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EFFECTS OF LARGE NEUTRON DOSES AND ELEVATED 
TEMPERATURE ON TYPE 347 STAINLESS 

Will iam E. M u r r , F r e d e r i c R. Shober , Robert L i ebe rman , 
and Ronald F . Dickerson 

Tests of subsize tensile and impact specimens ofAISI Type 347 stainless 
steel irradiated in three capsules to fast-neutron exposures of up to 1.1 x 10 nvt 
were conducted as part of a continuing eleven-capsule irradiation program involving 
144 specimens of this material and fast-neutron exposures from 5 x 10 to greater 
than 3 x 10 nvt. Ductile fractures at impact energies of 65 ft-lb, representing a 
35 per cent decrease in impact strength, were noted at room temperature. Impact 
energies of only about 20 ft-lb and a fracture with both brittle and ductile charac­
teristics were observed at —300 F. Irradiation-induced property changes included 
increases in yield strength from 35,000 to 105,000 psi and in ultimate strength from 
90,000 to 112,000psi and a decrease in total elongation from 63 to 31 per cent at 
room temperature. Somewhat lesser changes were noted in specimens tested at 
600 F. A 600 F anneal produced no measurable recovery of preirradiation properties 
(based upon hardness measurements) for periods up to 144 hr. A large degree of recovery 
was obtained by annealing I hr at 1800 F. Mechanical-property data were also ob­
tained from Type 347 stainless specimens machined from sections of the ETR J-10 
pressure loop after fast-flux exposures of up to 7.1 x 10 nvt. Surprisingly, in mate­
rial irradiated at 750 F, increases in ultimate strength from 92,000 to 149,000 psi 
and in yield strength from 55,000 to 149,000 psi (60 and 100 per cent, respectively) 
and decreases in elongation from 55 to 10 per cent and in reductions in area from 70 
to 60 per cent were found. Additional tests made at 750 F showed greater reductions 
in ductility. Somewhat smaller effects were noted for specimens irradiated at ambient 
reactor temperatures. Problems associated with nickel dosimetry for fast-flux deter­
minations in the study led to the use of the Fe (n, p)Mn'^* reaction to establish 
exposures. 

INTRODUCTION 

Various h i g h - p r e s s u r e tes t loops located in the Engineering Tes t Reactor (ETR) at 
the National Reactor Testing Station (NRTS) a r e const ructed ofAISI Type 347 s ta in less 
s tee l . Because of the great expense, both in t ime and money, n e c e s s a r y to ins ta l l and 
remove such p r e s s u r e loops in a r e a c t o r , it is mandatory that they r e m a i n in s e rv i ce 
as long as possible without becoming operat ing h a z a r d s . Information available in the 
l i terature^ l"-^) indicates that fas t -neut ron i r r ad ia t ion of s t a in less s tee ls to exposures of 
about 3 X 10^-^ to 4 x 10*^̂  nvt''*' r e su l t s in changes in mechanica l p rope r t i e s such as in­
c r e a s e s of about 13 pe r cent in ul t imate tensi le s t reng th , i n c r e a s e s of 60 pe r cent in 
yield s t rength , and dec rea se s of about 44 per cent in total elongation. Since no data 
have been published concerning what effect neutron exposures in excess of 4 x 10^-^ nvt 
might have on the mechanical p rope r t i e s of s ta in less s t ee l , the study repor ted he re was 
under taken. The p r o g r a m was designed to de te rmine the maximum safe l imi ts of such 
neutron exposures to this m a t e r i a l . The work was init iated by personnel of KnoUs Atomic 
Power Labora to ry , who designed and constructed the majori ty of the capsules and the 
tes t spec imens . Shortly after the i r rad ia t ions were ini t iated, Battel le a s sumed r e spon­
sibility for the p r o g r a m under the direct ion of the Atomic Energy Commiss ion . Detai ls 
of the exper iments and the ini t ial r e su l t s obtained f rom tes t s of seve ra l i r r ad ia t ed spec i ­
mens a r e d iscussed in this r e p o r t . 
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In addition to the work connected with the surve i l lance p r o g r a m , pos t i r rad ia t ion 
tensi le t e s t s w e r e per formed on specimens machined from a p r e s s u r e loop removed from 
the J -10 posit ion of the ETR, This loop, const ructed of AISI Type 347 s ta in less s t e e l , 
contained a sect ion that operated at p r o c e s s - w a t e r t e m p e r a t u r e and a p r e s s u r i z e d sect ion 
that operated at t e m p e r a t u r e s up to approximate ly 750 F . Both sect ions were i r r ad ia t ed 
at approximately the same exposure r a t e and to the same exposure level . P r o p e r t i e s of 
spec imens machined from this loop and o t h e r s , if r ep resen ta t ive of Type 347 s ta in less 
s teel in-pi le loops , a r e most impor tant in evaluation of useful in-pi le life of r eac to r 
components fabricated f rom this m a t e r i a l . 

TYPE 347 STAINLESS STEEL SURVEILLANCE PROGRAM 

Organization, and Status of P r o g r a m 

Specimen and Capsule Design 

AISI Type 347 s ta in less s tee l in the fo rm of 5 / 8 - i n , - d i a m e t e r rod , annealed and 
cold finished, meeting the specifications of ASTM A-276-55 with an additional specif i ­
cation that the yield s t rength should be the 50,000 to 65 ,000-ps i r a n g e , was purchased 
for the tes t m a t e r i a l . The composit ion of the Type 347 s ta in less s tee l employed in the 
tes t p r o g r a m is given in Table 1. Table 2 gives the r e su l t s of tens i le t e s t s on the 
m a t e r i a l . KAPL and Battel le p r e i r r ad i a t i on tensi le r e su l t s obtained f rom 0. l 6 - i n . -
d iameter spec imens indicated a "sof ter" ma t e r i a l than the vendor ' s cer t i f icat ion. This 
difference may be explained by the fact that spec imens were machined f rom a cold-
finished rod in which l aye r s of the cold-worked m a t e r i a l had been removed to make the 
sma l l e r spec imens , thereby causing lower tensi le va lues . 

Specimens were machined f rom the 5 /8- in . -d i ame te r rod by routine machining 
techniques . Specimen identifications were s tamped on the grip ends of the t ens i l e , 
fatigue, and Charpy impact spec imens , and along one side of the Izod spec imens . Density 
m e a s u r e m e n t s were obtained on some of the spec imens in each capsule , along with 
Rockwell h a r d n e s s measu remen t s to provide a bas i s for compar i son after i r r ad ia t ion 
exposure . 

Two of the 11 capsules included in the surve i l lance p r o g r a m contained ful l -s ize 
Charpy V-notch and modified subs ize Izod spec imens . The specimens were a r r anged in 
th ree c lus t e r s spaced over the 8-in, capsule length. Each c lus ter contained two Charpy 
and four Izod specimens held in place by s ta in less s teel clip ho lde r s . Drawings of the 
two types of impact spec imens contained within the two capsules a r e shown in F igu re 1. 
A view of the impac t -capsu le spec imen t r a in and component capsule pa r t s is shown in 
F igure 2. 

The remaining nine capsules contained subsize buttoiihead tensi le specimens and 
cyc l i c - s t r a in fatigue specimens a r r anged in t h ree c l u s t e r s , each c lus ter containing two 
tensi le and two cyc l i c - s t r a in fatigue spec imens . Drawings of the tensi le and cyc l ic -
s t r a in fatigue specimens a r e shown in F igu re 3, A composi te view of the capsules 
containing tensi le and fatigue specimens is shown in F igure 4, 
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TABLE 1. ANALYSIS OF AISI TYPE 347 STAINLESS STEEL USED FOR IRRADIATION TEST SPECIMENS 

_Chemi&al_M^jmj_wJo_ 

Man- Phos-
Carbon ganese phorus Sulfur Silicon Nickel 

Chrom­
ium 

Tantalum 
and 

Niobium Copper 

Maximum Spe­

cifications 0.08 2.00 0.030 0.030 0.75 9-13 12-20 <1.00 

Analysis by 
Manufacturer 0.057 1.72 0.024 0.016 0.65 10.41 17.91 0.67 

Analysis by 
KAPL 0.052 1.86 0.014 0.008 0.74 10.22 17.44 0.66 0.28 

TABLE 2 . ROOM-TEMPERATURE MECHANICAL PROPERTIES OF AISI TYPE 347 STAINLESS STEEL USED FOR IRRADIATION 
TEST SPECIMENS 

Specimen 

Standatd (0.505 

in . in diameter) 

Subsize (0.16 

in . in diameter) 

Tester 

Manufacturer 

KAPL 

KAPL 

BMI 

Tensile 

Strength, 

psi 

88,000 

91,300 

92,600 

89,100 

Yield 

Strengths 
psi 

53,000 

56,000 

38,800 

35,000 

Elongation, 
per cent in 

l . l i n . 

43 .0 

63,0 

6 4 . 3 

61.0 

Reduction 
in Area, 

per cent 

65.0 

--

75 .6 

73.5 

Rockwell 

Hardness 

B 92 

B 84-87 

A 48-52 

— 
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FIGURE 1. DRAWING OF IMPACT SPECIMENS CONTAINED IN CAPSULES 
BMI-24-4 AND BMI-24-16 

Each of these capsules contained 6 Charpy V-notch and 
12 subsize Izod spec imens . 
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FIGURE 2. VIEW OF CAPSULE AND SPECIMEN 
TRAIN FOR CAPSULES BMI-24-14 AND BMI-24-16 

These capsules contained 12 subsize modified Izod 
specimens and 6 regular-size Charpy specimens 
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FIGURE 3. DRAWINGS OF SPECIMENS CONTAINED IN CAPSULES 
BMI-24-2 , - 4 , - 6 , - 8 , -10 , - 1 2 , - 1 8 , - 2 0 AND -22 

Each of these capsules contained six of each type of 
specimen. 
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FIGURE 4. TYPE OF CAPSULE USED FOR IRRADIATING SUBSIZE TENSILE AND CYCLIC-STRAIN FATIGUE SPECIMENS 

The design shown IS representative of Capsules BMI-24-2, -4, -6, -8^ -10, -12, -18, -20, and -22. 
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The spec imens were encapsulated in open-end Type 304 s ta in less s tee l capsules 
measur ing 1. 17 in. in d iameter by ei ther 7 -1 /4 or 8 in, long. The open ends permi t t ed 
reac to r p r o c e s s water to contact and flow pas t the tes t spec imens , thereby providing for 
remova l of the gamma heat produced in the spec imens during i r r ad ia t ion . The capsules 
were posit ioned in modified X-baske t s which w e r e fitted into mil led holes in a 3 by 3-in. 
block of 35 a luminum. This a luminum block, or core - f i l l e r p iece , extended the full 
length of the act ive r eac to r c o r e , and contained holes in the no r theas t , nor thwes t , south­
eas t , and southwest quadrants to accommodate the capsu le s . The a luminum core- f i l l e r 
piece a lso contained 3 /8- in . - d i ame te r slots in the nor th , eas t , south, and west faces 
and in the cen te r . These holes were used for the inse r t ion of dos imeter wi res for 
per iodic fast-f lux moni tor ing. 

Capsule I r rad ia t ion His tory 

Capsules BMI-24-2 , - 4 , - 6 , - 8 , - 1 0 , - 1 2 , - 1 4 , and -16 , were loaded into 3S 
a luminum X-baske ts and placed in the ETR p r io r to the s ta r tup of ETR Cycle 4 , which 
began on August 9, 1958, The capstiles were posit ioned symmet r i ca l ly around the v e r t i ­
cal midposit ion of the co re in o rde r to i n su re that the maximum number of spec imens 
were located in the regions of highest flux. The capsules were f i rs t located in the F -10 
posi t ion, p r i o r to the use of this posi t ion as a s i te for a tes t loop. The capsules were 
maintained in this position until the end of Cycle 11, at which t ime the core - f i l l e r p iece 
was t r a n s f e r r e d with all capsules intact to the K-7 posi t ion. The capsules were i r r ad ia t ed 
in the K-7 posit ion during Cycle 12 and w e r e then t r a n s f e r r e d to the K-8 and L-8 
pos i t ions , where they remained until the end of Cycle 30, with the exception of Capsule 
BMI-24-14, which was d ischarged at the end of Cycle 28. The capsules were moved to 
the G-13 posit ion for Cycles 31 through 33, then moved intact to the 1-13 posit ion. 

