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CIIARACTEKLZATION OF MODIFIED 9 Cr-1 MO STEEL SAND CASTINGS" 

V. K. Sikka 

ABSTRACT 

Experience wi th  t h e  sand c a s t i n g  of modif ied 9 C r - l  Mo steel  
a t  s e v e r a l  foundr i e s  i s  presented .  The  c a s t i n g s  inc luded  s imple  
b locks ,  elbows, va lve  bodies ,  and a steam c h e s t .  Cas t ings  were 
c h a r a c t e r i z e d  by t e n s i l e  and Charpy impact tests, for t h e  e f fec ts  
of thermal  ag ing  on Charpy impact p r o p e r t i e s  and hardness ,  and by 
c r e e p ,  f a t i g u e ,  and m i c r o s t r u c t u r e .  P r o p e r t i e s  of t h e  c a s t i n g s  
w e r e  compared wi th  those observed f o r  wrought material. I n  
g e n e r a l ,  mechanical  p r o p e r t i e s  o f  c a s t i n g s  were s l i g h t l y  lower 
t h a n  those  of t h e  wrought material. 

INTRODUCTION 

A modif ied 9 Cr-P plo a l l o y  wi th  high-temperature  s t r e n g t h  exceeding 

that. of type 304 s t a i n l e s s  s teel  up t o  600°C has  been developed by ORNL 

i n  con junc t fon  wi th  Combustion Engineer ing ,  Chat tanooga,  Tetmessee ( s e e  

Tab le  1 f o r  s p e c i f i c a t i o n s ) .  T h e  a l l o y  has been melted and f a b r i c a t e d  

i n t o  wrought products  both in t h e  Uni ted  S t a t e s  and abroad. The  a l l o y  

s p e c i f i c a t i o n s  f o r  t h e  tub ing  and p l a t e  have been approved i n  t h e  ASTM, 

and Code Case 1943 f o r  t h e  use  of t h i s  a l l o y  i n  S e c t i o n  I of ASME Code has  

been approved and publ i shed .  

Although a sjgnificant amount of r e s e a r c h  and development has been 

done on t h e  wrought p roduc t s ,  t h e  sand c a s t i n g s  and t h e i r  p r o p e r t i e s  have 

n o t  been s t u d i e d  extens ive ly .  The purpose of t h i s  s e c t i o n  is to  p r e s e n t  

the c a s t i n g  expe r i ence  wi th  t h i s  a l l o y  and t h e  mechanical  p r o p e r t i e s  of 

the sand c a s t i n g s .  

Work performed under  DOE/BTP AF 15 40 10 3,  Task OR-1.7, Advanced * 
Alloy  Technology. 
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CASTING EXPERIENCE 

'The very f i r s t  c a s t i n g  of t h e  m o d i f i e d  9 C r - 1  Mo a l l o y  w a s  a valve 

body cast a t  Quakcr Foundry d u r i n g  November 1978 (F ig .  1). The c a s t i n g  

was about  70 m t.hick, i t  weighed nea r ly  a tors and was f r v e  of any de fec t s .  

The c a s t i n g ' s  chemical ai ialysis is given i n  Table 1. I ts  n i t r o g e n  content  

w a s  below the  s p e c i f i e d  range. 'fhe Quakes c a s t i n g  w a s  s u b j e c t e d  t o  

t e n s  i l e  Charpy impact,  and creep t e s t i n g .  

The next  s e t  of c a s t i n g s  w a s  [[Lade a t  A t l a s  Foundry 2nd Hachine Company. 

T h i s  company melted t h r e e  AOD h e a t s  of modif icd 9 C P  1 Mo s t e e l  f o r  sand 

c a s t i n g  i n t o  a steam c h e s t  and two elbows. The steam c h e s t  w a s  f rom a 

p a t t e r n  s u p p l i e d  by Traosamesican Ilelaval, lnc.  and the elbow dimensions 

were speciEied by Babcock and IJ i l rox.  The chemical analyses of the  t h r e e  

h e a t s  melted by Atlas are l i s t e d  i n  Table  1. The heat used f o r  t h e  steam 

Y-- 1 6 26 3 7 

Y .- 16 2639 

Fig .  1. Valve body cast from t h e  m a d t f i e d  9 CP-1 Mo s t ee l  (Quaker 
h e a t  F5349). ( a )  Front .  ( b )  Top. 
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c h e s t  w a s  w i t h i n  t h e  s p e c i f i e d  range except  f o r  3i t roge.n.  The hea t  

(452282) used f o r  the f i r s t  elbow c a s t i n g  was our of t h e  s p e c i f i e d  range 

f o r  C ,  N i ,  and AI.. A t l a s  mel ted an  a d d i t i o n a l  h e a t  (456.582) which was 

with1.n chemical s p e c i f i c a t i o n  and produced a second elbow c a s t i n g .  

