 1M)/700 

1/1050 + 100/700 

+ 1% E 

+ 10% E 

+ la$ E 

D28 LOO 2.0 304 M i l l  anneal V1-281 

"1-282 

V1-283 

Vl-284 

3% + 0.2 Ti 

304  + 0.2 Ti 

3% + 0.2 Ti 

3% + 0.2 T i  

D19 

DL?O 
D2 1 

Spacer 

M i l l  anneal SA42711 
SA427 I2 
SA427 l3 
SA12512 

Mill anneal SA42714 
SA427 15 
SA425l3 
sA.425 l& 

M i l l  anneal spk2716 
SA427 17 
SAh25 33 
SA425 16 

spacer 

M i l l  anneal F10196 
F10195 
F 10192 5 
F101926 

M i l l  anneal Fll.195 
F11196 
F111925 
F111926 

0.9 
0.6 306 308 weld SA4, LL3M 

308 weld SA4,  LBI 
308 weld SA4, LE24 
308 weld SA&, LEM 

308 weld SA4, UJM 
308 weld SA4, LWM 
308 weld SA4, LWM 
308 weld SA4, LWM 

3c)8 weld S M ,  LBM 
308 weld SA4, LBM 
308 weld SA4, LEIM 
308 weld SA4, LBM 
308 weld F10, TW 
308 weld FlO, TW 
308 weld Fl0, TFL 
308 weld F10, TFL 
308 weld F11, TW 
308 weld F11, TW 
308 weld F11, TFL 
308 weld F11, TFL 

As welded 
AB welded 
A s  welded 
Annealed and aged 
As welded 
As welded 
Annealed and wed 
h e a l e d  and aged 

As welded 
As welded 
Annealed and aged 
Annealed and aged 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 

D22 0.4 304 

023 0.2 304 

E;! 0.4 304 

0.8 3a 
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Specimens (continued) 
Specimen Holder G o a l  Preirra-  Spechen 

(“C) Treatment 

Design 

Material  d la t ion  Fre i r rad ia t ion  
Pos i t ion  Fluence 

(neutrom/un2 ) Condition Number Material  

x 1022 

1.2 3w M i l l  anneal F12195 
FL2 196 
Fl21925 
Fl21326 

308 weld FL?, TW 
308 weld Fl2, TW 
308 weld FU, TFL 
308 weld F12, TFL 

308 weld m7, TW 
308 weld rW7, ;pw 
308 weld W ,  TFL 
305 weld W ,  TFL 

3C%L + 0.2 T i  
3%L + 0.2 Ti 
Sil icon carbide 

3 16 
316 + 0.23 T i  
316 + 0.23 Ti 
3 16 

316 + 0.23 Ti 

High-pldty 316 

316 + 0.23 T i  
315 + 0.23 T i  
316 + 0.23 T I  
High-pWity 315 

316 + 0.46 Ti 
316 + 0.60 Ti 

316 + 0.33 T I  

316 + 0.23 ‘T i  

316 + 0.23 Ti 

316 + 0.23 T I  

316 + 0.23 Ti 

As welded 
Solution anneal 
As welded 
Solution anneal 

As welded 
Solution anneal 
As welded 
Solution anneal 
111050 
1/1wo 
l / lW,O 

1.8 301, M i 1 1  anneal FCf7166 
E07165 
Wi1625 
FCf71626 

500 

450 

500 

2.8 

4.0 

5.6 

Tungsten 

304 

304 

W-6 
E l -  149 
E l - 1 5 5  

M i l l  anneal DO-276 
R1- 184 
Fi2-52 
D2-32 

M i l l  anneal R1-177 
€31-178 
R1-179 
R1-180 

M i l l  anneal. Ea-I2 

1/10.50 + 50$ E 

111050 + 50% E 

111050 + 209 E 

l/lOSO + 20s E 

111050 + 101800 
l/ l050 + l0/800 
111050 + 10/800 
l/ l050 + 10/800 
111050 
111050 
111050 
111050 

