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INFLUENCE OF AGING ON THE IMPACT PROPERTIES OF HASTELEOY N, 
HAYNES RLLOY NO. 2 5 ,  AND X-UfkS ALLOY NO. f68 

H.  E. McCoy and I). T.  Bourgetke 

ABSTRACT 

Samples oE Has te l loy  N and Haynes a l l o y  Nos, 25 and 
188 were s o l u t i o n  annea led ,  aged a t  temperatures  over  the 
range  650 t o  906)"C, and impact t e s t e d  a t  25 and 300°C. 
The impact energy decreased  f o r  most ag ing  conditi.ons, 
w i th  the prope r ty  changes be ing  least Eor Kas te l loy  N and 
g r e a t e s t  f o r  Haynes a l l o y  No. 25. S m a l l  aged t e n s i l e  
samples showed t h a t  ag ing  reduced t h e  f r a c t u r e  s t r a i n  a t  
25°C. T h e  f r a c t u r e s  of t h e  t e n s i l e  samples were examined, 
and some of t h e  notched fmpact specimens w e r e  viewed 
o p t i c a l l y .  
c o r r e l a t e d  w e l l  wi th  t h e  amount of g r a i n  boundary p r e c i p i -  
ta te .  Haynes a l l o y s  Nos. 25 and 188 formed c a r b i d e s  and 
Laves phase. These . 2 l l o y s  had a s t r o n g  tendency t o  f r a c -  
t u r e  i n t e r g r a n u l a r l y  even i n  t h e  so lu t ion-annea led  cond i t ion .  
The tendency inc reased  wi th  ag ing ,  and t h e  inc reased  
amounts of g r a i n  boundary p r e c i p i t a t e  l i k e l y  account  f o r  
t h e  r e d u c t i o n  in toughness.  

The r e d u c t i o n  i n  toughness of Hastelloy N 

INTRODUCTION 

HastelPoy N i s  a so lu t ion-s t rengthened  n icke l -base  al-loy t h a t  was 
developed f o r  good s t r e n g t h  and c o r r o s i o n  r e s i s t a n c e  atr about  650°C. N o  
i n t e r m e t a l l i c  compounds have been i d e n t i f i e d  i n  t h i s  a l l o y ,  bu t  c a r b i d e s  
p r e c i p i t a t e  and cause  modest changes i n  t h e  p r o p e r t i e s .  1 8 2  Haynes 
all loys Nos. 2 5  and 188 are cobal t -base  a l l o y s  t h a t  are s o l i d  s o l u t i o n  
s t r eng thened  and s u i t a b l e  f o r  u se  a t  tempera tures  up t o  1000°C. 
cobal t -base  a l l o y s  exper ience  some p rope r ty  changes due t o  c a r b i d e  p rec ip i -  
t a t i o n ,  b u t  t h e  format ion  of b r i t t l e  Laves phases  of t h e  A2B type  i s  t h e  
main cause of embr i t t l ement .  

enihr i t t lement  a t  e l e v a t e d  tempera tures ,  b u t  t h e i r  e f f e c t  i n c r e a s e s  as 
t h e  tempera ture  i s  decreased .  The degree  of embr i t t l ement  i s  a l s o  
inc reased  by i n c r e a s i n g  s t r a i n  rate and by notches  and o t h e r  d i s c o n t i -  
n u i t i e s  t h a t  magnify t h e  average  stress. One of t h e  a p p l i c a t i o n s  t h a t  
wou1.d s u b j e c t  t h e  s t r u c t u r a l  material to impact loading  a t  low tempera- 
t u r e s  i s  i n  i s o t o p e  power s u p p l i e s  in tended  f o r  use  i n  space.  The 
material would be aged f o r  s e v e r a l  thousand hours  a t  an e l e v a t e d  s e r v i c e  
tempera ture ,  cooled g r a d u a l l y  wh i l e  s t i l l  i n  o r b i t  o r  dur ing  r e e n t r y ,  
and p o s s i b l y  exposed t o  impact l oad ing  du r ing  r e e n t r y .  Thus, t h e  impact 
p r o p e r t i e s  a f t e r  ag ing  are of major concern i n  t h i s  a p p l i c a t i o n .  

