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CHARACTERIZATION OF FOUR PRESTRESSED CONCRETE REACTOR 
VESSEL LINER STEELS 

R. KO Nanstad 

ABSTRACT 

The High-Temperature Gas-Cooled Reactor (HTGR) designed by 
General Atomic Company is housed within a prestressed concrete 
reactor vessel (PCRV) . The mult icavity design has various 
thick-section plates and forgings, which serve as structural 
members at various penetrations in the vessel. 

A program of fracture toughness testing and analysis is 
being performed with the PCRV steels to determine the applicabil- 
ity of the reference fracture toughness (KIR) guidelines of 
Appendix G, Section I11 of the ASME BoiZer and Pressure Vessei! 
Code and to establish whether a separate KIR curve and indexing 
procedure should be developed for PCRV pressure boundary steels. 
This report focuses on background information for the base 
materials and results of characterization testing, such as ten- 
sile and impact properties, chemical composition, and 
microstruc tural examination. 

The steels tested were an SA-508 class 1 forging, two 
plates of SA-537 class 1, and one plate of SA-537 class 2, with 
thicknesses of 140, 89, 51, and 64 mm (5.5, 3.5, 2, and 
2.5 in. ) , respectivety. Chemical analyses, hardness tests, and 
metallographic examination verified that all four steels meet 
the appropriate specifications and exhibit expected microstruc- 
tures. Drop-weight tests were performed to determine the nil- 
ductility temperature (NDT) for each steel, and Charpy V-notch 
impact tests were used to determine each reference temperature 
NDT (RTNDT) as described in Appendix G of the ASME code. 
Tensile tests and Cha~py V-notch impact tests were conducted 
over a wide temperature range to characterize the strength, 
deformation, and toughness behavior of the materials. 

Tensile requirements in effect at the time of procurement 
are met by all four steels. However, by current ASME 
procedures, the SA-537 class 2 plate would not meet the minimum 
requirement for yield strength. Drop-weight and Charpy impact 
t e s t s  verified that the RTNDT is equal to the NPT for each 
steel. Charpy impact energies at the NDT range from 40 J 
(30 ft-lb) for one heat of SA-537 class 1 to 100 J (74 ft-lb) 
for the SA-537 class 2 plate; upper-shelf energies range from 
170 to 310 J (125 to 228 ft-lb) for the same two steels, 
respectively. The onset of upper-shelf energy occurred at tem- 
peratures rangiqg from 0 to. 50°C (32 to 122OF). 



1. INTRODUCTION 

The High-Temperature Gas-Cooled Reactor (HTGR) designed by General 

Atomic Company (GA) is  housed within a prestressed concrete reactor vessel  

(PCRV). In the  multicavity design (Fig. 1) the s t e e l  l i n e r  ac t s  a s  a &- 8 , ~ m r n ~  

leak-tight ba r r i e r  t o  the helium coolant and does not serve a s  a primary 

s t r u c t u r a l  member; however, various thick-section pla tes  and forgings 

serve a s  closures at  various penetrations i n  the vessel. These closures 

a r e  s t ruc tu ra l  and Sect. 111, Div* 2 of the ASMF miter and Pressure 

VesseZ codel requires  t ha t  components of the closures meet the toughness 

requirements2 of Sect. 111, Div. 1. Appendix G (Protection Against 

Nonductile Failure) of Div. 1 provides guidelines for  reference f rac ture  

toughness KIR. These guidelines a re  presented i n  the form of a KIR curve 

t h a t  requires indexing procedures using Charpy V-notch impact and drop- ,, weight n i l -duc t i l i ty  temperature (NDT) tes ts .  

" L; , --- &-"&a 
- 8  3 L - L S J ~  - 

CIRCUMFERENTIAL 

PCRV SUPPORT 
!slmmmE -uJ , 8 

, ., 1' 3 - .&=- ' 1" k.' 
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I '  - . I ..- 3 ,  , s-*. ' , r , - q *  >-;q 
Fig. 1. Cutaway View of the Prestressed Concrete Reactor Vessel fo r  

t he  High-Temperature Gas Reactor. Pr int  courtesy of General Atomic 
Company. 



The gu ide l ines  were developed3 wi th  low-alloy s t e e l s ,  SA-533, g rade  

B ,  c l a s s  .l p l a t e s  and SA-508 c l a s s  2 . fo rg ings .  The s t r u c t u r a l  s t e e l s  used 

i n  t he  PCRV a r e  SA-508 c l a s s  1, SA-537 c l a s s e s  1 and 2, SA-182 grade F11, 

and weldments of those  s t e e l s .  Because t he  PCRV steels a r e  s u b s t a n t i a l l y  

d i f f e r e n t  from t h e  l ight-water  r e a c t o r  (LWR) steels, t h e  a p p l i c a b i l i t y  of 

t h e  c u r r e n t  Appendix G gu ide l ines  t o  those  s t e e l s  is being reassessed.  A 

program of f r a c t u r e  toughness t e s t i n g  and a n a l y s i s  is  being performed wi th  

t h e  PCRV s t e e l s  t o  determine the  a p p l i c a b i l i t y  of t he  Appendix G guide- 

l i n e s  and t o  e s t a b l i s h  whether a s e p a r a t e  K I R  curve and/or indexing proce- 

du re  should be  developed f o r  PCKV p re s su re  boundary s t e e l s .  

The f r a c t u r e  roughness s tudy i s  preceded by a  program of m a t e r i a l  
. . 

c h a r a c t e r i z a t i o n  t e s t i n g ,  which involves  de te rmina t ion  of t e n s i l e  and 

impact p r o p e r t i e s ,  chemical composition, and micros t ruc ture .  This  r e p o r t  

focuses  on . t he  background information f o r  t he  base m a t e r i a l s  and the  , 

r e s u l t s  of t he  c h a r a c t e r i z a t i o n  t e s t i n g .  

2.1 Specimen Removal 

Tens i l e  specimens were obtained from t h e  m a t e r i a l s  with two 

o r i e n t a t i o n s :  t r a n s v e r s e  and l o n g i t u d i n a l  t o  t h e  major working d i r e c t i o n .  

For the  Charpy. impact specimens-from p l a t e  m a t e r i a l s , '  t he  o r i e n t a t i o n  con- 

ven t ion  of ASTM E399 was used.4 For example, a  TL o r i e n t a t i o n  i n d i c a t e s  a  

specimen wi th  i ts major a x i s  t r a n s v e r s e  t o  t he  r o l l i n g  d i r e c t i o n  and t h e  

no tch  , o r i en t ed  i n  t he  l o n g i t u d i n a l  d i r e c t i o n .  ,For  r i n g  forging '  F1, t h e  

major working d i r e c t i o n  was c i r cumfe ren t i a l .  The t r a n s v e r s e  d i r e c t i o n  is  

des igna ted  a s  the  axial .  d i r e c t i o n .  Thus, an AC specimen would be o r i e n t e d  

' a x i a l l y  i n  t he  c y l i n d e r  with t h e  notch o r i e n t e d  i n  t h e  c i r c u m f e r e n t i a l  

d i r e c t i o n .  Drop-weight NDT specimens were removed w i t h . t h e  TL o r i e n t a t i o n  

i n  t h e  p l a t e s  and the  AC o r i e n t a t i o n  i n  t h e  forging.  

Regarding l o c a t i o n s  wi th in  t he  p l a t e  s t e e l s ,  specimens were taken a t  

a  depth equa l  t o  a t  l e a s t  one-fourth the th ickness  from a  r o l l e d  s u r f a c e  

(des igna ted  114 t, where .t is nominal th ickness ) .  In  fo rg ing  F1, a  

178-mm-wide (7-in. ) r i n g  was removed from one end of ' t he  c y l i n d e r  



fo l lowing  h e a t  t reatment .  Paragraphs NB-2223.2 (Forging wi th  Thicknesses 

Exceeding Two Inches)  and NB-2223.3 (Very Thick and Complex Forgings) of 

Sec t .  111, Div. 1 of t h e  ASME code con ta in  d i f f e r e n t  requirements f o r  

o b t a i n i n g  t e s t  specimens from quenched and tempered fo rg ing  ma te r i a l s .  

Paragraph NB-2223.2 r e q u i r e s  t h a t  specimens be a t  least 114 t from any 

s u r f a c e  and a t  l e a s t  1 t from any second s u r f a c e  ( i . e . ,  114 t X t ) ,  while  

paragraph NB-2223.2 r e q u i r e s  removal a t  l e a s t  19 mm (314 in . )  from one 

s u r f a c e  and 38 mm (1.5 in.  ) from a second ( i .  e., 19 X 38 mm). The 178-mm 

r i n g  removed from t h e  forged c y l i n d e r  r e p r e s e n t s  m a t e r i a l  lip t n  1 114 t 

from a quenched end. Because t h e  t e s t i n g  program has  a . g o a l  of 

e s t a b l i s h i n g  r e fe rence  f r a c t u r e  toughness behavior and indexing procedures 

f o r  PCRV l i n e r  s t e e l s ,  forg ing  F1 was examined t o  determine any s i g n i f i -  

c a n t  d i f f e r e n c e s  between t h e  two l o c a t i o n s  mentioned above. For t h e  bulk 

o f  t h e  c h a r a c t e r i z a t i o n  t e s t i n g ,  forg ing ' spec imens  were removed a s ' c l o s e  

t o  t h e  114 t X t l o c a t i o n s  a s  poss ib le .  Chemical, ,meta l lographic ,  and 

hardness  t e s t s  were conducted wi th  specimens from t h e  114 t X t loca t ions .  

2.2 N i l -Duc t i l i t y  Temperature Tes t s  

The drop-weight NDT was determined f o r  t h e  four  PCRV s t e e l s . a c c o r d i n g  

t o  t h e  procedures5 of ASTM Standard E 208. Specimen P3, shown i n  Fig. 2, 

was used f o r  a l l  t e s t s .  Specimens were cooled by immersion i n  a ba th  of 

i sopentane  and dry  ice .  The NDT i s  t h e  h ighes t  temperature ( t e s t s  con- 

duc ted  i n  increments  of 10°F) a t  which a break occurs  a s  def ined  by E-208. 

Following impact,  some unbroken specimens were infused  wi th  dye and broken 

a t  l i q u i d  n i t r o g e n  temperature (-1 96°C) t o  examine t h e  f r a c t u r e  su r f  ace  

formed during the  NDT t e s t .  

The r e fe rence  temperature NDT (RTNDT) was determined according t o  

Scc t .  III,,  Div. I ,  Appendix G of the ASbiE code.2 T ~ L ~ L  Is, I1 the m a t e r i a l  

e x h i b i t s  a t  l e a s t  68 J energy abso rp t ion  and 0.89 rnm l a t e r a l  expansion 

(50  f t - l b  and 0.035 in .  a r e  s t a t e d  u n i t s  i n  Appendix G) i n  a Charpy 

V n o t c h  t e s t  a t  a temperature 33°C (60°F) h igher  than  t h e  NDT, t h e  

RTNDT i s  equal  t o  t h e  NDT. If t h e  Charpy requirements a r e  not  met a t  t he  

temperature,  t e s t s  a r e  conducted a t  i nc reas ing  temperature increments of 

5.5"C (10°F) u n t i l  t h e  energy and l a t e r a l  expansion minimums a r e  m e t .  The 



.r WELD BEAD (HARDEX N )  

Fig. 2. Drop-Weight Ni l -Duct i l i ty  Temperature Specimen (P3) 
Configurat ion.  

I 

RTNDT is  then determined by s u b t r a c t i n g  33OC (60°F) from the t e s t  tem- 

p e r a t u r e  a t  which the impact requirements a r e  s a t i s f i e d .  Although t h e  

RTNDT was determined using the  e x i s t i n g  procedures,  i t  should be noted 

t h a t  one of the goals  of the o v e r a l l  l i n e r  t e s t i n g  program is  t o  examine 

t h e  p o s s i b i l i t y  of a rev ised  RTNDT . indexing procedure f o r  PCRV l i n e r  

s t e e l s .  However, s p e c i f i c  examinat ion  and a n a l y s i s  of the indexing proce-. 

dure  w i l l  not  be performed u n t i l  a l l  phases of the t e s t i n g  program a r e  

completed. 

It 
.ALL DIMENSION IN INCHES 

( 4  in: 25.4mm). 

2 . 3  Tens i l e .  Tes t ing  

Tens i l e  t e s t i n g  w a s  performed over a wide temperature range i n  accor- 

dance with ASTM Procedure E8 t o  c h a r a c t e r i z e  the  m a t e r i a l  t e n s i l e  proper- 

t i e s  and t o  provide s t r e n g t h  d a t a  f o r  use i n  performing f r a c t u r e  toughness 

eva lua t ions .  6 P rope r t i e s  measured inc lude  y i e l d  s t r e n g t h  (0 .2% off s e t  o r  

upper and lower when appropr i a t e ) ,  u l t ima te  s t r e n g t h ,  f r a c t u r e  s t r e n g t h ,  
I I 

l u d e r s ,  uniform and t o t a l  e longat ions ,  and reduct ion  i n  area. The 



t e n s i l e  specimen is shown in Fig. 3. The l eng th - tod iame te r  (LID) r a t i o  

. is  7, and t o t a l  e longa t ion  r e s u l t s  a r e  co r r ec t ed  t o  compare wi th  an 

LID r a t i o  of 4. T e s t s  were conducted a t  a crosshead speed of 0.51 mm/min 

(0.02 in./min), and records  of load  vs t ime were obtained.' Test  tem- 

. p e r a t u r e s  above ambient were obtained by immersing the  specimen i n  h e a t e d .  

o i l .  Temperatures below ambient were obtained by, cool ing specimens i n  

i sopen tane  w i t h  dry i c e  o r  l i q u i d  n i t r i g o e n  o r  by l i q u i d  n i t rogen  a lone  

f o r  t e s t s  a t  -196OC. 