1/1050 + 20% E 

1/1050 + 20$ E 

1/1050 + 20$ E 

111050 + 2% E 

1/1050 

+ 101550 

+ 101550 

+ 10/650 

+ 10/650 

i/i.oso 
111050 
111050 

111050 + 209 E 

111050 + 20% E 
+ 11700 

+ 1piOo 
1/1050 + 20$ E 

+ 11700 

E9 

E10 

500 

500 

7.6 

9.6 

3c4 

316 

51-34 
T1-35 
Ul-35 

R2-88 

R2-89 

F2- loo 
R2-101 

R1-  167 

R1- 168 
DO-268 
DO-269 

D2-b50 

D2-151 

R2-72 

D2-I39 

D2-L40 

LEG tube 

R2-74 

D2-ll3 

D 2 - u  

D2-124 

D2-125 

A 2 4  

&-5 
02-5 
P2-5 

111050 

Ell 

E l 2  

500 

500 

1.1 

1.3  

3 16 1/1050 
+ 20s E 

316 + 0.23 T i  

316 + 0.23 T i  
316 + 0.23 T i  
316 + 0.23 T i  
3 16 

3 16 

315 + 0.23 T i  

A I  capsule 
3 16 

3 16 

Ultrafine-grain 

316 + 0.23 Ti 
316 tube 

3 16 1/1050 
+ 0.23 Ti 

E l 3  443 1.3 3 16 
+ 0.23  T i  

111050 111050 t 20$ E 

111050 + 20% E 
+ 101650 

+ 10/650 

1/1050 + 20% E 

+ 1/’700 

111050 + 2074 E 

1/1050 + 20% E 

l / l050 + 20$ E 

1/1050 + 205 E 

1/1050 

111050 
111050 
1/1050 

+ 10/550 

+ 101550 

+ 101550 

+ 10/650 

EL4 500 3 16 111050 
+ 0.23 T i  + 20$ E 

1.1 3 16 

3 16 

3 16 

3 16 

E 15 500 304 1/1050 
+ 0.2 T i  + 208 E 

9.6 316 (0.2 No) 

316 (0.5 Ma) 

316 (4.8 Mo) 
316 (2./+ KO) 



25 

Specimens (continued) 