During the per iod of August, 1958, to m i d - J a n u a r y , 1962, th ree capsules were 
d ischarged f rom the ETR, and th ree capsules were added to the group of eight original ly 
in se r t ed . Capsules BMI-24-18, - 2 0 , and -22 , each of which contained six subsize tens i le 
and six c y c l i c - s t r a i n fatigue spec imens , were inser ted on top of existing capsules in the 
nor thwes t , no r theas t , and southeast quadran t s , r e spec t ive ly , of the core - f i l l e r p iece 
p r io r to the s ta r tup of Cycle 19 (August 18, 1959). Capsules BMI-24-6 and BMI-24-18 
were removed from, the r eac to r at the end of Cycle 42 (January 15, 1962) for tes t ing. 
R o o m - t e m p e r a t u r e and 600 F tes t s w e r e conducted for six specimens each at exposures 
of about 6. 5 X 10^1 and 1. 1 x 10^^ nvt. Capsule BMI-24-14, which contained six s tand­
a r d Charpy V-notch and twelve subs ize Izod spec imens , was d ischarged at the end of 
Cycle 28 (May 23 , I960) and shipped to the Battel le hot cel ls for pos t i r rad ia t ion 
examinat ions , A s u m m a r y of the individual capsules with r e spec t to the i r i r r ad ia t ion 
posit ion in the ETR during the per iod of t ime f rom Cycle 4 (August 9, 1958) to Cycle 40 
(October 2, 1961) is given in Table 3. These i r rad ia t ions a r e continuing with the ex­
ceptions noted above. 

Capsule Dos imet ry 

A study was c a r r i e d out as pa r t of the i r rad ia t ion p r o g r a m to de termine as a c ­
curate ly as poss ible the fas t -neut ron flux (neutrons having energies g rea te r than 1 Mev) 
to which the spec imens were subjected. A ver t i ca l flux profi le was obtained in quadrants 
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TABLE 3 . LOCATION OF BMI-24 CAPSULES DURING IRRADIATION IN THE ETR 

BMI-24 Series Distance From Top of Capsule Array 
ETR Cycle Capsule Position to Top of Lattice, in. 

4 through 11 4. 2, 14, and 6 F-IO-NE 3-1 /4 to 10-1 /2 ; 10-1/2 to 17-3/4; 
17-3/4 to 25-3 /4 ; 25-3 /4 to 33 

8, 10, 16. and 12 F-IO-SE 3-1 /4 to 10-1 /2 ; 10-1/2 to 17-3/4 ; 
17-3/4 to 25-3 /4 ; 25-3 /4 to 33 

12 4 , 2, 14, and 6 K-7-NW Same relative vertical position as above 

8, 10, 16, and 12 K-7-SE Ditto 

13 through 18 14 and 16 K-8-NW 15 to 23; 23 to 31 

2 and 6 K-8-NE 13-1/2 to 20-3 /4 ; 20»3/4 to 28 
4, 8, and 10 K-8-SE 11-1/4 to 18-1/2 ; 18-1/2 to 25-3 /4 ; 

25 -3 /4 to 33 
12 L-8-SE 15-1/4 to 22-1/2 

19 through 30 18, 14, and 16 K-8-NW 7-3 /4 to 15; 15 to 23; 23 to 31 

20, 2, and 6 K-8-NE 6-1 /4 to 13-1/2 ; 13-1/2 to 20 -3 /4 ; 
20 -3 /4 to 28 

4, 8, and 10 K-8-SE 11-1/4 to 18-1/2 ; 18-1/2 to 25-3 /4 ; 
25 -3 /4 to 33 

22 and 12 L-8-SE 8 to 15-1/4; 15-1/4 to 22~l /2 

31 through 33 18 and 16 G-13-NW 16 to 23-1 /4 ; 23-1 /4 to 30-1 /2 
20, 2, and 6 G-13-NE 6-1 /4 to 13-1/2 ; 13-1/2 to 20 -3 /4 ; 

20-3 /4 to 28 
4, 8, and 10 G-13-SE 11-1/4 to 18-1/2; 18-1/2 to 25»3/4; 

25 -3 /4 to 33 
22 and 12 G-13-SW 8-1/4 to 15-1/2 ; 15-1/2 to 22 -3 /4 

34 through 40 18 and 16 I-13-NW Same relative vertical position as above 
20, 2, and 6 I-13-NE Ditto 

4, 8, and 10 I-13-SE Ditto 

22 and 12 I-13-SW Ditto 
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of the core - f i l l e r piece each t ime the capsules were re loca ted , or per iodical ly when the 
capsules were s ta t ionary over a per iod of t i m e . The m e a s u r e m e n t s w e r e made in one 
quadrant of the core - f i l l e r p iece along the length of contained spec imens by means of 
point flux m e a s u r e m e n t s every 3 to 6 in. Measuremen t s w e r e also taken at the 2 0 - 7 / 8 -
in. level of the other t h ree quadrants and the c e n t e r , and this information was used to 
extrapolate flux values over the capsule-containing length of these quadran t s . 

A number of nuclear reac t ions were cons idered and /o r tested for fas t - and the rmal 
neutron flux de te rmina t ions . The two reac t ions init ially chosen were Ni58(n,p)Co5^ and 
S^^(n,p)P~'^. Additional reac t ions cons idered and /o r tes ted a r e shown in Table 4. 

TABLE 4 , NUCLEAR REACTIONS USED OR CONSIDERED FOR USE IN DETERMINING 
FAST AND THERMAL FLUX 

Reaction 

s32(n,p)P^^ 

Ni^3(n,p)Co^^ 

Fe^4(n,p)Mn^^ 

Cu^3(n.a)co60 

Co^9(n.y)Co6° 

Co59(n.y)Co60 

(cadmium shielded) 

Effective Neutron 

Energy Threshold^^), 
Mev 

3,9 

4 .0 

4 . 3 

9.2 

Thermal 

Epithermal 

Half-Life of 
Nuclide Formed 

14,3 days 

71 ,3 days 

300 days 

5.27 yr 

5.27 yr 

5.27 yt 

Cross 

Section, 
barns 

0,060 

0,092 

0,054 

0.00072 

37 

70 

(a) From Reference (5), 

T h e f i r s t d o s i m e t e r a s s e m b l i e s w e r e p r e p a r e d f r o m 3 6 - i n , - l o n g a l u n a i n u m tub ing 
w h i c h c o n t a i n e d s h o r t l e n g t h s of h i g h - p u r i t y n i c k e l w i r e and s m a l l q u a n t i t i e s of a m ­
m o n i u m su l f a t e s e a l e d in q u a r t z and s p a c e d i n s i d e t he a l u m i n u m tub ing by g l a s s - w o o l 
p l u g s . T h e s e d o s i m e t e r a s s e m b l i e s w e r e i r r a d i a t e d in t h e F - 1 0 p o s i t i o n of the E T R 
d u r i n g C y c l e s 10 , 1 1 , and 12, and r e t u r n e d to B a t t e l l e for a n a l y s i s . Al l of the a m ­
m o n i u m su l f a t e w a s r e n d e r e d u s e l e s s b e c a u s e of d e c o m p o s i t i o n of t he c o m p o u n d d u r i n g 
i r r a d i a t i o n . The n i c k e l w i r e s w e r e a n a l y z e d b y c o m p a r i n g t h e p h o t o p e a k a r e a of t he 
0, 8 1 - M e v g a m m a r a y f r o m c o b a l t - 5 8 p r o d u c e d in the n i c k e l w i r e s w i th t he 0 . 8 4 - M e v 
gamnaa p h o t o p e a k f r o m a m a n g a n e s e - 5 4 s t a n d a r d , a s m e a s u r e d on a s o d i u m i o d i d e , w e l l -
type s c i n t i l l a t i o n c r y s t a l . A f a c t o r of 0. 692 w a s u s e d to c o r r e c t t he n e u t r o n - f l u x v a l u e s 
for the f r a c t i o n of n e u t r o n s h a v i n g e n e r g i e s g r e a t e r t han 1 M e v . C a l c u l a t i o n s of t h e i n ­
s t a n t a n e o u s f lux w e r e on t he b a s i s of f u l l - p o w e r ( 1 7 5 - m e g a w a t t ) o p e r a t i o n . S u b s e q u e n t 
d o s i m e t e r s w e r e p r e p a r e d s i m i l a r l y , e x c e p t t ha t t h e y did not c o n t a i n the a m m o n i u m 
s u l f a t e . 

C o n s i d e r a b l e n i c k e l - w i r e d o s i m e t r y d a t a w e r e o b t a i n e d for t h e K - 8 p o s i t i o n of the 
E T R d u r i n g t h e t i m e t h i s p o s i t i o n w a s o c c u p i e d by t h e c a p s u l e s , A c o m p l e t e v e r t i c a l 
flux p r o f i l e w a s o b t a i n e d , b a s e d on n i c k e l - w i r e a n a l y s i s , for the K - 8 w e s t q u a d r a n t 
d u r i n g C y c l e 13A. In a d d i t i o n , f lux v a l u e s w e r e o b t a i n e d for w i r e s p o s i t i o n e d in t he 
a s s u m e d m a x i m u m - f l u x p o s i t i o n (abou t 2 0 - 7 / 8 in , b e l o w t h e top of t he c o r e - f i l l e r p i e c e ) 
of the e a s t , n o r t h , and sou th q u a d r a n t s of K - 8 . T h e m e a s u r e m e n t s w e r e r e p e a t e d on 
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wires exposed in the same re la t ive locations of K-8 during Cycles 15, 16, and 17, and 
a much lower set of flux values was obtained. Dos ime te r s f rom the 20 -7 /8 - in . level of 
K-8 were analyzed after exposure for Cycles 18, 19, and 20 in the nor th , c en t e r , and 
east posit ions and data were obtained f rom a s ingle-cycle exposure in K-8 nor th , south, 
and east (Table 5), 

Some of the data p resen ted in Table 5 have been r e a r r a n g e d in Table 6 to give a 
c l e a r e r p ic ture of the effects of mult icycle i r rad ia t ions and long exposures on the 
accuracy of nickel dos ime t ry . The data indicate that an inve r se cor re la t ion exis ts b e ­
tween the length of i r r ad ia t ion t ime and the n i cke l -dos ime te r -de r ived flux va lues . Using 
the Cycle 13A values as a compar i son , the values of dos ime te r s exposed in comparable 
locations of K-8 range f rom 39 to 44 per cent , 28 to 33 per cent , and 58 to 60 per cent 
of Cycle 13A values for dos ime te r s exposed in Cycles 15 through 17, Cycles 18 through 
20, and Cycle 2 1 , respec t ive ly . The total operat ing t ime for Cycles 13A, 15 through 17, 
18 through 20, and 21 was 2. 35, 1 9 . 3 , 29, 1 and 4 .6 megawat t -days , r e spec t ive ly . 

The select ion of nickel wi re for dos imet ry was based on the convers ion of n ickel -58 
to cobal t -58 by an (n,p) r eac t ion , where the neutron absorbed is a fast neutron. The 
cobal t -58 activity was measu red and then, allowing for decay, calculat ions of the in­
tegra ted fas t -neut ron flux were made . However , the r e su l t s shown in Tables 5 and 6, 
as obtained by n icke l -wi re dos ime t ry , demonst ra ted conclusively that another reac t ion 
reduced the final activity of the cobal t -58 s amp le . The subsequent reac t ion is believed 
to be caused by the absorpt ion of a the rmal neutron by the cobal t -58 . This reac t ion i s : 
Co^°(n,7)Co59_ The product of this reac t ion is a s table nuclide having a c ro s s sect ion of 
1650 ± 150 b a r n s . Thus , in an i r rad ia t ion exper iment the loss or burnup of cobal t -58 is 
control led by two fac to r s : (1) i ts inherent 71 , 3-day half-life for radioact ive decay and 
(2) i t s convers ion to cobalt-59 by the rma l -neu t ron cap tu re . The effect of t h e r m a l -
neutron capture is to shor ten the effective half-l ife of cobal t -58 while it i s under i r r a d i ­
at ion. For ins tance , the effective half-life of cobalt-58 would be about 66, 3 days in a 
thermal—neutron flux of 5 x lO-'̂ ^ compared with only 8. 5 days(o) in a t h e r m a l - n e u t r o n 
flux of 5 X 10 ̂ '̂  nv. 

Because of the cu r r en t uncer ta inty involved in applying cor rec t ions to data obtained 
f rom nickel dos ime te r s exposed for long i r r ad ia t ions in regions of high the rma l -neu t ron 
flux, a study was init iated to se lec t a dosinaeter that would be l e s s sensi t ive to e r r o r s 
due to high the rma l flux or l o n g - t e r m i r r ad i a t i ons . The Fe5^(n,p)Mn5'i react ion ap­
pea red worthy of considerat ion because of the longer half-life (300 days) , an es t imated 
c r o s s sect ion of 0, 054 ba rn (current values range fromO, 051 to 0. 065barr^, and the fact that 
burnup due to t he rma l -neu t ron absorpt ion i s insignificant. The sys t em may also be 
adapted to de te rmine the fas t -neut ron flux by examination of port ions of the i ron -bea r ing 
specimens t hemse lves . The analyt ical technique used for determining fast flux f rom 
naanganese-54 produced in i r r ad ia t ed i ron w i r e s was as follows: 

(1) A known weight of i ron dos imeter was dissolved in hydrochlor ic acid 
and diluted to a known volume. An ion-exchange column was p r e p a r e d 
by s lur ry ing Dowex 2 -X-8 , 100 to 200 m e s h , in a g lass tube 5 cm long 
with an inside d iameter of about 1, 3 cm. In o rde r to regula te the flow, 
a stopcock was placed below the column, and an inlet funnel equipped 
with a stopcock and ground-glass joint was fitted above the column. 
The r e s in was init ially activated by pass ing concentrated hydrochlor ic 
acid through the column at a r a t e of about 1 ml per min. 
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TABLE 5. RESULTS OF ETR DOSIMETRY EXPERIMENTS FOR CYCLES 13A THROUGH 21 

Reactor 
Position 

K-8 West 

K-8 North 
K-8 South 
K-8 East 

K-8 West 

K-8 North 
K-8 East 
K-8 South 

K-8 Center 
K-8 North 
K-8 East 

Distance from 
Top of Reflector, 

m. 