T~hlo d i f f e r e n t  views of the steam c h e s t  are shown i n  Fig.  2. This  

c a s t i n g  i s  very  complex, wi th  some very t h i c k  s e c t i o n s  and ho le s .  ’l’he 

maxiinurn th i ckness  i n  t h e  c a s t i n g  w a s  203 inin. T o  provide expe r i ence  i n  

repair  welding,  an area between two hol.es w a s  removed and welded as shown 

i n  P i g .  3 .  The vendor-supplied t e n s i l e  p r o p e r t i e s  o f  t he  steam c h e s t  

exceeded the room-temperature s p e c i f i e d  p r o p e r t i e s  f o r  t h i s  all .oy i n  t h e  

wrought cond i t ion .  The veudor a l s o  r e p o r t e d  a room-temperature Charpy 

impact energy fo r  t h i s  c a s t i n g  of 97 J ( 7 1  f-t-”Bb). T e n s i l e ,  Charpy 

impact ,  and creep  tes ts  conducted on this c a s t i n g  a t  ORNL are r epor t ed  i n  

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

The elbows from t h e  two h e a t s  are shown i n  F i g s .  4 and 5 .  They had 

a n  o u t e r  d iameter  of 572 ram and an i n n e r  d iameter  of 419 ~ m .  The vendor- 

s u p p l i e d  t e n s i l e  p r o p e r t i e s  of bo th  elbows exceeded t h e  minimum speci. E l e d  

va lues  f o r  the wrought modif ied a l l o y .  E l b o w  1 w a s  not  t e s t e d  because I t s  

composi t ion w a s  o u t  of t h e  s p e c i f i e d  range. E l h o w  Z was s u b j e c t e d  t o  

t e n s i l e  and creep tests t o  be r epor t ed  la ter .  

S e v e r a l  obse rva t ions  from t h e  sand-cas t ing  e x e r c i s e  a t  A t l a s  are 

l i s  tied below. 

1. A t l a s  can make t h e  modif ied 9 Cr-1 Mo h e a t s  w i t h i n  t h e  s p e c i f i -  

c a t i o n s .  

2. Complex shapes can be sand cast from t h i s  a l l o y .  

3 .  Fine  p o r o s i t y  w a s  observed near  thca s u r f a c e  of t h e  sand c a s t i n g s .  

Th i s  p o r o s i t y  appeared t o  be r e l a t e d  t o  [.lie n i t r o g e n  con ten t  of t h e  

mater€al. Lowering t h e  n i t r o g e n  con ten t  t o  below 0.01% minimized t h e  

p o r o s i t y .  The Quaker c a s t l n g ,  whjch had a n i t rogen  conten t  of  0.011%, 

showed no po ros i ty .  The Japanese  c a s t i n g  expe r i ence ,  t o  be desc r ibed  

below, showed no p o r o s i t y  problems, even wi th  0.03% N .  From t h i s  

expe r i ence ,  we recommend t h a t  a d d i t i o n a l  c a s t i n g s  be made a t  A t l a s  t o  

conf i rm t h e  n i t r o g e n  e f f e c t  on p o r o s i t y .  
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F i g .  3. Weld-repaired s e c t i o n  i n  the sand-cas t  steam c h e s t  of 
modif ied 9 Cr-l Mo s tee l .  

The Ishikawajirna-Harima Heavy Industries Co., Limited (IHI) o f  

Japan  has  been very  i n t e r e s t e d  i n  sand-cast  componenls of modif icd 

9 Cr-l Mo s tee l .  They r e c e n t l y  sand cast  blocks  and a f u l l - s i z e  gate 

valve of t h i s  maLerial. The blocks are shown i n  Fig. 5 and t h e  valve 

body i n  F i g .  7. The chemical a n a l y s e s  of t h e  heat used i n  making t h e s e  

c a s t i n g s  f u l l y  m e t  the s p e c i f i e d  chemis t ry  (Table I). The dye penetrant 

r e s u l t s  showed that  t h e  valve body c a s t i n g  (152.-m i n s i d e  bore d i ame te r )  

was Eree of any macroscopic poros i ty .  The IHI is  conduct ing a detailed 

mechanical  p rope r ty  c h a r a c t e r i z a t i o n  program on t h e s e  c a s t i n g s .  A t  ORNL, 

w e  have conducted t e n s i l e  and Chak-py Impact tests on t h e  KHI s a n d - c a s t  

b locks .  The r e s u l t s  o f  t h e w  tes ts  are p r e s e n t e d  below- Some of t h e  

r e s u l t s  froiii the  IHI test program are also inc luded .  
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Fig. 6. Blocks o f  modif ied 9 Cr-l Ms sreef sand c.ast at Ishikawajima- 
Narima Heavy Industries Company Limit .sd Japan. These blocks w e r e  received 
at ORNL for t e s t i n g  and evaluation. 