ORNL-DWG 80-40833 

-1.250 - - 0.625- 
1 I 

1 0.394 

0- 0 x 8  
0.478 + 0.000 

ALL DIMENSIONS IN 
INCHES ( 4  in.: 26.4 mm) 

Fig. 3. Tensile S p e c l m e n  (LID = 7)  Configuration. 

. . 
2..4 Charpy V-Notch Impact Tes t ing  

Charpy V-notch impact t e s t s  were conducted over a wide temperature 

range7 and i n  accordance wi th  ASTM Procedure E 23. The Charpy specimen 

d e s i g n  is shown i n  Fig. 4. A Dynatup instrumented tup  and a s soc i a t ed  

e l e c t r o n i c s  were used td  o b t a i n  force-time records  of the. t e s t  on a. high- 

speed Nicole t  ' d i g i t a l  o s c i l l o s c o ~ e .  A pendulum-type impact machine was 

used, and a11 t e s t s  were conducted wi th  an  impact energy of 325 J 

(240-f t - lb)  and an impact v e l o c i t y  of 5.2 m / s  (17  fps) .  All force-time 

t r a c e s  were kep t  a s  permanent records  and used t o  a s s i s t  i n .  f r a c t u r e  anal- 

y s e s  when necessary.  Dial energy w a s  recorded f o r  each test and is t h e  

v a l u e  repor ted  a s  specimen absorbed energy. 



ORN L- DWG 80-1 0832 

NOTCH IS MADE WITH 
A HARDENED BROACH 
ALL DIMENSIONS IN 
INCHES ( I  in.= 25.4mrn) 

Fig. 4. Charpy V-Notch Impact Specimen Configuration. 

The instrumented impact system is shown i n  Fig. 5. The semiautomatic 

specimen t ransfer  device includes a temperature control chamber where spec- 

imens are  heated by e l e c t r i c a l  resistance and cooled with nitrogen gas. 

Tests with thermocouples welded t o  the surf ace and buried i n  the i n t e r io r  

of a Charpy specimen have demonstrated that  the i n t e r io r  of the specimen 

comes to  equilibrium with the surface i n  a matter of seconds. This is 

t rue  fo r  both heating and cooling si tuations.  The advantages of the 

t ransfer  device over the more common nmnuerl method of a bath, furnace, and 

centering tongs are  (1) tes t ing is perfarmed very consistently with 

respect t o  handling and time (impact i n  2 t o  2.5 s following extract ion 

from the temperature chamber) and (2) the specimen is not covered with 

l iquid,  allowing for  good contact of the specimen and anvil. 

In addit ion to  absorbed energy, the l a t e r a l  expansion was measured 

with a d i a l  gage device, and the f rac ture  appearance (percent shear) was 

estimated using the visual procedure described i n  ASTM E 23. A drop-in- 

load (AP) measurement is obtained from the force-time t race on the 

oscilloscope. A rapid, unstable f rac ture  event is recorded by the 



Fig. 5. Instrumented Impact Tester. Center photograph shows the 
entire system: impact tester, temperature-measuring equipment, electronic 
equipment including computer, for measuring and recording load-t h e  
behavior. Upper right photograph i s  closeup view of strain-gaged tup. 
Lower l e f t  corner is view of automated Charpy specimen cooling (and 
heating ) and loading apparatus. 



ins t rumenta t ion  and is represen ted  on the  o s c i l l o s c o p e  t r a c e  a s  a '  r ap id  

dec rease  i n  load. The drop i n  load was measured a s  a percentage '  of maxi- 

mum load. ~ e f e r e n c e  8 , . d i s cus se s  the  procedure i n  d e t a i l  and 'provides ev i -  

'dence of a correspondence betkieen zero AP.  and .loo% shea r  ( re£.  . 8  used 

a c t u a l  load t o  measure AP, whereas t h e  percent  drop-in-load method .was . . 
I , 

,used'  i n  t h i s  program)': . I I . I  
I I 

' The mot iva t ion  f o r  deve'lopidg the  p+dSedure descr ibed  i n  r e f .  8 was '  

t h e  d e s i r e  t o  provide a method t h a t  could be used t o  determine the  onse t  

of  the  upper she l f  when a l i m i t e d  number of specimens a r e  a v a i l a b l e  ( a s  is 

o f t e n  t he  case  i n  i r r a d i a t i o n  e f f e c t s  and s u r v e i l l a n c e  programs). It w i l l  

be  seen i n  t h i s  s tudy t h a t  some m a t e r i a l s  e x h i b i t  a s i g n i f i c a n t  capac i ty  

f o r  energy absorp t ion  a t  temperatures  h igher  than t h a t  a t  which 100% shear  

( ze ro  AP) occurs.  ~ e b e r t h e l e s s ,  f u r t h e r  s t u d i e s  wi th  t h e  AP parameter may 
, 1 1 1  

show i t  t o  be a ' u s e f u l  benchmaIrk for l3duct i le  f r a c t u r e  behavior  (analogous 
I I .  

t o  the  NDT f o r  b r i t t l e  behavior an& the  50% shedr  t r a n s i t i o n  temperature).  
I .  

The paiameteC may be e s p e c i a l l y  u s e f u l  f o r  t es t s '  wi th  weld metal specimens 

because 'of the occas iona l  d i f f i c u l t i e s  i n  i n t e r p r e t i n g  the  f r a c t u r e  sur -  

f a c e  wi th  regard t o  pe rcen t .  shea r  f r a c t u r e .  

I 3. MATERIAL DESCRIPTION 

3.1 General 
I 

The base m a t e r i a l s  s t ud i ed  a r e  shown i n  Table 1. Forging F1 was 

g iven  a s imulated postweld hea t  t rea tment  (SPWHT') a t  ORNL, whi l e  t he  t h r e e  

p l a t e  m a t e r i a l s  were received i n  t he  SPWHT condi t ion.  Manufacturing and 

h e a t  t reatment  d e t a i l s  a r e  presented i n  Appendix A. The p l a t e s  were 

formed t o  s t r a i n s  corresponding t o  those t h a t  would be used i n  product ion 

of a c t u a l  PCRV components (Table 1.). 

3.2  Chemical Composition 

The Chemical compositions and s p e c i f i c a t i o n s  f o r  each m a t e r i a l  a r e  

shown i n  Table 2. The m a t e r i a l s  a r e  gene ra l l y  s i m i l a r  i n  composition and 



Table 1. Description of Materials 

Producer Pr.:ducerls 
Heat  

S p e c i f i c a t i o n  Thickness Heat Treatment 
(mm) (in.) 

Form 

Japan S t e e l  Uorks 49C 510-1-1-3 SA-508 c l a s s  1 ( F l )  140 5.5 W Q  + T + SPWHT Ring forg ing  
Cas? 1332-6 

8407 ~ r n c o  S t e e l  472 39 S4-537 c l a s s  1 ( P l )  89 3.5 N + SPWHT P l a t e ,  formed t o  
3.95% s t r a i n  

6885 Lu'kens S t e e l  RO 373 SA-537 c l a s s  1 (P2) 51 ' 2 N + SPWHT P l a t e ,  formed t o  C 

a s =  1557-1 1.95% s t r a i n  o 

9098 Lukens S t e e l  RO '307 SA-537 c l a s s  2 (P4) 64 2.5 W Q  + T + SPWHT P l a t e ,  formed t o  
Casz 155;-1 1.56% s t r a i n  

a p i t t s b u r g h  Des Moines. 

%Q - water  quenched, T -, tempered, N - n ~ z m a l i z e d ,  SPWHT - simulated ?ostweld' hea t  t reatment .  



Table 2. Chemical Compositions 

,  omp position, wt X 
Heat Specification Source 

C Mn P S Si Ni Cr Mo Cu A 1  Co V 

F1 , SA-508.class 1 Specification 0.30 0..3&1.39 0.025 0.025 0.130.37 0.43 .0 .30  0.15 0.07 
Case 1332-6 Mi11 0.16 1.27 0.008 0.009 .0.27 0.37 <0.01 

ORNL 0.17 1.2.7 0.006 0.006 0.30 0 . 4 0 , 0 . 0 5  0.12 0.05 0 . 0 2 5 .  0.005 0.001 

P1 SA-537 class 1 Specificatfon 0.24 0.95-1.65 0.035 0.040 0.130.55 0.25 0.25 0.08 0.35. 
Mill 0.20 1.35 0.010 0.008 .0.39 0.15 0.22 0.07 0.12 . . 

0 RNL 0.208 1.45 0.009 0.006 ' 0.23 0.16 0.21 0.08 0.06 0.017 0.012 <0.001 I-- 
U '  

P Z  S A - 5 3 7 c l a s s  1 specification 0.24 0.95-1.65 0.035 0.040 0.130.55 0.25 0.25 0.08 0.35 
Case 1557-1 Mill 0.20 1.45 0.007 0.008 0.22 0.24 0.07 0.08 0.23 

0 RNL 0.216 1.56 0.007 0.006 0.16 . 0 . 2 5 .  0.06 0.08 0.10 0.018. 0.017 <0.001 

P4 SA-537 class 2 Specification 0.24 0.9S1.65 0.035 0.040 0.1'34.55 0.25 0.25 0.08 0.35 
Case 1557-1 Mill 0.24 1.50 0 i 009  0.001 0.26 0.25 0 . 1 2 . 0 . 0 5  0.15 

ORNL 0.217 1.58 0.009 0.001 0.27 0.25 0.10 0.05 0.07 0.015 '0.0.17 <0.001 

aComposition spe-ifications shown are for check analyses. Single values for'specif ications are maximums. 



i n  conformance wi th  a p p r o p r i a t e  s p e c i f i c a t i o n s .  The fo rg ing  is  somewhat 

lower i n  carbon and manganese but  h ighe r  i n  n i c k e l  than  t h e  t h r e e  p l a t e  

m a t e r i a l s .  However, a l l  h e a t s  a r e  w i t h i n  t h e  g e n e r a l  c l a s s i f i c a t . i o n  of 

carbon  s t ee . l s ,  and s u b s t a n t i a l  p roper ty  d i f f e r e n c e s  w i l l  be t h e  r e s u l t  of 

v a r i a t i o n s  ' i n  - t h i cknes s ,  p rocess ing ,  and hea t  tyeatment . Addit ional ly ' ,  . 
I ,  

a l l  f o u r  m a t e r i a l s  are q u i t e  low i n  b o t h ' s u l f u r  and phosphorus, which w i l l  
I 

s i g n i f i c a n t l y  a i d  i n  improving toughness.  

3 . 3  Metal lography and Hardness 

Meta l lographic  samples were prepared from broken t e s t  specimens and 

a r e  r e p r e s e n t a t i v e  of t h e  mic ros t ruc tu re s  a t  t h e  114 t l o c a t i o n s  of a l l  

f o u r  m a t e r i a l s .  F igure  6 shows t h e  quenched and tempered SA-508 c l a s s  1 

( F l )  f o r g i n g  mic ros t ruc tu re .  The f i n e  g r a i n s  (ASTM No. 7 t o  8) .  a r e  

i n t e r s p e r s e d  wi th  l a r g e r  patches of f e r r i t e  and p e a r l i t e .  Figure 7 shows 

t h e  banded f e r r i t e - p e a r l i t e  mic ros t ruc tu re  of t h e  normalized SA-537 c l a s s  . 

1 p l a t e  ( P l ) .  The g r a i n  s i z e  of t h i s  m a t e r i a l  is ASTM No. 6. The second 

h e a t  (P2) of SA-537 c l a s s  1 ( e l e c t r b s l a g  remelt  process)  i s  shown i n  

Fig. 8.  This  m a t e r i a l  a l s o  e x h i b i t s  a banded s t r u c t u r e  hu t  t h e  g r a i n  s i z e  

(ASTM No. 7 )  i s  s l i g h t l y  sma l l e r  than t h a t  of t h e  o t h e r  normalized s t e e l ,  

P1.  P l a t e  P4, a quenched and tempered s t e e l  (SA-531 c l a s s  2), is  shown i n  

Fig. 9. There is  only s l i g h t  evidence of banding i n  t h i s  mic ros t ruc tu re ,  

and t h e  g r a i n  s i z e  (ASTM No. 7 t o  8) i s  somewhat sma l l e r  than  t h a t  of t h e  

normalized p l a t e s .  

Forging F1 was examined through t h e  c r o s s  s e c t i o n  t o  determine t h e  

ha rdnes s  g r a d i e n t s  a s  a f u n c t i o n  of d i s t a n c e  from t h e  quenched su r f aces .  

Rockwell B hardness  read ings  were taken a t  i n t e r v a l s  of 12.7 mrn ( 0 . 5  in .  ) 

on a s e c t i o n  of t h e  fo rg ing  be fo re  t h e  SPWHT and on ano the r  s e c t i o n  a f t e r  

t h e  SPWH'I'. Figuct! 10  sl~ows a p l o t  01 i sohardness  l i n e s  b e f o r e  the SPWHT, 

w h i l e  Fig. 11 i s  a s i m i l a r  p l o t  fo l lowing  t h e  hea t  t rea tment .  The SPWHT 

appa ren t ly  r e s u l t e d  i n  a hardness  decrease  throughout t he  c r o s s  s e c t i o n  of 

two t o  four  Rockwell B u n i t c .  Thc specimen removal l o c a t i o n s  r e f e r r e d  t o  

i n  Sec t .  2.1 Are represen ted  i n  Fig. 11 and show l i t t l e  d i f f e r e n c e  i n  

ha rdnes s  between t h e  19 X 38 mm l o c a t i o n s  and t h e  114 t X t l o c a t i o n s .  It 
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ORNL-DWG 75-(3715 

OUENCHED SURFACE 

k- -143 mm ( 5  8 in . )  -4 
(THICKNESS) 

Fig.  10. Rockwell B I s o h a r d n e s s  P l o t  f o r  SA-508 Class 1 ( F l )  Forging 
b e f o r e  Simulated Postweld Heat Treatment.  