Fast-Neutron 
(>1 Mev) Flux, 

Cycle 13a 

2-3/8 
7 

11-5/8 
16-1/4 
20-7/8 
25-1/2 
30-1/8 
34-3/4 
20-7/8 
20-7/8 
20-7/8 

2-3/8 
7 

11-5/8 
20-7/8 
16-1/4 
25-1/2 
30-1/8 
34-3/4 
20-7/8 
20-7/8 
20-7/8 

20-7/8 
20-7/8 
20-7/8 

Cycles 

Cycles 

•< 15, 16, 

18. 19, 

Cycle 21 

0.53 
1.5 
2.0 
2.4 
2.6 
2.6 
2.3 
1.7 
1.9 
2.8 
1.9 

and 17 

0.32 
0.60 
0.69 
1.0 
1.1 
1.1 
1.1 
0.88 
0.81 
0.83 
1.1 

and 20 

0.54 
0.62 
0.52 

Calculated Total 
Full-Power (175 Megawatts) 

IrradiJtion Time, days 

2.35 

19.3 

29.1 

K-8 South 
K-8 North 
K-8 East 

20-7/8 
20-7/8 
20-7/8 

1.7 
1.1 
1.1 

4.6 

TABLE 6. COMPARISON OF NICKEL-WIRE DOSIMETRY VALUES FOR ETR CYCLES 15 THROUGH 21 

Cycle 

ISA 

15, 16, 17 

18, 19, 20 

21 

Calculated Total 
Full-Power 

(1.75 Megawatts) 
Irradiation Time, 

days 

2.35 

19.3 

29.1 

4.6 

Fast-Neutron (>1 Mev) Flux at 
Vertical Position 20-7/8 in, below 

___Tog 
North 

1.9 

0.81 

0.62 

1.1 

of FiUei Piece, 10^* 
South 

2.8 

1.1 

— 

1.7 

East 

1.9 

0.83 

0.52 

1.1 

nv 
West 

2.6 

1.1 

-

- „ 

Relative Exposure, 

North 

100 

43 

33 

60 

, per cent of 
Cycle 13A flux values 

South 

100 

39 

— 

58 

East West 

100 100 

44 42 

28 

58 
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(2) An aliquot of the dissolved specimen was placed on the column through 
the funnel. The manganese-54 was eluted by pass ing 8. 5 N HCl through 
the colunm at about 1 ml pe r min. An aliquot of the effluent was then 
rad ioassayed for manganese -54 . 

The above technique worked equally well with dissolved s ta in less s tee l specimens 
since the cobal t -60 produced in the s ta in less s teel spec imens r ema ins on the column if 
the HCl normal i ty r e m a i n s at 8.5 or h igher , whereas the manganese is completely 
removed . 

A compar i son of the fas t -neut ron flux de termined by different techniques was naade 
in the G-13 posit ion of the ETR during Cycle 32 (30. 3 days at 175 megawat t s ) . Three 
types of dos ime te r s a s sembl i e s were i r r ad i a t ed , including n ickel , n icke l -cobal t , and 
i ron w i r e s . The nickel and i ron wi res w e r e for de te rmina t ion of fast flux, and the 
nickel-cobal t was for de te rmina t ion of t h e r m a l flux. The fas t -neut ron-f lux data a r e 
repor ted in Table 7 both uncor rec ted and co r r ec t ed for t he rma l burnup based on a 
Co^°(n,7)Co59 c r o s s section of 1650 b a r n s . The i ron wi res contained i ron-59 and 
manganese-54 as the pr inc ipal sources of radioact ivi ty after i r rad ia t ion . The 
manganese-54 was rad ioassayed both in conjunction with the i ron-59 and after ion-
exchange separa t ion . It was noted that the uncor rec ted data for the nickel wi res gave 
values of about one-half the instantaneous flux obtained f rom those co r r ec t ed for t he rma l 
burnup. Resul t s f rom i r o n - w i r e dos ime te r s w e r e higher than co r r ec t ed values f rom 
the nickel d o s i m e t e r s . Those assayed d i rec t ly without separa t ion of the i ron-58 f rom 
the i ron-59 gave values 15 to 20 per cent higher than samples analyzed after separa t ion 
of manganese-54 by the ion-exchange technique. The difference between values for 
separa ted and unsepara ted samples was a t t r ibuted to e r r o r s in s imultaneous counting 
techniques r a the r than to loss of manganese-54 during the separa t ion p r o c e s s . 

Evaluation of the Fe54(n,p)Mn^'* reac t ion as a fast-flux monitor was pe r fo rmed by 
analysis of por t ions of Type 347 s ta in less s tee l spec imens i r r ad ia t ed during Cycles 6 
and 7 , Cycle 11, and Cycles 4 through 28. Fi l ings f rom these spec imens were p r e p a r e d 
in the manner previously d i scussed , and the effluent f rom the ion-exchange column was 
analyzed by g a m m a - r a y s p e c t r o m e t r y . The r e su l t s of the ana lyses a r e p resen ted in 
Table 8, It was noted that r emarkab ly good cor re la t ion exis ted between the flux values 
obtained on the bas i s of extrapolat ion of values obtained at low power with n icke l -wi re 
dos ime t ry , and the values as de termined through the Fe^^(n,p)Mn5'* r eac t ion , p a r t i ­
cular ly for those spec imens which were maintained in-pi le for the l o n g - t e r m i r r ad ia t ion . 
It should be noted that if uncor rec ted values for the n icke l -wi re samples r a the r than 
extrapolated values had been employed to de te rmine total exposure , the apparent in t e ­
grated fast flux would have been lower by a factor of two or m o r e . 

Status of I r rad ia t ions 

The es t imated fas t -neut ron flux exposures for capsules in the surve i l lance p r o g r a m 
as of the end of ETR Cycle 40 (October 2, 1961) a r e given in Table 9. These data were 
obtained from fast-flux deternainations made by ETR and Bat te l le pe r sonne l . The data 
were co r rec t ed to allow for the length of i r r ad ia t ion and the t he rm a l -neu t ron flux l e v e l s , 
if n ickel -wire dos imet ry was used . Where the r e su l t s of both nickel and i ron dos imet ry 
were available for a pa r t i cu la r cycle and locat ion, the neutron flux de termined by the 
l a t t e r method was employed to obtain the integrated neutron exposu res . Dos imete r s 
r ecovered since ETR Cycle 40 have been s tored in the in t e re s t s of economy and a r e now 
being analyzed. Dos ime te r s r ecovered f rom Capsules BMI-24-6 and BMI-24-16, which 
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TABLE 7 . COMPARISON OF NEUTRON FLUX VALUES OBTAINED FY 

DIFFERENT TECHNIQUES DURING CYCLE 32 

Wire 

Fast-Neutron Flux (>1 Mev) Based on 
Indicated Isotope, nv 

Thermal-
Neutron 

Flux 

Based on 
Position Co58Ca) Co58(b) Mn54(c) Mn54(d) Co60, nv 

South-4 e.OxlO^-S I , 3 x l 0 l 4 i . 8 x l 0 l 4 1.5 x 10l4 4 . 1 x 1 0 ^ 4 

East-4 6 . 9 x l 0 l 3 1.2 x 10l4 2 . 1 x l 0 l 4 1,7 x 10l4 2 .5 x 10^4 

West-4 4 . 3 X 10^3 8.8 x 10^3 1.4 x lO^^ Lost 3 . 9 x 1 0 

(a) Uncorrected, 

(b) Corrected for thermal burnup of Co^^. 
(c) Simultaneous counting of Mn^"* and Fe^^ without separation. 
(d) loo-exchange separation of Mn54, 
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TABLE 8. COMPARISON OF FAST-NEUTRON FLUX VALUES BASED ON EXTRAPOLATED NICKEL-WIRE 

DOSIMETRY DATA AND ON ANALYSIS OF IRRADIATED STAINLESS STEEL SAMPLES 

ETR 
Irradiation 

Cycles 

6 and 7 

6 and 7 

11 

11 

4 through 28C'') 

Calculated Total Full-Power 
(175 Megawatts) Irradiation 

T ime , days 

18.8 

18.8 

7 .5 

7 .5 

270 

Fast-Neutron Flux (>1 Mev) 
Extrapolated Low Power Values Based 

on Nickel-Wire Dosimetry 

NV 

2 .4 x 10l4 

2 .4 X 10^* 

2 . Ox 10^'* 

2 .0 X 10^* 

Varied from 
1.9 to 3 .0 
x l o W 
during the 
24-cycle 
Irradiation 

NVT 

3.9 X 1020 

3 .9 X 1020 

1.3 X 1020 

1.3 X 1020 

5,7 to 5.8 
X 10^1 

Determined byCa) 

Assay of Stainless 

NV 

2 , 1 X 10l4 

2 .2 X lOl* 

2 .2 X 10l4 

2 . 2 x 10l4 

2 ,3 X lO-̂ "* 

Manganese-54 
Steel Sample 

NVT 

3 .4 X 1020 

3 , 6 x 1020 

1.4 X 1020 

1 . 4 x l 0 2 0 

5,5 X 1021 

4 through 28 270 Ditto 5.7 to 5.8 2 . 6 x l 0 l ' ^ 

X 10 21 
6. Ox 10 21 

(a) The integrated fast flux was determined by calculating the production of manganese in each separate cycle and cor­

recting for decay of the radioisotope between cycles, 

(b) This capsule was in-pile from June. 1958, to May, 1960. 
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were d ischarged f rom the ETR on about January 15, 1962, indicated an exposure of 
about 0. 93 x 1022 to 1. 1 x 10^2 and 5. 1 x 10^1 to 7. 4 x 10^1 nvt, r espec t ive ly . 

TABLE 9. SUMMARY OF BMI-24 SURVEILLANCE-CAPSULE EXPOSURES AS OF END OF CYCLE 40 

Capsule 

BMI-24-2 

BMI-24-4 

BMI-24-6 

BMI-24-8 

BMI-24-10 

BMI-24-12 

BMI-24-14(b) 

BMI-24-16<t>) 

BMI-24-18 

BMI-24-20 

BMI-24-22 

Type of Specimens 
in Capsule 

Tensile and fatigue 

Tensile and fatigue 

Tensile and fatigue 

Tensile and fatigue 

Tensile and fatigue 

Tensile and fatigue 

Impact 

Impact 

Tensile and fatigue 

Tensile and fatigue 

Tensile and fatigue 

Total Exposure as of 

End of Cycle 40 
(10-2-61) , X 1021 

nvt 

Top 

8.7 

7 .0 

ii.oCa) 

8.4 

9 . 1 

9.7 

5.8 

9.7 

4 .4 (a ) 

4 , 4 

4 . 6 

Bottom 

10.3 

9 .3 

8 .4(a) 

9 .0 

7 .4 

9.7 

5,6 

8.4 

6.4Ca) 

6.4 

6.2 

Remarks 

In-pile since Cycle 4 

In-pile since Cycle 4 

In-pile since Cycle 4 

In-pi le since Cycle 4 

In-pile since Cycle 4 

In-pile since Cycle 4 

Discharged from reactor at 
end of Cycle 28 , and 
specimens tested 

In-pile since Cycle 4 

In-pi le since Cycle 19 

In-pile since Cycle 19 

In-pi le since Cycle 19 

(a) Capsules BMI-24-6 and BMI-24-18 were discharged from the reactor at the end of Cycle 42 
(about January 15, 1962) with exposures of about 0.93 x 1022 to 1.1 x 1022 and 5.1 x 1021 to 
7.4 X 1021 nvt, respectively. 

(b) Capsules BMI-24-14 and -16 contain 12 subsize modified Izod specimens and 6 regular size 
charpy V notch specimens. All other capsules contain 6 each subsize tensile and cycle-strain 
fatigue specimens. 

S t a t u s of M e c h a n i c a l - P r o p e r t y S tud i e s 

A s n o t e d e a r l i e r , 9 of t h e 11 s u r v e i l l a n c e c a p s u l e s c o n t a i n e d s u b s i z e t e n s i l e a n d 
c y c l i c - s t r a i n f a t i g u e - t e s t s p e c i m e n s of T y p e 347 s t a i n l e s s s t e e l . The c y c l i c - s t r a i n 
f a t i gue t e s t d i f f e r s f r o m t h e m o r e c o n v e n t i o n a l f a t igue t e s t s i n t ha t s p e c i m e n s a r e s u b ­
j e c t e d to c o n s i d e r a b l y h i g h e r and c o n s t a n t a l t e r n a t i n g s t r a i n , t e n s i o n , a n d c o m p r e s s i o n 
d u r i n g e a c h c y c l e . In c y c l i c - s t r a i n f a t i gue t e s t i n g , t h e s p e c i m e n s a r e a l l o w e d to c y c l e 
u n d e r a c o n t r o l l e d c y c l i c s t r a i n , a n d the n u m b e r of c y c l e s to f r a c t u r e i s d e t e r m i n e d . 