Y-200348 



TENSILE PROPERTIES 

T e n s i l e  d a t a  on var ious  sand c a s t i n g s  are ine luded  i n  Tables  2 
through 5 and p l o t t e d  i n  F i g s .  8 through 11. The average  and average - 
1.65 SEE curves  f o r  the wrought inaterial are ioc1ude.d i n  t h e s e  f i g u r e s  

f o r  comparison. The followjng obse rva t ions  are de r ived  froin the  d a t a  i n  

k 

t h e s e  f i g u r e s .  

1. Cons iderable  scatter is ev iden t  i n  t he  y i e l d  s t r e n g t h  d a t a  on 

v a r i o u s  c a s t i n g s -  Some d a t a  approach t h e  average  f o r  t h e  wrought m a t e r i a l  

and some f a 3 1  s l i g h t l y  below t h e  average  -" 1.65 SEE curve f o r  t h e  wrought 

material. We be l i eve  t h a t  the s c a t t e r  is caused by the q u a l i t y  of v a r i o u s  

c a s t i n g s  and poss ib ly  a l s o  by the  s l i g h t  d i f f e r e n c e s  i n  heat t r ea tmen t  

used by va r ious  .v6!-ntlors. The Quaker c a s t i n g ,  which was sound and w a s  hea t  

t r e a t e d  a t  ORNL, provided t h e  bee t  y i e l d  s t r e n g t h .  

2 .  U l t i m a t e  t e n s i l e  s t r e n g t h  d a t a  showed less scat ter  than  d id  y i e l d  

s t r e n g t h  da t a .  Also,  u l t i m a t e  tensile s t r e n g t h  va lues  f o r  some c a s t i n g s  

fe1.l. s l i g h t l y  below the average - 1.65 SEE curve f o r  the  wrought material.. 

Cas t ings  wi th  t h e  Power y i e l d  s t r e n g t h s  a l s o  showed t h e  lower u l t i m a t e  

t e n s i l e  s t r eng ths . .  

3. T o t a l  e longa t ion  data f a r  t h e  c a s t t n g s  were w e l l  r ep resen ted  by 

t h e  average  and average -11.65 SEE curves  f a r  t h e  wrought material. 

4 .  The c a s t i n g s  showed r e d u c t i o n  of area va lues  below the average  - 
lc65 SEE curve f o r  t h e  wrought .material. Because t h e  e longa t ion  va lues  

f o r  t h e  c a s t i n g s  were similar t o  those  o f  the wrought material, w e  b e l i e v e  

t h a t  p o r o s i t y  i n  the necked area o f  the specimen may be r e spons ib l e  for 

tine lower r educ t ion  of area values .  Even s o ,  t he  r edax t ion  of area f o r  

most c a s t i n g s  e x w e d e d  55X f o r  t he  e n t i r e  t e s t  temperature  range. 

5 .  The minimum s p e c i f i e d  values f o r  t h e  sarought mterlal  of y i e l d ,  

u l t i m a t e ,  t o t a l  e longa t ion ,  and r educ t ion  of area a t  room t empera ture  

d e s c r i b e  t h e  p r o p e r t i e s  of a l l  c a s t i n g s  a t  rwin tempera tu re .  However, the 

y i e l d  arid u l t i m a t e  t e n s i l e  s t r e n g t h s  arid r educ t ion  of area m y  f a l l  below 

.__.__-- 
22 SEE = s tandard  e r r o r  o f  estimate. It d e f i n e s  a imre a c c u r a t e  v a l u e  

of s t anda rd  dev ia t ion .  



11 

Table 2. Tensile properties of sand-cast valve body o f  
modified 9 Cr-1  Mo srreel (hear F5349V). The casting was 

made at Quaker Foundry and was normalized at 104QOC 
and tempered at 760aC at BRNL, 

Reduction 
Strength (MPa) 

Temper - 
ature  Elongat ion of area 

(XI 0.22 U l t  imate (21 
yield t e n s i l e  ( " C )  

ROOIll 

93 
204 
316 
427 
5 38 
649 
760 

Room 
93 

204 
316 
427 
538 
649 
7 60 

547 
524 
SO9 
49 0 
46 2 
37 3 
193 

80 

549 
530 
521 
49 2 
46 3 
40 3 
193 

77 

LQngitUdgnal SpeCbtenS 

672 21.40 
636 22.51 
602 15.80 
57 6 20.95 
529  24.45 
407 34 I 1 5  
22 1 4 3  "80 

94 54.80 

Transverse specimens 
673 
639 
604 
578 
525 
429 
228 

4 1  

24 * 70 
21.70 
20 "00 
18;. 55 
21.35 
28,60 
38.13 
60.30 

67.43 
52.80 
62.8 
67.46 
69 32 
85.20 
93.96 
96.59 

65.67 
66.12  
66.85 
5 0 * 7 5  
67 -97 
83.72 
91.12 
97.18 

Table 3 .  Tensli.le properties  of sand-cast steam chest of 
modified 9 Cr-1 140 steel (heat 450682) -  The casting was 

received from Atlas Foundry after being normalized 
at: 11Q40"C and tempered at 760°C 