Specimen Gpecimn Holder 
Preirradiat  ion Prelrra- & S i g n  Goal 

Witerial diaticm Number Wte r i a l  Treatment 
PO8itiOU Flumce 

( oc l  (neutranr/cm2) condition 

x 1022 
E16 5m 7.6 304 111050 00-200 

DO-201 

DO-212 

Do-2l.3 

+ 0.2 Ti 

E17 500 

E l 8  400 

E 13 370 

E20 

E21 

F7 

450 

4-50 

5.6 

4.0 

2.8 

1.8 

1.2 

0.8 

0.4 

0.A 

0.8 

1.2 

1.8 

2.8 

4.0 

304 

304 

301, 

304.4 

301, 

302 

304 

3oL 

304 

304 

304 

3a 

3oL 

Mill anneal 21-2 
22-4 
22-5 
22-6 

M i l l  anneal DO-275 
R1-3B3 
R3-8 
R2-54 

xo-21 
U G  17 
VO-l5  

Millanneal FO71kl 
ml42 
mu.21  
m l 4 2 2  

Mill anneal Fl2172 
PI2171 
FL21722 
Fl21721 

Mill anneal Fll l73 
Fll172 
Fll1722 
F111721 

Mill anneal F10171 
F10172 
F101721 
F10 1722 

Millanneal N4275 
SA4276 
Sffi2525 
Sffi2526 

M i l l  anneal SA5275 
SA5276 
SA52326 
SA52325 

M i l l  a ~ e a l  SA6305 
SA6306 
SA63026 
SA63025 

Mill anneal cO-194 

M i l l  anneal FU175 
Fl.3176 
Fl3172t 
FU1725 

hti l lanneal M-U 
CO-82 
m-19 
BO-189 

M i l l  anneal 51-36 
T1-37 
ul-37 
hB-16 

316 

316 

3 s  

3 16 

316 + 0.25 Ti 
3X + 0.25 Ti 
316 + 0.25 T i  
316 + 0.25 T i  

316 
316 + 0.23 Ti 
316 + 0.23 T i  
316 + 0.23 T I  
3oz-L 
3ML + 0.2 T i  
304L + 0.1 TI 
3oLL + 0.5 T I  
308 weld m, l"rl 
308 weld FO7, TW 
308 weld fSJ7, TFL 
308 weld Fo7, TPL 
308 weld Fl2, TW 
308 weld Fl2, TU 
308 weld FK, TFL 
308 weld Fl2, TFL 
308 weld F11, TW 
308 weld F11, TW 
308 weld F11, TFL 
308 weld F11, TFL 
308 weld FlO, TW 
308 weld F10, Tw 
308 weld F10, TFL 
308 weld F10, TFL 

308 weld SAA, 1W 
308 weld W, TW 
308 veld SA4, TFL 
308 weld SM, WL 
308 weld SA5, Tw 
308 weld SA5, 1w 
308 weld SA5, TFL 
308 weld SA5, TFL 

308 weld SAG, TW 
308 weld SA6, 1W 
308 weld SA6, TFL 
308 weld SA6, TFL 
308 weld Fl3, TW 
308 weld Fl3, TW 
308 weld FU,  TFL 
308 weld FU, TPL 
High-pWity 316 
304L 

316 + 0.33 T i  
316 + 0.46 T i  
316 + 0.60 Ti 
High-pwity 316 

1/1050 + 100/700 

1/1050 + 100/7M3 

1/1050 + 100/700 

l/l050 t 100/700 

1/1050 

+ 20% E 

20% E 

+ 10% E 

+ E $ <  

1/1050 + 20% F 
1f1050 + 20$6 
111050 + 20$ E 

111050 + 50$ E 
1f1050 + 50% E 
111050 + 10% E 
1/1050 + 20$ E 

1 f lo50 
111050 
111050 

As welded 
Solut Ion anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
AS welded 
Solution anneal 