ORNL- DWG 75-  137f6 

QUENCHED 
SURFACE 
(UUI  EH) 

k- -!43 mm. ( 5 3  in . )  

( THICKNESS) 

(7 in.) 

Fig. 11. Rockwell B I s o h a r d n e s s  P l o t  f o r  SA-508 Class 1 ( F l )  Forging 
a f t e r  Simulated Postweld Heat Treatment.  



should be poin ted  ou t  t h a t  m a t e r i a l  removed from t h e  19 X 38 mrn l o c a t i o n s  

r e s i d e  i n  a r e a s  of s t e e p e r  hardness  g rad ien t s .  ' I t  i s  more l i k e l y  t h a t  

d i f f e r e n c e s  might be experienced throughout t he  forg ing  a t  t h a t  l o c a t i o n  

t h a n  a t  t he  114 t X t loca t ion .  However, t h e  hulk of t h e  c r o s s  s e c t i o n  

between the  114 t l o c a t i o n s  shows very l i t t l e  change i n  hardness  readings. 

Hardness readings  f o r  t h e  p l a t e  m a t e r i a l s  were obtained a t  t h e  114 t 

l o c a t i o n  i n  each p l a t e .  They range from Rg 83 f o r  PI ,  Rg 84 f o r  P2, and 

RB 86.5 f o r  P4, a l l  w i t h i n  the  expected range f o r  t hese  ma te r i a l s .  

4. RESULTS AND DISCUSSION 

4.1 Ni l -Duc t i l i t y  T e m ~ e r a t u r e  Tes t s  

Drop-weight t e s t  r e s u l t s  f o r  a l l  f o u r  PCRV s t e e l s  a r e  presented i n  

Table  3. The NDT i s  g iven  a s  t he  h ighes t  break temperature and t h e  ' m i l l  

t e s t  r e s u l t s  a r e  provided f o r  comparison. It is i n t e r e s t i n g  t h a t  t h e  

SA-508 c l a s s  1 f o r g i n g  has  t he  lowest  NDT (-57°C) s i n c e  i t  i s  t h e  t h i c k e s t  

of t h e  fou r  s t e e l s  t e s t e d .  Both F1 and P4 a r e  quenched and tempered, bu t  

F1 has  lower carbon and h igher  n i c k e l  con ten t s  than P4, both nf  whfch 

would tend t o  lower t h e  NDT. It is  not  s u r p r i s i n g  t h a t  t h e  two quenched 

and tempered s t e e l s  (F1 and P4) have lower NDTs than th-e two normalized 

s t e e l s  (P1 and P2). Of t h e  two normalized SA-537 c l a s s  1 s t e e l s  (P1 and 

P2) ,  t h e  e l e c t r o s l a g  remelted P2 [51 mm (2 i n . )  t h i c k ]  has  a s l i g h t l y  

lower NDT than  P1 [89 mm t h i c k  ( 3  112 in.  ) ]  (-46°C v s  --40°C, 

r e s p e c t i v e l y ) .  There i s  exac t  agreement between the  m i l l  and ORNL r e s u l t s  

f o r  fo rg ing  F1. 

Except f o r  t h e  SA-508 c l a s s  1 ( F l ) ,  m i l l  t e s t s  were conducted only t o  

v e r i f y  t h a t  t h e  NDT of t h e  s p e c i f i c  m a t e r i a l  s a t i s f i e d  t h e  a p p r o p r i a t e  

yurchaoc o p c c i f i c a t i 6 n s .  For exawple, Iur SA-53Y class 1 [Pi), t h e  NUT 

requirement  i s  s p e c i f i e d  a s  -29°C (-20°F) ( f o r  3.5-in.-thick m a t e r i a l  o r  

lower) .  Thus, two t e s t s  were conducted a t  -23°C (-10°F) w i th  "no break" 

r e s u l t s ,  i n d i c a t i n g  an MIT of -29°C (-20°F) o r  below. The t e s t s  performed 

i n  t h i s  s tudy provide  t h e  a c t u a l  va lues  of t h e  NDT f o r  a l l  p l a t e  s t e e l s .  



Table  3. Drop-Weight N i l - D u c t i l i t y  Temperature Tes t  R e s u l t s  

Results at  each Test Temperature in OC (OF) NDT, OC (OF) 
Material 

-72 (-80) -57 (-70) -51 (40) -46 (-50) 4 0  (-40) -34 (-30) -29 (-20) ORKL M i l l a  

SA-508, c l a s s  1 (Fl) Break Break No break No break 
No break 

SA-537 c l a s s  1 (Pl) 

SA-537 c l a s s  1 (P2) 

SA-537 c l a s s  2 (P4) 

Break No break No break 
Break No break 
Break 

Break No break 
No break 

Break No break' No break 
No break 

-57 (-70) -57 (-70) 
-29 (-20) or Below 

-40 (40) 

-34 (-30) or Below 
-46 (-50) 

-34 (-30) or Below 
-51 (40). 

- - 

%ee Appendix A. 



Table 3  r e f l e c t s  t h e  requirement t h a t  t h e  lowest  no-break temperature  

b e  repea ted  f o r  each hea t .  In t h e  c a s e  of PI, t h e  f i r s t  t e s t  a t  --40°C 

( -40°F)  r e s u l t e d  i n  no break and r equ i r ed  a  t e s t  a t  4 6 O C  (-50°F). The 

subsequent  v e r i f i c a t i o n  of no break at  -40°C (-40°F) r e s ~ i l t e d  i n  a break 

and thus  a  t h i r d  t e s t  w a s  conducted a t  t h a t  temperature  followed by two no 

b reak  v e r i f i c a t i o n  tests a t  -34°C (-30°F). 

S e c t i o n  4.3 p r e s e n t s  Cliarpy impact t e s t  r e s u l t s  and shows t h a t  t h e  

R T N ~ ~  i s  equa l  t o  t he  NDT f o r  a l l  f o u r  s t e e l s .  

4.2 T e n s i l e  Tes t  Resu l t s  

The minimunl t e n s i l e  p r . ~ p e r t l e s  r equ i r ed  by t h e  ASMF. '.(;ode, Sect. 11, 

P a r t  A f o r  each  m a t e r i a l  a r e  g iven  i n  Table  4. For SA-537 c l a s s  1, t h e  

minimum requirements  depend on th i cknes s ,  a s  evidenced by t h e  d i f f e r e n c e s  

i n  t h e  t e n s i l e  requirements  f o r  P1 and P2 i n  t h e  t ab l e .  Resu l t s  nf all 

t e n s i l e  t e s t s  a r e  g iven  i n  Appendix B ,  where t h e  t a b l e s  d e s c r i b e  or ien-  

t a t i o n ,  o r i e n t a t i o n ,  l o c a t i o n ,  and t e s t  temperature  f o r  each t e s t  spec i -  

men. Tes t  r e s u l t s  shown a r e  upper ,and  lower y i e l d  s t r e n g t h s ,  u l t i m a t e  

t e n s i l e  s t r e n g t h ,  uniform e longat ion ,  t o t a l  e longa t ion ,  and r educ t ion  i n  

a r e a .  The lower y i e l d  s t r e n g t h s  a r e  p l o t t e d  i n  t h e  f i g u r e s  i n  every 

In s t ance .  The lower y i e l d  s t r e n g t h  gene ra l l y  corresponds t o  t he  0.2% o f f -  

set s t r e n g t h .  

4.2.1 SA-508 Class  1 ( F l )  

P l o t s  of t e n s i l e  p r o p e r t i e s  f o r  SA-508 c l a s s  1  ( F l )  a r e  shown i n  

F igs .  12 t o  19. A s  s t a t e d  i n  Sect .  2.1, t e s t i n g  was performed with sper . i -  

mens from t h e  114 t X t l o c a t i o n  wi th  a  few tests of m a t e r i a l  from t h e  

19 k: 38 m l o c a t i o n  f o r  comparison. .Deta i led  t e s t  r e s u l t s  a r e  given i n  

Tables  B-1 and B-2 of Appendix B. 

The r equ i r ed  t e n s i l e  p r o p e r t i e s  f o r  t h i s  a l l o y  a t  room temperature  

a r e  shown i n  Table  4. F igures  12 t o  15 show t h e  s t r e n g t h  and d u c t i l i t y  

behavior  of F1 wi th  temperature  f o r  114 t X t specimens wi th  t r a n s v e r s e  

and l o n g i t u d i n a l  o r i e n t a t i o n s .  The f i .gures  ( a l s o  see t a b l e s  i n  

Appendix B) show t h a t ,  a l though t h e  fo rg ing  s a t i s f i e s  t h e  t e n s i l e  



Table 4. Minimum Tens i le  ~ e q u i r e m e n t s  

Minimum 
S t r e s s ,  MPa ( k s i )  Minimum Reduction 

Thickness 
S p e c i f i c a t i o n  Elongat ion i n  

( 1  (in*) Minimum Yield T e n s i l e  (%I Area 

(XI 
N 

SA-508 c l a s s  1 ( F l )  140 241 (35) 4 8 2 4 5 5  (70-95) 20 38 r 5.5 
Case 1332-6 

SA-537 c l a s s  1 (PI )  89 5.5 317 (46) 4 4 g 5 8 6  (65-85) 2 2 

SA-537 c l a s s  1 (P2) 51 2 344 (50) 4 8 2 4 2 0  (70-90) 2 2 
Case 1557-1 

SA-537 c l a s s  2 (P4) 64 2.5 413 (60) 551-689 (80-100) 2 2 
Case 1557-1 
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Forging, Longi tud ina l  Or i en t a t i on ,  Quar te r  Thickness Location. 



r e q u i r e m e n t s  a t  room tempera tu re ,  i t s  u l t i m a t e  s t r e n g t h  v a l u e s  of 499 and 

492 MPa (72.3  and 71.4 k s i )  f o r  t h e  t r a n s v e r s e  and l o n g i t u d i n a l  specimens ,  

r e s p e c t i v e l y ,  b a r e l y  meet t h e  482-MPa minimum requ i rement .  A s  expec ted ,  

t h e  s t r e n g t h  of t h e  f o r g i n g  i n c r e a s e d  a t  lower  t e m p e r a t u r e s  and d e c r e a s e d  

somewhat a t  h i g h e r  t empera tu res .  S i m i l a r l y ,  t h e  e l o n g a t i o n  i n c r e a s e d  w i t h  

d e c r e a s i n g  t e s t  t e m p e r a t u r e  t o  -75OC and t h e n  dec reased  a t  lower 

t e m p e r a t u r e s .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  a t  -196°C (-32O0F), t h e  

t r a n s v e r s e  s t r e n g t h s  a r e  twice  t h o s e  a t  room t e m p e r a t u r e  and e l o n g a t i o n  i s  

a b o u t  t h e  same a s  t h a t  a t  room tempera tu re .  A s  w i l l  be shown i n  a  l a t e r  

s e c t i o n ,  t h e s e  improvements i n  t h e  t e n s i l e  p r o p e r t i e s  of smooth b a r  a r e  

n o t  r e p e a t e d  by notched toughness  behav io r ,  a m p l i f y i n g  t h e  need f o r  

t e s t i n g  of no tched  opccimcn3. 

F i g u r e s  16 t o  19 show t h e  same p r o p e r t i e s  f o r  bo th  t r a n s v e r s e  and 

l o n g i t u d i n a l  specimens  from t h e  38 X 19 mm (1 112 X 314 i n . )  l o c a t i o n .  

The number of  a v a i l a b l e  specimens were l i m i t e d ,  but  a  comparison can be 

made w i t h  specimens  from t h e  114 t X t l o c a t i o n .  The c u r v e s  (and t h e  

t a b l e s  i n  Appendix B) show t h e  s t r e n g t h s  of 38 X 19 mm specimens t o  be 

a b o u t  20 MPa (-3 k s i )  h i g h e r  and e l o n g a t i o n  abou t  4% lower  t h a n  t h o s e  f o r  

114 t x t specimens  a t  c ~ r r e s g o n d i n g  t e s t  t empera tu res .  These nhspr- 

v a t i o n s  app ly  t o  b o t h  t r a n s v e r s e  and l o n g i t u d i n a l  o r i e n t a t i o n s .  In 

g e n e r a l ,  f o r  t h e  114 t X t l o c a t i o n ,  t r a n s v e r s e  a n d  1-ongi-tudinal s t r e n g t h s  

a r e  a b o u t  t h e  same, w h i l e  t r a n s v e r s e  e l o n g a t i o n s  a r e  s l i g h t l y  h i g h e r  than  

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

A s  s t a t e d  e a r l i e r ,  t h e  F1 h e a t  does  meet t h e  minimum t e n s i l e  r e q u i r e -  

ments  f o r  SA-508 c l a s s  1 s t e e l .  