St reng th  (MPa) 

0 * 2 x  U l r  imate 
yield tensi1.e 

Temper - Tota l  Reduction 
elongat-l on of area 

(%I  (XI 
a ture  
( " C ,  

Measured at: BR)Nz, 

Room 518 645 20.86 58 * 71 
204 46 6 57 2 18.45 59.1h 
4 27 41 7 50 2 19 " 6 6  58.38 
538 345 37 3 35.91 81.76 
649 158 19 li 44.02 93.53  

Cextified by A t l a s  

RCI om 47 7 629 24,o 



Tab?@ 4 .  Teilsile y m p e r t i e s  of sand-cast elbow o f  m o d i f i e d  
9 Cr-1 140 steel (heat 456582). 'Cho cas t t sg  was rece ived  
frvm A t l a s  Foundry a f t e r  botng n o m a l i z e d  at 1040°C and 

1:esapered at 766°C 

T o t a l  ---.-..--- Temper-- 

( " C )  
a tu re  elongation of area 

(%I  (%> 
0 * 2 %  u1 C 1 llld t 17 
yleld tensile! 

l.ongitlld?aal opixifizns 

Room 485 646  24 ii 57.59 
204 427 56 7 20.71 63.03 
427 397 49 9 23.43 60.44 
6 49 158 144 51.81 88.61 

n,-.. 1 L G @$&verse s p e c l  r s r $ n s  

Roon: 483 646 20 - 50 46.31 
204 430 57 0 23.39 62.40 
427 389 50 z 27 -61  6: .55 
6 49 154 183 41 .$3 89.96 

C e r t i f i e d  by  Atlas 

Rooin 48 3 690 24 - 0  

S t r e n g t h  (?IPS) 
T o t a l  Reduction ___ .___--- T e  rape r"- 

( " C )  
at ~ r e  -_- elongation of area 

( % >  (XI 0 . 2 x  u 1 t i m a  t e 
y i e l d  t ei16 P le 

He-asarcd El? O%T& 

Room 480 548 26 - 6 3  6L.98 
538 335 170 2-i .e9 83.53 
649 165 196 45 * 3 8  92.00 

Cei t Pfied hg IHT 

Room 47 4 661 27 - 3  
Rooljn 47 5 662 27.5 

4 5  .O 
64.8 
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t h e  average  -1.65 SEE curve f o r  t h e  wrought material. This  obse rva t ion  

i s  t r u e  because t h e  room-temperature s p e c i f i e d  minimum va lues  are below 

t h e  average - 1 . 6 5  SEE va lues  f o r  t h e  wrought material. 

CHARPY IMPACT PROPERTIES 

Charpy impact d a t a  on va r ious  sand c a s t i n g s  are p resen ted  i n  

Tables  6 through 8 .  The Charpy impac t  energy is p l o t t e d  as a f u n c t i o n  

of test- temperature  i n  Fig.  1 2 .  The extreme d a t a  p o i n t s  on t h i s  p l o t  are 

connected t o  estimate t h e  range of d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t e m -  

p e r a t u r e  a t  68 J energy. This  tempera ture  v a r i e d  from -5 t o  82°C. The 

f r a c t u r e  appearance d a t a  Ln Fig.  13 shows t h a t  the 50% shear t r a n s i t i o n  

tempera ture  for c a s t i n g s  v a r i e s  from 10 t o  63OC. The b e s t  impact 

p r o p e r t i e s  were obta ined  for  t h e  I H I ,  Japan c a s t i n g s  and t h e  wors t  f o r  

t h e  Quaker va lve  body. The Quaker h e a t  showed poor impact p r o p e r t i e s  even 

i n  t h e  wrought cond i t ion .  We b e l i e v e  t h a t  t h e  poor impacts were caused by 

Table  6. Charpy i m p a c t  p r o p e r t i e s  of t a n g e n t i a l  specimens wi th  r a d i a l  
no tch  o f  sand cast va lve  body of modif ied 9 C r - 1  Mo s teel  

( h e a t  F5349V).  The c a s t i n g  w a s  made at Quaker Foundry 
and w a s  normalized a t  1040°C and 

tempered a t  760°C a t  ORNL 

( A 1 1  tests were conducted a t  M e t a l l u r g i c a l  and Materials Labora tory ,  
Combustion Engineer ing ,  Chattanooga, Tenn.) 

