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ABSTRACT

T h is  r e p o r t  p r e s e n t s  m e t a l l u r g i c a l  a n a ly s e s  and c o r r o s i o n  
t e s t s  conduc ted  t o  d e t e r m i n e  c a u s e s  o f  f a i l u r e  o f  two SM-1 r e a c t o r  

v e s s e l  s t u d s  due to  f r a c t u r e  in  th e  t h r e a d e d  a r e a s ,  a f t e r  23 months '  

o p e r a t i o n  (March 1959) .

C o n c lu s io n s  o f  c o r r o s i o n  t e s t s  a r e :  (1)  f a i l u r e  o f  the  s tu d s  was 
c a u s e d  by s t r e s s  c o r r o s i o n  c r a c k i n g ,  ( 2 )  c o n t r i b u t i n g  f a c t o r s  t o  f a i l u r e  
o f  t h e  s tu d s  were im p ro p e r  c o n t r o l  o f  h e a t  t r e a tm e n t  o f  t h e  s tu d s  and 

a b s e n c e  o f  t r e a tm e n t  f o r  s t r e s s  r e l i e f  a f t e r  t h r e a d  g r i n d i n g  o p e r a t i o n .
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SUMMARY

T h i s  i n v e s t i g a t i o n  c o v e r s  t h e  f a i l u r e  a n a l y s i s  o f  t w o  SM-1 

r e a c t o r  v e s s e l  s t u d s  w h i c h  f r a c t u r e d  i n  t h e  t h r e a d e d  a r e a s  a f t e r  t h e  

r e a c t o r  h a s  o p e r a t e d  2 3  m o n t h s .  I n  a d d i t i o n  t o  t h e  tw o  f r a c t u r e d  

s t u d s ,  12 o f  t h e  r e m a i n i n g  14 s t u d s  w e r e  f o u n d  t o  c o n t a i n  c r a c k s  o f  

v a r y i n g  d e g r e e s  o f  s e v e r i t y .

R e s u l t s  o f  t h i s  e x a m i n a t i o n  s h o w e d  t h a t  a l l  t h e  f a i l u r e s  w e r e  

t h e  r e s u l t  o f  s t r e s s  c o r r o s i o n  c r a c k i n g ,  a n d  t h a t  t h e  i n c i d e n c e  o f  

c r a c k i n g  w a s  a f f e c t e d  b y  t h e  h a r d n e s s  o f  t h e  s t u d s .  C o n t r i b u t i n g  

f a c t o r s  t o  f a i l u r e  o f  t h e  s t u d s  w e r e  i m p r o p e r  c o n t r o l  o f  h e a t  t r e a t 

m e n t  o f  t h e  s t u d s  a n d  l a c k  o f  t r e a t m e n t  f o r  s t r e s s  r e l i e f  a f t e r  t h e  

t h r e a d  g r i n d i n g  o p e r a t i o n .  C o r r o s i o n  t e s t s  w e r e  c o n d u c t e d  o n  s p e c 

i m e n s  o f  T y p e  4 1 0  s t a i n l e s s  s t e e l  t a k e n  f r o m  t h e  a c t u a l  S M -1  s t u d s .  

I n  t h e s e  t e s t s ,  t h e  c r a c k i n g  w h i c h  o c c u r r e d  i n  t h e  s t u d s  w a s  d u p 

l i c a t e d  a n d  t h e  e f f e c t  o f  h a r d n e s s  s u b s t a n t i a t e d .

T o  p r e v e n t  r e c u r r e n c e  o f  t h e s e  f a i l u r e s ,  r e c o m m e n d a t i o n s  a r e  

m a d e  t h a t  s t u d s  b e  t e m p e r e d  t o  a  h a r d n e s s  n o t  t o  e x c e e d  R o c k w e l l  

" C "  2 1  ( 2 3 5  B . H . N . ) a n d  t h a t  s t u d s  b e  s t r e s s  r e l i e v e d  a f t e r  t h e  

t h r e a d  g r i n d i n g  o p e r a t i o n .

1



1 .0  INTRODUCTION

In  M arch 1959, d u r in g  in s p e c t io n  o f  t h e  SM-1 r e a c to r  v e s s e l ,  i t  
was found  t h a t  f a i l u r e  had  o c c u rre d  in  two o f  th e  Type 410 s t a i n l e s s  

s t e e l  s tu d s  u sed  to  b o l t  t h e  c o v e r  to  th e  v e s s e l  body. T h is  in s p e c t io n  
was maae a f t e r  th e  r e a c t o r  had  been in  o p e r a t io n  fo r  23 m o n th s . The two 
f a i l e d  s tu d s  and th e  r e m a in in g  14 s tu d s  w ere  s e n t to  th e  M e ta l l u r g i c a l  
L a b o ra to ry  in  S ch en ec tad y  f o r  ex a m in a tio n .

A lco  was a u th o r iz e d  u n d e r  Item  1 .2  o f  th e  Program  P la n  f o r
*

E n g in e e r in g  S upport and D evelopm ent o f  Army PWR Power P l a n t s ,  to  
co n d u c t a  f a i l u r e  a n a l y s i s  o f  th e  b roken  r e a c t o r  v e s s e l  s tu d s .  The 
p rim ary  o b je c t i v e  o f  t h i s  i n v e s t i g a t i o n  was to  d e te rm in e  th e  ca u se  f ) r  
f a i l u r e  o f  th e s e  s tu d s  an d  to  recommend r e m e d ia l  a c t io n  r e q u i r e d  to  
p re v e n t r e c u r r e n c e  o f  th e  p rob lem . In  a d d i t i o n ,  i f  th e  r e s u l t s  o f  t h i s  
i n v e s t i g a t i o n  showed t h a t  Type 410 s t a i n l e s s  s t e e l  was n o t s u i t a b l e  fo r  
t h i s  a p p l i c a t i o n ,  p o s s ib le  s u b s t i t u t e  a l l o y s  would be recom m ended. In  
c o n ju n c t io n  w ith  t h i s  p ro g ra m , th e  c o r r o s io n  prob lem s a s s o c i a t e d  w ith  
th e  fem a le  th re a d s  in  th e  c a rb o n  s t e e l  body w ould be s tu d ie d .

AP Note 2 8 6 , O ctober 10, 1960
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2 ,0  HISTORY OF THE SM-1 REACTOR VESSEL STUDS

Type 410 s t a i n l e s s  s t e e l ,  t h e n  a non-code a p p ro v e d  m a t e r i a l ,  was 
s e l e c t e d  f o r  t h e  r e a c t o r  v e s s e l  s t u d s .  The r e a s o n  f o r  t h i s  c h o ic e  i s  
c o n t a i n e d  in  APAE-10 (Volume 1 ) ,  d a t e d  August 15, 1956, and i s  d e 
s c r i b e d  as  f o l l o w s :

"A h ig h  s t r e n g t h  r u s t  r e s i s t a n t  m a t e r i a l  w i th  f a v o r a b l e  ex p an 
s io n  c h a r a c t e r i s t i c s  i s  n e e d e d  to  f a c i l i t a t e  rem o v a l  o f  th e  n u t s  
\;hen r e q u i r e d  f o r  f u e l  c h a n g e s ,  s in c e  th e  s t u d s  and n u t s  a r e  
submerged i n  w a te r  d u r in g  r e a c t o r  o p e r a t i o n .  Type 416 s t a i n l e s s  
s t e e l ,  a co d e  approved b o l t i n g  m a t e r i a l ,  m ee ts  a l l  r e q u i r e m e n t s  
ex c ep t  t h a t  i t  may s u f f e r  e x c e s s i v e  damage f rom  i r r a d i a t i o n .  As 
a f r e e  m a c h in in g  s t e e l ,  i t  c a n  c o n t a i n  o v e r  o n e - h a l f  p e r c e n t  o f  
a f r e e  m a c h in in g  e lem ent  su c h  a s  su lp h u r .  The p r e s e n c e  o f  
s u lp h u r  i n  t h i s  q u a n t i t y  t e n d s  to  promote e m b r i t t l e m e n t  u nder  
i r r a d i a t i o n .  D e f i n i t e  d a t a  t o  p rove  t h a t  Type 416, due to  i t s  
h igh  s u l p h u r  c o n t e n t ,  w i l l  s u f f e r  e x c e s s iv e  r a d i a t i o n  damage 
a r e  l a c k i n g ,  b u t  t h i s  phenomenon i s  o b se rv e d  i n  ca rbon  and low- 
a l l o y  s t e e l s ,  and i t  i s  r e a s o n a b l e  to  e x p e c t  s i m i l a r  b e h a v io r  f o r  

a m a r t e n s i t i c  s t a i n l e s s  s t e e l  w i t h  h ig h  s u l p h u r  c o n t e n t .  Type 410 

s t a i n l e s s  s t e e l ,  th e  n o n - f r e e  m ach in ing  e q u i v a l e n t  o f  Type 416 h a s  
p r a c t i c a l l y  t h e  same a n a l y s i s  and p h y s i c a l  p r o p e r t i e s  e x c e p t  t h a t  
su lp h u r  i s  i n  t h e  range n o rm a l  f o r  q u a l i t y  s t e e l s .  A pproval  f o r  

the  u se  o f  410 has  been  o b t a i n e d . "
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The first lot of 18 studs was shipped by the Erie Bolt and
Nut Company on June 8, 1956. These 18 studs were made from three
heats of Type 410 stainless steel obtained from Industrial Steels,

*Incorporated, and identified on the test certificate as follows:

HEAT NO. 55031

Order: D-83463
Date Shipped: 2-15-56
Grade: 410
Material: 1 Bar - 2-7/8" dia., 13'1" - 320#
Condition: H. R. H.T.