P e r s o n n e l a t K A P L d e s i g n e d and c o n s t r u c t e d e q u i p m e n t for t e s t i n g s m a l l c y l i n d r i ­
c a l b a r s of AISI Type 347 s t a i n l e s s s t e e l , and o b t a i n e d c y c l i c - s t r a i n d a t a on u n i r r a d i a t e d 
s p e c i m e n s a t t e m p e r a t u r e s u p to abou t 600 C fo r s t r a i n r a n g e s of 0, 0035 to 0. 020 i n . 
p e r i n . (0 . 35 to 2 . 0 p e r cen t t o t a l s t r a i n ) . ( ' ) B a t t e l l e c o n s t r u c t e d s i m i l a r e q u i p m e n t a n d 
p e r f o r m e d r o o m - t e m p e r a t u r e t e s t s o n u n i r r a d i a t e d s a m p l e s in p r e p a r a t i o n for c y c l i c -
s t r a i n fa t igue t e s t s on i r r a d i a t e d s p e c i m e n s . 
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Pos t i r r ad i a t i on tens i le t e s t s have been pe r fo rmed upon two groups of six subsize 
tensi le specimens from Capsules BMI-24-18 and BMI-24-6 i r r ad ia t ed to exposures of 
about 6. 5 X 10^-^ and 1. 1 x 10^2 ^vt, r espec t ive ly . Pos t i r r ad ia t ion impact t e s t s have 
also been per formed upon seve ra l Charpy and Izod specimens i r r ad ia t ed in p r o c e s s 
water to exposures of about 5.7 x lO^l nvt. The r e su l t s of these t es t s a r e d i scussed in 
the following sec t ions . 

Pos t i r r ad ia t ion Studies of Survei l lance P r o g r a m Specimens 

Impact Specimens F r o m Capsule BMI-24-14 

Capsule BMI-24-14 was d i scharged f rom the K-8-NW posit ion in the ETR at the 
end of Cycle 28, May 23, I960. The capsule contained 6 s tandard Charpy V-notch i m ­
pact spec imens and 12 subsize Izod spec imens that had been i r r ad ia t ed at p r o c e s s - w a t e r 
t e m p e r a t u r e s to an es t imated exposure of about 5,7 x lO^l nvt. After removal of the 
spec imens f rom the capsu le , it was noted that all of the spec imens were covered with a 
light g r ay - to - r edd i sh colored adherent deposi t , which was p r e s u m e d to be i ron oxide. 
Otherwise , the spec imens appeared to be in good condition. 

Three of the Izod specimens were tested at r oom t e m p e r a t u r e and th ree were 
tes ted at t e m p e r a t u r e s slightly above l iquid-ni t rogen t e m p e r a t u r e (>-196 C). Two of the 
Charpy V-notch spec imens w e r e tes ted at r o o m t e m p e r a t u r e , and two were tes ted at 
l iquid-ni t rogen t e m p e r a t u r e s . In o rde r to provide a bas i s for evaluating the changes due 
to i r r ad ia t ion , five un i r rad ia ted Charpy and Izod spec imens w e r e tes ted at r o o m t e m ­
p e r a t u r e and th ree or four Charpy and Izod spec imens were tes ted at or slightly above 
l iquid-ni t rogen tenapera ture . 

Resul ts of the impact t e s t s on Charpy and subs ize Izod specimens a r e l is ted in 
Table 10. There appears to be no way to evaluate r e su l t s obtained f rom the subsize Izod 
tes t s since the spec imens did not b r e a k , but r a the r were bent by the h a m m e r of the 
test ing machine . It was noted that i r r ad ia t ion produced the same level of bend r e s i s t a n c e 
in specimens tes ted at r oom t e m p e r a t u r e as was produced in the un i r rad ia ted control 
Izod spec imens tes ted at l iquid-ni t rogen t e m p e r a t u r e s . I r r ad ia ted Izod spec imens tes ted 
at l iquid-ni t rogen t e m p e r a t u r e offered the mos t r e s i s t a n c e to bending of any group of 
specimens tes ted to date . It was a lso noted that t e a r s were produced in all i r r ad ia t ed 
specimens tes ted at both r o o m and l iquid-ni t rogen t e m p e r a t u r e s . T e a r s were not ob ­
se rved in the notches of any un i r rad ia ted Izod control spec imens . The appearance of the 
i r r ad ia t ed Izod spec imens after test ing at r oom t e m p e r a t u r e is shown in F igure 5. 

Uni r rad ia ted Charpy V-notch spec imens absorbed 111 to 133 ft-lb for f rac ture at 
r o o m t e m p e r a t u r e , and 79 to 87 ft-lb for f rac ture at l iquid-ni t rogen t e m p e r a t u r e . The 
specimens i r r ad ia t ed to 5.7 x IC^^ nvt absorbed 65 and 66 ft-lb for f rac ture at r o o m 
t e m p e r a t u r e , and 19.0 and 20.5 ft-lb for f rac ture at l iquid-ni t rogen t e m p e r a t u r e . The 
f rac ture sur faces of un i r rad ia ted and i r r ad ia t ed impact specimens a r e shown in F igures 6 
and 7. The appearance of the f rac tured surfaces of un i r rad ia ted specimens tested at 
r o o m and l iquid-ni t rogen t e m p e r a t u r e s suggested ductile f r a c t u r e s . The appearance of 
i r r ad ia t ed Charpy V-notch spec imens tes ted at r oom t e m p e r a t u r e also indicate ductile 
f r a c t u r e s , while a mix ture of b r i t t l e and ductile f rac tu res was produced in i r r ad ia t ed 
specimens tes ted at l iquid-ni t rogen t e m p e r a t u r e as shown in F igure 7. 
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TABLE 10. RESULTS OF IMPACT TESTS ON TYPE 347 STAINLESS STEEL CHARPY AND IZOD SPECIMENS 

Type of Number Specimen History and 
Specimen(a)(") Tested Test Temperature 

Impact Energy, 
f t - l b Remarks 

Subsize Izod 

Subsize Izod 

Sutsize Izod 

Subsize Izod 

Charpy V notch 

Charpy V notch 

Charpy V notch 

Charpy V notch 

Unirradiated controls tested at 
room temperature (20 C) 

Unirradiated controls tested 
slightly above liquid-nitrogen 
temperature 

Irradiated t o ~ 5 . 7 x 1021 nvt, 
tested at room temperature (20 C) 

Irradiated t o ~ 5 . 7 x lo21 nvt, 
tested slightly above liquid-
nitrogen temperature(^) (> -196 C) 

Unirradiated controls tested at 
room temperature (20 C) 

Unirradiated controls tested at 

liquid-nitrogen temperature 

( - 1 9 6 C ) 

Irradiated t o ~ 5 . 7 x 1021 nvt, 

tested at room temperature (20 C) 

Irradiated t o ~ 5 , 7 x lo21 nvt, 

tested at liquid-nitrogen 

temperature (-196 C) 

9 .5 ; 10.25; 10.25; Ductile bend, no tears in notch 
10.25; 10 .1 

13.25; 12.50; 13.0; Ductile bend, no tears in notch 
13.0 

12.75; 13.0; 13.0 Tears in notch 

15.5; 15.0; 17.5 

111; 120; 133; 
117; 127 

87; 81; 79 

66; 65 

20 .5 ; 19.0 

Tears in notch 

Ductile fracture 

Ductile fracture 

Ductile fracture 

Mixed ductile and brittle fracture 

(a) Available energy for testing Izod specimens 60 f t- lb. 

(b) Available energy for testing Charpy specimens 240 f t - lb . 

(c) Transfer times from liquid-nitrogen bath to moment of hammer impact were 59, 38, and 49 sec, respectively. 
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4Z 
a. Side View 

HC5356 

4X HC5355 

b . TbpView 

FIGURE 5. IRRADIATED SUBSIZE IZOD SPECIMENS AFTER TESTING 

These impact-tested specimens were irradiated in process 
water to about 5.7 x lO^l nvt. Note the teats on the re­
duced area and the presence of deposits on the surfaces of 
the specimens. 
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A l imited annealing study was c a r r i e d out on the i r r ad ia t ed Type 347 s ta in less 
s teel impact spec imens to de te rmine the effect of a 600 F anneal upon h a r d n e s s . Two 
i r r ad ia t ed Charpy and two i r r ad ia t ed Izod spec imens were sectioned after tes t ing and 
heated for 24-hr inc rements in a i r at 600 F to a total of 144 h r . Macrohardness m e a s ­
u remen t s were obtained for the a s - i r r a d i a t e d ma te r i a l and for m a t e r i a l annealed 2 4 - , 
4 8 - , 7 2 - , 9 6 - , and 144-hr in te rva ls to de te rmine the effect of annealing upon i r r ad i a t ed 
m a t e r i a l . There was no apprec iable dec rea se in ha rdness in the spec imens following 
the var ious heating t i m e s , as compared with the a s - i r r a d i a t e d s a m p l e s , indicating that 
the 600 F t e m p e r a t u r e was too low to produce apprec iable annealing. 

Tens i le Tests of I r rad ia ted Specimens 

The subsize tens i le spec imens contained in Capsules BMI-24-6 and BMI-24-18 
were examined and tes ted . Capsule BMI-24-6 had been i r r ad i a t ed in var ious posi t ions 
in the ETR for a total of 39 r e a c t o r cycles (from Cycle 4 through Cycle 42), and had 
achieved maximum es t imated fast flux exposures of about 1, 1 x 10^^ nvt. Capsule 
BMI-24-18 had been i r r ad ia t ed f rom Cycle 19 through Cycle 42 and had achieved an 
ave rage es t imated fast flux exposure of about 5.5 x lO^-'- nvt. 

The appearance of tensi le specimens when removed f rom the capsules is shown 
in F igu re 8. It was noted that all spec imens were in good condition. Those removed 
f rom the longer exposure capsule (Capsule BMI-24-6) w e r e m o r e discolored with a 
deposit of l igh t - reddish oxide than those removed from the shor t e r exposure capsu le . 
Two specimiens f rom each capsule were tested at r o o m t e m p e r a t u r e (about 75 F) and 
two w e r e tes ted at 600 F . The two remaining specimens of each capsule were annealed 
for a per iod of 1 hr at 1800 F and tested at r oom t e m p e r a t u r e or 600 F . The tes t s were 
per formed with a Riehle un iversa l test ing machine at a constant s t r a in r a t e of 0. 005 in. 
per in. per min or slower f rom point of yield to spec imen f r ac tu re . Measu remen t s of 
elongation and reduction in a r e a were obtained f rom cal ibra ted pho tomacrographs . The 
r e su l t s of the mechanical t e s t s a r e given in Table 11, 

Examination of the data in Table 11 shows that i r r ad ia t ion i nc rea sed the 0.2 pe r 
cent offset yield s t rength about 190 per cent at r oom t e m p e r a t u r e , i nc reased the u l t i ­
mate s t rength about 24 per cen t , and dec rea sed the total elongation about 50 per cent . 
Similar changes in these p rope r t i e s w e r e a lso observed in t es t s at 600 F . The data 
indicated that the effects of increas ing the neutron exposure f rom 6.5 x lO -̂*- to 1, 1 
X 10^2 n^t were minor at both tes t t e m p e r a t u r e s , being ref lected chiefly by differences 
in yield s t rength and total elongation. 