These 

3-5 

Genera l ly ,  n e i t h e r  t h e  c a r b i d e s  nor  t h e  Laves phases  cause  d r a s t i c  
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Although t h e  exper imenta l  program d e s c r i b e d  i n  t h i s  r e p o r t  w a s  
undertaken t o  provide  necessary  informat ton  f o r  t h e  d e s i g n  o f  i s o t o p e  
power s u p p l i e s ,  numerous o t h e r  a p p l i c a t i o n s  r e q u i r e  a knowledge o f  t h e  
impact propert:i.es of t h e s e  al . loys a f t e r  prolonged ag ing .  Our s p e c i f i c  
program involved aging samples of H a s t e l l o y  N,  Haynes a l l o y  No, 25, and 
Haynes a l l o y  No. 188 up t o  4000 h r  a t  temperatures  from 650 to 900°C 
arid measuring t h e i r  impact p r o p e r t i e s  at 25 and 300°C. 
l i m i t a t i o n s  p r o h i b i t e d  d e t a i l e d  phase i d e n t i f i c a t i o n ,  and only  l i m i t e d  
n ie ta l l sgraphic  examination w a s  p o s s i b l e .  

Budgetary 
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 experimental^ mater ia l .  of t h e  t h r e e  al-loys wa.s ob ta ined  i n  t h e  f o r m  
of  l./2-in.-thick p l a t e .  The vendor ' s  and O W L ' S  chemical a n a l y s e s  are 
given i n  Table  1. The H a s t e l l o y  N was double  vacuum m e l t e d  and the 
Haynes a l l o y s  Nos, 25 and 188 c.7e~e a i r  IneLted and vacuum arc  remel.tei1. 

w i t h  t h e  s p e c i f i c a t i o n s  in ASTM Standard E 23-66, 
s o l u t i o n  annealed 1 h r  a t  1150°C i n  argon and cooled r a p i d l y  t o  ambi-ent 
temperature .  ']?hey were wrapped i n  n i c k e l  f o i l  and s e a l e d  i n  q u a r t z  i n  
argon a t  0.33 a t m  and aged a t  v a r i o u s  temperatures .  
t h e y  were broken from t h e  c a p s u l e  and impact t e s t e d  a t  2.5 and 300°C 
accord ing  t o  ASTM Standard E 23-66. 

Standard Charpy V-notch impact specimens were machined i n  conformance 
The samples were 

PoLiowtng aging  

The r e s u l t s  of impact tests on Hastelloy N a t  25°C are showri i n  

Aging a t  650 and 7 0 0 ° C  caused a 
F ig .  1. The material was q u i t e  tough i n  the  solut ion-annealed c o n d i t i o n ,  
w i t h  an impact energy of 164 f t - l b .  
g radual  d e c r e a s e  i n  the impact energy t o  v a l v e s  of 75  and 95 Et-lb,  
r e s p e c t i v e l y ,  and t h e n  t 'ne impact energy increased  s g i t h  f u r t h e r  a g i n g .  
Aging a t  900°C r e s u l t e d  i n  a s t e a d y  decrease  Co about 30 f t - l b  a f t e r  
aging 4000 h r .  Aging at 800°C had l i t t l e  E f f e c t  f o r  500 h r ,  but J-onger 
ag ing  r e s u l t e d  i n  a r a p i d  decrease i n  t h e  impact energy t o  a v a l w  o f  
40 f t - l b  af t txr  ag ing  U I O O  h r .  

are q u a l i t a t i v e l y  s i m i l a r  t o  t h o s e  shown i n  F i g .  1 Cor 25°C. T h e  impact 
eriersies w e r e  h i g h e r  a t  300°C, w i t h  a value of 235 ft-119 Tor t h e  s o l s t i o n -  
annealed rnaterjal and a dnimum v a l u e  o f  70 f t - l b  f o r  samples aged a t  
900°C. 