Carbon . 0987o
Manganese .47
Phosphorus .020
Sulphur .022
Silicon .26
Chromi urn 12.61 Tensile Strength, psi 150,000
Nickel .44 Yield Strength, psi 115,500
Molybdenum .07 Elongation, °L 18
copper . 14 Reduction of Area, 7„ 55
Tin .014 Hardness-BRINELL 302-320
Aluminum .02 Hardenability -ROCKWELL C43

HEAT NO. 45947

Order: D-83463
Date Shipped: 3-26-56
Grade: 410
Material: 1 Bar - 2-7/8" dia. -325#
Condition: H.R. H.T.
The data given below were taken verbatim from the test certificates



Carbon . 0967c
Manganese .43
Phosphorous .017
Sulphur .014
Silicon .32 •

Chrom i u m 12.48 T e n sile Strength, psi 145,000
Nicke 1 . 19 Yield Strength, psi 114,000
M o l y b d e n u m .06 Elongation, 7o 20
Copper . 10 Reduction of Area, 7> 59
Tin .009 Hardness- BRINELL 269-321
A l u m i n u m .01 Hardenability-ROCKWELL C 41

HEAT NO. 54471

Order: D-84981
Date Shipped: 5-7-56
Grade: 410
Material: 1 Bar - 3" round, 40" long - 80#
Condition: Centerless ground - heat treated.

Carbon .090%
M a nganese .44
Phosphorus .018
Sulphur .017
Silicon . 32
Chro m i u m 12.62
Nickel . 18
M o l y b d e n u m .09
Copper . 16
Tin .016 Hardness - BRINELL - 321-340
A luminum .01 Hardenability -ROCKWELL C

42
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The test report from the Erie Bolt & Nut Company for the 18 
studs made from these three heats of steel contained the following 
information:

Order No. 
Specification 
Drawing No.

- D-84415
- A-276-55
- D-150176 Rev. B

Tensile Strength, psi 118,000
Elastic Limit, psi 101,000 
Elongation, 70 20.5
Reduced Section 68. 1
BRINELL 262

The second lot of 16 studs was shipped by the Erie Bolt and 
Nut Companv on October 19, 1956. These 16 studs were made from 
one heat of Type 410 stainless steel obtained from Mclnnes Steel 
Company, and identified on the test certificate as follows:

HEAT NO. 55484

Order No. D-86736
Date Shipped 9-4-56
Type: 410 Stainless
Size: 2-7/8" Dia. x

Carbon . 1107o
Manganese .47
Phosphorus .027
Sulphur .022
Silicon .45

9-1/2" -675#

8



HEAT NO. 55484 (cont'd)

Chromium 12.08 Yield Strength, psi 81,.500
Nickel .06 Ultimate Strength,psi 102,500
Molybdenurn CNI

O Elongation in 2", 70 25.0
Copper .07 Reduction of Area, 70 67.0
Aluminum . 0 1 1

Tin .013

The test report from the Erie Bolt & Nut Company for the 16 
studs made from this heat of steel contained the following in
formation:

Order No. - D-86737
Specification - 4 C.T. R.
Drawing No. - C-150176 Rev. D

Tensile Strength, psi - 142,500
Elastic Limit, psi - 130,000
Elongation, X - 20.0
BRINELL - 270.5

Alco Drawing D-150176, Rev. D, specifies the following:
"Material - 410 s.s., A-276-55, Type 410 (or Equal). 
"Threads (both ends) to be milled or ground 

after heat treatment.
"Austenitize 1750 - 1800 F, hold one-half hour at

temperature, oil quench, temper 262 Brinell 
(1000 F min.) for 3 hours. Bright harden
ing required.

"Physical Properties after heat treating (tempering): 
Tensile Strength, psi - 100,000 
Yield Point, psi - 80,000 9



The 16 studs from the Mclnnes Steel Corpany were indicated 
as "replacement studs on the Erie test report, while the 18 
studs from Industrial Steels were indicated as ’'original" studs.

It was reported that two studs (identified as Nos 4 and 13) 
had been galled during application of the original set of studs and 
that these had been replaced by two studs from the second lot (Order 
Number D-86736) . (These two replacement studs, which had no ident
ifying numbers, were the two failed studs which were subsequently 
submitted on March 30, 1959, to the Metallurgical Laboratory for 
examination).

Additional information concerning the reactor studs was ob
tained from Mr. G. P. Brown's letter of March 30, 1959 to Dr. D. 
Foley:

"We have advised that all our inspection records for this order 
have been destroyed in a general housecleaning operation. I 
have talked with Mr. Gunther, who personially inspected the 
studs at Erie. He has advised the threads were ground in a 
small thread grinder and inspected on a comparator at Erie. 
Dimensional checks, using pitch micrometers, and visual in
spection only were made by Dunkirk. In addition, on receipt 
of the studs, they were checked in a lathe for proper lead.
In addition, our bill of material specified a one shot X-ray 
and magnaflux of the center unthreaded portion of the studs, 
this we are sure was performed satisfactorily in Dunkirk.

"From our Industrial Engineering Department, plus our job 
file, I find that Dunkirk broke one stud on the initial run 
using a test block. From this, it was concluded that 
Noe lube must be used in the block and Molycoat on the nuts.
Also all studs and nuts were match marked in secs for
positive identification. V



"By copy o f  Mr. C h u rch 's  memo t o  Mr. K n igh ton ,  d a t e d  O ctober  

9, 1956, i t  was conf irm ed  t h a t  s t u d  and n u t  c o m b i n a t i o n s ,
Nos. P a r t  1, 2 ,  3, 4, 6, 7, an d  9 ,  were made up w i th o u t  
b e n e f i t  o f  M olycoa t  l u b r i c a n t  and th e  s tu d s  and  n u t s  g a l l e d .
These s t u d s  and  n u t s  were c l e a n e d  up and s h i p p e d  w i th  the

%

v e s s e l .  I t  was a l s o  a g re e d  t h a t  t h e s e  e i g h t  s t u d  and nut  
co m b in a t io n s  would no t  be u s e d  i n  the  v e s s e l  a f t e r  i n s t a l l 
a t i o n .

"Our I n d u s t r i a l  E n g in e e r in g  D epa r tm en t  a l s o  a d v i s e s  t h a t  th e  

b o l t  h o l e s  i n  t h e  r e a c t o r  f l a n g e  were machined on a G. & L. 
h o r i z o n t a l  b o r i n g  m i l l  u s in g  a rough  and a f i n i s h e d  ta p  w i th  
a l l  m ach in in g  done dry .  We b e l i e v e  t h a t  t h e  n u t s  were a l s o  
made u s i n g  t h e  same g e n e r a l  p r o c e d u r e . "

2^1 . WATER TREATMENT AND STRESS ANALYSIS
The r e a c t o r  v e s s e l  s e rv e s  t h e  p u rp o se  o f  c o n t a i n i n g  the  

a c t i v e  c o r e ,  i t s  s u p p o r t i n g  s t r u c t u r e ,  and the  t h e r m a l  s h i e l d i n g .  
The b a s i c  m a t e r i a l  o f  c o n s t r u c t i o n  i s  A-212 ca rb o n  s t e e l  p l a t e  
c l a d  w i th  1/4 i n .  Type 304 s t a i n l e s s  s t e e l .  The u p p e r  end o f  the  
v e s s e l  i s  c l o s e d  by  a b o l t e d  and g a s k e t e d  d ish e d  c o v e r ,  2 -3 /4  in .  

t h i c k ,  made o f  A-212 Grade B c a rb o n  s t e e l  c l a d  w i t h  Type 304 
s t a i n l e s s  s t e e l .  The 2 -3 /4  in .  h e x a g o n a l  n u t s  were made from 
Type 304 s t a i n l e s s  s t e e l .  The b o l t  h o l e s  in  the  c o v e r  were n i c k e l  
p l a t e d .