Temp e r - Impact energy (J) 
a t u r e  
( " C )  

F r a c t u r e  
( X  s h e a r )  

Lateral expansion 
Cmm> 

' I 2  314 114 1 / 2  3 / 4  1 / 4  1 / 2  3/4 

260 
204  
149  
100 

82  
60  
38 
24 
10 
-7 

146 159 144 
136 139 140 
112 97 114 

84 7 3  88 
65 7 8  80 
59 63 58 
33 44 44 
38 29 34 
1 9  20 25 
11 10 11 

100 100 100 
100 100 100 
100 100 100 

90 90 90 
60 80 80 
50 7 0  70 
15 1 5  1 5  
10 5 10 

0 0 5 
0 0 0 

1.80 
1.63 
1.27 
1.07 
0.97 
0.91 
0.43 
0.46 
0.20 
0.13 

2.01 
1.83 
1.24 
1.02 
1.04 
0.89 
0.53 
0 , 3 6  
Q.25 
0.10 

1.78 
1.65 
1.50 
1.27 
1.09 
0.79 
0.66 
0 .33  
0.28 
0.13 
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Table  7. Charpy impact p r o p e r t i e s  of t r a n s v e r s e  specimens wi th  l o n g i t u d i n a l  
no tch  of sand-cast  steam c h e s t  of modif ied 9 C r - 1  Mo s tee l  (hea t  450682). 

The c a s t i n g  was recei-ved from A t l a s  Foundry a f t e r  being normalized 
a t  104OOC and tempered a t  76Q°C 

( T e s t s  were conducted a t  M e t a l l u r g i c a l  and Materials 

Chat tanooga,  Tenn.) 
Labora tory ,  Combus t i o n  Engineer ing ,  

Temper- Impact L a t e r a l  
F r ac. t u r e  
( X  s h e a r )  

a t u r e  energy e xp a n s i on 
(mm 1 ( " C )  (J) 

260 188 100 1.78 
204 200 100 1.96 
149 199 100 1.96 
100 148 90 1.65 

8 2  137 80 1.60 
60 133 80 1.50 

Temper- Impact Lateral  
F r a c t u r e  
( X  s h e a r )  

a t u r e  energy expans ton  
(mm> ("C> (J) 

49 10 5 41) 1.30 
38 60 20 0.81 
24 56 1 5  0.74 
10 26 5 0.28 
-7 15 0 0.23 

T a b l e  8. Cliarpy impact p r o p e r t i e s  of l o n g i t u d i n a l  speci-  
mens with t r a n s v e r s e  notch of sand-cast  b locks  of mod- 

i f i e d  9 Cr-1 Mo s t e e l  (hea t  1279). The c a s t i n g  w a s  
r ece ived  froin Ishikawajima-Harima Heavy I n d u s t r i e s  

Company, Limited (IHX), Japan.  A l l  b locks  
were normalized a t  1040°C and tempered 

a t  7 6 0 ° C  

Impact L a t  era 1 
energy expansion Temperature F r a c t u r e  

( X  s h e a r )  
(J) ( mm) ("C) 

93 
24 

2 
-1 8 
-7 3 

1 7  6 
52 
24 

-4 6 
-101 

Block 1 

138 100 
114 80 

70 42 
62 35 
2 1  2 

Block 2 

150 100 
137 100 
122 65 

31 20 
2 2 

C e r t i f i e d  by IHZ 

43 

1.82 
1.33 
0.72 
0.77 
0.19 

1.93 
1.82 
1.50 
0.38 
0.06 

0 1.02 
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Fig. 12. Charpy impact energy as a function of test temperature 
for various sand castings of modified 9 C r - 1  Flo steel. All castings were 
normalized at 1040'C and tempered at 760°C. 

100 

9 0 

80 
,.. 
b? 

% 7 0  
w 
I 
cn 

0 
z 
4 
5 5 0  
W 
a 

I 

w 60 

40 
W 
111 
3 5 3 0  
(L 
LL 

20 

to 

0 

c*o P 

0 F5343V VALVE BODY 
A 4 5 0 6 8 2  STEAM CHEST 
0 1279 CAST BLOCKS 
OPEN SYMBOLS 
94 - THICKNESS 

k - THICKNESS 
FILLED SYMBOLS 
3/4 - THICKNESS 

HALF FILLED SYMBOLS 

-200  -450 -100 -50 0 5 0  io0 I50  200 250 300 
TEST TEMPERATURE ("C) 

Fig. 13. Fracture appearance (% shear) from Charpy impact tests as 
a function of test temperature for various sand castings of modified 
9 Cr-1 Mo steel. All castings were normalized at 1040°C and tempered 
at 760°C. 
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t h e  very  h igh  s u l f u r  con ten t  (0.015%) of t h i s  hea t  and t o  some e x t e n t  by 

i t s  lower n i t r o g e n  con ten t .  The steam c h e s t ,  which had t h e  s a m e  n i t r o g e n  

c o n t e n t  as Quaker h e a t  but  much lower s u l f u r  con ten t  (0 .0042>,  showed 

b e t t e r  impact p r o p e r t i e s  than  t h e  Quaker c a s t i n g .  The IHI c a s t i n g ,  wlilch 

had t h e  c o r r e c t  amount o f  n i t r o g e n  and a low s u l f u r  content.,  showed t h e  

b e s t  impact p r o p e r t i e s .  