The p rope r t i e s of spec imens i r r ad ia t ed to different levels of exposure and s u b ­
sequently annealed for 1 h r at 1800 F before test ing a r e also given in Table 11. These 
r e su l t s indicate that this annealing t r ea tment was sufficient to r emove near ly all effects 
of i r rad ia t ion on the spec imens . In p a r t i c u l a r , r ecovery of the yield and ul t imate 
s t rengths of the s ta in less s teel specimens was facil i tated, whereas r ecove ry of p r e ­
i r rad ia t ion ductility was not quite so comple te , pa r t i cu la r ly in the spec imens that r e ­
ceived the higher i r rad ia t ion exposure , A typical s t r e s s - s t r a i n curve of Type 347 
s ta in less s tee l tes ted in the uni r rad ia ted condition at 75 F , after i r r ad ia t ion to an e s t i ­
mated exposure of 1. 1 x 1022 nvt, and then after annealing is shown in F igure 9. The 
slope of the s t r e s s - s t r a i n curve obtained f rom i r r ad ia t ed spec imens after a 1-hr anneal 
at 1800 F is a lmost identical to that of an un i r rad ia ted specimen, which i l lus t ra tes the 
r ecove ry of the p r e i r r ad i a t i on mechanical p r o p e r t i e s . 
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4X N91401 

a. Tested at 20 C, 120 Ft-Lb 

4X N91402 

b . Tested at -196 C, - 8 0 Ft-Lb 

FIGURE 6. FRACTURE SURFACES OF UNIRRADIATED CHARPY V-NOTCH IMPACT SPECIMENS 
TESTED AT 20 AND^-iee C 
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HC5359 
a. Tested at 20 C, 65 Ft-Lb 

4X HC5460 

b. Tested at -196 C. ~20 Ft-Lb 

FIGURE 7. FRACTURE SURFACES OF IRRADIATED CHARPY V-NOTCH IMPACT SPECIMENS 
TESTED AT 20 AND -196 C 
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IX 

13 14 t5 16 f7 181 

a. Specimens from Capsule BMI-24-6 
HC8969 

i.f j» 

20 21 22 23 24 25 

IX HC8968 
b . Specimens from Capsule BMI-24-18 

FIGURE 8. TENSILE SPECIMENS IRRADIATED IN CONTACT WITH REACTOR PROCESS WATER 
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TABLE 1 1 . COMPARISON OF THE TENSILE PROPERTIES AT 75 AND 600 F OF UNIRRADIATED, 
IRRADIATED, AND IRRADIATED AND ANNEALED TYPE 347 STAINLESS STEEL 

Total 
Integrated 

Fast Flux, 

(> lMev) , nvt 

0 
0 
0 
0(a) 
0(a) 
0(a) 

7 . 6x l021<b) 

6. 5 X 1021(c) 
l . l x 1022(c) 

9.2 X 1021(b) 
1.1 X 1022(c) 

6. 6 X 1021(b) 

o(a) 
0(a) 

0(a) 

7.2 X 1021(b) 
5. 5 X 1021(c) 
l . l x l 0 2 2 ( c ) 

8.7 X 1021(b) 
1. Ox 1022(b) 

5 . 5 x l 0 2 1 ( c ) 

Capsule 

. . 

.-
— 
_. 
. . 
— 

BMI 24-18 
BMI 24-18 
BMI 24-6 
BMI 24-6 

BMI 24-18 

BMI 24-6 

. . 

. . 
-. 

BMI 24-18 
BMI 24-18 

BMI 24-6 

BMI 24-6 

BMI 24-6 

BMI 24-18 

Condition 

Unirradiated 
Unirradiated 
Unirradiated 

Unirradiated 
Unirradiated 
Unirradiated 
As irradiated 
As irradiated 
As Irradiated 
As irradiated 
Irradiated and annealed 

at 1800 F 1 hr 
Irradiated and annealed 

at 1800 F 1 hr 

Unirradiated 

Unirradiated 
Unirradiated 

As irradiated 

As irradiated 
As irradiated 
As irradiated 

Irradiated and annealed 

at 1800 F 1 hr 

Irradiated and annealed 

at 1800 F 1 hr 

0.2 Per Cent 
Offset Yield 

Strength, 
1000 psi 

Tested at 7 5 F 

3 4 . 5 
36.0 
3 4 . 5 
38 .3 

38.7 
39 .3 

104.0 

88.7 
103.5 
109.0 
33 .0 

33 ,8 

Tested at 600 F 

26 ,9 
2 8 , 5 
28.0 

81 .8 
80.0 

86 ,8 

85 ,3 
28 .2 

2 7 . 4 

Ult imate 
Tensile 

Strength, 

1000 psi 

87 .7 
90,0 
89 .5 
92 .5 
92 .8 
9 2 . 4 

112.0 
111.5 
112.5 
113.0 

8 7 . 1 

8 7 . 5 

63.8 
66 ,5 

65,9 
83.0 

84.0 
89.0 

87 ,5 

64 .3 

65,0 

Uniform 

Elongation, 

per cent 

>40.0 
>40.0 

>40.0 

. . 

. . 

. . 
25 ,8 
24.7 
24 .3 
2 5 . 4 
52 .1 

57 .5 

_» 
_. 
_. 

10.7 
13.2 

10 .1 
9.0 

27.7 

28,7 

Total 
Elongation, 

per cent in 

1,1 in. 

61.8 
62.6 

66.3 
63 ,4 

64.7 
64.7 
3 4 , 5 
32 ,7 
30 ,9 
30 .9 

55.5 

61.0 

3 6 . 4 

34 .9 

34 .9 
14 .5 
16,4 

13.3 

11.9 
30.0 

31.7 

Reduction 

of Area, 
per cent 

75 ,0 
73 .5 
72.0 

75.0 
76.0 
75 .6 
68 ,5 
70.0 
70.0 
78.0 

75.0 

77 .0 

71.0 
71.6 

69 .4 

61.0 
60.0 

60.7 
60.7 
68.0 

68.0 

(a) Tests made by Knolls Atomic Power Laboratory. 
(b) Values based on Fe54 ^Mn^^ reaction. 
(c) Values based on cycle-to-cycle determination of Ni^^-»-Co^^ reaction. 
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Legend 

X Unirradiated,test temperature 75 F 
D Irradiated,test temperature 75 F 
^ Irradiated,test temperature 600 F 

O irradiated,annealed 1800 F, ! hour 
test temperature 75 F 

0 05 0 !0 0 !5 0 20 0 25 
Strain, inch/inch 

0.30 0 35 0 40 
A-43707 

FIGURE 9. STRESS VERSUS STRAIN FOR AISI TYPE 347 STAINLESS 
STEEL BEFORE AND AFTER IRRADIATION TO 
1. 1 X 10^2 nvt 
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The appearance of s eve ra l tens i le spec imens after tes t ing is shown in F igu re 10, 
It was noted that all specimens exhibited typical cup-and-cone duct i le- type f r ac tu res as 
shown by necking at the point of f r ac tu re . The black tenacious deposit appear ing on the 
e l eva ted - t empera tu re t ens i l e - t e s t specimens i s r es idue remain ing f rom the g lass - f iber 
tape used to fasten the thermocouple junctions to the spec imen gage sect ion and is not 
believed to have influenced the tensi le p r o p e r t i e s . 

Metallography and Hardness Studies 

Metal lographic examinations were pe r fo rmed upon f rac tured imLpact and subsize 
tens i le specinaens f rom Capsules BMI-24-14, BMI-24-6 , and BMI-24-18 , respec t ive ly . 
Fo r compar i son , s eve ra l spec imens of the un i r rad ia ted control ma te r i a l were s imi la r ly 
p r e p a r e d and examined. Mic ros t ruc tu res of both un i r rad ia ted and i r r ad ia t ed spec imens 
a r e shown in F igu re s 11 and 12. Obvious differences among the m i c r o s t r u c t u r e s of 
un i r rad ia ted , i r r ad i a t ed , and i r r ad ia t ed and annealed spec imens were not observed 
during optical examinations at magnifications up to 500X, There were a lso no obvious 
differences in m i c r o s t r u c t u r e between spec imens i r r ad ia t ed to dosages of 6.5 x 10^-^ and 
those i r r ad ia t ed to dosages of about 1, 1 x 10^2 nvt. 

Hardness m e a s u r e m e n t s were obtained upon all i r r ad i a t ed tens i le spec imens f rom 
Capsules BMI-24-6 and BMI-24-18 for compar i son with p r e i r r ad i a t i on ha rdnes s data . 
The measu remen t s were made with a Rockwell ha rdness t e s t e r upon the flat button head 
of each specimen. The p re i r r ad i a t i on ha rdnes s value of the Type 347 s ta in less s teel was 
51 .8 Rockwell A, whereas the pos t i r rad ia t ion ha rdnes s value was about 59, 8, The h a r d ­
ness values inc reased approximately 8 Rockwell A numbers at both i r r ad ia t ion exposures 
to give an approximate 15 per cent i n c r e a s e . Thus , the additional exposure f rom 
6. 5 X 10^1 to 1. 1 X 10^^ nvt produced no additional hardening in the Type 347 s ta in less 
s t ee l , indicating that a ha rdness sa tura t ion had been reached at or p r io r to exposures or 
6,5 X 10^1 nvt. 

Discuss ion and Conclusions 

The r e su l t s of impact and tensi le t e s t s upon AISI Type 347 s ta in less s tee l have 
been determined for exposures up to about 1, 1 x 10^^ nvt. This level r e p r e s e n t s the 
highest exposures to date for which tensi le p rope r t i e s of Type 347 stairi less s teel spec i ­
mens have been repor ted . The inapact s t rength of Type 347 s ta in less s tee l having an 
exposure of about 6, 5 x 10^-^ nvt was reduced by about 50 per cent at r o o m t e m p e r a t u r e 
with a considerably g rea te r reduct ion at l iquid-ni t rogen t e m p e r a t u r e s . The type of 
f rac ture produced at r o o m t e m p e r a t u r e generally was a duct i le- type f r ac tu re . The 
f rac ture produced at l iquid-ni t rogen tes t t e m p e r a t u r e s was a combination cleavage and 
shear t y p e s , which is m o r e indicative of b r i t t l e f r ac tu re . 

Tensi le tes t s pe r formed upon subsize spec imens of Type 347 s ta in less s teel 
showed i n c r e a s e s of near ly 200 per cent in the 0. 2 pe r cent offset yield va lues , and in­
c r e a s e s in the ul t imate s t rength of about 25 per cent as a r e su l t of i r r ad ia t ion to 
l . l x 10^2 nvt. Converse ly , very l a rge d e c r e a s e s in total elongation were observed . 
The hardness of specimens i r r ad ia t ed to exposures of 6, 5 x 10^1 inc reased approximately 
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a. Unirradiated Control Tested at 20 C 

4X HC10205 

b . Tested at 20 C after Irradiation to 
1.1 X 1022 NVT 

Specimen 15, Capsule BMI"24-68 
is shown. 

4X HC10213 

P^^t - i s^ . 

^ ^ c= Tested at 20 C after Irradiation to 
5.5 X 1021 NVT 

Specimen 22, Capsule BMI-24-18s 
is shown. 

4X HC10203 

'« 

d. Tested at 600 F after Irradiation to 
1.1 X 1022 NVT 

Specimen 13, Capsule BMI-24-6, 
is shown. 

4X HC10210 

4X 

..i^^^^m^ 

HCl 0202 

B. Tested at 600 F after Irradiation to 
5.5 X 10^^ NVT 

Specimen 21, Capsule BMI-24-18, 
Is shown. 

f. Tested at 600 F after Irradiation to 
5.5 X 1021 NVT and Annealing 
1 Hr at 1800 F 

4X HC10218 

Specimen 18, Capsule BMI-24-188 
is shown. 

FIGURE 10. SUBSIZE TENSILE SPECIMENS AFTER TESTING 
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/ • • • / 

/ 

250X As Polished RM20413 500X Etched RM20410 

a. Typical Microstructure Before Irradiation 

500X Etched HC5402 500X Etched 

b . Structure after Irradiation to 5.7 x 1021 at 120 F 

HC5403 

FIGURE 11. AISI TYPE 347 STAINLESS STEEL BEFORE AND AFTER IRRADIATION 

No obvious microstructural changes as a result of the irradiation were 
observed. 
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250X Etched HC10243 250X Etched HC10236 

a. Irradiation Exposure of 6.5 x lo21 NVT in Capsule BMI-24-18 
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250X Etched HC10228 250X Etched HC10233 

b . Irradiation Exposure of 1.1 x 1022 NVT in Capsule BMI-24-6 

FIGURE 12. AS-IRRADIATED AND ANNEALED STRUCTURES OF TYPE 347 STAINLESS STEEL SPECIMENS 

Specimens on the right were given a postirradiation anneal of 1 hr at 1800 F. 
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15 per cent over the ha rdness of s imi l a r un i r rad ia ted m a t e r i a l , and it appeared that 
l i t t le change in ha rdnes s occur red as the r e su l t of inc reas ing the neutron exposure from 
6. 5 X 10^1 to 1, 1 x 10^2 nvt. These da ta , coupled with the r e su l t s of tens i le t e s t s , in ­
dicate a t rend of sa tura t ion of i r r ad ia t ion effects in AISI Type 347 s ta in less s teel when 
i r r ad ia t ed at p r o c e s s - w a t e r t e m p e r a t u r e , at a neutron exposure near 6. 5 x 10^1 nvt or 
below. 

The ability to remove the effects of neutron i r r ad ia t ion by pos t i r r ad ia t ion annealing 
( recovery of p r e i r r a d i a t i o n mechanical p rope r t i e s and ha rdness ) has been demons t ra ted . 
Annealing for 1 h r at 1800 F , in most c a s e s , caused the r ecove ry of the p re i r r ad i a t i on 
p rope r t i e s of Type 347 s ta in less s t ee l . Complete r ecove ry of ductili ty was not achieved, 
however , pa r t i cu la r ly in the spec imens that r ece ived the higher neutron exposure . 