Complete d e t a i l s  o f  th e  w a t e r  t r e a t m e n t  a r e  d e s c r i b e d  in  

APAE-10 (Vol. 1) i s s u e d  August 15, 1956, and in  APAE No, 55, 
i s s u e d  J a n u a ry  13, 1960. F o r t  B e l v o i r  s u p p l i e d  t h e  r e s u l t s  o f  an 
a n a l y s i s  o f  t h e  i n n e r  s h i e l d  t a n k  w a t e r ,  which r e p o r t e d l y  was 
made on March 9 ,  1959, p r i o r  to  r em o v a l  o f  the  p r e s s u r e  v e s s e l  
l i d .  The r e s u l t s  o f  t h i s  a n a l y s i s  (Ref :  Mr. R. V. L i c h t e n b e r g e r ' s 
l e t t e r  o f  November 23,  1960 to  Mr. G. A. Young), a r e  as  fo l lo w s :
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pH: 7 . 4
Cl:  . 2 8  ppm
R e s i s t i v i t y  1 0 0 ,0 0 0  ohm-cm. 
Hardness :  none
Crud: 1 ppm

u2 .
A c t i v i t y :

no sample taken
>-625 x  10 on March 2 ,  1959.

The o r i g i n a l  c a l c u l a t i o n s  f o r  t h e  t o t a l  s t r e s s  on  t h e  s tu d s  
y i e l d  th e  f o l lo w in g  r e s u l t s :

T o t a l  S t r e s s  on S tud  a t  Nut:

4 ,5 7 0  p s i  
16,500 p s i  

12.690 p s i  
33 ,760  p s i

Due t o  cove r  th e r m a l  e x p a n s io n
Due t o  to rq u e  lo a d i n g
Due t o  n u t  th e rm a l  e x p a n s io n

T o t a l  S t r e s s  on Shank o f  S tud :

4 .5 7 0  p s i  -  Due t o  co v e r  th e rm a l  e x p a n s io n

16.500 p s i  - Due t o  to rq u e  lo a d in g  
2 1 ,0 7 0  p s i

T o t a l  S t r e s s  on Stud  a t  V e s s e l :

4 .570  p s i  -  Due t o  co v e r  t h e rm a l  e x p a n s io n
16.500 p s i  -  Due t o  to rq u e  lo a d i n g

7,610  p s i  -  Due t o  v e s s e l  t h e r m a l  ex p a n s io n  

2 8 ,6 8 0  p s i
At 450°F, t e n s i l e  s t r e n g t h  o f  410 s t a i n l e s s  s t e e l  - 87,500 

p s i  maximum a l l o w a b l e  s t r e s s  - 1/3 x T e n s i l e  S t r e n g t h  = 87 ,500  
= 2 9 ,2 0 0  p s i  3
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I

The o r i g i n a l  e s t im a te d  te m p e ra tu re  a t  v a r io u s  lo c a t io n s  w ere 

as f o l lo w s :

L o ca tio n  T e m p e ra tu re , °F

At s tu d  in  v e s s e l  - 250

At n u t end o f  s tu d  - 150

The fo llo w in g  in f o rm a t io n  was o b ta in e d  from  th e  s t r e s s  
a n a ly s i s  i n v e s t i g a t i o n  j u s t  com p le ted .
The s tu d  s t r e s s e s  were c a l c u l a t e d  f o r  th r e e  c o n d i t io n s :

A - R e a c to r  u n p re s s u r iz e d .  S tu d s  t ig h te n e d  a s  c a l l e d  f o r  by
I

ASME U n f i r e d  P re s su re  V e s s e l  Code, p a ra g ra p h  UA47
2

T o ta l  Load tt G p+2 ir bGrap, f o r  p = 1200 p s i .
4

B - P r e s s u r e  r a i s e d  to  1200 p s i .  S tud  s e t t i n g  unchanged.

U n it a t  125°F.
C - S te a d y  s t a t e  th e rm a l s t r e s s e s  w ith  p r e s s u r i z e d  w a te r  

a t  1200 p s i ,  420°F. S tu d  s e t t i n g  u n ch an g ed .

S tud  t e n s i o n  and s t r e s s e s  f o r  th e s e  th r e e  c o n d i t io n s  a re  

t a b u la t e d  below :

TABLE 1. STUD TENSION AND STRESSES FOR CASES A. B AND C

STUD TENSION

lb /B o  I t lb / I n c h  o f  S tud  C i r c le
A 6 3 ,5 0 0 9 ,2 4 4

B 6 8 ,2 0 0 9 ,9 2 0

C 100,000 14 ,560

13



TABLE 1 ( c o n t 'd )

STUD STRESSES PSI IN SECTION AT POINT "E" (REF. FIG. 1)
( TOP THREADED PORTION )

L oading D i r e c t Bending L e f t
Combined a t

R igh t

Case A 12590T 2 ,800 9 , 790T 1 5 ,3 9 0  T
Case B 13500T 2 ,040 1I.460T 1 5 ,5 4 0  T
Case C 19800T 2 ,760 2 2 ,560T 1 7 ,0 4 0  T

STUD STRESSES PSI IN SECTION 

(BOTTOM THREADED
AT POINT 
PORTION)

Hptt (REF. FIG. 1)

Combined a t

Loading D i r e c t Bending L e f t R ig h t

Case A 12590T 6,450 19,040 T 6 ,1 4 0  T
Case B 13500T 4 ,570 18,070 T 8 ,9 3 0  T
Case C 19800T 7,380 12,420 T 2 7 ,1 8 0  T

14



R* 20

253125
4.8125

9.625

3.4375

L0.4375

20.1793

R= 24.875

Figure 1. SM-1 Reactor Vessel Cover, Flange and Stud Region
15



3 .0  CHEMICAL ANALYSIS

3 .1  STUD MATERIAL

A t o t a l  o f  18 s tu d s  f rom  th e  SM-1 were s u b m i t t e d  to  the  

M e t a l l u r g i c a l  L a b o ra to ry  f o r  ex am in a t io n .  Two o f  th e s e  s t u d s ,  

numbered 4 and  13,had been  g a l l e d  d u r in g  a p p l i c a t i o n  o f  th e

o r i g i n a l  s e t  and were r e p l a c e d  by two o t h e r s ,  which s u b s e q u e n t l y  
f a i l e d .  The two f a i l e d  s t u d s  had no i d e n t i f y i n g  numbers and so

were l a b e l e d  a s  L a b o ra to ry  Samples  A and B. The rem a in ing  14

s tu d s  were 

and 15.

numbered , 0 ,  1, 2 3 5 6, 7, 8 ,  9 , 10, 11, 12, 14

C h em ica l  a n a ly s e s  f o r  

th e  r e s u l t s  a r e  as  f o l lo w s

S tud  4

sam ples  4,
•
•

S tu d  13

13, and  A 

Sample A

were d e te rm in e d  

AISI 410

Carbon . 127o . 10% . 12% . 15% Max.

Manganese .45 .50 .6 5 1.00 h

Phosphorus .02 .02 .0 1 .04 II

S u lphur .02 .02 .0 2 .03 II

S i l i c o n .30 .31 .5 5 1.00 II

Chromium 12.34 12. 75 12. 12 11.50- 13 .50

The t h r e e  s tu d s  con fo rm ed  s a t i s f a c t o r i l y  to  the  c h e m ic a l  comp

o s i t i o n  l i m i t s  f o r  AISI 410 s t a i n l e s s  s t e e l .

3 .2  CORROSION PRODUCT

C hem ica l  a n a ly s e s  were made o f  th e  d e p o s i t  which was found  

in  th e  t h r e a d e d  a r e a s  o f  t h e  s tu d s  removed from the  r e a c t o r  

v e s s e l .  S in c e  th e  d e p o s i t  on th e  body end ( t h r e a d e d  a r e a  o f  th e  

s tu d  w h ich  engaged th e  v e s s e l  body) was d i f f e r e n t  i n  a p p e a r a n c e  

from th e  d e p o s i t  a t  t h e  n u t  end ,  s e p a r a t e  a n a l y s e s  were p e r fo rm e d  

on each  t y p e .  The r e s u l t s  o f  th e s e  a n a l y s e s  a r e  as f o l l o w s :



Body End D e p o s it

F e r r i c  O xide ( Fe2 0 3 ) - 137.
N ic k e l O xide (NiO) - 307.
M anganese Oxide (MnO) - 17.
C a lc iu m  O xide (CaO) - 5.57.
S i l i c a  ( S i0 o)

4U
- 57.