As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
1/1050 
1/1050 

l / l o s O  

1/1050 
1/l200 

1/1D50 

l/1050 
1 / m o  

l/l050 



specimens (continue:) 
- 

Specimen Holder 
Goal Specimen Design 

Preirra- Pxiirradiation Material diation Number Material 
Fluence ex- 

e - e u t r o n s / d  Condition Treatment 

x 1022 
Mill anneal V1-224 3C% + 0.2 Ti 

V1-232 3oC + 0.2 Ti 
v1-291 306 + 0.2 Ti 

F8 500 5.6 306 l/l050 
1/1050 + 100/800 
1/1050 + 100/700 

1/925 

1/1050 
1/1050 
1/1050 

1/1050 + 20% E 

+ 10% 6 

i/in50 

+ 10/550 

+ 10/550 
i / m o  + 20% E 

lllO50 + 20% i 

V1-2u 3od + 0.2 Ti 
M i l l  anneal E-11 High-purity 316 

S1-35 316 + 0.33 T i  
F9 600 7.6 3oC 

T1-36 316 + 0.46 T i  
Ul-36 316 + 0.60 Ti 
R2-90 316 + 0.23 T i  

R2-91 316 + 0.23 T i  

R2-102 316 + 0.23 T i  

R2-103 316 + 0.23 T i  

FlO 600 9.6 3 16 l/l050 

+ 10/650 

+ 10/650 
1/1050 + 20$ c 

1/1050 

1/1050 + 20% 6 

+ 24/482 
+ 100/700 

i/1050 
1/1050 
1/1050 + 20% E 
+ 11700 

P11 603 1.1 3 16 1/1050 
+ 20% E 

R1-169 316 + 0.23 T i  

R2-108 316 + 0.23 Ti 

DO-270 
DO-271 
D2- 153 

D2- L54 

R2-73 

D2-141 

D2-lk2 

UFG tube 

w-75 

316 + 0.23 Ti 
316 + 0.23 Ti 
3 16 

3 I6 

316 + 0.23 T i  

A I  capsule 
3 16 

3 16 

Ultraf ine- grain 

31.6 + 0.23 Ti 
316 tube 

3 16 1/1050 
+ 0.23 Ti 

Fl2 600 1.3 

1/1050 + 20$ c 
+ l/700 

+ 11700 
1/1050 + 20% E 

FU 700 1.3 3 16 i/in50 
+ 0.23 Ti 

1/1050 + 20% E 

1/1050 + 20% E 
+ 10/650 

+ 10/650 

i/in50 + 20% E 

+ lplcil 

FL4 600 1.1 3 16 
+ 0.23 Ti 

1/1050 
+ 20% E 

1/1050 
+ 20% E 

i/io5n 

D2-1L5 316 

D2-126 316 

D2-127 316 

D2-128 316 

1/1050 + 20% i 

1/1050 + 20% E 

1/1050 + 20% E 

1/1050 + 208 i 

1/1050 

+ 10/550 

+ 10/650 

+ l0/650 

+ 10/650 

i/i.nso 
1/1050 
1/1050 
1/1050 

1/1050 + 20% E 

+ 24/482 
+ 100/700 

+ 24/48:! 
+ 100/700 

1/1050 + 20% E 

1/1050 + 20% E 
+ 24/48?. 
+ 100/700 

F15 600 9.6 306 
+ 0.2 T i  

a - 6  316 (0.2 Mo) 

bf2-6 316 ( 0 . 5  Mo) 
02-6 316 (2.4 NO) 
P2-6 316 (4.8 MO) 
318-3 318 

R2-109 316 + 0.23 Ti 

F16 600 7.6 301, 
+ 0.2 Ti 

R2-110 316 + 0.23 T i  

R2-111 316 + 0.23 Ti 
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Specimens (continued) 

Dosign COS1 Specimen Holder Specimen 
Preirradiation Preirra- Posit ion i2'- Flusnce 

(neutrons/cm2) b t e r i a l  diat ion Number baterial Treatment 
('C) condition 

x 1022 
F17 5GiJ 5.6 

Fl8 400 

F19 370 

F20 

F21 

F22 

F23 

G7 45Q 

G 8  500 

G9 500 

G 1 0  600 

G 1 1  700 

G I 2  600 

4.0 

2.8 

1.8 

1.2 

0.8 

0.4 

1.0 

1.4 

1.9 

2.2 

2.8 

3.3 

3a 

304 

304 

304 

304 

304 

304 

304 

304 

304 

304 

316 

304 
+ 0.2 Tj 

H i l l  anneal 24-4 

zr4-5 

Z4-6 

21-3 

M i l l  anneal V1-223 
V1-292 

V1-233 
v1-218 

Mill anneal BG234 
c1-12 
81- 12 
S G l U .  

Mil lanneal  FUL52 
FUL5 1 
FUL521 
Fl.31522 

M i l l  anneal SA6282 
SA6281 
SA02822 
SA62821 

M i l l  anneal SA5255 
SA5256 
SA52721 
SA52722 

M i l l  anneal SA4272 
SA427 1 
SA42722 
SAL2721 

M i l l  anneal 10-3 
IC-5 
318-7 
3U-8 

I2-11 
12- l2 
12-6 

Mill anneal 10-8 

Millanneal  D L 4  
DL5 
3 B - 1  
3B-2 

M i l l  anneal DL3 
DL-22 
DL-31 

DL-32 

1/1050 DL-2 
+ 50% E DL-21 

IG7  
12-3 

1/1050 318-6 
+ 50% E 

10-6 
12- 10 
12-2 

316 + 0.25 TI 

316 + 0.25 T i  

316 + 0.25 Ti 

316 + 0.25 T i  

3% + 0.2 Ti 
304 + 0.2 T i  

301, + 0.2 Ti 
304 + 0.2 Ti 
304 
3W + 0.35 Ti 
3W C 0.12 T i  
304 + 0.27 T i  
308 weld F13, TW 
308 weld FU, Tu 
308 weld FU, TFL 
308 weld FU, TFL 
3W weld SA6, TW 
308 weld SA6, TW 
308 weld SA6, TFL 
308 weld SA6, TFL 
308 weld SA5, TW 
308 weld 34.5, TW 
308 weld SA5, TFL 
308 weld SA5, TFL 
308 weld SA4, TW 
308 weld SA4, TW 
308 weld SA&, TFL 
308 weld SAL, TFL 
SANDVIK 12R72HV 
s A ? ? I K  l2R72Hv 
318 
318 