The m i c r o s t r u c t u r e of Type 347 s ta in less s tee l did not appear affected by differ­
ences in neutron exposure or by pos t i r r ad ia t ion annealing. This suggests that radia t ion 
damage in austeni t ic s t a in less s t ee l s does not produce g ros s m i c r o s t r u c t u r a l changes . 
However , it is known'S) that neutron bombardment produces a sma l l degree of t r a n s ­
formation to f e r r i t e in Type 347 s ta in less s t ee l . This slight amount of t r ans fo rmat ion 
causes an associa ted i n c r e a s e in f e r r i t e which can be m e a s u r e d by magne t ic -
susceptibi l i ty techniques . The smal l amount of f e r r i t e produced in Type 347 s ta in less 
s teel might contr ibute to the great ly reduced ductility of this s tee l when subjected to 
impact test ing at -196 C. It may also be poss ib le to observe the changes in f e r r i t e 
content by e lec t ron mic roscopy . 

The capsules that have been examined and tes ted to date const i tute about one-fourth 
of the surve i l lance p r o g r a m both in number and total neutron exposure . The remain ing 
capsules will continue to be i r r ad i a t ed in the ETR and will be removed f rom the r eac to r 
at se lected in te rva ls for examination. The poss ibi l i ty of sa tura t ion of i r r ad ia t ion effects 
and changes in p rope r t i e s due to t r ansmuted impur i t i es in Type 347 s ta in less s tee l will 
be studied during examinations of specimens having higher fas t -neu t ron dosages . 

POSTIRRADIATION STUDIES OF SECTIONS OF THE ETR J -10 LOOP 

Descr ip t ion and His tory of the J-^IO Loop 

The ETR contains faci l i t ies to accommodate s eve ra l specia l tes t loops which p r o ­
vide specia l temiperature , p r e s s u r e , and atmiospheric conditions for i r r ad ia t ion tes t ing , 
according to specific r equ i r emen t s of the var ious r e a c t o r c u s t o m e r s . Such a tes t loop 
was recent ly removed f rom the J - 1 0 posit ion of the ETR after a t enure of approximately 
17 months . This loop consis ted of two bas ic capsules or t ubes , an inner tube containing 
tes t specimens in a p r e s s u r i z e d - w a t e r or s t e a m a t m o s p h e r e , and an outer surrounding 
tube or jacket separa ted f rom the inner tube by a he l ium gas annulus. The outside of the 
outer tube made contact with r eac to r p r o c e s s water . The J -10 tes t loop was placed in 
se rv i ce in the ETR in October , 1959> and was removed f rom the ETR on March 16, 1961. 
During this t ime the loop was exposed to approxiinately 222 effective full-power days 
( -38,800 megawat t -days) at an es t imated computed max imum flux (above 1 Mev) of 
3. 8 X lO^"* nv. A r e s u m e of the operat ing h i s to ry of the loop is included in Table 12. 
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A 36-in. -long sect ion corresponding to the active fuel co re was removed from both inner 
and outer loop sect ions and shipped to the Battel le Hot Cell Faci l i ty for pos t i r r ad ia t ion 
examination. Detai ls of the examination and the r e su l t s a r e repor ted in this section. 

TABLE 12. OPERATING HISTORY OF THE J-10 PRESSURE LOOP DURING IRRADIATION 
FOR 38,794 MEGAWATT-DAYS IN THE ETR FOR A TOTAL ACCUMULATED 
FAST-NEUTRON (>1 MEV) EXPOSURE OF 7.15 x 1021 N V T ( 9 ) 

Pressure, psig 

Pressure Stress, psi 

Gamma Heat, w per g, peak 

Water Inlet Temperature, F 

Wall AT, , F 
Maximum Wall Temperature 

Thermal Stress, psi 

Wall Thickness, in. 

Yield Strength, psi 

Ult imate 

^ c l e 

22 

23 

24 

25 

26 

27 

28 

Strength, psi 

Megawatt-Days 

595 

1.662 

975 

1,648 

3,063 

4,467 

4 ,134 

Operating 

. F 

Conditions 

Design 

2,500 

14,100 

35 

600 

268 

898 

67,200 

0.182 

30,000 (at 

75,000 (at 

Ex£osure 

Report 

IDO-
IDO-

IDO-

IDO-

IDO-

IDO-

IDO-

-16595 

-16581 

-16585 

-16589 

-16598 

•16603 

•16618 

Cycle 

29 

30 

31 

32 

33 

34 

35 

70 F) 

70 F) 

Megawatt-Day 

2, 

3 , 

1. 

5, 

5, 

3 , 

1. 

129 

364 

358 

310 

086 

499 

505 

Actual 

2.200 

12,400 

25 

450-500 

191 

~ 700 

48.000 

0.188 

62,500 (at 70 F) 

92, 600 (at 70 F) 

s Report 

IDO-16619 
IDO-16627 

IDO-16641 

IDO-16645 

IDO-16649 

IDO-16 67 6 

IDO-16680 

The p r e s s u r e t u b e w a s f a b r i c a t e d * by T h o m p s o n P r o d u c t s ( J e t D i v i s i o n ) f r o m a 
f o r g i n g p r o d u c e d by M c l n n e s S t ee l C o m p a n y . T h e i n i t i a l b i l l e t , wh ich w a s 6 i n . i n 
d i a m e t e r , w a s h e a t e d to 2250 F and r e d u c e d by fo rg ing to 3 i n . i n d i a m e t e r and a i r 
c o o l e d . T h e f o r g i n g w a s t h e n r o u g h m a c h i n e d , s t r e s s - r e l i e f a n n e a l e d for 1 h r a t 1000 F , and 
w a t e r q u e n c h e d . T h e c o r e s e c t i o n of t he p r e s s u r e t ube w a s m i l l e d f r o m the b i l l e t a t t h i s 
p o i n t . T e n s i l e p r o p e r t i e s of s p e c i m e n s r e m o v e d f r o m o p p o s i t e e n d s of t he b i l l e t a r e 
g iven in T a b l e 1 3 , a l o n g wi th c h e m i c a l a n a l y s e s of t h e f i n i shed b i l l e t . 

T h e gas j a c k e t w a s f o r g e d by L a d i s h . The f o r g i n g s w e r e h e a t t r e a t e d for 1 h r a t 
1950 F and w a t e r q u e n c h e d . T h e fo rg ing w a s t h e n r e h e a t e d to 1000 F for 1 h r and w a t e r 
q u e n c h e d . T e n s i l e p r o p e r t i e s of t he gas j a c k e t , a s d e t e r m i n e d by t e s t s of m a t e r i a l r e ­
m o v e d f r o m o p p o s i t e ends of t h e gas j a c k e t a r e a l s o g iven in T a b l e 13 . T h e i n f o r m a t i o n 
i n d i c a t e s t ha t t he c o m p o s i t i o n s and f a b r i c a t i o n c o n d i t i o n s of bo th t h e p r e s s u r e t u b e and 
t h e g a s j a c k e t w e r e s o m e w h a t s i m i l a r , a l t h o u g h fo rg ing w a s a c c o m p l i s h e d a t a h i g h e r 
t e m p e r a t u r e for the p r e s s u r e t u b e . T h e t e n s i l e s t r e n g t h of the i n n e r p r e s s u r e t u b e w a s 
s l i g h t l y h i g h e r , and the 0 . 2 p e r cen t o f f se t , y i e l d s t r e n g t h w a s a p p r e c i a b l y h i g h e r t h a n 
tha t of t h e gas j a c k e t . T h e d u c t i l i t y of bo th l oop s e c t i o n s w a s a p p r o x i m a t e l y e q u a l in t h e 
p r e i r r a d i a t i o n c o n d i t i o n . 

*Details of the fabrication history of the pressure tube and jacket were provided by Mr. C. D. Sellers, Bettis Atomic Power 
Laboratory, Westinghouse Electric Corporation. 
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TABLE 13. COMPOSITION AND PROPERTIES OF J-10 GAS JACKET AND PRESSURE TUBE 

Outer Loop, or Gas Jacket(a) Inner Loop, or Pressure Tube(b) 

Composition, w/o 
Carbon 0.035 0.045 
Manganese 1.59 1.60 
Phosphorus 0.013 0.025 
Sulfur 0.018 0.015 
SiUcon 0.56 0.42 
Nickel 10.76 10.30 
Chromium 18.66 19.85 
Niobium 0.84 .81 
Tantalum 0.10 

Tensile Strength, psi 84,500 - 87,400 91,300 to 93,000 

0.2 Per Cent Offset Yield Strength, psi 36,300 -43,300 53,500 - 60,700 

Elongation, per cent 53.0-57.0 53.0-61.4 

Reduction in Area, per cent 73.0-75.0 68.0-72.1 

(a) Composition furnished by Ladish of the billet which supplied the gas jacket. Mechanical properties were 
obtained on billets from opposite ends of the forging following 1000 F stress-relief heat treatment. 

(b) Composition furnished by Thompson-Ramo-Wooldridge on finished component. Mechanical properties 
were obtained on billets from large and small ends of forging following rough machining and 1000 F 
stress-relief hot treatment. 

A l i s t of t h e p e r t i n e n t d e s i g n and a c t u a l o p e r a t i n g p a r a m e t e r s a s s o c i a t e d w i t h t he 
J - 1 0 tube w a s g iven in T a b l e 1 2 ' ° ' . T h e l i s t w a s c o m p o s e d by W A P D p e r s o n n e l f r o m 
d a t a s u p p l i e d in p a r t by t he P h i l l i p s P e t r o l e u m C o m p a n y E T R staff . T h e a c t u a l o p e r a t i n g 
c o n d i t i o n s w e r e s o m e w h a t l e s s s t r i n g e n t t h a n i n t e n d e d ; h o w e v e r , t h e e s t imia t ed f a s t - f l u x 
l e v e l s and t o t a l e x p o s u r e s w e r e in e x c e l l e n t a g r e e m e n t w i t h p o s t i r r a d i a t i o n d a t a o b ­
t a i n e d a t B a t t e l l e w i th m a x i m u m - e x p o s u r e s a m p l e s . A c a l c u l a t e d w a l l - t e m p e r a t u r e 
p r o f i l e v e r s u s t h e a x i a l c o r e p o s i t i o n i s g iven in F i g u r e 1 3 , a s s u p p l i e d b y B e t t i s 
p e r s o n n e l . F i g u r e 13 a l s o g i v e s t h e r e l a t i v e v e r t i c a l p o s i t i o n of a l l of t h e s p e c i m e n s 
r e m o v e d for t e s t i n g f r o m the J - 1 0 p r e s s u r e t u b e . 

P o s t i r r a d i a t i o n S t u d i e s of J - 1 0 Spec inaens 

A s c h e m a t i c of t he i n n e r p r e s s u r e t ube a n d o u t e r j a c k e t of t he J - 1 0 loop i s s h o w n 
in F i g u r e 14. T h e s e c t i o n of t h e t ube wh ich p a s s e d t h r o u g h the r e a c t o r c o r e a n d w a s 
r e m o v e d for t e s t i n g i s i den t i f i ed in t he d r a w i n g s . Both i n n e r a n d o u t e r loop s e c t i o n s 
a r r i v e d a t B a t t e l l e in two p i e c e s , a 1 9 - i n . - l o n g top and 1 7 - i n . - l o n g b o t t o m s e c t i o n . 
The p r e s s u r e t ube w a s 2. 200 i n . i n OD by 0. 188 in , t h i ck and t h e o u t e r j a c k e t w a s 
2. 450 i n . in OD by 0. 092 i n . t h i c k . The n o r t h a x i s of t h e loop w a s i d e n t i f i e d by a 1 / 4 - i n . -
d i a m e t e r h o l e d r i l l e d n e a r t he top of t he u p p e r s e c t i o n s and b o t t o m of the l o w e r s e c t i o n s . 

E x a m i n a t i o n of t h e t u b e s w a s i n i t i a t e d s h o r t l y a f t e r t h e y w e r e r e c e i v e d a t t h e 
B a t t e l l e H o t - C e l l F a c i l i t y . T h e four s e c t i o n s w e r e v i e w e d u n d e r a s t e r e o m a c r o s c o p e 
and it w a s no ted a t t h i s t i m e tha t t he s u r f a c e of t he i n n e r l o o p , in p a r t i c u l a r , c o n t a i n e d 
m o t t l e d a r e a s i n d i c a t i v e of s e l e c t i v e o x i d a t i o n . T e m p e r a t u r e m e a s u r e m e n t s o b t a i n e d on 
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the surface of the inner loop showed a 10 F higher t e m p e r a t u r e than ambient cell t e m ­
p e r a t u r e , due to r e s idua l gamma heat ing. The t e m p e r a t u r e of the outer jacket was not 
m e a s u r e d . 

Sectioning of J -10 Tubes 

Tensi le spec imens were p r e p a r e d f rom one half of the J -10 p r e s s u r e tube and the 
gas j acke t , and the remaining loop sect ions were re ta ined for subsequent examinat ions . 
The ent i re inner tube was l a te r sect ioned for p repa ra t ion of a duplicate set of spec imens . 
In o rde r to study the effect of var ious neutron exposu re s , sect ions were cut into s t r ips 
approximate ly 1. 15 in. wide and scanned to m e a s u r e the intensi ty of emitted gamma rays 
as a function of posi t ion along the length of the sect ion. 