Z inc  O x id e  (ZnO) - 107.
C hrom ic O xide (C ^O ^) - 0.57.
Aluminum O xide (Al^O^) - 0.37.
C opper O xide (CuO) - 0.97.
Sodium , P o ta ss iu m  & L ith iu m N il
C h lo r id e s  (C l) - N il
S u l f a t e s  (SO .)4 - N il
B o ra te s  (BO^) - N il

P h o sp h o ru s  P en to x id e  (1*2®5> 0. 57.
C a rb o n a te s  (CO^) t r a c e
I g n i t i o n  lo s s - -  227.
(The i g n i t i o n  lo s s  in c lu d e s m o is tu re  and ca rb o n

g r a p h i t e ) .

Nut End D e p o s i t

F e r r i c  O xide (* e 2^3^ 
S i l i c a  (S iO ?)
Chromium Oxide (Cr^O^) 

M anganese Oxide (MnO) 
C h lo r id e s  (C l) 
S u l f a t e s  (SO^)

- 82.57.

.57.
- 5.47.

.57.
N il
N il



4 .0  MAGNETIC PARTICLE INSPECTION

Of t h e  16 o r i g i n a l  SM-1 r e a c t o r  s t u d s  s u b m i t te d  to  th e  m e t a l 
l u r g i c a l  L a b o ra to ry  f o r  e x a m in a t io n ,  t^wo h a d  f r a c t u r e d  t r a n s v e r s 
e l y  i n  t h e  t h r e a d e d  a r e a s .  These two s t u d s  were n o t  numbered and 
so were i d e n t i f i e d  as  L a b o r a t o r y  Samples A and  B. Sample A had  
f r a c t u r e d  a t  th e  n u t  end ( t h e  end which e n g a g e d  th e  Type 304 
s t a i n l e s s  s t e e l  n u t )  c l o s e  t o  th e  l a s t  en g a g ed  t h r e a d .  Sample B 
f r a c t u r e d  a t  th e  body end  ( t h e  end which en g ag ed  th e  v e s s e l  body) 
c l o s e  t o  t h e  l a s t  engaged  t h r e a d .  The f r a c t u r e  s u r f a c e s  o f  b o t h  

s tu d s  w e re  c o a te d  w i th  a c o r r o s i o n  p r o d u c t , a s  were th e  t h r e a d e d  
a r e a s  o f  t h e  s tu d s .  Numerous l o n g i t u d i n a l  c r a c k s ,  r a n g in g  f rom  

1/2 to  2 i n .  in  l e n g th  and  up to  2 in .  i n  d e p t h  were found i n  the  
t h r e a d s  o f  b o th  th e  f a i l e d  s t u d s .  I n  a d d i t i o n ,  c i r c u m f e r e n t i a l  
c r a c k s  w ere  found i n  t h e  r o o t s  o f  th e  t h r e a d s .  A l l  c r a c k s  were 
c o n f in e d  t o  th e  t h r e a d e d  a r e a s ;  t h e r e  was no  ev id en ce  o f  c r a c k 
in g  in  t h e  s tu d  b o d ie s .

M a g n e t ic  p a r t i c l e  i n s p e c t i o n  o f  th e  r e m a in in g  14 s t u d s  r e 
v e a le d  t h a t  a l l  c o n t a i n e d  l o n g i t u d i n a l  i n d i c a t i o n s  to  some ex- 
These i n d i c a t i o n s  were r e s t r i c t e d  to  a r e a s  on  th e  t h r e a d  f l a n k s ,  
e x c e p t  f o r  s tu d s  7 and 10, where s e v e r a l  l o n g i t u d i n a l  i n d i c a t i o n s  
c o n t i n u e d  o v e r  th e  crown o f  one t h r e a d .  The m a j o r i t y  o f  l o n g 

i t u d i n a l  i n d i c a t i o n s  were l o c a t e d  i n  a r e a s  a t ( a n d  a d j a c e n t  t o ) t h e  
l a s t  en g a g ed  t h r e a d  i n  b o t h  th e  body end and  n u t  end o f  t h e  s t u d s .

Twelve  o f  th e  14 s t u d s  a l s o  c o n t a i n e d  c i r c u m f e r e n t i a l  c r a c k s ,  
which w ere  l o c a t e d ,  i n  m os t  c a s e s ,  a t ( o r  a d j a c e n t  to)  th e  l a s t  e n 

gaged t h r e a d  in  the. body e n d  a n d / o r  n u t  end  o f  th e  s t u d ,  where  
th e  l o n g i t u d i n a l  i n d i c a t i o n s  p redom ina ted .  S tu d s  0 and 1 w e re  the  
two which  showed no e v i d e n c e  o f  c i r c u m f e r e n t i a l  i n d i c a t i o n s ,  b u t  
d id  c o n t a i n  s l i g h t  l o n g i t u d i n a l  i n d i c a t i o n s .  To d e te rm in e  i f
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these indications were actually cracks, Stud 1 was sectioned and 
examined metallographically. The results of this examination re
vealed that the indications were not cracks, but rather were a 
pitting-type corrosive attack of the thread flank surface.

A magnetic particle inspection of the two galled studs, num
bered 4 and 13, did not reveal any evidence of cracking, but did 
reveal indications of short &tringer-type non-metallic inclusions 
In the shank areas.

Detailed results (at specific hardness values) of the magnetic 
parti Ice inspection of 14 of the original SM-1 reactor studs are 
shown in Table 2
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TABLE 2

Stud*

8

5

7

3

11

2

12

10

RESULTS OF MAGNETIC PARTICLE INSPECTION OF 14 ORIGINAL
SM-1 REACTOR STUDS

Hardness
Rockwell "C" Indications

32 Heavy longitudinal indications on thread
flanks. Circumferential cracks on threadi 
flanks.

3C

31

27

32

27

27

31

Heavy longitudinal indications on thread 
flanks, Circumferential cracks on thread 
roots

Heavy longitudinal indications on thread 
flanks. Circumferential cracks in roots 
of threads. Short longitudinal inclusions 
in shank and threaded areas.

Heavy longitudinal indications on thread 
flanks. Circumferential cracks in rcots 
of threads. Short longitudinal inclusions 
in shank and threaded areas.

Heavy longitudinal indications on thread 
flanks. Circumferential cracks at run-out 
of thread area cn shank. Short longitud
inal inclusions in threaded area.
Longitudinal indications on thread flanks. 
Cir-umferentia1 cracks in roots of threads 
Short longitudinal inclusions in shank..

Longitudinal indications on thread flanks. 
Circumferential cracks in roots of threads 
Shcrt longitudinal inclusions in shank.

Longitudinal indications on thread flanks. 
Circumferential cracks in thread roots and 
run-out of thread area on shank.



TABLE 2 ( c o n t ' d )

Stud*
H ardness  
Rockwell  "C" I n d i c a t i o n s

14 32 L o n g i t u d i n a l  i n d i c a t i o n s  on t h r e a d  
f l a n k s .  C i r c u m f e r e n t i a l  c r a c k s  i n  
t h r e a d  r o o t s .  S h o r t  l o n g i t u d i n a l  i n c l u 
s i o n s  i n  shank an d  th re a d e d  a r e a s .

15 30 L o n g i t u d i n a l  i n d i c a t i o n s  on t h r e a d  
f l a n k s .  C i r c u m f e r e n t i a l  c r a c k s  i n  
t h r e a d  r o o t s .

9 26 L i g h t  l o n g i t u d i n a l  i n d i c a t i o n s  on t h r e a d  
f l a n k s .  C i r c u m f e r e n t i a l  c rac k s  i n  r o o t s  
o f  t h r e a d s .

6 27 L i g h t  l o n g i t u d i n a l  i n d i c a t i o n s  on t h r e a d  
f l a n k s .  C i r c u m f e r e n t i a l  c r a c k s  i n  
t h r e a d  r o o t s .

1 22 Very l i g h t  i n d i c a t i o n s  on t h r e a d  f l a n k s .
*

0 21 Very l i g \ t  i n d i c a t i o n s  on t h r e a d  f l a n k s .
•

■ •

* S tuds  a r e  l i s t e d  in  d e c r e a s i n g  o rd e r  o f  s e v e r i t y  o f  c r a c k i n g  
o r  i n d i c a t i o n s .
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5.0 MECHANICAL PROPERTIES

Tensile tests, using standard 0.505 in. diam specimens were 
conducted on one of the original galled studs (Stud 4) , on the two 
failed studs (A and B) , and on the stud which contained the fewest 
indications on the magnetic particle inspection (Stud 0).