4.2.2 SA-537 C l a s s  1  ( P 1  and P2) 

F i g u r e s  20 t o  23 show t h e  tellsilt! p ruperLies  uT SA-537 c l a s s  1  ( P l )  

i n  t h e  t r a n s v e r s e  and l o n g i t u d i n a l  o r i e n t a t i o n s ,  and F igs .  24 t o  27 show 

s i m i l a r  p l o t s  f o r  t h e  o t h e r  h e a t  of SA-537 c l a s s  1  (P2) .  D e t a i l e d  t e s t  

r e s u l t s  a r e  g i v e n  i n  Tab les  B-3 th rough  B-6 of Appendix B. The y i e l d  

s t r e n g t h s  of P1 a r e  somewhat lower  (around 25 MPa) t h a n  t h o s e  f o r  P2 o v e r  

t h e  range  of t e s t  t e m p e r a t u r e s  f o r  bo th  t r a n s v e r s e  and l o n g i t u d i n a l  
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Fig. 16. S t r eng th  vs  Temperature f o r  SA-508 Class  1 ( ~ 1 )  Forging, 
Transverse  Or i en t a t i on ,  38 X 19 mm Location. 
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Fig. 18. S t r eng th  v s  Temperature f o r  SA-508 Class  1  ( F l )  Forging, 
Long i tud ina l  O r i e n t a t i o n ,  38 X 19 mm Location. 
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Fig. 19. T e n s i l e  Deformation vs Temperature f o r  SA-508 Class  1 ( F l )  
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Fig. 20. S t r e n g t h . v s  ~ e r n p e r a t u r e  f o r  SA-537 Class 1  ( P l )  P l a t e ,  
T ransve r se  Or i en t a t i on .  
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Fig. 22. St reng th  vs  Temperature f o r  SA-537 Class  1 ( P l )  P l a t e ,  
Long i tud ina l  Or i en t a t i on .  
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Fig,  24. S teng th  v s  Temperature f o r  SA-537 Class 1 (P2) P l a t e ,  
T rans ve r se  O r i e n t a t  ion.  
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Fig. 26.  Strength vs Temperature for SA-537 Class 1 ( ~ 2 )  Plate,  
Longitudinal Orientation. 
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Fig. 27. Tensile Deformation vs Temperature for SA-537 Class 1 ( ~ 2 )  
Plate ,  Longitudinal Orientation. 
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o r i e n t a t i o n s .  Ult imate  s t r e n g t h  va lues  a r e  approximately . the  same f o r  

t r a n s v e r s e  specimens except  a t  f a i r l y  low temperatures  w i th  P2 u l t i m a t e  

s t r e n g t h s  being somewhat g rea t e r .  Ult imate  s t r e n g t h s  of both s t e e l s  i n  

t h e  l o n g i t u d i n a l  d i r e c t i o n  a r e  s u b s t a n t i a l l y  t h e  same f o r  t h e  e n t i r e  tem- 

p e r a t u r e  range. In genera l ,  t h e  y i e l d  s t r e n g t h s  f o r  t h e  l o n g i t u d i n a l  

o r i e n t a t i o n  a r e  s l i g h t l y  lower than those  f o r  t h e  t r a n s v e r s e  o r i e n t a t i o n  

f o r  both P1 and P2. Ult imate  s t r e n g t h  va lues ,  however, do no t  e x h i b i t  an 

obvious t r end  i n  t h a t  regard. 

T o t a l  e lqnga t ion  and r educ t ion  i n  a r e a  va lues  f o r  P1 and P2 a r e  very 

s i m i l a r  f o r  both o r i e n t a t i o n s .  Furthermore, va lues  of those  measures of 

d u c t i l i t y  f o r  t h e  l o n g i t u d i n a l  specimens a r e  about t h e  same a s  those  f o r  

t h e  t r a n s v e r s e  specimens f o r  both P1 and 'P2. 

A comparison of P1 and P2 t e n s i l e  r e s u l t s ' a t  room temperature  w i th  

Table  , 4  shows t h a t  both s t e e l s  s a t i s f y  . the  minimum. requirements  of 

SA-537 c l a s s  1. 

4.2.3 SA-537 Class  2 (P4) 

T e n s i l e  test  r e s u l t s  f o r  t h e  one hea t  of SA-537 c l a s s  2  s teel  (P4) 

a r e  shown i n  F igs .  28 t o  31, and d e t a i l e d  d a t a  a r e  provided i n  Tables  B-7 

and B-8 of Appendix B. Yield and u l t i m a t e  s t r e n g t h s  a r e ' s u b s t a n t i a l l y  t h e  

same f o r  t r a n s v e r s e  and l o n g i t u d i n a l  o r i e n t a t i o n s  over  t h e  e n t i r e  range of 
. . 

test  temperatures .  The same behavior  is r e f l e c t e d  by t h e  e longa t ion  and 

reduct ion-in-area r e s u l t s .  The primary observa t ions  regard ing  t h e  r e s u l t s  

involve  t h e  y i e l d  s t r e n g t h s  a t  room temperature.  The requirements  f o r  

SA-537 c l a s s  2 a r e  413 MPa (60 k s i )  y i e l d  s t r e n g t h  minimum, 551 t o  689 MPa 

(80  t o  100 k s i )  u l t i m a t e  t e n s i l e  s t r e n g t h s  and 22% minimum e longa t ion  ( s ee  

Table  4). The y i e l d  s t r e n g t h s  of P4 a t  room temperature  a r e  396 MPa 

(57.5 k s i )  f o r  t h e  l o n g i t u d i n a l  specimen and 404 MPa (58.6 k s i )  f o r  t h e  

t r a n s v e r s e  specimen. These va lues  a r e  below t h e  s p e c i f i c a t i o n  requirement 

and c o n f l i c t  wi th  t h e  r e s u l t s  quoted i n  t h e  m i l l  t e s t  r e p o r t ,  summarized 

i n  Appendix A. The m i l l  t e s t  r e p o r t  g ives  y i e l d  s t r e n g t h  va lues  of 505 

and 449 MPa (73.3 and 65.2 k s i )  f o r  t e s t  coupons (12.7 m diam) g iven  an 

SPWHT. These va lues  a r e  wel l  above those  of t h i s  s tudy  and a l s o  above the  
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Fig.  28. S t r e n g t h  v s  ~ e m ~ e r a t u r e  f o r  SA-537 Class 2 ( ~ 4 )  P l a t e ,  
T r a n s v e r s e  O r i e n t a t i o n .  
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Fig. 30. S t r e n g t h  v s  Temperature f o r  SA-537 Class 2 (P4) P l a t e ,  
L o n g i t u d i n a l  . O r i e n t a t i o n .  
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minimum requirement.  As  s t a t e d  i n  ASME s p e c i f i c a t i o n  SA-370, t h e  m i l l  

t e s t  r e s u l t s  from test coupons r ep re sen t ing  the  ' f i n a l  product hea t  t r e a t -  

ment w i l l  be used a s  t h e  acceptance c r i t e r i a  f o r  mechanical p rope r t i e s .  

The u l t i m a t e  s t r e n g t h  va lues  from t h e  m i l l  t e s t s  a r e  a l s o  much h igher  than 

t h o s e  of t h i s  s tudy and meet t he  minimum requirements.  The h igher  

s t r e n g t h  va lues  of t h e  m i l l  r e p o r t s  a r e  accompanied by e longa t ion  va lues  

t h a t  a r e  lower than  those  obtained from specimens t e s t e d  a t  ORNL. A s tudy  

by the  E l e c t r i c  Power Research I n s t i t u t e  (EPRI) lo repo r t ed  t e n s i l e  r e s u l t s  

v e r y  s i m i l a r  t o  those  of t h i s  study f o r  a  d i f f e r e n t  hea t  of SA-537 c l a s s  2  

w i t h  s i m i l a r  composition, f a b r i c a t i o n ,  and hea t  t reatment  ( a s  we l l  a s  t h e  

same th i cknes s )  t o  P4. Those t e s t s  [wi th  12.7-m-diam (0.500-in. ) 

specimens] r e s u l t e d  i n  a y i e l d  s t r e n g t h  of 395 MPa (57.4 k s i )  a t  room tem- 

p e r a t u r e  and thus  show!s imi la r  d i sagreement .wi th  m i l l  t e s t  r e p o r t s  f o r  t h e  

p a r t i c u l a r  h e a t  t e s t ed .  

It should be noted t h a t  mechanical t e s t  procedures must conform t o  

t h e  s p e c i f i c a t i o n s  of SA-370. The 1971 ASME code up t o  and inc luding  the  

Summer 1973 Addenda f o r  SA-370 (code i n  e f f e c t  a t  time of procurement) 

provided va r ious  methods of determining t h e  y i e l d  s t r eng th .  The most com- 

mon method used i s  t h e  0.2% s t r a i n  o f f s e t  procedure,  and SA-370 d e s c r i b e s  

t h a t  procedure. A n o t e  i n  t h e  paragraph on 0.2% o f f s e t  s t a t e s  t h a t  t h e  

l oad  a t  the  0.2% o f f s e t  p o s i t i o n  may be preceded by a  h igher  load (e.g., 

a n  upper and lower y i e l d  behavior)  and t h a t  the h igher  load a t t a i n e d  may 

b e  used t o  c a l c u l a t e  t h e  y i e l d  s t r eng th .  The imp l i ca t i on ,  then, is t h a t  

t h e  "upper y i e l d "  may be used t o  determine m a t e r i a l  y i e l d  s t r eng th .  For 

t h e  r e s u l t s  ob ta ined  i n  t h i s  s tudy ,  t h e  use o f ' u p p e r  y i e l d  d a t a  would g ive  

y i e l d  s t r e n g t h s  of 457 and 451 MPa (66.4 and 65.4 k s i )  f o r  t r a n s v e r s e  and 

l o n g i t u d i n a l  specimens, r e spec t ive ly .  In c o n t r a s t ,  t h e  cu r r en t  ve r s ion  of 

SA-370 does no t  a l low f o r  t he  above i n t e r p r e t a t i o n  when determining y i e l d  

s t r e n g t h  by t h e  0.2% o f f s e t  method. If t h e  procedures  allowed i n  t h e  code 

i n  e f f e c t , a t  t h e  t i m e  of procurement a r e  used, t h e  upper y i e l d  s t r e n g t h  

a g r e e s , f a i l y  w e l l  wi th  t h e  m i l l  t e s t  r e p o r t s  and s a t i s f i e s  t he  r equ i r e -  

ments of Table  2. 



4.3 'charpy V-Notch Impact Tes t  Resu l t s  

The t a b l e s  i n  Appendix C g ive  Charpy V n o t c h  impact t e s t  r e s u l t s  

a long  wi th  o r i e n t a t i o n ,  l o c a t i o n ,  and t e s t  temperature  f o r  each specimen. 

Tes t  r e s u l t s  shown a r e  absorbed energy ( d i a l  energy f r o m  impact machine), 

l a t e r a l  expansion, f r a c t u r e  appearance ( %  shea r ) ,  and drop i n  load  ( P). 

F igure  32 shows t h r e e  force-time t r a c e s  r ep re sen t ing  t e s t  r e s u l t s  a t . t h r e e  

d i f f e r e n t  t e s t  temperatures  w i th  F1 specimens. As t h e  t e s t  temperature  

, i n c r e a s e s ,  t h e  P  decrease$  and t h e  percent  shea r  i nc reases .  Specimens 

w i t h  n o . r a p i d  drop i n  load always e x h i b i t  a  100% shea r  f r a c t u r e .  

4.3.1 SA-508 Class .  1 ( F l )  

The o r i e n t a t i o n s  of fo rg ing  F1 specimens a r e  g iven  a s  AC ( a x i a l  

, o r i e n t a t i o n  w i th  a  c i r c u m f e r e n t i a l  notch) o r  CA ( c i r c u m f e r e n t i a l  o r ien-  

t a t i o n  wi th  an a x i a l  notch) .  Since F1 i s  a  r i n g  r o l l e d  forg ing ,  t h e  cir- 

cumfe ren t i a l  d i r e c t i o n  is  analogous t o  t h e  r o l l i n g  ( l o n g i t u d i n a l )  

d i r e c t i o n  i n  a  p l a t e .  Thus, o r i e n t a t i o n s  AC and CA would correspond t o  

o r i e n t a t i o n s  TL and LT, r e s p e c t i v e l y ,  f o r  p l a t e  samples. Deta i led  test 

r e s u l t s  f o r  F1 are gtven i n  Tahles C-1 and C-2 of Appendix C. 

F igures  33 and 34 a r e  p l o t s  of energy abso rp t ion  vs  temperature  f o r  

AC and CA o r i e n t e d  specimens, r e s p e c t i v e l y ,  from t h e  114 t X t l o c a t i o n ;  

Fig. 35 is  a  combined p l o t  of those  r e s u l t s  f o r  d i r e c t  comparison. The CA 

o r i e n t e d  specimen shows a  more r ap id  i n c r e a s e  i n  energy abso rp t ion  wi th  

temperature ,  bu t  both curves a r e  s i m i l a r  a t  t h e  lower temperatures  and 

t e s t s  a t  -7°C (20°F) a c t u a l l y  stopped t h e  impact hammer from i t s  f u l l  

i npu t  energy of 325 J (240 f t - l b ) .  The upper-shelf l e v e l  of t h e  AC 

o r i e n t a t i o n  i s  a b o u t .  300 J (220 f  t - l b )  , which is '  a l s o  r e p r e s e n t a t i v e  of a  

very  h igh  energy absor'bing capac i ty .  A t  10°C (5O0F), the  macer ia l  

ahsorhed ahor~ t  200 J and exh ib i t ed  100% shea r  ( P = 0). At .  h ighe r  t e s t  

t empera tures ,  t h e  m a t e r i a l  absorbs over 300 J. 
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TOTAL ENERGY= 51J (31.511-lb) 
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%SHEAR = 8 0 %  
TOTAL ENERGY =486J(437ft-Ib) 

Fig. 32. Load-Time Trace Showing Drop i n  Load. ( a )  P r i o r  t o  maxi- 
mum l o a d ;  ( b )  a f t e r  maximum load ;  ( c )  a f t e r  maximum load,  showing drop i n  
l oad  s i m i l a r  t o  t h a t  i n  (b)  but an e a r l i e r  onse t  of a r r e s t  a s  r e f l e c t e d  
by t h e  percent  shear .  