Fig .  3 .  
zhe notch.  
 he toughness,  with terms of "gianzllar" ( b r i t t l e )  azd I'  r i l ~ r ~ ~ ~ ' r  i d u c t i l c )  
used com~oiil. y i n  t h e  Literat tire. All ;he cnnlpIss had Cibrous f r a c t u r e s ,  
and three of samples  :ested a t  300cC had s d Z i c i e n t  touq;~ , ieas  not 
t o  p a r t ,  !'he widt-1-1 of t h e  sample ab: the  3ase of ~ I i e  iiotch I s  a(iother 
mcasuTe i?f p l a s r i c i i g .  ,,s t h e  sairtplr defon-irs l o n g i t u d i n a i  i t  iiiusc 
c o n t r a c t  l a z e r d l y .  ~ , i u s .  irie grcs'rr- chs reduct ion  ia ~ , ~ j d t k  a t  tile 
Sasc cf t h e  noic-tl. r h c  g r e a t r r  the zougiiiiess. A 1 1  chc  

The impact r e s u l t s  shown i n  F ig .  2 f o r  H a s t e l l o y  N tes ted a t  300°C 

The f r a c t u r e s  sf t h e  d a s t e l l o y  N impact specimens are s h ~ m  i n  
The Jower ~ ~ 0 0 t h  p a r t  o f  each saliple i s  the machined por t ton  o f  

The appearance of the fractclre is a qualitative measure aE 

_ _  
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T a b l e  la Chemical A4nal.yses o F A1loys 

Element 

Vendor OKNL 

7 , l  

0.47 

B a l  

0.08 

16.7 

0.052 

0.02 

0.02 

0.06 

0.13 

0 ,02  

0.004 

0.006 

0.00.l  

7 . 0  

7"46 

1.5 s 7 

0.03 

0 (. 051 

0.05 

0.02 

0.05 

0.2  

0.02 

0,0020 

0.0020 

0 0020 

1.9 L 9 

2 . 4  

10.0 

Hal 

14.5 

0 .12  

0,08 

1 * 3  

0.020 

0,009 

1.8 1 1 

2.6 

9 ,5  
52.1 

0.57 

1.3.3 

0.12 

0.23 

1 . 2  

<o I O 1  

0 .1  

0.03 

0.120 

0.003 

0 0050 

2 2 . 7  

1 , h  

2 1 - 1  

Ea  1 

14 " 1. 

0.09 

0.14 

0.81 

0.009 

0.081 

0.07 

20.3 

1.6 

21.4 

39.5 

0.39 

1 5 . 3  

0,11 

0 . 3 3  

0.69 

0*01  

0 .1  
0 , 0 3  

0.011 

Q .  001. 

0.0005 

0.07 

a Procured as arc-inellred p l a t e  48 X 24 x E l 2  Tn. from Allvac Metals, 
h e a t  6960. 

from S t e l l i t e  D i v i s i o n ,  Union Carbide Corpora t ion ,  h e a t  1860-6-1813. 

Carbide Corpora t ion ,  heat 3.880-8-0132. 

'Procured as h o t - r o l l e d ,  p i c k l e d ,  and annea led  p l a t e  36 

'Procured as p l a t e  30 X 1 2  X 1 / 2  i n .  from S te l l i r e  Div i s ion ,  Union 

76 X 1 / 2  in .  

a p p r e c i a b l y  a t  the base of t h e  notch, bu t  the s a m p l e s  aged a t  90Q'C 
(rows 2 and 4 )  showed p r o g r e s s i v e l y  less reduc t ion  i n  width wit:h 
increasing ag ing  t i m e .  

F ig .  4 f o r  Haynes a l l o y  No .  25 aged a t  v a r i o u s  tempera tures .  The i-mpact 
energy i n  the so lu t inn-annea led  c o n d i t i o n  was 70 f t - l b ,  compared with 
164 ft-lb (Fig. 1) f o r  H a s t e l l o y  N. Aging a t  650, 700, $00, and 900'C 
caused a p r o g r e s s i v e  dec rease  i n  impact energy w i t h  ag ing  t i m e ,  and the 

'rhe v a r i a t i o n  of impact energy a t  25OC with aging t i i m e  i s  shown i n  
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1 HASTELLOY N - 2 5 O C  

Fig. 1.. 
f o r  Hastelloy N. 

Variation of Notch-Impact Energy at 25°C With Aging Time 
Samples annealed 1 hr at 1150°C before  ag ing .  