The results of the tensile tests are as follows:

Stud 4 Stud A Stud B Stud 0

Tensile Strength,psi 139,000 170,500 165,000 95,000
Yield Point,psi 92,500 148,500 152,500 87,000
Elongation, °U 20.0 18. 5 17.5 20.5
Reduction of Area, % 62. 1 65.6 66. 1 69.5
Hardness Rockwell "C" 27 38 38 21

As noted earlier under Section 2.0, Alco Dwg. D-150176>, Rev.
specified a hardness, of 262 B.H N. (approximately equivalent to
26.5 Rockwell "C").
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6 .0  METALLOGRAPHIC EXAMINATION

A m e t a l l o g r a p h i c  e x a m in a t io n  was made on c r o s s  s e c t i o n s  o f  b o th  
f a i l e d  s t u d s  (A and B) , and  on S tuds  1 an d  6. The m a g n e t i c  p a r t i c l e  
i n s p e c t i o n  o f  Stud 1 r e v e a l e d  on ly  v e r y  l i g h t  l o n g i t u d i n a l  i n d i c a 
t i o n s  on th e  t h r e a d  f l a n k s .  I n s p e c t i o n  o f  S tud  6 showed l i g h t  lo n g 
i t u d i n a l  i n d i c a t i o n s  on t h e  t h r e a d  f l a n k s  and c i r c u m f e r e n t i a l  c rac k s  in  
th e  t h r e a d  r o o t s .  Of t h e  s tu d s  which c o n t a i n e d  c i r c u m f e r e n t i a l  
c r a c k s ,  t h e  i n d i c a t i o n s  were the  l e a s t  s e v e r e  i n  S tud 6 ( s e e  Tab le  2 ) .

A l l  the  samples exam ined  r e v e a l e d  a  m icro  s t r u c t u r e  o f  tempered 
m a r t e n s i t e .  S tuds  A an d  B were examined m e t a l l o g r a p h i c a l l y  to  d e 
t e r m i n e  t h e  n a t u r e  o f  t h e  l o n g i t u d i n a l  and  c i r c u m f e r e n t i a l  i n d i c a 
t i o n s .  I n  a l l  the  a r e a s  o b s e rv e d ,  th e  i n d i c a t i o n s  were fo u n d  to be 
i n t e r g r a n u l a r  c r a c k s .  A t y p i c a l  c i r c u m f e r e n t i a l  i s  shown i n  F ig .  2 
a t  250 x m a g n i f i c a t i o n .

An a r e a  o f  S tud 1 w hich  showed s l i g h t  l o n g i t u d i n a l  i n d i c a t i o n s  
in  t h e  m a g n e t ic  p a r t i c l e  i n s p e c t i o n ,  was a l s o  s e c t io n e d  t o  d e te rm in e  
w h e th e r  t h e  i n d i c a t i o n s  were  a c t u a l l y  c r a c k s  i n  the  t h r e a d  f l a n k s .
The e x a m in a t io n  r e v e a l e d  t h a t  the  i n d i c a t i o n s  were no t  c r a c k s  bu t  
were e v i d e n c e  o f  a p i t t i n g - t y p e  c o r r o s i v e  a t t a c k  o f  the  t h r e a d  
f l a n k  s u r f a c e .

The th r e a d e d  a r e a  o f  Stud 6 which i n c l u d e d  a c i r c u m f e r e n t i a l  
i n d i c a t i o n ,  was s e c t i o n e d  f o r  e x a m in a t io n .  The i n d i c a t i o n  p roved  

to  be e.n i n t e r g r a n u l a r  c r a c k ,  s i m i l a r  t o  t h a t  found in  th e  f a i l e d  

s tu d s .
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7 .0  CORROSION TESTING

7. 1 CORROSION TEST PROCEDURE

A c o r r o s i o n  t e s t  a p p a r a t u s  (F ig .  3) was d e s ig n ed  and assem bled  
in  an  a t t e m p t  to  d u p l i c a t e  in  the  l a b o r a t o r y  t h e  type  o f  f a i l u r e
e x p e r i e n c e d  by the  r e a c t o r  s tu d s .

Reflux ° 2
Condenser

Stud
Specimen

Type 304 Nut

•Carbon Steel  
Sleeve______

Hot Plate

F ig u re  3 -  CORROSION TEST APPARATUS

Gasket

Type 304 pipe 
Schedule 5 
1 0 - in .  diam 
1 2 - in .  high

A- 21 2 -  Gr . B 
Removable Plate 
1 - 1 / 2  in. thick

The ca rb o n  s t e e l  p l a t e  c o n ta in e d  13 t a p p e d  h o le s  to  accommodate the  
c o r r o s i o n  t e s t  sp e c im e n s ,  which were m i n i a t u r e  r e p l i c a s  o f  th e  
r e a c t o r  s t u d s ,  s c a le d  down to  o n e - f o u r t h  o f  a c t u a l  s i z e .  The

d im e n s io n s  o f  the  sp ec im en s  were as  f o l l o w s ;
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Length of Specimen 
Diameter of Specimen 
Length of shank portion 
Thread

4.625 in. 
0.6447 in. 
2.3125 in. 
3/4 by 16

By employing a carbon steel sleeve and a Type 304 stainless 
steel nut, it was possible to stress the specimens to any designated 
level. The stress was calculated by measuring with a height gauge 
the distance the stud specimen elongated.

The carbon steel plate was removable so that corrosion in the 
female threads could be studied. With the water at boiling tem
perature, the threaded areas in the carbon steel plate would be a 
somewhat higher temperature, duplicating more closely the conditions 
in the reactor vessel body.

The specimens were immersed in water having the following con
ditions:

1. Chloride Content 0.3 to 0 6  ppm
2. Resistivity 80,000 to 100,1)00 ohm-cm
3. pH 6.5 to 7.5
4. Oxygen Saturated
5. Temperature of 212 F (boiling)
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In order to determine what percentage of oxygen was present in 
the water at the test temperature, an apparatus was designed for 
obtaining a sample of the boiling water for oxygen analysis. The 
apparatus functions briefly as follows: Water is pumped from the
vessel through a cooler and into a collecting flask. Ten volumes 
of water must pass through the flask before a representative 
sample can be taken. The water therefore must be delivered back 
to the vessel, in order to keep a constant volume of water in the 
vessel. To maintain boiling, the water which returns to the 
vessel is circulated through a tube which is resistance heated. A 
thermocouple attached to this tube, close to the point of re-entry 
into the vessel, records the temperature of the water. By adjusting 
the water flow rate, the temperature of the water returned to the 
vessel can be controlled.

Non-Referee Method A, described in A.S.T.M. Designation D-888, 
was used for the oxygen determination. While the first sample 
was being taken for analysis, the temperature of the water in the 
vessel varied from 208°F to 212°F- The results of this analysis 
showed a dissolved oxygen content of 2,5 ppm An additional 
sample was taken where the temperature of the water in the vessel 
varied from 200°F to 208°F The results of this analysis showed 
a dissolved oxygen content of 3.8 ppm

The intention cf the corrosion test was to evaluate three 
variables; hardness, stress level, and effect of thread fit. The 
four hardness levels were, Rockwell "C" 20, 26, 31, and 40, select
ed to bracket the range of hardnesses found in SM-1 studs.
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The s t r e s s  L eve ls  w ere  25 ,000 ,  3 0 ,0 0 0  and 58 ,000 p s i .  To d e te rm ine  

t h e  e f f e c t  o f  t h r e a d  f i t ,  t h r e e  o f  t h e  specimens were  t h r e a d e d  to  

a  C l a s s  2 ( l o o s e )  f i t ,  w h i le  t h e  r e m a in in g  specimens were  t h r e a d e d  

t o  a  C la s s  3 f i t .

7 . 2  INITIAL CORROSION TEST

The Type 410 s t a i n l e s s  s t e e l  sp ec im ens  were c u t  f ro m  th e  

a c t u a l  r e a c t o r  s t u d s .  The 13 sp ec im en s  used  f o r  t h e  i n i t i a l  

p h a s e  o f  th e  c o r r o s i o n  t e s t  were i d e n t i f i e d  as  f o l l o w s :

20 R 26 R 31 R 40 Rc c c c

1A 9E 11A 16C
ID 9G 11C 16E

IF-

1L

H E

11L

16L

Specimen LA and 11A were s t r e s s e d  to  25,000 p s i ;  a l l  the  r e 

m a in in g  specimens w ere  s t r e s s e d  to  3 0 ,0 0 0  p s i .  The spec im ens  

w ere  th r e a d e d  to  a C l a s s  3 f i t ,  e x c e p t  f o r  1L, 11L, an d  16L, 

w h ich  were t h r e a d e d  t o  a C la s s  2 ( l o o s e )  f i t .  Specimen i d e n t i f i e d  

a s  Nos. 1, 9, and 11 ,  were from s t u d s  hav ing  th o se  num bers ,  w here 

a s  specimens i d e n t i f i e d  as 16 were f ro m  Stud A, the  f r a c t u r e d  

s t u d ,

The specimens w ere  machined and t h e  th r e a d s  ground  w i th  no 

a d d i t i o n a l  h e a t  t r e a tm e n t . .  The t h r e a d e d  a r e a s  o f  a l l  t h e  s p e c i 

mens were d ipped  i n  Neolube p r i o r  t o  s t r e s s i n g .