The 68-5 t r a n s i t i o n  tempera ture  f o r  t h e  fo rg ing1  and ex t ruded  p i p e 2  

of a g iven  h e a t  were -36 and -115'C. These va lues  are much lower than  -5 

t o  82°C observed f o r  t h e  sand c a s t i n g s .  The reasons  f o r  s ~ c h  d i f f e r e n c e s  

w i l l  be explored  i n  t h e  m i c r o s t r u c t u r a l  s e c t i o n .  

EFFECT OF TWJU4AL AGING ON IMPACT AND HARDNESS 

Material from t h e  IHI sand-cast  b locks  w a s  aged and t e s t e d  by 

IHI, Japan. T e s t s  inc luded  Charyy impact and mtcrohardness  a t  room 

tempera ture .  Aging c o n d i t i o n s  and t h e  p rope r ty  d a t a  on t h e  aged I H I  

b locks  are presented  i n  Table  9. The room-temperature Charpy impact 

energy and hardness  are plotted as a f u n c t i o n  o f  aging  t i m e  i n  F igs .  14 

and 15. For t h e  impact d a t a ,  cross-hatched bands have been drawn f o r  

each ag ing  temperature .  For hardness  d a t a ,  d i f f e r e n c e s  between v a r i o u s  

ag ing  tempera tures  arc not s i g n i f i c a n t ,  so we have drawn a s i n g l e  l i n e  

t o  r ep resen t  t h e  datii.  The i m p a c t  energy p l o t  i n  Fig.  14  shows t h e  

fo l lowing  p o i n t s .  

1. The first 100 h of ag ing  a t  a l l  ag ing  tempera tures  produced 

e i t h e r  no change o r  a s l i g h t  i n c r e a s e  i n  room-temperature i m p a c t  energy. 

2. A f t e r  1000 h of ag ing ,  t h e  drop i n  impact energy w a s  most f o r  

ag ing  a t  550°C and l e a s t  at 660°C. 

3 .  The r e s u l t s  of Fig.  14 i n d i c a t e  t h a t  t h e  impact energy ml.ght drop 

f o r  a c e r t a i n  Combination of ag ing  tempera ture  and t i m e  and t h a t  con- 

t i n u i n g  ag ing  e i t h e r  a t  that o r  h ighe r  tempera ture  might: recover  t h e  drop 

i n  impact energy. Add i t iona l  work is needed I n  t h i s  area t o  d e f i n e  t h e  

wors t  ag ing  conditrions f o r  t h i s  material i n  t h e  cast cond i t ion .  Such work 

i s  a l r e a d y  i n  p rogres s  on two heat:s of wrought material. 



1 9  

Table 9. Effect of aging on room-temperature 
Charpy impact and hardness values of sand-cast 

blocks of modified 9 Cr-1 Mo steel from 
Ishikawajima-Harima Heavy Industries 

Company, Limited (IHI), Japan 

(All tesrs were conducted at IHl. All specimens 
were normalized at 1040°C and tempered at 760"C 

prior to aging.)  

Aging conditions 

Temperature Time 

Impact Vickers 
energy hardne 8 s 
(J) (vm) ("C> ( h )  

550 
550 
550 
550 
550 
550 

600 
600 
600 
600 
600 
600 

660 
660 
660 
660 
660 
660 

0 
0 
0 

100 
100 
100 

1000 
1000 
1000 

10 0 
100 
100 
1000 
1000 
1000 

100 
100 
100 
1000 
1000 
1000 

90 
103 

97 

103 
112 
97 
7 4  
59 
67 

103 
111 
99 
79 
72 
83 

118 
113 
113 
10 5 

38 
99 

20 2 
205 
205 

202 
20 2 
20 1 
20 4 
210 
206 

202 
205 
204 
20 2 
195 
199 

196 
199 
201 
201 
20 1 
200 
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39NL-ChG 84-1€936 

ROOM TEMPERArUKt  DATA 

loo 10' 1 o2 
AGING TIME ( h )  

Fig .  14. Room-temperature Charpy impact euergy as a function of 
aging time for sand-cast blocks of modified 3 Cr-l Mo stecl cast ,  aged, 
and tested by Ishikawa jima-Harima Heavy Indiiseries Company, Limited, 
Japan. 
prior to aging. 

All specimens were normalized at 1040°C and tempered at 7 6 0 O C  

ORNL 3WG 84- 16307 
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F i g .  15. MierohardneSS as a function of aging time f o r  sand-cast 
blocks of modified 9 Cr-l Mo steel cast, aged, and tested by 
Ishikawajima-Harima Heavy Industries Company, Limited, Japan. All 
specimens were normalized at 1040°C and tempered at 7 6 0 O C  priar to aging. 
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CREEP PROPERTIES 

Four c reep  specimens have rup tu red  and two are under tes t  on va r ious  

sand c a s t i n g s  of modif ied 9 C r - 1  Mo steel. Data ava i lab le .  t hus  f a r  a r e  

compared wi th  t h e  average curve f o r  t h e  wrought material -in Fig.  16. 