280 

240 , 

_- 200 a 
t - - 
& 160 

+ f20 

2 s 

111 
W 
z 
W 

V 

80 

40 

0 

0 2  5 IO' 2 5 IO2 2 5 

AGING TIME (hr )  

F i g .  2. Variation O F  Notch-Impact Energy at 
Samples  annealed 1 hr at 1150°C f o r  Wastel1.oy N. 
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300°C With Aging Time 
before  ag ing .  
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Fig .  3 .  F r a c t u r e  
time i n c r e a s e s  i n  each 
The samples  i n  t h e  top  
i n  the second row w e r e  
t h i r d  row were aged a t  
row w e r e  aged a t  900°C 

Surfaces  of Has te l loy  N Impact Samples. The ag ing  
row from zero  on t h e  l e f t  t o  4000 h r  on t h e  r i g h t .  
row were aged a t  650°C and t e s t e d  a t  25"C, t hose  
aged a t  900°C and t e s t e d  a t  25"C, t hose  i n  t h e  
650°C and t e s t e d  a t  3OO0C, and t h o s e  i n  t h e  bottom 
and t e s t e d  a t  300°C. 

0 2  5 10' 2 s io2 2 5 403 2 
AGING TIME (hrl 

Fig .  4 .  V a r i a t i o n  of  Notch-Impact Energy a t  25OC With Aging Time 
for Haynes Alloy N o .  25. Samples annealed 1 h r  at 1150°C b e f o r e  ag ing .  
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ra te  01 decrease i n c r e a s e d  v i t h  i n c r e a s i n g  ag ing  temperature. 
i m p a c t  e n e r g l e s  r e s u l t i n g  from a g i n g  w e r e  from 3 io 8 E t - 1 5 .  

Thr e f f e c t s  o f  ag jng  on the impact. energy oLc Haynes a l l o y  No. 25 
a t  300°C ar2 show2 i n  Fiy. 5 and  arn  q u a l i t a t i v e l y  similar { c )  t h e  e f f e ~ t s  
noted a t  25°C (F ig .  & I .  The 1owes;L v a l u e  noted a t  a t e s t  1-erriperature 
of 300°C was 5 f t - l b  f o r  a sample aged a t  650°C. 

The fractm-e siltfaces i n  F i g .  6 a l s o  re f lec t  I h e  Large e f fec t  of 
aging on the impact p r o p e r t i e s .  fhe top row was ased al. 650°C a i d  ; c s ~ e d  
ai- 25°C. The f r ac tu r i "  appearance changed i r u m  f i b r o u s  t o  21 
;he rpduct ion  i n  widrh a t  the  base  3 f  t h e  notch dpcseascc-1 wi+h i l i c r o a s i o g  
a g i i l g  time. 
f l a c t u r p  appearance and the  r e d u c t i o n  lLn wiili-h I n d i c a t e  a high  ra te  of 

i'he lowest 

ihe cecond row was aged at 850°C arid tZs&pd a t  3 5 ° C ;  t h e  

brittleii12.ili d ~ i r h z  aging  a t  850°C. The saiiiplcs <n t h e  zhircl atid f o u r t h  
ws were age2 a i  650 and 850"C,  i e s p c c r i v e l y ,  and t$-;:ed a t  300OC.  They  

rpf ~ C L  ogrcssive cmbi-lttlement r-i I h iacrraasing aging L S W .  

asinn t : l i i s  i c  shorm i n  F i 3 .  7. Thc j q e c t  energy i n  t h e  T O l u L i u a - ~ ? , R e ~ l P d  
;onaii:inii was 58 f t  -;>, c<Jknpdrcc with 70 Tt-lb :or 3ayies a l l o y  To. ,i 
aad i S L  I t - - l b  For : Iasrel loy N .  Aging a t  650°C g r a d u a l l y  reducer! t h e  
impact  enr rgy  excppt f o r  z p o s s i b l e  i n c r e a s e  a f t e r  ag ing  f o r  50 h r .  -4gi113 
s i  /OO"C reduced the  i i npzc t  energy f o r  t h e   firs^ 500 h r ,  ?-nd Ius-the: ag inq  
caused a s l i g h t  improvctix=nt. 
c:nergy t o  v d w s  of 9 and 5 f t - i b ,  respectively. The c~c)ssove: 

Ine  v a r i a t i o n  O F  impact  energy a t  75"e of lrayrres alloy No. ; 8 8  

Aging a t  800 and 900°C reduced t h c  impact 
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w 
!- 
c>  
4 

60 

a r 
40 

2 0  

0 
0 2  5 IO' 2 5 IO2 2 5 IO3 2 qo+ 

v 

AGING TiPX ( h r )  

F ig .  5. V a r h t i o n  of Notch-,Zrnpact Energy a t  .300°C SJith Aging T i m e  
Samples a ~ n e a l e d  1 h r  a t  115OoC Sefore ag ing .  for IIaynes A l l ~ y -  No. 25. 
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i n  p r o p e r t i e s  f o r  ag ing  temperatures  o f  800 and 900°C i s  I - ike ly  real  
s i n c e  t h e  s a m e  e f f e c t  was noted a t  a tes t  temperature  of  300°C (F ig .  8 ) .  