Gamma Scan of Loop Str ips 

The s t r i p s , measur ing approximate ly 1, 15 in. in width, were subjected to scanning 
by a g a m m a - r a y spec t rome te r in o rde r to aid in select ing a r e a s of low, i n t e r m e d i a t e , 
and high neutron exposure for tes t ing . The re la t ive intensity of the gamma radiat ion 
emitted by the s t r i p s was de te rmined f rom g a m m a - r a y spec t rographic t r a c e s made by 
adjusting the spec t rome te r for max imum activity r e sponse f rom manganese-54 s t anda rds , 
and per forming physical scans on s t r i p s at these energy se t t ings . 

Scans w e r e made on 12 s t r i p s f rom the inner loop, including 6 f rom the top and 6 
f rom the bottom. Str ip 2 supplied five of the ini t ial six inner J -10 loop specimens t e s t ed , 
namely S T - 2 - L , S T - 2 - I , and S T - 2 - H , and SB-2-H and SB-2- I . The sixth ini t ial inner 
loop specimen, was supplied f rom Strip 3, Str ip 7 supplied al l six of the duplicate tes t 
spec imens . P lo t s of the re la t ive gamma intensi ty as de te rmined f rom the individual 
inner loop s t r ips a r e shown in F i g u r e s 15, 16, and 17. P lo ts of the two s t r ips f rom 
which outer loop spec imens w e r e p r e p a r e d a r e shown in F igures 18 and 19. 

Dos imet ry Resul ts 

The fas t -neut ron exposures to which sect ions of the J - 1 0 loop w e r e exposed were 
de termined by measu remen t of the manganese-54 in filings removed f rom the f rac tu re 
a r e a of each of the 18 i r r ad ia t ed s p e c i m e n s . Resul t s of the ana lyses a r e shown in 
Table 14. The data have been t r ea t ed to include the decay of manganese-54 between 
Cycles 22 and 35 , giving an effective i r r ad i a t i on t ime of 171. 1 days . The technique by 
which the ana lyses were pe r fo rmed is d i scussed e l sewhere in the r e p o r t . F a c t o r s and 
constants used in calculating the fas t -neu t ron flux w e r e : 

(1) 0. 054 ba rn c r o s s sect ion for the Fe^'*(n,p)Mn5'* reac t ion 

(2) 5.9 p e r cent isotopic abundance of i ron-54 

(3) 68 w/o i ron in the Type 347 s ta in less s tee l 

(4) Flux > 1 Mev was equal to 0, 692 total fast flux 

(5) 300-day half-l ife for manganese-54 . 



60 

50 

w 
c 
a> 4 _ 

c 

*< 
3 

L L . 

Q) 

> 4— 

o 
QJ 

tc 

40 

30 

?0 

10 

0 

_«s— 

/ 

. / 

/ 

A 

c>T •? 
3 1 C. 

y 
/ 

ST-2-L IST-2-I 1 
1 1 

1 • '•" 

-+-+-+--— + _ ^ 

IST-2-H ISB-2-H 

en 
oU 

" ' ^ ^ \ . 

o 

\ 

~/
\ 

\ 

SB-2~I 1 
|—^ 

\ 

0 
Top 

12 20 24 28 32 36 
Bottom 

Distance From Top of Reactor Core, in. 

40 

A-43710 

FIGURE 15. FAST-FLUX PROFILE DETERMINED BY GAMMA SCAN OF J -2 INNER LOOP SECTIONS ST-2 AND SB 

As indicated, t hese s t r i p s supplied five of the six inner loop specimens 
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Specimen S T - 3 - L was taken f rom the top section. 
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As shown, six spec imens were machined f rom these s t r i p s . 
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As indicated, four gas jacke t spec imens were machined f rom these s t r i p s . 
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TABLE 14, TEST RESULTS OBTAINED ON IRRADIATED TENSILE SPECIMENS MACHINED FROM SECTIONS OF THE J-10 LOOP 

Specimen 

Approximate 
Peak 

Irradiation 
Test 

Temperature, 
F 

Fast-Neutron 
(> 1 Mev) 

____Ex£Osj«eW____ 
1014 NV 1021 NVT 

Temperature 
of Test, F 

0.2 Per 
Cent Offset 

Yield 
Strength, 

103 psi 

Ultimate 
Tensile 

Strength, 
10^ psi 

Total 
Elongation, 
per cent, 
in 2 In. 

Reduction 
of Area, 
per cent 

Im)£rJ^og^_Jnitial_Tests 

ST-3-L 

ST-2-I 

ST-2-H 

ST-2-L 

SB-2-I 

SB-2-H 

ConttolC'') 

Handbook dataC*^) 

610 

625 

735 

540 

740 

760 

1.0 
2.0 
3.7 
1.1 
2.7 
3.6 

1.9 
3.9 
7.1 
2.1 
5.1 
6.9 

75 
75 
75 
750 
750 
750 
70 
750 

132.0 
145,0 
149.0 
103.0 
115.0 
120.0 

52.5-60. 
40-50 

132.0 
145.0 
149.0 
103,0 
115.0 
120.0 

91.3-93 
70-80 

4.25 
6.50 

10.30 
4.50 
1.50 
2,50 

53-61 
45-50 

53.5 
54.5 
58.2 
42.7 
40.8 
50.5 

68-72 

IniierJ^£og^_^ugli£atejrests 

ST-7-L 
ST-7-I 
ST-7-H(^) 

SB-7-L 
SB-7-I 
SB-7-H 

540 
675 
735 
700 
760 
760 

0.87 
2,9 
1.7 
1.2 
1.9 
3.4 

1.7 
5,57 
3.26 
2.3 
3.65 
6.5 

75 
75 
75 
750 
750 
750 

130.0 
139.5 
143.0 
115. 3 
123.0 
125.4 

134.0 
144.8 
f47. 0 
115.3 
123.5 
125.8 

6.5 
10.6 
9.4 
4.2 
4.2 
4,1 

59.1 
59.8 
61.5 
64.0 
45.5 
40.5 

Ou^_Loo£ 

LT-4-L 
LT-4-I 
LB-3-H 
LT-3-L 
LT-3-I 
LT-3-HCe) 

Control 1̂ )̂ 
Control 2^^) 

120 
120 
120 
120 
120 
120 

0.91 
1.8 
3.4 
3.1 
2.4 
2.7 

1.8 
3.5 
6.5 
2.0 
4.5 
5,1 

75 
75 
75 
750 
750 
600 
75 
750 

100.0 
95.2 

102.5 
62.5 
65.4 
71.8 
46.8 
36.5 

103.5 
101.3 
108.0 
66.7 
69.3 
73.3 
99,7 
67.6 

31.5 
26.0 
25.0 
13.3 
11.4 
12.5 
50.4 
26.2 

54.0 
57.0 
60.5 
54.0 
54.6 
48.3 
61.8 
62.9 

(a) Exposures based on manganese-54. 
(b) From Mclnnes Company reports on samples cut from as-machined J-10 pressure tube. 
(*=) Metals Handbook, Vol. 1. Eighth Edition, p 503. 
(d) Less than 1 mg of sample was submitted for analysis; therefore, the analysis may be Inaccurate due to small weighing 

errors. On the basis of the location of the specimen, a value of " 7 x 1021 nvt would be expected. 
(e) Only 1.5 mg of sample was analyzed. Small weighing errors could have caused significant errors in analysis. It is 

beUeved that the actual value would duplicate LB-3-1 since the specimen came from adjacent position. 
(f) Samples cut from portion of |-10 pressure tube above reactor core. 
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It was observed that the max imum fast-flux exposure to the J - 1 0 p r e s s u r e tube as 
de termined f rom manganese-54 analys is occu r red in the inner loop and was 7. 1 x lO^l 
nvt. The max imum repor ted neutron flux as noted in Table 14 was about 3.7 x lO^'* nv, 
giving a total accumulat ion of 7, 1 x 10^^ nvt, which compares well with the manganese -
54 dos imetery data. Other dos imete r samples f rom tes t spec imens taken f rom s imi l a r 
tube location gave values of 6 . 9 , 6 , 5 , 5. 1, and 3. 3 x 10^^ nvt, indicating some c i r c u m ­
ferent ia l var ia t ion of accumulated neutron or sca t te r in r e su l t s f rom the manganese-54 
ana lys i s . 

Machining of Tensi le Test Specimens 

The geometry of the tens i le spec imens p r e p a r e d f rom the loop sec t ions was 
dictated to a degree by the cu rva tu re of the inner and outer co re sec t ions . The d imen­
sions ul t imately selected for the t e s t spec imens a r e shown in F igu re ZO. The spec imens 
had an o v e r - a l l length of 5 in. , a gage sect ion 2. 0 in. long by 0. 250 in, wide, and a 
shoulder width of 1. 12 in. The th icknesses of the tens i le spec imens w e r e nominally 
0, 187 and 0. 092 in. for the inner and outer s ec t i ons , r e spec t ive ly . 

Attempts were made to machine the gage sect ion of the inner loop by means of a 
1-in, - d i ame te r end mil l cut ter at tached to a conventional mil l ing machine . This method 
proved unusable because of the combined effects of radia t ion hardening and work h a r d e n ­
ing which naade the inner loop ma te r i a l too ha rd for rout ine in -ce l l machining, A cutting 
tool was const ructed to p e r f o r m this machining task which consis ted of an a i r - d r i v e n 
motor turning a sma l l -d i ame te r carb ide- t ipped r o t a r y file, A s e r i e s of cams guided 
the cu t t e r , which operated at high rotat ional speeds , to r emove approximately 2 to 4 mi ls 
of meta l f rom the specimen per p a s s . The smal l cut ter d iameter and i ts speed ,of r o ­
tat ion minimized work-hardening effects in the i r r ad i a t ed spec imens . T e m p e r a t u r e 
m e a s u r e m e n t s obtained by thermocouples placed a few mi ls adjacent to the cut ter showed 
a t e m p e r a t u r e r i s e of only 30 F during cutt ing. 

It was noted that spec imens machined f rom the inner loop were considerably h a r d e r 
than those f rom the outer loop. As many as four changes of cu t t e r s were r equ i red to 
machine some of the inner loop spec imens . Hardness m e a s u r e m e n t s w e r e a lso obtained 
on the shoulders of the tes ted tens i le spec imens and a r e r epor t ed e l s ewhere . 

Tensi le Testing Experinaental P r o c e d u r e 

Specim.ens were tes ted at r o o m t e m p e r a t u r e (about 75 F) and at ei ther 600 or 750 F , 
Those specimens tes ted at elevated t e m p e r a t u r e s were heated in a 3 - i n . - d i a m e t e r r e ­
s i s tance furnace that enclosed the grip ends of the t e s t e r in o r d e r to min i imze heat l o s s e s 
from the ends . The p rocedure employed for e l eva t ed - t empera tu re t e s t s was to heat the 
specimen to 600 or 750 F , and maintain this t e m p e r a t u r e for 30 min before beginning 
the t e s t . The t e m p e r a t u r e was monitored by thermocouples s t rapped to the center of the 
gage sect ion of each specimen. 

The spec imens were tes ted on a Riehle Model PH 30 tens i le t e s t e r using a s t r a i n 
r a t e of 0,005 in. per in, f rom point of yield to spec imen f r ac tu re , Crosshead t rave l 
was measu red by the use of a Riehle Model DC 10 conapressomete r . 
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FIGURE 20. CURVED TENSILE SPECIMENS MACHINED FROM J-10 LOOP 

Outer loop is 2. 265 in, in OD and 2. 450 in. in ID inner 
loop is 2. 200 in. in OD and 1. 824 in. in ID. 
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The r e su l t s of the tens i le t e s t s on 2 un i r rad ia ted Type 347 s ta in less s tee l s p e c i ­
mens plus 18 i r r ad ia t ed spec imens machined f rom the inner and outer loop sect ions 
and tes ted at r oom t e m p e r a t u r e and 600 or 750 F a r e given in Table 14. The un i r rad ia ted 
values l i s ted in the table a r e for compar i son and include handbook data , r e su l t s of tens i le 
t e s t s f rom specimens machined f rom an uncontaminated outer loop sect ion, and data f rom 
Mclnnis Steel Conapany personnel who p r e p a r e d the inner J -10 p r e s s u r e tube. 

All of the tes t spec imens f ractured within the 2-in. gage length and exhibited 
necking in the a r e a of f rac ture as shown by photographs of r ep resen ta t ive specimens 
(F igures 21 through 23). However , the inner loop spec imens gave evidence of reduced 
ductility as shown by smal l uniform elongat ions , a s eve re reduct ion in total elongation 
and d e c r e a s e s in the reduct ion in a r e a . The max imum changes in r o o m - t e m p e r a t u r e 
tes t p rope r t i e s were observed between samples machined f rom the midsect ion of the 
i r r ad ia t ed inner loop and the con t ro l - spec imen values (Mclnnis tes t r e s u l t s ) . I nc reases 
of about 140 and 60 per cent in 0, 2 per cent yield s t rength and u l t ima te - s t r eng th va lues , 
r e spec t ive ly , and d e c r e a s e s of about 90 and 30 per cent in elongation and reduct ion in 
a r e a , r e spec t ive ly , were noted. I nc r ea se s of s imi l a r magnitudes were found for the 
ul t imate s t rength and yield s t rength for the inner loop m a t e r i a l at the 750 F tes t t e m ­
p e r a t u r e ; however , a further d e c r e a s e in total elongation, about 90 p e r cent of the un­
i r r ad ia t ed va lues , was observed . 