Fig. 33. Charpy Impact Energy v s  Temperature f o r  SA-508 Class  1 ( F l )  
Forging, Axial  O r i e n t a t  ion, ~ u a r t e r  Thickness Location. 
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Fig. 3 4 .  Charpy Impact Energy v s  ~ e m ~ e ' r a t u r e  f o r  SA-508. Class  1 ( F l )  
Forging, C i r cumfe ren t i a l  Or i en t a t i on ,  ~ u a r ' t e r  Thickness Locat ion. 
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Fig. 35. Charpy Impact Energy vs Temperature f o r  SA-508 Class  1 ( F l )  
Forging, Comparison of Axial  and Ci rcumferent ia l  Or i en ta t ions  a t  t he  
Quarter-Thickness Location. 

'One of t h e  more i n t e r e s t i n g  observa t ions  from these  r e s u l t s  i s . t h e  

impact energy r e l a t i v e  t o  t h e  NDT. The RTND~ i s  equal  t o  t he  NDT i f ,  a t  

NDT + 33OC (60°F),  t h r e e  Charpy impact specimens e x h i b i t  a t  l e a s t  68 J 

(50  f t - l b )  energy and 0.89 LUUI (0.35 in . )  l a t e r a l .  e,xpansion. The d a t a  

i n d i c a t e  t h a t  f o r  F1 t h e  requirements  a r e  met much nea re r  t he  NDT. In 

f a c t ,  one AC specimen exceeded those  requirements a t  -73OC (-100°F), which 

i s  l ' l o C  ( 3 0 e E )  below t h e  NDT. A t  NDT + 33OC, t h e '  impact energy is  about 

122 J (90 f t - l b ) .  

A s  d i scussed  i n  Sect. 2.1, t e s t s  were conducted t o  determine any 

s i g n i f i c a n t  d i f f e r e n c e s  between fo rg ing  m a t e r i a l  a t  t h e  114 t X t and the  

38 X 19 mm legations. .F igure  36 provides a comparison of those  t e s t s  f o r  

AC o r i e n t e d  specimens. Within t h e  temperature range of t e s t i n g  common t o  

bo th  cases  (-100 t o  38OC), t he  r e s u l t s  a r e  very  s i m i l a r  cons ider ing  the  

s c a t t e r  of t h e  data .  If any s u b s t a n t i a l  d i f f e r e n c e s  had been obtained,  

t hey  would be manifested by t h e  38 X 19 m l o c a t i o n  curve having a t ran-  

s i t i o n  reg ion  a t  lower temperatures  than t h a t  f o r  t h e  114 t X t m a t e r i a l  

because of t h e  e f f e c t s  of more r a p i d  cool ing  from two quenched sur faces .  

The d a t a  shown i n  Fig. 36 do no t  i n d i c a t e ,  however, any s u b s t a n t i a l  d i f -  

f e r e n c e  i n  Charpy impact behavior. 



ORNL-OWG 80-7644 

TEMPERATURE ( O F )  

TEMPERATURE (OC) 

o o O -  
300 -' 0 

- - 
2 250-  

k5 
g 200 

- 
W 

450-  
.a 

- 

8 qm- SA508, CLASS 4 (Case 1332-6) 
AC ORIENTATION 
-0- V4 t x t LOCATION - 

5 0  - -c 38mm xl9mm LOCATION 

0 
I I 

Fig. 36. Charpy Impact Energy v s  Temperature f o r  SA-508 Class  1 ( F l )  
Forging, Comparison of t h e  Quarter-Thickness and 38 X 19 mm Locat ions wi th  
a n  Axial  Or ien ta t ion .  

200 - - I - -. 

6 450 a 
W 
z 
W 

100 g 
a a 
m 

5 0  

0 .  

4.3.2 SA-537 Class  1 (P I  and P2) 
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The r e s u l t s  of Charpy impact t e s t s  wi th  SA-537 c l a s s  1 ( h e a t s  P l  and 

P2) a r e  given i n  Tables C-3 through C-6 of Appendix C. .Specimens were 

t e s t e d  i n  both t h e  TL and LT o r i e n t a t i o n s .  F igures  37 and 38 show p l o t s  

of absorbed energy v s  temperat.ure f o r  P1, while  Fig. 39 compares t h e  d a t a  

f o r  t h e  TL and LT 'o r i en t a t i ons .  The t r a n s i t i o n  r eg ion  f o r  t h e  TL spec i -  

mens l i e s  a t  s l i g h t l y  h igher  temperatures ,  a n d , t h e  upper-shelf ene rg i e s  

a r e  s u b s t a n t i a l l y  l e s s  than those  f o r  LT specimens. A g r e a t e r  number of 

TL. specimens were t e s t e d  a t  h igh  temperatures  to .  g e t  a b e t t e r  f i x  on t h e  

upper s h e l f ,  which, f o r '  TL specimens, is q u i t e  f l a t  a t  an energy l e v e l  of 

about  170 J (125 f t - l b ) .  The LT curve,  however, appears  t o  i n c r e a s e  a f t e r  

t h e  onse t  of upper-shelf behavior a t  about 50°C ( t h e  shea r  f r a c t u r e  is 

1. OOZ a.nd A P ,  i s  zero  a t  50°C and above). Two TL specimens, one a t  150°C 

and one a t  225"C, absorbed much more energy than  t h e  o t h e r  specimens i n  

t he .uppe r - she l f  region. No exp lana t ion  f o r  t h i s .  behavior  is o f f e r e d  o the r  

than  t o  des igna t e  them.as  o u t l i e r s  r e l a t i v e  t o  t h e  l a r g e  number of d a t a  

p o i n t s  a t  lower energ ies .  Other than  those  two t e s t s ,  the  TL o r i e n t e d  
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Fig. 39. Charpy Impact Energy vs  Temperature f o r  SA-537 Class  1 ( P l )  
P l a t e ,  Comparison of Transverse and, Longi tudinal  Or i en t a t i ons .  

specimens do not  e x h i b i t  s u b s t a n t i a l  energy abso rp t ion  above t h a t  absorbed 

a t  t h e  temperature  a t  which 100% shea r  occurs.  The LT d a t a  sugges t  t h e  

p o s s i b l e  observa t ion  of an in te rmedia te -she l f  (from 50 t o  100°C), but 

a d d i t i o n a l  d a t a  would be needed t o  e s t a b l i s h  a s t a t i s t i c a l l y  meaningful 

obse rva t ion  i n  t h a t  regard. F igure  38 shows t h a t  100% s h e a r  ( P = 0) 

occur red  a t  50°C and an energy of 200 J. A t  h ighe r  t e s t  temperatures ,  t h e  

m a t e r i a l  absorbed around 250 J. 

S imi l a r  d a t a  p l o i s  f o r  hea t  PZ a r e  shown i n  Figs .  40 t o  42. The 

r e s u l t s  f o r  t h e  t r a n s i t i o n  range a r e  q u i t e  s i m i l a r  f o r  t h e  TL and LT 

o r i e n t a t i o n s ,  bu t  t h e  onse t  of upper she l f  occurs  a t  about  20°C f o r  t h e  TL 

specimens and a t  about 0°C f o r  LT specimens. For both o r i e n t a t i o n s ,  it  is 

easy  t o  v i s u a l i z e  an i n t e rmed ia t e  s h e l f  t h a t  occurs  j u s t  a f t e r  t h e  onse t  

of  100% shear  f r a c t u r e .  In t h e  c a s e  of t h e  TL specimens t h i s  

in te rmedia te -she l f  energy is  about 200 J (147 ft-lb-) and ex tends  from 20 

t o  about 175°C. The P2 m a t e r i a l  e x h i b i t s  a h igh  upper-shelf energy of 

about  270 J (200 f t - l b )  i n  t h e  h ighe r  temperature  range. 

A comparison of Figs .  39 and 42 shows t h a t  P2 e x h i b i t s  g r e a t e r  energy 

aburbing capac i ty  a t  t h e  NDT than  does P1. In f a c t ,  t h e  energy and 
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l a C e r a l  expansion requirements  a t  RTNDT + 33'C a r e  m e t  a t  t h e  NDT by P2. 

A t  NDT + 33OC, both P1 and.P2 exceed t h e  minimum requirements  of 68 J 

energy and 0.89 mm l a t e r a l  expansion. Heat P2 f a r e d  b e t t e r  a t  t h a t  

r e f e r ence  temperature ,  wi th  142 J compared t o  91 J f o r  P1 (average of two 

t e s t s  i n  each case) .  It should be noted aga in  t h a t  P1 is much t h i c k e r  

t han  P2 (89 and 51 mm r e s p e c t i v e l y )  and P2 was f a b r i c a t e d  wi th  an 

e l e c t r o s l a g  remel t ing  procedure. Figure 43 provides  a d i r e c t  comparison 

of  Charpy impact behavior  of P1 and P2 f o r  t h e  TL o r i e n t a t i o n .  The t ran-  

s i t i o n  reg ion  of P2 occurs  about 25°C lower than t h a t  f o r  P1. Addition- 

a l l y ,  t h e  onse t  of upper-shelf behavior (100% shear )  occurs  a t  about 20°C 

f o r  P2 and about 50°C f o r  P1, while  t h e  upper-shelf energy l e v e l  of ' ~ 2  is 

s u b s t a n t i a l l y  h igher  than t h a t  f o r  P1 (about 270 vs  170 J, r e spec t ive ly ) .  

.These t h r e e  obse rva t ions  support  a .conclusion t h a t '  h e a t  P2 .has  somewhat 

b e t t e r  impact p r o p e r t i e s  than PI, i r r e s p e c t i v e  of t h i cknes s  

cons ide ra t i ons .  
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P l a t e ,  Comparison of P l a t e s  P1 and P2. 
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4.3.3 SA-537 Class  2 (P4) 

F igu re s  44 and 45 show t h e  r e s u l t s  of Charpy impact t e s t i n g  of p l a t e  

P4 i n  t h e  TL and LT o r i e n t a t i o n s ,  r e spec t ive ly .  The d e t a i l e d  d a t a  a r e  

g iven  i n  Tables  C-7 and C-8 of Appendix C. The curves show t h e  h igh  

deg ree  of impact toughness sus t a ined  by t h i s  a l l o y .  Both t he  TL and LT 

specimens e x h i b i t  an upper-shelf energy of over  310 J (over  230 f t - l b ) .  

All t h e  specimens t e s t e d  a t  ' t empera tures  of '150°C (302OF) and above d id  

n o t  break dur ing  impact. The'absorbed energy f o r  one specimen a t '  t h e  NDT 

i s  1 4 U  J ( 1 ~ 5  f t - l b ) ,  a very  high va lue  f o r  a s t e e l  t o  absorb  a t  i t s  

measured NDT. Tn two tests (average)  a t  NDT + 33OC, t h e  m a t e r i a l  absorbed 

about  168 J (123 f t - l b ) .  A t  only 25OC above t h e  NDT (-25OC) t h e  m a t e r i a l  

experienced 100% s h e a r  f r a c t u r e  (AP = 0) and absorbed 237 J (175 f t - l b ) ;  

t h u s  t h e  s c a t t e r  i n  r e s u l t s  can be s u b s t a n t i a l  i n  t h e  t r a n s i t i o n  region. 

A s  w i t h  t he  normalized s t e e l  P2, t h i s  s t e e l  (P4) a l s o  appears  t o  show an 

in te rmedia te -she l f  behavior  i n  t h e  TL o r i e n t a t i o n ,  a l though a d d i t i o n a l  

t e s t i n g  may r e s u l t  i n  enough s c a t t e r  t o  smear t h a t  observa t ion .  The LT 

specimens a l s o  e x h i b i t  s c a t t e r  i n  t h e  t r a n s i t i o n  region,  and t h e  

in te rmedia te -she l f  behavior  i s  not  'pronounced. 
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Fig. 44. Charpy Impact Energy vs Temperature f o r  SA-537 Class  2 (P4) 
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Figure 46', which provides a comparison of t he  TL and LT t e s t  r e s u l t s ,  

shows no s u b s t a n t i a l  d i f f e r e n c e  i n  behavior r e l a t i v e  t o  o r i e n t a t i o n .  The 

h i g h  energy va lues  a t  low temperatures  obta ined  i n  t h i s  s tudy a r e  com- 

p a r a b l e  t o  t hose  g iven  i n  t he  m i l l  test r e p o r t s  ( see  Appendix A) f o r  post- 

weld h e a t  t r e a t e d  ma te r i a l .  

Pig. 4 6 .  Charyy Impact Energy vs Temperature f o r  SA-537 Class  2' (P4) 
P l a t e ,  Comparison of Transverse and Longitudinal  Orientat tons.  