The impact r e s u l t s  a t  a test temperature  of 300°C f o r  IIayries a l l o y  
No. 188 are  shown i n  F i g .  8. These d a t a  show t h e  improvement i n  impact 
p r o p e r r i e s  a f t e r  ag ing  50 h r  a t  650°C and the crossover i n  p r o p e r t i e s  
a f t e r  ag ing  a t  800 and 900°C. Genesal.ly, t h e  d a t a  show a gradual  
d e c r e a s e  in impact energy w i t h  ag ing  t i m e  and l a r g e r  e f f e c t s  w i t h  
i n c r e a s i n g  ag ing  temperature .  

140 

120 

,- iaa 

$j 80 

P 60 

4a 

a 
+ 
%- v 

€K 
w 
P 
w 

0 
4: a 
9 - 

20 

0 
0 2  

-m 

5 10' 2 5 IO2  2 5 

ORNL- DWG 74 - 40925 

1-1s-188-300°C 1 
. ~~ 

. . . . . .- 

iz: 
\ 

5 
AGING TIME (hr)  

F i g .  3. V a r i a t i o n  of Notch-Impact Energy a t  3 O O 0 C  With Aging T i m e  
f o r  Ilaynes Al loy  No. 188, Samples annealed 1 hr a'i 115Q'C b e f o r e  aging. 

The f r a c t u r e  s u r f a c e s  of the Haynes a l l o y  No. 188 samples shorn in 
Fig. 9 show t h e  decrease  i n  d u c t i l i t y  with aging.  The fracl :ure  appearance 
changed from f i b r o u s  t o  g r a n u l a r ,  and the r e d u c t i o n  i n  w i d t h  a t  the base 
of the notch  decreased  as the a g i n g  t i m e  i n c r e a s e d .  
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Fig .  9. F r a c t u r e  Sur faces  of IIaynes Al loy  N o .  188 Impact Specimens. 
T h e  ag ing  t i m e  i n c r e a s e s  i n  each row from zero on the l e f t  to 4000 hr on 
the r i g h t .  The samples i n  the top  row were aged a t  650°C and t e s t e d  a t  
25"C,  t hose  i n  t h e  second row were aged at 900°C and t e s t e d  a t  25"C, t hose  
i n  t h e  t h i r d  row were aged a t  650°C and t e s t e d  a t  300"C, and those  i n  t h e  
bottom row were aged a t  900°C and t e s t e d  a t  300°C. 

TENSILE PROPERTIES 

Small t e n s i l e  specimens having a gage s e c t i o n  1 / 2  i n *  long  and 1/8 i n .  
i n  d iameter  w e r e  machined from h a l v e s  of s e v e r a l  t e s t e d  impact specimens. 
These specimens w e r e  t ens i l e  tested a t  25°C a t  a strain ra te  of O.l/min, 
and t h e  r e s u l t s  are summarized i n  Table  2. Although ag ing  Has te l loy  N a t  
900°C f o r  100 h r  reduced t h e  impact energy from 164 t o  52 f t - l b  (Fig.  1, 
p .  4) t h e  u n i a x i a l  t e n s i l e  p r o p e r t i e s  changed ve ry  l i t t l e  (Table 2 ,  spec i -  
mens 11440 and 11441). 
energy t o  35 f t - l b ,  and t h e  t e n s i l e  p r o p e r t i e s  indicate a g e n e r a l  dec rease  
i n  y i e l d  and t e n s i l e  s t r e n g t h ,  ve ry  small changes i n  axial  s t r a i n ,  and a 
s i z e a b l e  dec rease  i n  the reduction i n  area (Table 2 ,  specimens 11440 
and 11448). 