This  f i g u r e  shows t h a t  t h e  c reep- rupture  s t r e n g t h  of sand c a s t i n g s  is  only 

s l i g h t l y  below the  average f o r  wrough-t material. The d a t a  are not  yet 

s u f f i c i e n t  t o  s o r t  ou t  t h e  e f f e c t  of n i t r o g e n  conten t  (0.01 ve r sus  0.03%) 

on t h e  c reep- rupture  s t r e n g t h  of sand c a s t i n g s .  
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Fig.  16. Comparison of c reep- rupture  s t r e n g t h  of modified 9 Cr-1 Mo 
sand c a s t i n g s  wi th  t h e  average curve f o r  t h e  wrought material. Both 
c a s t i n g s  and wrought material were normalized and tempered a t  1 O 4 O o C  and 
7 6 0 ° C ,  r e s p e c t i v e l y ,  p r i o r  t o  t e s t i n g .  
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FATIGUE PROPERTIES 

A l i m i t e d  number o f  cont inuous  cyc le  f a t i g u e  t es t s  have been con- 

duc ted  by IHZ on i t s  sand-cast  b locks  of modif ied 9 Cr-1 Mo steel .  Also, 

IHI conducted s imi la r  f a t i g u e  t e s t s  on a f o r g i n g  f o r  comparison. The con- 

t i n u o u s l y  c y c l i n g  f a t i g u e  data from IHI on t h e  c a s t i n g  and f o r g i n g  are 

compared wi th  the  b e s t  f i t  curve f o r  t h e  U.S. d a t a  on t h e  wrought material 

i n  F i g .  17. A t  room temperature ,  t h e  f o r g i n g  d a t a  c o l l e c t e d  a t  I H I  

matches e x a c t l y  t h e  b e s t  f i t  curve  f o r  t h e  U.S. d a t a  on t h e  wrought 

material. However, t h e  c a s t i n g s  showed o n e - f i f t h  t o  one-half t h e  c y c l i c  

l i v e s  of t h e  wrought and forged  material. 

A t  593"C, t h e  c a s t i n g  d a t a  are a l s o  somewhat lower than  t h e  forged  

material (Pig.  18). Data a v a i l a b l e  a t  p re sen t  on uniform-gage specimens 

o f  wrought material a t  593°C are i n s u f f i c i e n t  f o r  comparison. 

ORNL-DWG 84- (69.10 
10' 

A€, = 44.58 N f -  0.576 i O.673Nf--O.O5 - 
$ 
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c3 loo 
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JAPANESE DATA 
0 CAST MATERIAL. 
0 -- FORGING MATERIAL 
~ BEST FIT U.S. WROUGHT DATA 
4 INDICATES SPECIMEN DID NOT FAIL 

1 qo-' 
2 e 

I I I I I  I I I l l  I I I l l  I I I I 1  I I I I  

io2 to3 to4 io5 IO6 lo7 
CYCLES TO FAILURE, Nf 

F i g .  17. Comparison of t h e  room-temperature cont inuous-cycle  f a t i g u e  
behavior  f o r  modified 9 Cr-1 Mo s tee l  from two sources  (ORNI, and Japan)  
and s e v e r a l  product  forms. Note t h a t  t h e  cast form shows somewhat lower 
f a t i g u e  r e s i s t a n c e .  
and tempering a t  760°C. 

A l l  materials were t e s t e d  a f t e r  normal iz ing  a t  1040°C 
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MICROSTRUCTURE 

To explain the slightly lower mechanical properties of sand castings 
relative to wrought material, we microstructurally examined sand-cast 

blocks from IHI. Cross sections of three sand-cast blocks were macro- 

etched (Fig. 19). Unlike stainless steel castings, these castings did not 

show any large grains. The unetched microstructure (Pig. 20) showed the 

presence of a large number of fine pores and some larger pores. Bigh- 

magnification photographs showed that in addition to porosity, some 

inclusions were also present in the casting. The nature of the inclusions 

was not investigated, The etched microstructure at various magnifications 

(Fig. 21) showed fine grain size and precipitate size and distribution 

very similar to those observed for the wrought material. 
The most significant difference in microstructure between sand 

castings and wrought material is t h e  porosity. We believe that this 

porosity is responsible for the lower reduction of area i n  a tensile test, 
poorer impact properties, and slightly lower creep and fatigue properties 

than those of the wrought material. 
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Fig.  19. Macroetched s e c t i n n t i  of sand-cas t  blocks of modif ied  
9 Cr-l Mo steel from Ishikawajims-Nasina Heavy Induat;ries Company, 
L i m i  ted , Japan. 