A f t e r  th e  i n i t i a l  c o r r o s i o n  t e s t  had  p receed ed  a t o t a l  o f  

1000 h r ,  the  c a rb o n  s t e e l  p l a t e  was removed from th e  v e s s e l .  The 

e l o n g a t i o n  o f  e a ch  s t u d  was measured  t o  de te rm ine  o f  t h e  s t r e s s e s  

w h ich  had been a p p l i e d  to  s tu d s  a t  t h e  s t a r t  o f  th e  t e s t  had been 

m a i n t a i n e d  The r e s u l t s  o f  t h e s e  m easurem en ts  showed t h a t  a l l  
s t u d s  had remained a t  t h e i r  i n i t i a l  a p p l i e d  s t r e s s  l e v e l .
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The fem ale  t h r e a d s  i n  th e  ca rbon  s t e e l  p l a t e  were exam ined  

v i s u a l l y  r e v e a l i n g  t h a t  c o r r o s i v e  a t t a c k  was n e g l i g i b l e  i n  a l l  
c a s e s .  No e f f e c t  o f  t h r e a d  f i t  on th e  c o r r o s i o n  o f  th e  f e m a le  

t h r e a d s  was e v i d e n t .

M a g n e t ic  p a r t i c l e  i n s p e c t i o n  o f  a i l  s t u d  specimens r e v e a l e d  

no e v i d e n c e  o f  c r a c k in g .  However, s u b s e q u e n t  m e t a l l o g r a p h i c  exam
i n a t i o n  showed i n t e r g r a n u l a r  m ic r o - c r a c k s  i n  specimen 1.6C (Rock C-40, 

30,000 p s i ) .  T h e re fo re  i t  i s  presumed t h a t  specimens 16E and  
16L were a l s o  c rack ed  a t  t h i s  t ime.

7. 3 FINAL CORROSION TEST

T h i r t e e n  s tu d  sp ec im en s  were a g a in  i n s t a l l e d  i n  the  c a r b o n  
s t e e l  p l a t e  f o r  th e  s eco n d  phase  o f  the  c o r r o s i o n  t e s t ,  Specimen 
IE from t h e  f i r s t  t e s t  was s e v e r e ly  g a l l e d  d u r in g  removal f rom  the  
ca rbon  s t e e l  p l a t e ,  and was t h e r e f o r e  d i s c a r d e d .  T h is  g a l l e d  
specimen was r e p l a c e d  by a  s p a re  s tu d  h a v i n g  the  same h a r d n e s s  
(Specimen 1C). Two o t h e r  s t u d  specimens ( lo C  and HE) were a l s o  

r e p l a c e d  w i t h  new sp ec im ens  (16F and 11B) , h a v in g  the  same h a r d n e s s .  
These t h r e e  new s tu d s  were  s t r e s s e d  to  5 8 ,0 0 0  p s i . , i n  an a t t e m p t  
to  a c c e l e r a t e  the  t e s t .  T h re e  o f  th e  o r i g i n a l  s tu d s  (11C, 16E and 
ID), were  a l s o  s t r e s s e d  t o  58 ,000 p s i .  The r em a in in g  s t u d s  were 
s t r e s s e d  t o  t h e i r  o r i g i n a l  l e v e l s ,  v i z . ,  2 5 ,0 0 0  and 30 ,000 p s i .

The i d e n t i t y  o f  th e  spec im ens  u sed  f o r  t h e  second t e s t  were 

a s  f o l l o w s :
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20 Rc 26 Rc 31 Rc 4 0  Rc

LA ( 2 5 , 0 0 0  p s i ) 9E ( 3 0 , 0 0 0  p s i ) 1 1A ( 2 5 , 0 0 0  p s i ) 16E ( 5 8 , 0 0 0  p s i )

1C ( 5 8 , 0 0 0  p s i ) 9G ( 3 0 , 0 0 0  p s i ) 11B ( 5 8 , 0 0 0  o s i ) 16F ( 5 8 , 0 0 0  p s i )

ID ( 5 8 , 0 0 0  p s i ) - • 1.1C ( 5 8 , 0 0 0  p s i ) 16L ( 3 0 , 0 0 0  p s i )

IL ( 3 0 , 0 0 0  p s i ) 1 IL ( 3 0 , 0 0 0  p s i )

When the  s e c o n d  p h a se  o f  th e  c o r r o s i o n  t e s t  had p r o c e e d e d  fo r  

1000 h r ,  the  carb on  s t e e l  p l a t e  was removed from th e  v e s s e l .  Stud  

e l o n g a t i o n s  were a g a i n  measured and showed th a t  a l l  t h e  sp ec im en s  

had remained a t  t h e i r  i n i t i a l  a p p l i e d  s t r e s s  l e v e l .

V i s u a l  e x a m i n a t i o n  o f  t h e  f e m a l e  t h r e a d s  i n  t h e  c a r b o n  i t t l  i 

p l a t e  a g a i n  r e v e a l e d  no  s i g n i f i c a n t  a m o u n t  o f  c o r r o s i v e  a t t a c k .  I h e  

v a r i a n c e  i n  t h r e a d  f i t  h - d  no o b s e r v a b l e  e f f e c t  on t h e  c o r r o s i o n  o f  

t h e  f e m a l e  t h r e a d s .

The 13 s tu d  s p e c i m e n s  were m a g n e t i c  p a r t i c l e  i n s p e c t e d ;  no 

c r a c k s  were found. In  o r d e r  to  v e r i f y  t h e  r e s u l t s  o f  t h e  m a g n et ic  

p a r t i c l e  i n s p e c t i o n ,  a meta 1 lo g ra p h ic  e x a m i n a t io n  was made o f  s tud  

L6E. Specimen 16E was s i  le. te'd fox e x a m i n a t i o n ,  s i n c e  i t  was the  

s t u d  most l i k e l y  t o  be  c r a c k e d ,  by v i r t u e  o f  i t s  h ig h  h a r d n e s s  

(4 0  R ) and h ig h  s t r e s s  l e v e l  ( 1000 hrs.  a t  30,000 p s i .  p l u s  1000 hrs. 

a t  5 8 ,0 0 0  p s i )  L o n g i t u d i n a l  and t r a n s v e r s e  a r e a s  o f  b o t h  the  

nut end and the  p l a t e  end o f  t h i s  s p e c im e n  were e x a m in e d .  The 

r e s u l t  o f  th e  m e t a l  l o g r a p h ic  e x a m i n a t i o n  r e v e a l e d  t h a t  i n t e r g r a n 

u l a r  c r a c k i n g  had o c c u r r e d  < i r * u m f e r e n t i a  1 ly at the  l a s t  engaged  

t h r e a d  o f  th e  nut e n d .

’ S i n c e  m a g n e t ic  p a r t i c l e  i n s p e c t i o n  was a p p a r e n t l y  n o t  s u i t a b l e  

f o r  d e t e c t i n g  the  p r e s e n c e  o f  c i r c u m f e r e n t i a l  m i c r o - c r a c k s  a t  the  

t h r e a d  r o o t s  o f  t h e  s n ia l l  d ia m e te r  l a b o r a t o r y  s p e c i m e n s ,  a d d i t i o n a l  

m eta  1 l o g r a p h i c  e x a m i n a t i o n  was c o n d u c t e d  to  d e ter m in e  w h ic h  s p e c i -

>nens had t a i l e d  and t h e  e x t e n t  o f  t h e  c r a c k
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The r e s u l t s  o f  th e  m e ta  1 lo g ra p h ic  e x a m in a t io n  r e v e a l e d  t h a t  

c r a c k i n g  had o c c u r r e d  i n  t h r e e  o f  the  f o l l o w i n g  specimens:

Specimen
No.

Rockwell  ,:C" 
Hardness

D ep th  o f  
C r a c k ,  in .