The t e n s i l e  properties of Haynes a l l o y  N o .  25 were  changed markedly 
as a r e s u l t  of aging. 

Aging f o r  4000 h r  a t  900°C reduced rhe  impact 

Aging f o r  SO hr a t  850'C i nc reased  t h e  y i e l d  stress 
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Table 2. Results of Tensile Tests at 25°C 

Stress, psi 
-- _I ....... _I 

Yield U1 t ima t e 
Tensile Fracture 

Reduction 
in Area, % 

Strain, X 

Uniform Total 

11440 0 
11441 100 900 
11448 4000 900 

11446 0 
11447 50 850 
11445 4843 850 

11444 0 
11443 100 900 
11442 2000 900 

60,300 
59,000 
55,500 

71,700 
79,900 
87,500 

69,800 
69,200 
71,100 

-. Hastelloy N ...... 

114,400 105,700 
118,100 112,300 
106,800 100,200 

Haynes Allox..No. 25 

138,400 137,500 
113,300 113,300 
133,000 133,000 

Haynes A l l o j - - - N o .  188 

143,700 141,200 
139,300 138,500 
137,300 137,300 

51.2 
50.5 
41.5 

43.2 
14.4 
12.7 

51.2 
37.0 
21.1 

55.6 
54.4 
56.4 

43.6 
14.6 
12.9 

53.5 
37.9 
21.6 

41.5 
161.5 
27.7 

27.9 
9.1 
5.8 

40.0 
27.3 
7.7 

.... ... ......... .......... .. ~11 -_____ 

aAll specimens solution annealed I hr at 1150°C befo re  aging. 

and decreased all the ductility parameters (Table 2, specimens 11446 and 
11447). These same aging conditions caused the impact energy to decrease 
from 70 to 6 ft-lb (Fig. 4 ,  p. 5). Aging for 4843 hr at 850°C caused the 
yield stress to increase and the ductility parameters to decrease further. 
These same aging conditions caused the impact energy to decrease to about 
3 ft-lb. 

Aging at 900°C caused very little change in the strength parameters 
of Haynes alloy No. 188 (Table 2, specimens 11444, 11443, and 11442). 
However, the ductility parameters decreased with aging. The. impact 
properties after 0, 100, and 2000 hr aging at 900°C were 58, 27, and 
6 ft-lb, respectively (Fig. 7, p. 7). 

METALLOGRAPHIC EXAMINATION 

No phase identification work was done on these samples, so we will 

Carbides of the M2C and M 6 C  types are formed' in Hastelloy N, 
only indicate the phases that are likely present on the basis of other 
studies. 
but the M2C type should predominate in a heat such as 6960, which 
contained only 0.05% Si. 
and 20% C r .  The microstructure of Wastelloy N after solution heat 
treatment i s  shown in Fig. 19. The grain boundaries were quite jagged 
and contained some fine carbide. Some coarser primary carbide was also 
present within the grains. 
impact energy for the first 500 hr and a slight increase with further 
aging (Fig. 1, p. 4). The microstructural change observed at 650°C +7as 
carbide precipitation along the grain boundaries, and no obvious charac- 
teristic of this precipitation could account for the slight minimum in 
the impact energy. 
aging at 650°C. Carbide has precipitated on and adjacent to the grain 

The "M" in this carbide consists of about 80% Mo 

Aging at 650°C caused a decrease in the 

Figure 11 shows the microstructure after 4000 hr 
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Ffg. 10. Typical Photomicrograph of H a s t e l l o y  N Annealed 1 h r  at 
1150'C. Impact energy at 25°C was 164 f t - i b .  Etchant: glyceiria r e g i a .  

F i g ,  $ 1  Typical  Photomicrograph of H a s t e P h o y  N Annealed 1 hr at 
1150°C and Aged 4000 Ilr at 650°C. 
Etchant:: glyceria regia. 