ORNL-DWG 80-7654 

TEMPERATURE (OF)  

-300 -200 -100 0 100 200 300 400 500 

4.3.4 Sumary  of Charpy Impact Resul t s ,  

The r e s u l t s  of Charpy impact t e s t s  wi th  t h e  s t e e l s  used i n  t h i s  s tudy 

have shown a f a i r l y  wide range of behavior  wi th  regard t o  impact 
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t oughnees. F igure  47 provides a comparison of t h i s  behavior. Upper-shelf 

e n e r g i e s  range from 170 J f o r  P1 t o  310 J f o r  P4. The onse t s  of upper 

s h e l f  range from O°C f o r  P4 t o  50°C f o r  PI. Of t h e  t h r e e  SA-537 p l a t e  

m a t e r i a l s ,  t h e  quenched and tempered P4 e x h i b i t s  s u p e r i o r  Charpy impact 
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toughness.  The .SA-508 c l a s s  1 fo rg ing  ( F l )  shows h igh  toughness a l s b ,  

' e s p e c i a l l y  cons ider ing  i t s  ' l a rge  s e c t i o n  s i z e  [ I40  mm (5 112 in . )  t h i c k ] .  
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Fig. 47. Comparison of Charpy Impact Energy v s  Temperature f o r  Four 
PCRV Liner  s t e e l s ,  Transverse Or ien ta t ion .  

Regarding toughness r e l a t i v e  t o  t h e  NDT, F igure  48 shows a  comparison 

o f  Charpy impact energy curves  f o r  a l l  f o u r  s t e e l s  p l o t t e d  on a  normalized 

temperature  s ca l e .  The curves  a r e  p l o t t e d  r e l a t i v e  t o  t h e  RTNDT (= NDT i n  

a l l  c a se s )  of each p a r t i c u l a r  s t e e l .  This  method provides  a  means of 

d i r e c t  comparison of impact behavior  r e l a t i v e  t o  NDT when m a t e r i a l s  have 

d i f f e r e n t  NDT values .  The graph shows t h a t  impact ene rg i e s  a t  t h e  NDT 

(where T - RTNDT = 0) range from 40 J (30 f t - l b )  f o r  P1 t o  100 J (74 f t - l b )  

f o r  P4. A l l  f o u r  s t e e l s  exh ib i t ed  g r e a t e r  than 68 J (50  f t - l b )  energy and 

0.89 mm (0.035 in . )  l a t e r a l  expansion a t  NDT + 33OC ( 6 0 0 ~ ) .  Energies  a t  

NDT + 33OC range from 90 J (67 ft-16) f o r  P1 t o  168 J (123 f t - l b )  f o r  P4. 

A curve i s  a l s o  shown f o r  SA-533, grade B,  c l a s s  1  (HSST P l a t e  02). 11, l 2  

The p l a t e  re fe renced  here  is 305 mm (12  i n . )  t h i c k  and has been used a s  a  

r e f e r e n c e  hea t  f o r  va r ious  m a t e r i a l  p r o p e r t i e s  s t u d i e s  of-LWR pres su re  

v e s s e l  s t e e l s .  This SA-533 s t e e l  shows about 40 J (30  i t - l b )  absorbed 

energy a t  t h e  NDT and 78 J (58 f t - l b )  a t  NDT + 33OC. These va lues  a r e  

s i m i l a r  t o  those  observed f o r  hea t  P1 of t h i s  s tudy.  Above NDT +33OC; 

however, t h e  SA-533 s t e e l  shows an upper-shelf energy of about 143 J com- 

pared t o  abou't ,172 J f o r  hea t  P1. The r e f e r ence  f r a c t u r e  toughness ( K I R )  
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. Fig.  48. Comparison of  harpy impact Energy v s  Temperature Normal- 
i z e d  t o  R T N ~ ~  f o r  PCRV L i n e r  S t e e l s  and SA-533, Grade B,  Class 1 S t e e l  
(HSST P l a t e  02). 

c u r v e  o f  t h e  ASME code d i s c u s s e d  i n  t h e  i n t r o d u c t i o n  of t h i s  r e p o r t  was 

deve loped  i n  p a r t  w i t h  t h i c k - s e c t i o n  SA-533, g r a d e  B ,  c l a s s  1 s t e e l .  3  

Thus,  t h e  f o u r  PCRV l i n e r  s t e e l s  tested i n  t h i s  program e x h i h i t  tmpact 

t o u g h n e s s  e q u a l  t o  o r  s u p e r i o r  t o  t h a t  of a  r e p r e s e n t a t i v e  LWR p r e s s u r e  

v e s s e l  ( i r r e s p e c t i v e  of t h i c k n e s s ) .  

5. SUMMARY AND CONCLUSIONS 

P u r s u a n t  t o  a progralu of f r a c t u r e  toughness  t e s t i n g ,  m a t e r i a l  charac-  

t e r i z a t i o n  tests  were performed w i t h  f o u r  carbon s t e e l s  used f o r  l i n e r  and 

p e n e t r a t i o n  components i n  t h e  PCRV of t h e  GA-designed HTGR. The s tee ls  

t e s t e d  [SA-508 C l a s s  1 f o r g i n g  ( d e s i g n a t e d  h e r e i n  a s  F l ) ,  two p l a t e s  of 

SA-537 c l a s s  1 ( P I  and P2) ,  and one p l a t e  of SA-537 c l a s s  '2 (P4) ]  had 

t h i c k n e s s e s  of 1$0, 89,  51, and 64 mm (5.5, 3.5, 2, and 2.5 i n . ) ,  

r e s p e c t i v e l y .  A l l  m a t e r i a l s  were examined f o r  chemical  composi t ion,  

h a r d n e s s ,  and m i c r o s t r u c t u r e .  Mechanical  p r o p e r t y  t e s t i n g  was performed 

t o  de te rmine  t e n s i l e  p r o p e r t i e s ,  drop-wei.ght NDT, and Charpy V-notch 



impact behavior. This eva lua t ion  included the  de te rmina t ion  of the  RTNDT. 

For t h e  RTNDT t o  equa l  t h e  NDT, t h e  c u r r e n t  requirement i s  t h a t  a  minimum 

o f  68 J (50 f t - l b )  energy and 0.89 mm (0.035 in . )  l a t e r a l  expansion be 

a t t a i n e d  i n  Charpy V-notch impact t e s t s  a t  NDT + 33OC (60°F). The Charpy 

V-notch t e s t i n g  w i l l  be used i n  conjunc t ion  wi th  subsequent precracked 

specimen f r a c t u r e  toughness t e s t i n g  t o  eva lua t e  t h e  behav io r ' o f  PCRV l i n e r  

s t e e l s  r e l a t i v e  t o  t he  re fqrence  f r a c t u r e  toughness curve (KIR) of t h e  

ASME code. 

Chemical ana lyses  v e r i f i e d  t h a t  a l l  f ou r  s t e e l s  meet t h e  requirements  

of  t h e  app rop r i a t e  s p e c i f i c a t i o n .  Hardness va lves  (-78-87 RB) and g r a i n  

s i z e s  (ASTM No. 5-8) a r e  w i t h i n  expected ranges. Both P1 and P2 ,show 

obvious evidence of banding, while  P4 shows l i t t l e .  

Drop-weight t e s t s  were performed t o  determine the  NDT f o r  each of t he  

f o u r  s t e e l s .  The NDT va lues  were -57OC (-70°F) f o r  F1, -51°C (-60°F)  f o r  

P4, --46OC (-50°F) f o r  P2, and --40°C ( 4 0 0 ~ ) '  f o r  P1. Forging F1 e x h i b i t s  

t h e  lowest  NDT of t he  fou r  s t e e l s  even though i t  has t h e  t h i c k e s t  c r o s s  

s ec t i on .  The quenched and tempered p l a t e  P4 has  a  lower NDT than  t h e  two 

normalized p l a t e s ,  P1 and P2. P l a t e  P2 was f a b r i c a t e d  by e l e c t r o s l a g  

remel t ing  and e x h i b i t s  an NDT t h a t  i s  6OC (lO°F) lower than t h a t  of P l ; '  

however, t h a t  d i f f e r e n c e  could be a  r e f l e c t i o n  of t h e  d i f f e r e n c e  i n  p l a t e  

t h i cknes se s ,  51 mm (2 in. ) f o r  P2 compared t o  89 mm (3.5 in.  ) f o r  P1. 

T e n s i l e  t e s t s  were performed over  a  wide temperature  range f o r  

s t r e n g t h  and d u c t i l i t y  de te rmina t ions .  Room temperature  y i e l d  s t r e n g t h s  

(0.2% o f f s e t )  were 342 MPa (49.5 k s i )  f o r  F1, 353 MPa (51.3 k s i )  f o r  P1, 

378 MPa (54.9 k s i )  f o r  P2, and 404 MPa (58.6 k s i )  f o r  P4. A l l  m a t e r i a l s  

except  P4 meet t h e  minimum requirements  f o r ' t e n s i l e  p r o p e r t i e s  i n  t h e  

c u r r e n t  app rop r i a t e  ASME s p e c i f i c a t i o n s .  The 0.2% o f f  set y e i l d  s t r e n g t h  

of  P4 [404 MPa (58.6 k s i ) ]  is below t h e  r equ i r ed  va lue  of 413 MPa (60 k s i ) .  

The 1971 ASME code (1973 Summer Addenda), s p e c i f i c a t i o n  SA-370, allowed 

f o r  an i n t e r p r e t a t i o n  t h a t  t h e  "upper y i e l d  s t r eng th"  could be used t o  

s a e l s f y  rhe y i e l d  serengeh requirement.  Using t h a t  i n t e r p r e t a t i o n  t h e  

y i e l d  s t r e n g t h  of P4 is 457 MPa (66.4 k s i ) ,  which is  w e l l  above t h e  413 

MPa requirement.  The l a t t e r  value ag rees  w e l l  w i th  t h e  m i l l  test r e p o r t ,  
I 

but  t h e  method used t o  ana lyze  f o r  y i e l d  s t r e n g t h  i n  t h a t  r e p o r t  is not  

known. u l t i m a t e  s t r e n g t h  and e longa t ion  requirements  were met by . a l l  
. , 

s t e e l s .  



Charpy V n o t c h  impact t e s t i n g  was performed over  a wide temperature  

range t o  examine impact behavior  from b r i t t l e  t o  d u c t i l e  behavior.  Upper- 

s h e l f  ene rg i e s  ranged from 170 J f o r  P1 t o  310 J f o r  P4. Impact ene rg i e s  

a t  t h e  NDT -k 33OC (60°F) ranged from 90 J f o r  P1 t o  168 J f o r  P4, and . t he  

l a t e r a l  expansions exceeded 0.89 mm (0.35 in . )  f o r  a l l  s t e e l s  a t  t h a t  

temperature .  Thus, according t o  t h e  c u r r e n t  indexing procedure f o r  de t e r -  

mining t h e  R T N D ~ ,  a l l  f o u r  steels have RTND~ v a l u e s  equa l  t o  t h e  NDT. The 

o n s e t  of upper-shelf energy ( a t t a inmen t  of 100% shea r  f r a c t u r e )  occurred 

a t  tempera tures  ranging from O°C f o r  P4 t o  50°C f o r  P1. 

The fo l lowing  conc lus ions  can be drawn a s  a r e s u l t  of charac-  

t e r i z a t i o n  t e s t i n g  w i t h ' t h e  f o u r  l i n e r  and p e n e t r a t i o n  s t e e l s .  

1. Chemical composi t ions a r e  i n  conformance wi th  a p p l i c a b l e  

s p e c i f i c a t i o n s .  

2. Tens i l e  requirements  i n  e f f e c t  a t  t h e  t i m e  of procurement a r e  m e t  

by a l l  s t e e l s .  By c u r r e n t  a n a l y s i s  procedures ,  t h e  SA-537 c l a s s  2 p l a t e  

(P4) would no t  meet t h e  minimum requirement f o r  y i e l d  s t r eng th .  

3. The RTND~ i s  equa l  t o  t h e  NDT f o r  each ma te r i a l .  

4. A t  t h e  NDT, a l l  s t e e l s  except  one hea t  of SA-537 c l a s s  1 ( P l )  

exceed 68 J (50 f t - l b )  of absorbed energy i n  a Charpy impact t e s t .  

5. For t h e  SA-508 c l a s s  1 fo rg ing  ( P I ) ,  impact toughness behavior  

w i t h  specimens from t h e  19 X 38 mm (314 X 1.5 in . )  l o c a t i o n  was no t  

s u b s t a n t i a i i y  d i f f e r e n t  from t h a t  of specimens removed from t h e  1/4 t X 

t l o c a t i o n  i n  t h e  r i n g  forging.  
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A . l  General 

The fol lowing summary information was gleaned from m i l l  t e s t  r e p o r t s  

provided by the  f a b r i c a t o r s  l i s t e d  f o r  each hea t  of mater ia l .  It is pro- 

vided here  to  s e rve  a s  a d d i t i o n a l  background information on t h e  m a t e r i a l s  

i n v e s t i g a t e d  i n  t h i s  r epo r t  and is not a  complete r e p o r t i n g . o f  t he  d a t a  i n  

t h e  m i l l  t e s t s  r epo r t s .  