T e s t i n g  Time 
h r s

T o t a l  
p s i - h r s

16E 40 . 080 1000 h r  a t 30,000 p s i 8 . 8  x 10
&1000 " " 58,000 II

16L v 40 . 048 2000 " " 30,000 I I 6. 0 x 10

16C 40 . 030 1000 " " 30,000 I I 3. 0 x 10

11C 31 none 1000 " " 30,000 I I 8 . 8  x 10
&1000 " " 58,000 I I

9E 26 none 2000 " " 58,000 I I 6 . 0  x 10

A l l  t h e c r a c k s  were i n t e r g r a n u l a r  and a l l were found a t  t h e

l a s t  en g a g ed  th r e a d  on t h e  nu t  end o f  th e  spec im ens .  I t  c a n  be 

seen  f rom  th e  above d a t a ,  t h a t  the  d ep th  o f  c r a c k i n g  i s  r o u g h ly  

p r o p o r t i o n a l  to  the t im e m u l t i p l i e d  by t h e  s t r e s s ,  a t  the  Rock

w e l l  "C" h a r d n e s s  l e v e l .

T y p i c a l  c i r c u m f e r e n t i a l  c r a c k in g  s i m i l a r  t o  t h a t  o b s e rv e d  in  

the  r e a c t o r  v e s s e l  s t u d s  i s  shown in F ig .  4.
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Figure 4. In te rg ran u la r  C lacking in  Thread of Laboratory Specim ens 16E 
After 1000 Hr at 30000 p s i  and 1000 Hr at 5 8 ,0 0 0  p s i .  
R ockw ell Hardness C -40
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8 0  DISCUSSION OF RESULTS

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  r e v e a l e d  t h a t  f a i l u r e  o f  the  
tw o  SM-1 r e a c t o r  v e s s e l  s tu d s  was c a u s e d  by s t r e s s  c o r r o s i o n  c r a c k 
i n g  In  a d d i t i o n ,  t h e  c r a c k s  found i n  12 o f  the  14 r e m a in in g  s tu d s  
removed from the  r e a c t o r  v e s s e l  were a t t r i b u t e d  to  s t r e s s  c o r r o 

s i o n  c r a c k in g .

The e f f e c t  o f  h a r d n e s s  on the  s t r e s s  c o r r o s i o n  c r a c k i n g  s u s c e p t 
i b i l i t y  o f  the  s u b j e c t  s tu d s  i s  c l e a r l y  d em o n s t ra ted  i n  T ab le  2 

( R e s u l t s  o f  the  M agne t ic  P a r t i c l e  I n s p e c t i o n ) .  Note t h a t  a l l  
s t u d s  having  a h a r d n e e s  v/alue o f  26 o r  h ig h e r  were c r a c k e d  to  some 
e x t e n t .  The two s t u d s  (A and B) h a v i n g  the  h i g h e s t  h a r d n e s s  v a lu e s  had 

f r a c t u r e d  S tuds  0 and 1, which had th e  lowest h a r d n e s s  v a l u e s ,  
d i d  no t  c o n t a in  c r a c k s .  The r e l a t i o n s h i p  between h a r d n e s s  and the 
o c c u r r e n c e  o f  c r a c k i n g  found f o r  th e  SM-1 s tu d s  i n d i c a t e s  t h a t ,  fo r  
t h i s  a p p l i c a t i o n ,  Type 410 s t a i n l e s s  s t e e l  i s  s u s c e p t i b l e  to  s t r e s s  
c o r r o s i o n  c r a c k in g  a t  h a rd n es s  v a l u e s  o f  Rockwell "C" 26 (260 B. H N ) ,  
and  h ig h e r  On th e  o t h e r  hand, Type 410 s t a i n l e s s  s t e e l  s tu d s  
h a v i n g  h a rd n es s  v a l u e s  o f  Ro .kw ell  "C" 21 (235 B.H. N.) sh o u ld  he 
e x p e c t e d  to  p e r fo rm  s a t i s f a c t o r i l y

The wide v a r i a t i o n  in  h a rd n es s  v a l u e s  found in  th e  SM-1 scuds 
i n d i c a t e d  improper  c o n t r o l  o f  the  h e a t  t r e a tm e n t  o p e r a t i o n .  The 
a t t a i i u n e n t  o f  a s p e c i f i c  h a rd n es s  i s  a d m i t t e d l y  d i f f i c u l t  to  
a c h i e v e  i:i Type 410 s t a i n l e s s  s t e e l  due to  the  f a c t  t h a t ,  in  temp

e r i n g ,  small d i f f e r e n c e s  in  t e m p e r a t u r e  produce l a r g e  ch an g es  in 
h a r d n e s s  An a p p l i  a t  ion  c f  the  Ho 1 lo m a n -J a f f e  P a r a m e te r  to  the 

t e m p e r in g  of  Type 410 s t a i n l e s s  s t e e l  h a s  been d e v e l o p e d ,  which( 
may be u s e f u l  f o r  c h o o s in g  a s u i t a b l e  t i m e - t e m p e r a tu r e  c y c l e  for  
o b t a i n i n g  a r e q u i r e d  h a r d n e s s  R e fe r e n c e  to t h i s  t e m p e r in g

c h a r t  i n d i c a t e s  t h a t  Type 410 s t a i n l e s s  s t e e l  shou ld  be  tempered
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T

f o r  3 h r  a t  1200°F to  o b t a i n  a h a rd n e s s  o f  Rcokwell "C" 22.  The
«

t e m p e r in g  tem p e ra tu re  f o r  th e  SM-1 r e a c t o r  s tu d s  were r e p o r t e d l y  
1000°F ,

An i n v e s t i g a t i o n  i n t o  the  e f f e c t  o f  tem p er in g  t e m p e r a t u r e s  on
the  s t r e s s  c o r r o s i o n  c r a c k i n g  o f  m a r t e n s i t i c  s t a i n l e s s  s t e e l  was con-

( 2 )d u c te d  by L i l l y s  and N ehrenbe rg  T h e i r  r e s u l t s  showed t h a t ,  in  an

a tm o sp h e re  o f  57. NaCl, Type 410 s t a i n l e s s  s t e e l  was s u s c e p t i b l e  
to  s t r e s s  c o r r o s i o n  c r a c k i n g  when te m p e red  in  the  range  o f  800 to  

1000°F. Specimens w h ich  had been tem p ered  a t  900°F were found  to  be 
most s u s c e p t i b l e .

T h ese  f i n d in g s  were s u b s t a n t i a t e d  by H Suss in  an i n v e s t i g a t i o n
lo  d e t e r m i n e  the  s u s c e p t i b i l i t y  o f  Type 410 s t a i n l e s s  s t e e l  to  s t r e s s

(3)c o r r o s i o n  c r a c k in g  in  h i g h  t e m p e r a tu r e ,  h i g h  p u r i t y  w a te r  The

r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  r e v e a l e d  t h a t  te m p e ra tu re  above  1050°F 
te n d e d  to  p ro v id e  sp ec im en s  o f  Type 410 w i t h  immunity t o  s t r e s s  c o r 
r o s i o n  c r a c k i n g  T h is  immunity was a t t r i b u t e d  to  changes  i n  m e t a l l -  *
u r g i c a l  s t r u c t u r e ,  r e l i e f  o f  r e s i d u a l  s t r e s s e s ,  and th e  n a t u r e  o f  p i t  
f o r m a t i o n  ( i n n e a s e  in  p i t  r a d i i  w i th  i n c r e a s i n g  t e m p e r in g  tem p er 
a t u r e )  .

The c r a c k in g  found i n  the  SM-1 s t u d s  was i d e n t i f i e d  a s  s t r e s s  
c o r r o s i o n  c r a c k s  a f t e r  m e t a l l o g r a p h i c  e x a m in a t io n  o f  th e  f a i l e d  

a r e a s  The i n t e r g r a n u l a r  p a th  and th e  d i s c o n t i n u o u s  n a t u r e  o f  the  
crack. p r o p a g a t i o n  were t y p i c a l  o f  s t r e s s  c o r r o s i o n  c r a c k i n g  in  

m a r t e n s i t i c  s t a i n l e s s  s t e e l s .

The term " s t r e s s  c o r r o s i o n  c r a c k i n g "  r e f e r s  to  the  s p o n ta n e o u s ,  
b r i t t l e  c r a c k i n g  t h a t  may r e s u l t  from t h e  combined e f f e c t s  o f  s t r e s s  

c o r r o s i o n .  S u rface  o r  s u b - s u r f a c e  t e n s i l e  s t r e s s e s ,  r e s i d u a l  o r  app
l i e d ,  a r e  r e q u i r e d  f o r  c r a c k i n g  to  o c c u r .  In  g e n e r a l ,  s t r e s s  c o r r o 

s io n  c r a c k i n g  w i l l  p r o c e e d  t r a n s v e r s e  t o  t h e  r e s u l t a n t  t e n s i l e  
s t r e s s e s  a c t i n g  on th e  m a t e r i a l .  In  t h e  c a s e  o f  SM-1 s t u d s ,  a com
p le x  s y s t e m  r e s u l t e d  f rom  th e  a p p l i e d  b o l t i n g  s t r e s s ,  t h e r m a l
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stresses, residual grinding stresses, and heat treating stresses 
not entirely relieved by tempering In addition, the stress com
ponents resulting from torsion or the multi-axial stresses in the 
root areas of the threads further complicate the stress pattern and, 
in turn, the expected crack pattern Such, then is the complexity 
of the stress distribution in the threaded areas of the studs that, 
while only circumferential cracking would be expected , longitudinal 
cracking may have been caused by components of tensile transverse 
to the major applied stress.