Impact energy at 25'C was 108 Tt-ab. 
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boundaries .  Aging a t  700°C caused c a r b i d e  p r e c i p i t a t i o n  s imi la r  t o  t h a t  
noted a t  650°C. Aging a t  800°C i n i t i a l l y  caused g r a i n  boundary c a r b i d e  
p r e c i p i t a t i o n  and some g e n e r a l  p r e c i p i  t:ation (Fig.  1 2 ) .  A f t e r  prolonged 
ag ing  a t  8OO"C, t h e  g r a i n  boundary c a r b i d e  agglomerated, and t h e  amount 
of p r e c i p i t a t e  w i t h i n  t h e  g r a i n  i n c r e a s e d  (P ig .  1 3 ) .  Howsxr,  t h e  i m p a c t  
energy cont inued t o  d e c r e a s e  wi th  f u r t h e r  ag ing  a t  800°C (Fig.  1, p .  4 )  even 
though t h e  g r a i n  boundary c a r b i d e  appeared t o  become d iscont inuous .  A t  
900°C t h e  c a r b i d e  forrried p r e f e r e n t i a l l y  a long  t h e  g r a i n  boundaries  
(Fig.  1 4 ) .  
wiLl i  f u r t h e r  ag ing  t i m e .  The impact energy decreased w i t h  increasi.iig 
c a r b i d e  formation and semed t o  reach R p l a t e a u  of about 30 ft-1.b a f t e r  
t h e  c a r b i d e  became q u i t e  coarse (F ig ,  1, p .  4 ) .  

phases  ,that are formed a He faund t h a t  the  solut ion-annealed a l l o y  conta ined  
M6C and Zr(N,C) .  Aging over  t h e  range 650 t o  llOO°C formed c r 2 3 C 6  and a 
Laves phase,  A2B. A f t e r  prolonged ag ing  the major c o n s t i t u e n t s  were 146C 
and t h e  Laves phase. These v a r i o u s  m i c r o c o n s t i t u e n t s  assumed d i f f e r e n t :  
morphologies a t  d i f f e r e n t  ag ing  tempera tures ,  s o  i t  i s  riot possib1.e t o  
i d e n t i f y  m i c r o c o n s t i t u e n t s  s o l e l y  by o p t i c a l  metal lography,  and our  phase 
i d e n t i f i c a t i o n s  are l a r g e l y  c o n j e c t u r e .  

The m i c r o s t r u c t u r e  of solut ion-annealed Ilaynes a l l o y  No. 25 is shown 
i n  F ig .  15; it: c o n t a i n s  a primary c a r b i d e ,  like1.y M 6 C .  Even though ag ing  
a t  650°C caused a s t e a d y  d e c r e a s e  i n  t h e  impact energy from 60 t o  2 f t - l b  
(Fig. 4 ,  p .  5 ) ,  t h e  m i c r o s t r u c t u r e  changed only  s l i g h t l y .  A f t e r  ag ing  f o r  
4843 h r  a t  6 S O " C  (Fig.  16)  t h e  g r a i n  boundaries  e tched  v e r y  q u i c k l y  
( l i k e l y  because of t h e  presence of carbi.de o r  Laves p r e c i p i t a t e ) ,  and 
some p r e c i p i t a t e  w a s  v i s i b l e  i n  the g r a i n s ,  
s t e a d y  decrease  i n  t h e  impact energy (Fig.  4 ,  p. 5 ) ,  and l a r g e  amounts of 
p r e c i p i t a t e  ( l i k e l y  Laves phase)  were v i s i b l e  i n  t h e  m i c r o s t r u c t u r e  
(Fig.  1 7 ) .  
700°C, and t h e  g r a i n  boundaries  e tched  very  r e a d i l y  (F ig ,  1 8 ) .  Aging 
a t  850°C f o r  50 h r  caused t h e  impact energy t o  d e c r e a s e  from 50 t o  6 ft-llb 
(Fj-g. 4 ,  p .  5 ) ,  but t h e  m i c r o s t r u c t u r e  showed l i t t l e  change from t h e  
solut ion-annealed c o n d i t i o n  (compare F i g s .  15 and 1.9). The main d i f f e r e n c e  
i s  t h e  more r a p i d  e t c h i n g  c h a r a c t e r i s t :  i-cs of t h e  g r a i n  boundaries  a f t e r  
aging.  
s l i g h t l y  from t h a t  noted a f t e r  ag ing  50 h r ;  however, t h e  amount of  
p r e c i p i t a t e  i n c r e a s e d  d r a m a t i c a l l y  (Fig.  20) .  These o b s e r v a t i o n s  l e a d  t o  
t h e  s p e c u l a t i o n  t h a t  t h e  impact p r o p e r t y  changes i n  Haynes a l l o y  N o .  25 
r e s u l t  p r i m a r i l y  from t h e  g r a i n  boundary p r e c i p i t a t e  si:.ri.icture and t o  a 
lesser e x t e n t  on the p r e c i p i c a t e  w i t h i n  t h e  g r a i n s .  