SANDVIK l2R72H'J 
SANDVIK l2K72Hv 
SANDVIK l 2 ~ 2 H V  
s m m  l2K72Hv 
19-9-DL 
19-9-DL 
318 
3L8 
19-9-DL 
19-9-DL 
19-9-DL 

19-9-DL 

19-9-DL 
19-9-DL 
SANDVIK l2K72HV 
SAMlVIK 12R72HV 
318 

S A M N I K  l2R72HV 
SANDVIK l2K/2H\I 
SANDVIK l2R72IFJ 

1/1050 + 40% i 
st 450°C 

a t  450°C 

a t  450°C 

1/1oso + 40$ E 

1/1050 + 40% E 

l / l O s O  

1/1050 
1/1050 + 101)/700 

1/1050 + 100/800 
1/925 
1/1050 
1/1050 
1/1050 
1/1050 
As welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
A s  welded 
Solution anneal 
As welded 
Solution anneal 
As welded 
Solution anneal 
A s  welded 
Solution anneal 
As welded 
Solutlon anneal 

+ 10% E 

1/1150 
1/1L50 
1/1050 
1./1050 

l / l l50  
1/1150 + 20% E 
1/1l50 + 20$ E 

1/1150 + 20% E 

1/1150 
1/1l50 

1/1050 

1/1l50 
1/1l50 + 20% E 

1/1050 

1)1150 + 20% f 

l/lL50 + 204 c 
a t  450°C 

a t  450°C 
1/1150 
1/1150 + 20% E 

1/mo 
1 / 1 l 5 G  + 20$ E 

l/l050 

1/1150 
1./1150 + 205 E 

1/1150 + 20% E 



Specimens (continued) 

Specimen Holder 
Spec h e n  Preirra- 

Condition 

Goal Design 

Prelrradiatlon 
Treatment 

f&ter ia l  diation Number M t e r i a l  Pos i t ion  Tqer- F luenc e 
(neutrons/cm* I 

x 1022 

G 13 500 3.3 301, Mill anneal 3M-4 
10-4 
12-9 
E-1 

G 11, 500 2.8 3 16 1/1050 DG 1 
+ 50% E DL20 

DL30 

DL-33 

G15 450 

G 1 6  450 

G I 7  450 

2 . L  

1 .9  

1.4 

3cK 

3or+ 

306 1/1050 12-7 
+ 0.2 T i  + 50% E 

12-8 
12-4 
12-5 

M i l l  anneal D t 6  
DL-'7 
10-1 
IC-2 

Mill anneal SO-17 
so-20 
so-95 
So-99 

3L8 
SANOVTK UK72HV 
SANDVIK 12K72W 
smvu( l2R72w 
19-9-DL 
19-9-DL 
19-9-DL 

19-9-DL 

SAMNIK l2R72W 

SANDVIK l2R72HV 
SANDVIh IZR72w 
S W I K  l2Kr2HV 
19-9-DL 
19-9-JX. 
SANDVIK 12K/2HV 
SANDVIK 12K72xV 
3oL + 0.27 T i  
304 + 0.27 T i  
301, t 0.27 Ti 
304 + 0.27 T i  

1/1050 
1/1050 
1/1050 + 20% E 
1/1050 + 2.0% e_ 

1/1150 
1/1150 + 20% F 
1/1150 + 20% F 

1/1150 + 20% + 

1/1150 + 20% F 

l/lL50 + 20$ E 
1/1l50 + 20% f 
1/1150 + 20$ E 

111150 
1/1l50 

a t  450°C 

a t  450°C 

1 / m o  
1/1c40 
l l l040 + lOO/SOO 
l / l040 + 100/800 
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