With regard to the residual stresses present in the studs, it 
should be noted that no heat treatment for stress relief was con
ducted after the thread grinding operation The stresses developed 
during grinding can be high enough to exceed the tensile strength 
of the material To minimize the possibility of stress corrosion 
cracking therefore, one source of residual stress could be control
led by employing a stress relief heat treatment on the studs aftei 
the grinding operation.

to provide added assurance of trouble-free operation of the SM-1, 
the possibility of removing the oxygen from the shielded tank 
water was considered in detail. It would be possible to design 
and operate a demi.:eralizer system to achieve oxygen concentration 
in the shield tank water as low as 0.1 ppm However, the practical 
attainment of this low oxygen condition would increase consider
ably the difficulty of operating the Ft Belvoir reactor, and
there would be no guarantee that a high oxygen incidence could not

(3)occur. Furthermore, corrosion tests have shown that the 
susceptibility of Type 410 stainless steel to stress corrosion 
cracking may be greater in low-oxygen water (0.5 to 2 ppm) than in
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h ig h -o x y g en  w a te r  (3 0  to  40 ppm). Because  o f  th e s e  f a c t o r s ,  no 

a d d i t i o n a l  e f f o r t  w i l l  be made w i th  r e s p e c t  to  p r o c e s s i n g  the  

s h i e l d  tank  w a te r  beyond  p r e s e n t  s t a n d a r d s .

The r e s u l t s  o f  th e  l a b o r a t o r y  c o r r o s i o n  t e s t s ,  which  were co n 

d u c t e d  on specim ens o f  Type 410 s t a i n l e s s  s t e e l  t a k e n  from the  a c t u a l  

SM-1 s t u d s ,  d e m o n s t r a t e d  how s u s c e p t i b i l i t y  to  s t r e s s  c o r r o s i o n  c r a c k  

i n g  i s  a f f e c t e d  by h a r d e n s s  l e v e l  o f  th e  m a t e r i a l .  Specimens hav in g  

h a r d n e s s e s  o f  Rockwell  MC" 20, 26, 3 1 ,  and 40 were t e s t e d ;  on ly  

Rockwell  "CM 40 s p e c i m e n  were found  to  be c rack ed  a f t e r  2000 h r  o f  

t e s t i n g .  For t h e s e  t e s t s ,  the  h a r d n e s s  proved to  be more c r i t i c a l  

t h a n  the  s t r e s s  l e v e l  o r  the  time o f  t e s t i n g .  T h is  i s  ev id en ced  by 

t h e  f a c t  t h a t  the  Rockwell  "C" 40 spec im en 16C (1000 h r  a t  30,000 p s i  

o r  3 x 107 p s i - h o u r s )  c o n ta in e d  c r a c k s ,  while  the  Rockw ell  "C" 31 

spec im en  11C (1000 h r  a t  30,000 p s i  and 1000 h r  a t  5 8 ,0 0 0  p s i  o r  

8 . 8  x 107 p s i - h o u r s )  d id  no t  c r a c k .

The c o r r o s i o n  t e s t s  se rved  t h e  purpose  o f  d u p l i c a t i n g  the  c rack  

i n g  which o c c u r r e d  i n  the o r i g i n a l  s t u d s  under  co m p arab le  c o n d i t i o n s  

and  env i ro n m en t ,  and  s u b s t a n t i a t i n g  t h a t  the  s u s c e p t i b i  l i t y  to c r a c k 

i n g  i n c r e a s e s  w i th  i n c r e a s e d  h a r d n e s s  in  Type 410 s t a i n l e s s  s t e e l .  

E x te n d in g  the  t e s t i n g  t im e would u n d o u b te d ! ” have i n c r e a s e d  tne  

s e v e r i t y  o f  the  c r a c k i n g  in  the  Rockw el l  "C" 40 s p e c im e n s ,  and i n 
t r o d u c e d  c r a c k s  i n t o  some o f  the sp ec im en s  a t  the  Rockw ell  "C" 31 

h a r d n e s s  l e v e l .  Time and t a s k  f u n d in g  d id  not p e rm i t  th e  e x t e n s io n  

o f  t h e  i n v e s t i g a t i o n  to  d e te rm in e  t h e  t h r e s h o l d  o f  c r a c k i n g  as a 

f u n c t i o n  o f  h a r d n e s s  l e v e l .  However, r e s u l t s  i n d i c a t e d  t h a t  the 

s u s c e p t i b i l i t y  o f  t h e  Rockwell "C" 40 m a t e r i a l  i s  a t  l e a s t  t h r e e  

t i m e s  t h a t  o f  th e  "C" 31 m a t e r i a l ,  s i n c e  the former  showed c r a c k in g  

a t  3 .0  x 107 p s i - h o u r s ,  whereas th e  "C" 31 m a t e r i a l  was untouched 

a f t e r  8 .8  x 107 p s i - h o u r s .  I t  i s  a l s o  p ro b ab le  t h a t  c r a c k i n g  was 

i n i t i a t e d  in  th e  two f a i l e d  r e a c t o r  v e s s e l  s tu d s  i n  t h e  f i r s t  1000 

h r  o p e r a t i o n  a t  f u l l  p r e s s u r e  ( 2 . 7  x 10? p s i - h o u r s ) .

V
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I n  a d d i t i o n  to  e v a l u a t i n g  the  v a r i a b l e s  (h a rd n e s s  and s t r e s s  
l e v e l )  f c r  which i t  was d e s ig n e d ,  th e  c o r r o s i o n  t e s t  u se d  i n  t h i s  
i n v e s t i g a t i o n  would be a p p l i c a b l e  f o r  e v a l u a t i n g  the  r e l a t i v e  

s u s c e p t i b i l i t i e s  o f  v a r i o u s  a l l o y s  to  s t r e s s  c o r r o s i o n  c r a c k i n g  
f o r  u s e  as  b o l t i n g  m a t e r i a l  in  a r e a c t o r  v e s s e l  e n v i ro n m e n t .
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9 . 0  CONCLUSIONS

1. F a i l u r e  o f  th e  two Type 410 s t a i n l e s s  s t e e l  r e a c t o r  v e s s e l  
s t u d s  was caused  by s t r e s s  c o r r o s i o n  c r a c k i n g .

2. The c r a c k s  found i n  12 o f  t h e  14 rem a in in g  s t u d s  removed
from t h e  r e a c t o r  v e s s e l  were  caused  by s t r e s s  c o r r o s i o n  c r a c k 
ing .

3. For t h i s  a p p l i c a t i o n ,  Type 410 s t a i n l e s s  s t e e l  i s  s u s c e p t i b l e  
to  s t r e s s  c o r r o s i o n  c r a c k i n g  a t  h a rd n e s s  v a l u e s  o f  Rockwell  
"C" 26 (2 6 0  B.H.N. ) and h i g h e r .  S tuds  h a v i n g  h a rd n es s  v a l u e s  
o f  Rockw el l  "C" 21 (235 B .H .N . ) shou ld  be e x p e c t e d  to  p e r f c  n 

s a t i s f a c  t o r i l y .

4. Im proper  c o n t r o l  o f  the  h e a t  t r e a tm e n t  o f  t h e  s tu d s  and th e  
absence  o f  s t r e s s  r e l i e f  t r e a t m e n t  a f t e r  t h e  t h r e a d  g r i n d i n g  
o p e r a t i o n  were c o n t r i b u t i n g  f a c t o r s  to  t h e  f a i l u r e  o f  the  SM-1 

s tu d s .

10. RECOMMENDATIONS

1. To m in im iz e  the  p o s s i b i l i t y  o f  s t r e s s  c o r r o s i o n  c r a c k in g ,  s t u d s  
shou ld  h e  tempered to  a h a r d n e s s  no t  e x c e e d in g  Rockwell "C" 21 

(235 B.H.N. ) .

2. The s t u d s  shou ld  be g iv e n  a s t r e s s  r e l i e f  h e a t  t r e a tm e n t  a f t e r  
the  f i n a l  t h r e a d  g r i n d i n g  o p e r a t i o n
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