SA-508 Class 1 ( F l )  

~ . 2 . 1  S p e c i f i c a t i o n  and Source (See Figure A-1) 

SA-508 c l a s s  l /Case 1332-6 

Japan S t e e l  Works Heat No. 49C510-1-1-3 

Ring Rolled Forging 6 314 in.  X 5 112 in. t h i c k  

A. 2.2 Heat Treatment 

Heated t o  1560-1650°F; he ld  f o r  8  h, 7  min; water  quenched 

Tempered a t  1150-1 1 9 ' 0 ~ ~ ; .  held f o r  8  h ,  20 min; a i r  cooled 

M i 1 1  t e s t  coupons given s imulated post-weld hea t  

t rea tment  (PWHT) a t  1100-1130°F, held f o r  18 h, furnace  cooled 

Note: Forging F1 given a  s i m i l a r  s imulated PWHT a t  ORNL 

A.2.3 Mechanical P r o p e r t i e s  

Drop-weight NDT:. -70°F, P3 specimen 

RTNDT: -70°F 

Tens i l e  p r o p e r t i e s  (112 in. diam X 2 in. gage '  l eng th ,  room 

temperature)  

Yield s treugkl~  (0.2% o f f s e t ) :  49,800 p s i  

Ul t imate  t e n s i l e  s t r eng th :  73,600 psi 

Elongation: 37.7% 

Reduction i n  area:  76.9% 



Charpy V-notch impact ( a t  NDT + 60°F = -lO°F): 

Absorbed L a t e r a l  Shear 
Energy Expansion F r a c t u r e  

( f  t - lb )  (mi l s )  (% 

91.3 6 4 60 

A.3 SA 537 Class  1 ( P l )  

A . 3 . 1  S p e c i f i c a t i o n  and source  (See Figure A-2) 

SA-537 C l a s s  1 

Armco S t e e l  Corpora t ion  Heat No. 47239 

Rolled p l a t e ,  3 1 /2  in. t h i c k  

A. 3.2 Heat Treatment 
I 

Heated t o  1650°F, he ld  f o r  70 min, a i r  cooled 

A f t e r  forming, p l a t e  g iven  SPWHT a t  1050-1150°F, he ld  f o r  15 h, 
f u r n a c e  cooled 

A.3.3 Mechanical P r o p c r t i c s  

Drop-weight NDT: -20°F o r  below (no break a t  -lO°F), P3 specimen 

KTNDT: Not determined 

T e n s i l e  p r o p e r t i e s :  

Yie ld  s t r e n g t h :  51,100 p s i  

Ul t imate  t e n s i l e  s t r eng th :  82,900 p s i  

Elongat ion:  26.0% 

Reduct ion i n  a r ea :  Not r epo r t ed  



Charpy V n o t c h  impact ( a t  40°F): 

Absorbed L a t e r a l  ' shear  
Energy Expansion F r a c t u r e  

: .  ( f t - l b )  - ' (mi l s )  . , . . : . '  (%) . . : . . .  . . 
. . .  . . 

. . . . . . 
' 8 0 ,  . . . ,  80., ' .,' . . 70,:; 

. . 
. . . . . . 

. . . . ,  . . . . 
. 8 1  : 7 5  " , : .  . - . 8 0  . ' . .  . . . . . .  . . , 

A.4 SA-537 Class  1 (P2) 

I 

A.4.1 Specif i e a t i o n  and  Source ( s e e .  F igure  A-3) : .  

SA-537 Class  11Case 1557-1 ( e l e c t r o s l a g  remel t )  

Lukens S t e e l  Company Heat No. R0273 

Rolled p l a t e ,  2 in.  t h i c k  

A. 4.2 Heat Treatment 

Heated t o  1625-1675OF, held f o r  4 h ,  a i r  cooled 

A f t e r  forming, p l a t e  given SPWHT a t  1050-1150°F, he ld  f o r  15 h, 
f u rnace  cooled 

A.4.3 Mechanical P r o ~ e r t i e s  

Drop-weight NDT: -30°F o r  below (no break a t  -20°F), P2 specimen 

RTNDT: Not determined 

T e n s i l e  p r o p e r t i e s  

Yield s t r e n g t h :  63,100 p s i  

Ult imate  t e n s i l e  s t r eng th :  87,500 p s i  

Elongation: 30% 

Reduction i n  area:  Not repor ted  



Charpy V-notch impact ( a t  30°F) : 

Absorbed L a t e r a l  
Energy Expansion 

( f t - l b )  (mi l s )  

162 94 

164 9 6 

Shear 
F r a c t u r e  

9 9 

A.5 SA-537 C la s s  2 (P4) 

4.5.1 S p e c i f i c a t i o n  and Source (See F igure  A-4) 

SA-537 c l a s s  2/Case 1557-1 ( e l e c t r o s l a g  remelt)  

Lukens s t e e l  Company Heat No. R0907 

Rolled p l a t e ,  2 1 /2  in.  t h i c k  . 

A. 5.2 Heat Treatment 

Heated t o  1625-1675OF, he ld  f o r  5 h ,  water  quenched 

Tempered a t  1160°F, he ld  f o r  5 h, water quenched 

3 e t  2 t e s t  c l j u p ~ ~ i l s  s t r e s s  r e l i eved  a t  1050-llOO°F, he ld  15 h, furnace 

cooled . 
Af te r  forming, p l a t e  g iven  SPWHT a t  105&1150°F, he ld  f o r  15, 

fu rnace  cooled 

Drop-weight NDT: -30°F o r  below (no break a t  -20°F), P2 specimen 

RTNnT: Not determined 

T e n s i l e  p r o p e r t i e s  ( s e t  1) : 

Yield s t r e n g t h :  75,400 and 69,000 p s i  

' Ult imate  t e n s i l e  s t r e n g t h :  95,000 and 90,500 p s i  

Elongat ion:  24 and 26% 

Keduction i n  a rea :  Not r epo r t ed  



Charpy V-notch impact ( a t  30°F): 

Absorbed L a t e r a l  Shear 
Energy . . Ex pans i o n  F r a c t u r e  

( f  t - lb)  (mi l s )  (% 

T e n s i l e  p r o p e r t i e s  ( s e t  2) : 

Yield  s t rength. :  73,300' and 65,200. p s i  

Ul t imate  t e n s i l e  s t r eng th :  92., 500 and 87,900 p s i  

Elongat ion:  27 and 29% 

Reduct i o n  i n .  area:  Not repor ted  

Charpy V-notch impact ( a t  30°F) : 

Absorbed L a t e r a l  Shear 
. . Energy Expansion F r a c t u r e  

; ( f  t - lb )  ( m i l s ~  ~ - (%I  



ORNL-DWG 8 0 - 4 6 6 4 0  

SA 508, CLASS I /CASE 1332-6 
JAPAN STEEL WORKS HEAT NO. 49C540-1-1-3 

Fig. A-1. Locat ion of Tes t  P ieces  Cut from Ring-Rolled Forging F1. 

ORNL-DWG 80-16642 

* BENDING STOCK REMOVED FROM ENDS OF PLATE. 
**  FORMED TO 3.95% STRAIN BEFORE SPWHT. 

SA-537, CLASS i I 

ARMCO STEEL CORP.,' HEAT NO. 47239 
' 

I 

Fig. A-2. Locat ion of Tes t  P l a t e  P1 Removed' from Paren t  Plate. .  



ORNL-DWG 80-46611 

' . 6100mm 

* BENDING STOCK REMOVED FROM ENDS OF PLATE. 
r r  FORMED TO 1.98% STRAIN BEFORE SPWHT. 

SA-537, CLASS 1 /CASE 1557-1 
LUKENS STEEL CO., IiEAT NO. R0273 

Fig.  A-3. Loca t ion  of ~ e s t '  P l a t e  P2 Removed from P a r e n t  P l a t e .  

ORNL-DWG 80-16613 

r BENDING STOCK REMOVED FROM ENDS OF KATE. 
r FORMED TO 1.56% 'STRAIN BEFORE SPWHT. 

SA-537. CLASS 2/CASE 1557-1 
LUKENS STEEL CO.. HEAT NO. R0907 

Fig.  A-4. Loca t ion  of T e s t  P l a t e  P4 Removed from P a r e n t  P l a t e .  
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Table B-1. T e n s i l e  Test  Resu l t s ,  A-508 Class 1 (Fl), Transverse Orientat ion - 
- 

Stress ,  MPa (ks i )  Elongation, % Test 
Depth Temperature Reduction 

Specimen . - Total LocatLon of Area 
True Uniform 

( O C )  ( 2 ~ )  Upper Yield Lower Yield Ultimate Fracture ( % )  -- LID = 7  LID = 4  
- 

0 4 ~ 4 ~ 1  1 / 4 t X t  -196 1 3 2 0  878  ( 1 2 7 . 8 )  8118 (117 .3 )  879 ( 1 2 7 . 6 )  1482 (215 .1 )  17.7 28.7 37 .O 51.0 
02Q4F1 114 t X t -150 '-238 7 2 1  (104 .6 )  624 (90 .5 )  748  ( 1 0 8 . 6 )  1422 ( 2 0 6 . 4 )  20.6 33.7 43.5 62.2 
02Q7F1 114  t X  t -129 -200 612  ( 8 8 . 8 )  517 ( 7 5 . 0 )  661 (55 .9 )  1429 (207 .4 )  19.9 33.7 44.1 71.3  

' 04QZEl 114 t x t -73 -100 472 ( 6 8 . 5 )  . 412 ( 5 9 . 8 )  585 ( 9 4 . 9 )  1261 ( 1 8 3 . 0 )  20.0 34.8 45.9. ' 71.1 
m 
V1 

02Q2F1 1 / 4 t X t  -18 0  395 ( 5 7 . 3 )  336 ( 5 3 . 1 )  529 ( 7 6 . 8 )  1315 ( 1 9 0 . 9 )  18.8 31.6 41.2 75.4 
02Q6F1 114 t X t 21 ' 7 0  350 ( 5 0 . 7 )  3$2  ( 4 9 . 5 )  499 ( 7 2 . 3 )  1303 ( 1 8 9 . 0 )  17.4 30.3 40.0 78.1 
04Q7Fl 114 t x t  93  203 356 (51.7.) 319 ( 4 6 . 3 )  456 ( 6 6 . 2 )  694 ( 1 0 0 . 7 )  1,6.8 ' 26.9 34.5 77.3  

' 02Q3F1 114 t x t 200 392 296 ( 4 2 . 9 )  285 ( 4 1 . 3 )  444 ( 6 4 . 4 )  1 1105 (160 .4 )  15.4 24.6 31.5 75.9 
04Q3F1 114 t x  t 250 482 279 ( 4 0 . 5 )  274 ( 3 9 . 7 )  , 468 ( 6 7 . 9 )  1050 ( 1 5 2 . 6 )  15.2 23.5 29.7 71.1 
04Q6F1 114 t . X t  50 122 342 ( 4 9 . 5 )  326 ( 4 7 . 3 )  483 ( 7 0 . 1 )  1196 (173 .5 )  17.7 29.3 38.0 75.4 

03Q1F1 314 X 1  112 in. -129 -200 614  (89 .1 )  528 ( 7 6 . 6 )  667 ( 9 6 . 8 )  1451 (210 .6 )  15.1 26.9 35.8 71.1 
. OlQ8Fl 314 1  111 in. -73 -100 503 ( 7 3 . 0 )  434 ( 6 3 . 0 )  616 ( 8 9 . 4 )  1450 ( 2 1 0 . 4 )  . 16.3 _ 28.8 38.2 74.1 

O l Q l F l  314 X 1  1 / 1  in. -18 0 .  422 ( 6 1 . 2 )  383 ( 5 5 . 6 )  545 ( 7 9 . 1 )  1297 ( 1 8 8 . 2 )  17.2 28.5 37.0 74.9 
03Q8F1 314 x 1 112 in. 9 3  200 378 ( 5 4 . 9 )  346 (50 .2 )  478 ( 6 9 . 4 )  716 ( 1 0 3 . 9 )  12.5 22.0 . 29.1 62.0 



Table B-2. Tens i l e  Tes t  3esukts ,  A-508 Class  .1 (Fl), Longitudinal  Or i en t a t i on  

-- 

S t r e s s ,  MPa (ksi) Elongation, X Test 
Depth Temperature Reduction 

Specimen Total 
Location of Area True Unif o m  

( O C )  (OF) Uppez Yield Lower Yield Ultimate 
Zracture (XI 

LID = 7 LID = 4 

12D2F1 114 t X t -59 -7.5 40.5 (58.8)  396 (57.5) 571 (82.9)  1309 (190.0)  17.7 28.6 36.8 74.0 
llD2F1 114 t X t -1 6 0 423 <61.4)  961 (52.4)  532 (77.2) 1179 (171.1)  17.6 . 28.4 36.5 73.9 
10D2F1 1 1 4 t X t  20 352 (51.1) Z45 (50.1) 492 (71.4) . 1539 (223.4) 17.6 29.0 37.6 81 .8  m 

m 
10D7F1 114 t X t 66 150  367 (53.3)  230 (47.9) 470 (68.2) 1121! (162.7) 16.8 27.5 35.5 76.5 
llD7F1 114 t x t i 2 1  250 347 (50.4:a f 18 (46.2) 451 (65.5) 1 ( 1 2 . 3 )  14.8 24.3 31.4 77.0 
12D7F1 e 114 t x  t i 4 9  300 336 c48.8) 203 (44.0) 445 (64.6)  1123 (163.0) 15.2 24.1 30.8 77.0 

03D8F1 314 x 1 112 in. -60 -7.6 486 <70.5:1 430 (62.4)  611 (88.7) . 137C (198.6) 15.7 27.1 35.8 7 3.8 
02D7F1 314 x 1 112 in.  -20 4 460 C63.85 403  (58.5)  570 (82.7)  13911 (201.8). 14.8 25.6 33.7 76.9 
03B8F1 314 X 1 112 in.  21  7 0  336 <53.1:* 261 (52.4) 512 (74.3) 1344' (145.1) 14.9 25.4 33.3 78.9 
02D2F1 314 x 1 112 in. 6 5  149 374 (54.3)  Z74 (54.3) 494 (71.6) 127: ( 1 6 4 , 7 )  14.4 24.6 32.2 78.4 
03DlF1 314 x 1 112 in. i 5 0  3C2 347 c50.4) Z29 (47.8)  475 (68.9)  1246 (160.4) 14.8 24.1 31.1 77.6 



Table. B-3.  ensile Test Resu l t s ,  A-537 Class  1 ( P l ) ,  Transverse Orientat ion,  1 / 4  t Depth 

Stress, MPa (ksi)  Elongation, X 
R n A n ~ r t i n n  &-....--*".. 

specimen Temperature Total of Area 
Upper Yield Lower Yield Ultimate True . Uniform 

("C) (OF) Frac tore 
(XI 

LID = 7 L I D  = 4 



Table B-4. Tensile Test Results, .I-537 Class 1 ' ( P I ) ,  Longitudinal hrientation, 114 t Depth - 

Test 
Stress ,  MPa , (ksi)  Elongation, % 

Reduct ion 
Specimen Temperature ' Total of Area 

True Unif o m  
Upper Yield Lover Yield Ultimate Fracturg 

(%>  
("C) (OF:* L I D  = 7 L I D  = 4 



Table B-5. Tensi le  Test Results,  A-537 Class 1 (P2), ~ r a n s v e r s e  Orientation, 114 t Depth 

Stress ,  MPa (ks i )  Elongat ion, % 
Test Reduct ion 

Specimen Temperature Total . o f  Area - True . - Unif o m  
Upper Yield Lower Yield Ultimate . 