Sand castings o f  simple blocks, elbows, valve bodies, and a steam 

c h e s t  were characterized by t e n s i l e ,  Charpy impact,  hardness, creep, and 

f a t i g u e  tests, and microstructure ef fec ts  of thema1 aging  on Charpy 

impact properties were determined. P r o p e r t i e s  of the c a s t i n g s  were then 

compared with those observed f o r  the wrought m a t e r i a l .  The fo l lowing  

conc lus ions  were derLved from tiits work: 

1. Modified 9 Cr-B Mo s t e e l  sand c a s t i n g  poses no unusual problems. 

A t l a s  found that high n l t r o g e n  contents ~ e s u l t e d  i n  c a s t i n g  p o r o s i t y  near 

the surface. However, no mcroscopic porosity 'was observed by %HI, Japan,  
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Fig. 20, Unetched sections of sand-cast blocks o f  rnodifjted 
9 Cr-1 Mo steel from Ishikawajim-Harima Heavy Industries Company, 
Limited, Japan. 
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YLg. 21. Ltched s e c t i o n s  of sand-cast blocks of modified 9 C r - l  Mo 
Japan. s tee!, from Isiiikawa jinla-Barima H e a q  Indus  Lries Company, Limf ted, 
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i n  i t s  c a s t i n g s  even when t h e  r t t t rogen  content was high. Also t h e  valve 

body cast a t  Quaker showed no i n d i c a t i o n  of s u r f a c e  p o r o s i t y  compared with 

some p o r o s i t y  observed i n  Atlas1 c a s t i n g s  even wi th  0.01% M. Addi t iona l  

work i s  needed t o  s o r t  ou t  the reasons f o r  the surface p o r o s i t y  observed 

by A t l a s .  

2. The t e n s i l e  p r o p e r t l e s  of t h e  c a s t i n g s  showed c o n s i d e r a b l e  

scatter. The scatter w a s  cons idered  t o  r e s u l t  from composi t iona l  d i f -  

ferences, sli.g'tit hea t  t r ea tmen t  d i f  Eerences a and poss9bly d i f f e r e n c e s  in 

the Ecaundr.r. prac tkes  . 
3-  The 0.2% y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h s  of: some cast iugs 

w e r e  s l i g h t J y  be low t h e  average  - 1-65; SEE curves f o r  wrought material. 

The t o t a l  e l o n g a t i o n  va lues  f o r  a l l  c a s t i n g s  were w i t h i n  t h e  average  and 

average  - 1.65 %E: curves  for the wrought material. The r educ t ion  of area 

for a l l  c a s t i n g s  w a s  below t h e  average  - 1.65 SEE curve f o r  t h e  wrought 

material. Lower v a l u e s  i n  r educ t ion  of area are belleved t o  have been 

caused by the p o r o s i t y  i n  t h e  c a s t i n g s .  

4 ,  The Charpy impact propekttes o f  the various cast ings  a lso  showed 

a s i g n i f i c a n t  scatter. The b e s t  i m p a c t  p r o p e r t i e s  were obsrrved f a r  t h e  

IBL cast blocks, which had composi t ions w1thi.n the speclficatlons fop. t h e  

modified al.L.oy.. The cast-lngs with poor Charyy p r o y e r t l e s  were the  ones 

wi th  lower n i t r o g e n  con ten t  (0.01%) o r  h igh  s u l f u r  cont:ene (Quaker c a s t i n g  

w i t h  OeOIS%).  Thermal ag ing  degraded t h e  roam-temperature Charpy I m p a c t  

energy somewhat wi th  the greatest efEect aft:er aglrig at 550°C. It 

appeared t h a t  the  i m p a c t  energy might recover If aging  continued a t  t h e  

same tempera ture  f o r  a longer  t i m e  OK a t  a h igher  temperature  for a short 

p e r i o d  6. 

5 ,  The creep- rupture  s t r e n g t h  at 593 and 649°C of va r ious  c a s t i n g s  

WEKE only s l i g h t l y  below the average  ciirve f o r  t h e  wrought material. 

6 ,  Continuous c y c l i n g  f a t i g u e  p r o p e r t i e s  a€ t h e  I H I  castings were 

somewhat lower than  t h e  average  curve f o r  t h e  wrought material. 

7 ,  Sand c a s t i n g  ( I H I  b locks )  showed the  presence of fine porosity 

and some i n c l u s i o n s .  The g r a i n  s i z e  and carb ide  d i s t r i b u t i o n  of the 

c a s t i n g  (IHI) was r ~ o t  much d i f f e r e n t  €ram t hose  of wroxlght material a Tile 

presence  of p a r o s i t y  i s  cons idered  t h e  main cause of ~ O O P  p r o p e r t f e s  of  

sand c a s t i n g s .  
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