Tes t s made at r o o m t e m p e r a t u r e on spec imens f rom the outer jacket indicated 
that the yield s t rength and u l t imate s t rength had been i nc rea sed about 120 and 8 pe r cent, 
r e spec t ive ly , over the un i r rad ia ted m a t e r i a l . The total elongation and the reduct ion in 
a r e a were dec reased approximate ly 50 and 12 per cent , r espec t ive ly . These values 
compare quite well with those r epor t ed by other exper iments for Type 347 s ta in less s tee l 
i r r ad ia t ed at 120 F , (^ ) 

The outer jacket ma te r i a l when tes ted at 750 F showed about the same degree of 
i n c r e a s e in the u l t imate s t reng th , a slightly l e s s i n c r e a s e in yield s t reng th , and further 
d e c r e a s e in total elongation and reduct ion in a r e a as compared with un i r rad ia ted spec i ­
m e n s . The d e c r e a s e in total-elongat ion values as function of increas ing tes t t e m p e r a t u r e 
to about 900 F is cha rac t e r i s t i c of un i r rad ia ted s ta in less s tee l and should not be con­
s idered a r e su l t of i r r ad ia t ion . However , the ex t reme difference between the r e su l t s 
f rom the inner loop and outer jacket (nauch g rea te r ) at s imi l a r levels of exposure at the 
same tes t t e m p e r a t u r e does appear to be the r e su l t of i r r ad i a t i on under s t r e s s and /o r 
t e m p e r a t u r e . The shape of the s t r e s s - s t r a i n curves for the inner loop and the outer 
jacket was ent i rely different. In the case of the inner loop, the max imum load occur red 
at approximately 0, 5 to 0. 75 per cent elongation. The outer jacket showed elongation 
g rea t e r than 40 per cent at maximium load. Unfortunately un i r rad ia ted ma te r i a l exposed 
to a s imi la r s t r e s s and the rma l h i s to ry was not avai lable . The influence of tube f ab r i ­
cation and hea t - t r ea tmen t h i s to ry a r e a lso inde te rminab le . 

Metallography and Hardness Testing 

Metal lographic examinations were per formed upon seve ra l i r r ad i a t ed sect ions of 
the J -10 loop. These examinations included a sect ion of the outer loop and eight i r r a d i ­
ated sect ions of the inner loop. The inner loop sect ions covered a range of exposures 
from about 2. 0 x lO^l to 7. 1 x 10^2 nvt. Photomicrographs of the p re i r r ad i a t i on 



44 

a. Specimen ST-3-L (1.9 x lO^l NVT) 
after Testing at 75 F 

HC8007 

- __ '^f--'. \ b . Specimen ST-2-H (7,1 x 10̂ "̂  NVT) 
' ' ' " ,..•' </ after Testing at 75 F 

Black material is dye marker. 

HC7980 

c. Specimen ST-2-L (2,1 x 10^1 NVT) 
after Testing at 750 F 

HC8000 

d. Specimen SB-2-H (6.9 x lO^^ NVT) 
after Testing at 750 F 

HC8012 

FIGURE 21, INNER LOOP TEST SPECIMENS AFTER TENSILE TESTING 

All specimens showed necking at fracture. The area of 
the loop from which these specimens were machined 
operated at temperatures as high as 750 F. 
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a. Specimen LT-4-L (1.8 x lO^l NVT) 
after Testing at 75 F 

HC7962 

Specimen LT-3-L (2.0 x 1021 N V T ) 
after Testing at 760 F 

HC8021 

".-T, 
' ' • . 

:'^-"J- • c . speciman IB-3-H (6.5 X 10^1 NVT) 
'•-: '-- after Testing at 75 F 

HC7993 

d. Specimen LT-3-H (5.1 X 1021 NVT) 
after Testing at 600 F 

HC7975 

FIGURE 22. OUrm LOOP TEST SPECIMENS AFTHl TENSILE TESTING 

This part of the loop was maintained at process-water 
temperature during irradiation. 
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Specimen ST-7-L (1.7 x 1021 NVT) 
after Testing at 75 F 

HC10075 

b . Specimai ST-7-H (-3.26 x 10 
after Testing at 75 F 

HC10069 

,21 NVT) 

Note elongated hardness impression in 
reduced area. The exposure value is 
uncertain. On the basis of the speci­
men location a value of ~7 x 10^1 NVT 
would be expected. See Table 14. 

c . Specimen SB-7-L (2.3 x 10 
after Testing at 750 F 

,21 NVT) 

HC10090 

* d. Specimen SB-7-H (6.5 x lO^l NVT) 
after Testing at 750 F 

HC10096 

FIGURE 23. FRACTURES IN DUPLICATE INNER LOOP SPECIMENS AFTER TENSILE TESTING 

All specimens showed necking at fracture. 
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m i c r o s t r u c t u r e s of the inner and outer loops w e r e avai lable for compar ison with the 
i r r ad ia t ed spec imens . The metal lographic examinat ions were c a r r i e d out on the 
shoulders of the tens i le specinaens. These sect ions were mounted in Bakel i te , and 
ground through 240- , 4 0 0 - , and 600-gri t s i l icon carb ide pape r . Pol ishing was a c c o m ­
plished on v ib ra to r s containing 1-jLt a lumina , Linde A , and Linde B a b r a s i v e s . The 
specimens were examined in the polished condition, and after t rea t ing with a 10 per cent 
oxalic acid e lec t roe tch or a g lyceregia swab etch. 

The m i c r o s t r u c t u r e s of samples of the outer J -10 gas jacket a r e shown in F i g ­
u r e 24 , The most outstanding feature of the outer loop is the duplex grain s i z e , which 
was p re sen t in both the un i r rad ia ted control ma t e r i a l and i r r ad i a t ed m a t e r i a l (Specimen 
LB-3-H) , The nonuniformity of the duplex grain s ize in this ma t e r i a l appeared to be a 
function of fabricat ion and heat t r ea tmen t and a d i rec t compar i son could not be made . 
But after viewing a number of samples the general i m p r e s s i o n was that i r r ad ia t ion had 
not a l t e red the m i c r o s t r u c t u r e . 

Mic ros t ruc tu r e s of samples f rom the inner loop or p r e s s u r e tube a r e shown in 
F igu re 25. Except for a slight darkening of inclusions in the i r r ad i a t ed s a m p l e s , t he re 
was no m i c r o s t r u c t u r a l difference between the control spec imen and the i r r ad i a t ed 
spec imens . Both inner and outer surfaces of the loop w e r e in excellent condition, with 
no vis ible c r a c k s , c o r r o s i o n , or other defects p r e s e n t . 

Hardness values were obtained on the grip ends and gage sect ion of i r r ad i a t ed 
tensi le spec imens f rom the inner p r e s s u r e loop. Readings of 101 to 106 Rockwell B 
were obtained upon these spec imens after test ing and showed only slight var ia t ion in 
values as a function of exposure . 

Ha rdnes se s were a lso obtained on un i r rad ia ted control spec imens and i r r ad i a t ed 
tes t spec imens f rom the outer jacket of the J - 1 0 loop. The ave rage r o o m - t e m p e r a t u r e 
ha rdnes s value for the un i r rad ia ted control spec imens was 87 Rockwell B . The r o o m -
t e m p e r a t u r e h a r d n e s s of i r r ad ia t ed outer jacket spec imens tes ted at 75 F was 100 
Rockwell B . The ha rdnes s of spec imens tes ted at 600 and 750 F ranged f rom 91 to 97 
Rockwell B, Thus , it was observed that the inner loop spec imens were h a r d e r than the 
outer jacket s p e c i m e n s , which were in tu rn h a r d e r than the un i r rad ia ted outer jacket 
spec imens . 

Since the p r e i r r a d i a t i o n values were not ava i lab le , no compar i son could be made 
between p r e i r r ad i a t i on and pos t i r r ad ia t ion ha rdness values for the inner loop. The 
changes observed in the outer jacket were typical for s t a in less s tee l for these levels of 
i r r ad ia t ion . 

Discuss ion and Conclusions 

The examination of the J - 1 0 loop was of cons iderable va lue , since the data r e ­
vealed the mechan ica l -p roper ty changes which o c c u r r e d in a s t ruc tu ra l m a t e r i a l under 
actual operat ing conditions of p r e s s u r e , t e m p e r a t u r e , and neutron flux. I r rad ia t ion of 
encapsulated spec imens can never duplicate in situ i r r ad ia t ions of r eac to r components 
since the spec imens a r e not subjected to var ia t ions in temiperature and s t r e s s , two 
p a r a m e t e r s which may contr ibute to p roper ty changes in i r r ad i a t ed s t r u c t u r e s . 
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FIGURE 24. AN UNIRRADIATED CONTROL AW> TWO IRRADIATED SPECIMENS FROM THE OUTER JACKET <X THE 
J-10 LOOP EXHIBITING DUPLEX GRAIN STRUCTURE 

No change in the microstructure as a result of the irradiation was c*»served. 
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FIGURE 25, MICROSTRUCTURES (X UNIRRADIATED CONTROL SPECIMEN AND SPECIMEN ST-2-H FROM THE 
INNER LOOP AFTER IRRADIATION AT 780 F TO 7.1 x 1021 NVT 

Except for darker inclusions in the irradiated specimens there were no differences evident m the 
microstructures. 
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The r e su l t s obtained during t e s t s of the J -10 p r e s s u r e tube sect ions were s o m e ­
what su rpr i s ing in that the inner loop displayed a g rea t e r naagnitude of changes in 
p rope r t i e s than was ant ic ipated. Since this loop operated near 750 F , it was believed 
that the accumulated effects of i r r ad ia t ion would have been reduced by annealing at the 
t e m p e r a t u r e of i r r ad ia t ion . These effects, however , we re expected to have been r e t a ined 
in the ou te r , lower t e m p e r a t u r e jacke t . Pos t i r r ad i a t ion t es t s showed that the inner loop 
susta ined g r e a t e r changes in yield and u l t imate s t rengths as well as a g rea t e r loss in 
ductility than the outer jacke t . The tes t r e su l t s for outer jacket spec imens were gener ­
ally comparab le with r e su l t s obtained on Type 347 s ta in less s tee l by other i nves t i ­
g a t o r s . ' ' The t es t s on both inner and outer loop m a t e r i a l s show evidence of i nc reased 
p roper ty changes with additional neutron exposure . This change in p rope r t i e s with 
additional neutron exposure was not ent i re ly compatible with r e su l t s of the encapsulated 
spec imen t e s t s (BMI-24 se r i e s ) d i scussed e a r l i e r , which showed a sa tura t ion of i r r a d i ­
ation effects on yield and ul t imate s t rengths and ha rdness at an exposure of about 6. 5 x 
10^^ nvt. At the same t i m e , meta l lographic evidence indicated that t h e r e was no obvious 
change in m i c r o s t r u c t u r e of ei ther the loop or encapsulated spec imens as a resu l t of 
i r r ad ia t ion . 

The data f rom the J -10 loop indicate that the s t r e s s s ta te and i r r ad ia t ion t e m p e r a ­
tu re may play a very impor tant ro le in p rope r ty changes during i r r ad ia t ion . They a lso 
s e rve to i l l u s t r a t e the ex t r eme impor tance of ascer ta in ing the complete composi t ion, 
fabricat ion h i s to ry , hea t - t r e a tmen t h i s t o r y , and t he rma l h i s to ry of the m a t e r i a l before 
i r r ad ia t ion . One can never know too much about the ma te r i a l under study in p r o g r a m s 
of this type. In s u m m a r y , the g r ea t e r changes observed may have resu l t ed f rom any 
one or al l of a number of va r i ab le s among which a r e ma te r i a l fabr icat ion, ma te r i a l com­
posi t ion , s t r e s s s ta te during i r r ad i a t i on , and t e m p e r a t u r e during i r r ad i a t i on . 

The observed differences between p r o p e r t i e s of encapsulated and of loop spec imens , 
and in pa r t i cu la r the p rope r ty differences of m a t e r i a l subjected to e l eva t ed - t empera tu re 
loop i r r ad ia t ion , should be reso lved . One method of resolu t ion might be to i r r a d i a t e 
and examine fully annealed tes t loops under conditions of t e m p e r a t u r e , p r e s s u r e , and 
exposure s imi la r to those sustained by the J -10 loop. An a l t e rna te method would be to 
i r r a d i a t e at elevated t e m p e r a t u r e and examine tes t spec imens of Type 347 s ta in less s teel 
of var ious fabricat ion h i s t o r i e s . 
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