: Fracture 
(%I  

("C) (OF) L / l I P 7  L / D = 4  . 



Table B-6, Tensi le  Test Results ,  A-537 Class 1 (P2), Longitudinal Orientation, 114 t Depth 

Stress,, MPa ( k s i )  Elongation, X  E s t  Reduct ion 
Specinen Tempsrature Total of Area 

Upper Yield Lover Yield Ultimate True Unif o m  
( " C )  (OF: Fracture 

( X I  
LID = 7 LID = 4 



Table  B-7. Tens i l e  Tes t  Resu l t s ,  A-537  Class  2 (P4), Transverse  Or i en t a t i on ,  114 t Depth 

Test Stress ,  MPa ( k s i )  Elongation, X 
Reduction - ~ - 

Specimen Temperature Total of Area 
True 

Upper Yield Lower Yield Ultimate Uniform 
("C) ( O F ) '  Fracture 

( X ) '  
LID = 7 LID = 4 



Table B-8. Tensile-Test  result.^, A-537 Class 2 (P4), Longitudinal Orientation, 114 t Depth 
- 

S t r e s s ,  MPa ( k s i )  Elongation, X 
Test Reduct ion 

specimen Temperatur,e - Total of Area 
True 

Upper Yiel3  Lower Yield Ultimate 
Uniform 

("C) (OF) Fracture - 
(X) 

LID = 7 LID = 4 4 
10 



. . 
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Table  C-1. Charpy Impact T e s t  R e s u l t s ,  A-508 Class 1 (F l ) ,  AC O r i e n t a t i o n  

Specimen 

- 
12C2F1 
09C7F1 
06C7F1 
06C2Fii 
03C6Fl. 
15C3Fl 
OX2F1, 
OX7Fl 
09C2F1 
15C2F I 
12C7Fl 
1 5C7.F 1 
06VlF 1 
0 2N4F 1 
09VlF 1. 
04N3F 1 
.O 2N6F 1 
04N6Fl 
0 6N6F 1 

13ClFl 
0 7 ~ 1 ~ 1 '  
OlC8Fl 
0 4C8F 1 
04ClFl 
07C8F1 
OlNlF 1 
OlN8F1 
olc' iF1 
lOClFl 
1OC8F1 

Depth 
Locat i o n  

Tes t  
Temperature 

D i  a1  
Energy 

(J) [ f t - l b )  

Drop i n  L a t e r a l  
F r a c t u r e  

Load (AP) Expans i o n  
Appearance 

(XI 
(mm). (mi l s )  

(X Shear) 

314 X 1 114 in. 
314 X 1 1 1 4  in. 
314 x 1 174 in. 
314 X 1 114 in. 
314 X 1 114 in. 
,314 X 1 114 in. 
3 1 4 X  1 1 1 4  in. 
314 X 1 114 in. 
314 X 1 114 in.  
314 X 1 114 ,in.  
314 X 1 114 in.  

100 0.21 8.1 
, 100 0.13 5.0 

89 1.55 61.2 
97 0.74 29.3 
5 9 1.61 63.5 
5 8 1.47 58.0 
43 1.84 72.3 
42 1.89 74.6 

0 2.00 78.7 
0 1.38 54.5 . 

0 1.45 57.0 
0 1.35 53.0 
0 1.18 46.5 
0 1.35 53.3 
0 No break 
0 No break 
0 No break 
0 No break 
0 No break 

100 0.04 1.5 . .  

100 0.52 20.5 
100 0.12 4.8 
94.5 1.10 43.4 

No t r a c e  0.98 38.5 
55 1.88 74.2 
52 1.78 70.0 
0 1.29 50.7 
0 2.18 85.9 

2 5 2.10 8 2 . 5 .  . 

0 1.90 74.8 



Table C-2. Cnarpy Impa-t Test Resul ts ,  A-508 Class 1 (F l )? .  CA Or ienta t ion  
- - 

- - Test  Dia l  L a t e r a l  
Drop i n  F r a c t u r e  

'Depth Temperature Energy 
. Load ( A 2 )  

Expans ion  . . 

Location 
Appearance 

( " C j  ( O F )  (J) (f t - lb)  ( X I  (m) (mills) ( X  Shear) 

100 
99 

100 
9.8 
8 5 
7 3 

0 .  
9 6 

No t race  
5 9 

0 
0 

0.07 2.6 
13.09 3.6. 
0.32 12.6 , . 

1 5.8 
1.71 67.4 
2.34 92.3 
2.10, 82.5 
iB.28' 50.2 
9.51 59.5. 
:2..32 91.2 

N o  break 
No break 

03AlF1 314 X 1 112 in. -101 -150 13 9.5 No t r a c e  0.09 3.7 1 
02A2F1 314 x 1 112 in. -101 -150 12 9 98 0.05 2.0 1 
03BlF1 314 x 1 112 in, -87 -125 130 95.5 8 2 1.91 75.2 25 
03A8F1 314 x 1 112 in.  -73 -100 120 88 - 87 1.76 70 30 
02B7Fl 314 x 1 112 in. -59 -75 130 9 6 80  1.87 73.8 30 
O2B2F1 314 x 1 112 in. - 4 6  -50 1?8 131 5 1 3.32 91.5 - 45 



Table  C-3. Charpy Impac t  T e s t  R e s u l t s ,  A-537 Class  1 ( P l ) ,  TL O r i e n t a t i o n ,  1 /4  t Depth 

T e s t  Dial ' La t e r a 1  
Drop i n  F r a c t u r e  

Temperature  Energy 
Load (AP) 

Expans i o n  
Specimen Appearance 

(OC) (OF) (J) (f t - lb )  
(%) 

(rmn) ( m i l s )  
( X  Shear)  

04B02P1 
0 3BO 2P 1 
02B02Pl 
0 1 ~ 0 2 ~ 1  

. 04C83Pl 
0 5C8 3P 1 
0 4B0 1 P1 
OlBOlPl 
02B01P1 
03BOlP1 
OlB22Pl 
0 2B2 2P 1 
02B32P1 
02B2 1 P l  
04B22P1 
0 3B3 2P 1 
03B2 1 P l  
OlC83P1 
0 4B3 2P 1 
02C83Pl 
0 3B2 2P 1 
04B2 1P'l 



Table C-4. Charpy Inpact T e s t  Results, A-537 Class 1 (Pl), LT Orientation, 114 t Depth 

D i  a1 Test Drop i n  Lat era1 
Temperature Energy .Fracture Specimen Load ( b P )  . 

Expans ion Appearance 

( "C) (OF) (J) ( f t - lb )  (2) (mm) (mils) ( %  Shear) 

0.09 0.3 
0.14 5.6 
0.57 29.5 
1.50 59.2 
1.91 75.0. 
2.07 81.5 
2.19 86.2 
2.14 84.2 
2.15 84.7. 
2.18 85.8 
1.88 74.0 
1.45 57.1 
1.74 68.7 
1.23 48.6 

No break 
1.07 42.0 



Table C-5. Charpy Impact Test  Resul t s ,  A-537 Class  1 (P2), 

I TL Or i en t a t i on ,  114 t Depth 
I 

Test Dial 
Drop in Lateral 

Temperature Energy Expansion Fracture 
Specimen Load ( b p )  Appearance 

("C) (OF) (J)  (f t-lb) (%' , (m) (mils) 
( %  Shear) 

01B21P2 -125 -193 4.1 
04B02P2 -100 -148 17 
O3B02P2 -75 .-lo3 41 
04AOlP2 -59 -75 77 
02B02P2 -50 -58 98  
03AOlP2 4 6  -50 ' 8 1  
02AOlP2 -32' -25 1 1 2 .  
OlB02P2 , -25 -13 101 
OlA01P2 -12 1 0  125 
OlC81P2 -1 2 1 0  150 . 
02C81P2 -1 2 1 0  134 
04B01P2 0 3 2  148 
05AOlP2 4 140  159 
OlAl lP2  20 168 197 
0382212 20 . 6 8  188 
01B01P2 20 6 8  200 
02B01P2 50 122 199 
03B01P2 7 5  . 167 213 
02B21P2 100 212 197 ' 

03B21P2 125 257 241 
01B31P2 125 257 195 
05Al lP2  150 302 195 
02B31P2 150 302 202 
01B32P2 175 347 235 
0 3 ~ 3 1 ~ 2 '  175 347 209 
04B31P2 200 392 195 
0 1B22P2 200 392 256 
04B21P2 200 392 266 
02B22P2 225 437 281 
04B22P2 - 225 437 286 
04Al lP 2  250 482 255 
0 3B 3 2P2 250 482 289 
02R32P2 275 527 283 

I 

100 
9 9 
9 8  
9 5 
9 2 
9 3  
8 0 
7 0 
59 
5 3  
50 
4 2 
4 0 

No trace 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 .  
0 
0 
0 
0 
0 
0 
0 

0.03 1.0 
0.09 3.7 
0.56 22.1 
1.11 43.7 
1.32 52.0 

. 1.26 49.6 
1.52 59.8 
1.42 56.1 
1.61 63.5 
1.'95 76.8 
1.80 70.7 
1.93 76.0 
1.9.8 78.0 
2.17 !$5.5 
2.02 79.5 
2.24 88.2 
2.14 84.4 
2.15 8.4.5 
2.03 . 80.0 
1.87 73.5 
1.92 75.5 
1.83 72.0 
1.78 70.0 
1.52 - 59.7 
1.58 62.1 
1.68 66.2 
1.20 47.2 
1.50 59.0 
1.21 47.5 

No break 
1.7.9 50.8 

No break 
No break 



Table C-6. Charp? Impact Test Xesults ,  A-537 Class 1 (PZ), LT Orientation', 114 t Depth 

Test D i  a1 Lateral ' ' Drop i n  Fracture Temperature Energy 
Load (AP) Expansion 

Spezimen Appearance 

< "C:l (OF) (9) [ f t - lb )  (%) 
(mm) (mi ls )  

( %  Shear) 

0.01 0.5 0 
0.12 4.6 1 
0.39 15.2 10 
1.26 49.8 25 
1.98 78.1 45 
2.19 86.4 100 

2 .  -85.4 100 
2.03 79.9 100 
2.00 78.6 100 
1.83. 72.0 100 
1.25, 50.7 100 
- Nc~ break - 

- No brgak 
Ncu break 



. ,  
Table C-7: Charpy Impact 'Test Resu l t s ,  A-537 Class  2 (P4) ,  TL Or i en t a t i on ,  114 t Depth 

Tes t  Dia l  L a t e r a l  
Drop i n  F r a c t u r e  Temperature Energy 
Load (AP) 

Expans i o n  Specimen Appearance 

(OC) (OF) (J) (f t - lb)  (XI 
(m) (mi l s )  

(%  Shear) 

0.04 1.5 
0.21 8.4 
0.54 21.2 
1.90 74.8 
2.13 83.9 
1.98 78.0 
1.87 73.5 
2.26 89.0 
2.08 81.7 
2.02 79.6 
1.60 63.0 
1.33 52.5 
1.81 71.4 
1.38 54.2 
1.20 47.2 

No break 
No break 
No break 
No break 
No break 
No break 

0 
1 

10 
40 

100 
80 
6 0 

100 
100 
100 
100 
100 
100 
100 
100 

No break 
No break 
No break 
No break 
No break 
No break 



Table C-8. Charpp Impact Test Resu l t s ,  A-537 Class  2 ( P j ) ,  LT Or ien t a t i on ,  114 t Depth 

T e s t  D ia l  
Drop i n  kt e r a 1  

~ e i n p e r a t u r e  Energy , s p a n s  i o n  F r a c t u r e  Specimen . Load (bP) Appearance 

( " C )  (OF) (J) (f t - lb)  (XI (mna) (mi l s )  (X Shear) 

09B61P4 -125 -193 8.1 6 100 0.14 5.4 1 - 
OEB61P4 --LOO -148 30 22.5 9 7 0 . S  15.1 5 
07B61P4 -75 -103 121 8 9 8 5 1.56 65.3 25 
OQ361P4 -40 =58 105 - 77.5 8 1 1.43 56.3 30 
OSB61P4 -25 - -13 254 187 0 2.89 86.3 
04B61P4 

100 
0 - 32 230 170 0 - - 2. 19 86.4 

0 lB6 1P4 20 68 258 
100 

190 0 - 1.34 76.5 100 
02B61P4 50 1122 315 232 0 1.49 58.7 100 
03B61P4 - 75 1167 325 240+ - 0 Vb break 
09B62P4 - ' 150 302 323 2 38 0 & break 
1 (336 2P4 100 392 321 2 37 0 :!k break 
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