Herchenroeder4 s t u d i e d  t h e  agi.ng c h a r a c t e r i s t i c s  of f o u r  h e a t s  of 
IIayries a l l o y  No. 188. H e  found t h a t  t h e  solut ion-annealed a l l o y  cuii tained 
primary M 6 C  and that  ag ing  formed secondary M6C,  M 2 3 C 6 ,  and a k v e s  phase 
of t h e  A2B type.  
transform t o  M 2 3 C 6  on ag ing .  
of t h e  graiip V I B  materials a v a i l a b l e  t o  form the A2B phase.  

Aging a t  650°C caused t h e  impact energy of Hayries a l l o y  N o .  188 to 
d e c r e a s e  (Fig.  7 ,  p .  7 ) .  The m i c r o s t r u c t u r e  changed v e r y  l i t t l e  dur ing  
t h e  2000 h r  ag ing  (P ig .  21). The primary change w a s  the formation o f  
p r e c i p i t a t e s  a long  t h e  g r a i n  boundarles  so t h a t  t h e s e  r e g i o n s  e tched  

'It w a s  i n i t i a 1 . l y  q u i t e  f i n e  and became c o a r s e r  and agglomerated 

Wlodek3 h a s  s t u d i e d  t h e  embrittl.em.ent of Naynes nl.l-oy N o .  25 and the 

Aging a t  700°C produced a 

Aging a t  800°C r e s u l t e d  i n  c o a r s e r  p r e c i p i t a t e  t h a n  noted  a t  

Aging 4843 h r  a t  850°C caused t h e  impact energy t o  d e c r e a s e  only  

Over t h e  range 700 t o  900°C t h e  M6C tended s t r o n g l y  t o  
The c a r b i d e  t ransformat ion  would make m o r e  
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Fig. 12 .  Typical Photomicrograph of Hastelloy N Annealed 1 hr at 
1150°C and Aged 100 hr at 800°C. 
glyceria regia. 

Impact energy was 165 ft-lb. Etchant: 

Fig. 1 3 .  Typical Photomicrograph of Hastelloy N Annealed 1 hr at 
1150°C and Aged 4000 hr at 800°C. 
glyceria regia. 

Impact energy was 40 ft-lb. Etchant: 
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Y-109161 

. .  

I Y-109163 

F i g .  14. Photomicrographs of Hastelloy N A~itieaBed 1 hr ai- 1 1 5 0 ° C  
and  Aged at 300'C. 500x. (Reduced 39.5%).  (a> 50 h r ,  (b) 100 hr, 2n.d 
( c )  4000 hl-. Iinpact e n e r g i e s  at 2 5 ° C  were 114, 8 3 ,  and 36 E t - l b ,  
respectively. Etchant :  g l y r e i i a  regia. 
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P i g .  15. Typical. Photomicrograph of Haynes Alloy No. 25 Annealed I h r  
at 1150°C. I m p a c t  energy at 25°C was 70 f t - l b .  Etchant: g lyce r i a  regia. 
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F i g .  1 7 .  Typical Photomicrograph of Haynes Alloy No. 25 Annealed 
1 hi- at 1 1 5 O O C  and Aged 4843 hr at 7 0 0 O C .  
5 f t-lb . Etchant : gl.yceri-a regia. 

Impact energy at 25°C was 

Fig. 18. Typical Photomicrograph of Maynes Alloy No. 25 Annealed 
1 hr at 1150°C and Aged 4 8 4 3  hr at 8 0 0 O C .  
7 ft-lb. Etchant: glyceria regia. 

Impact energy at 2 5 O C  was 
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F i g .  19. Typica l  Photomicrograph of IIaynes Alloy No. 25 Annealed 
1 h r  a t  1150°C and Aged 50 h r  a t  850°C. 
Etchant: g l y c e r i a  r e g i a .  

Impact energy  a t  25°C was 6 f t - l b .  

Fig.  20. Typical Photomicrograph of Haynes Al loy  No. 2 5  Annealed 
I hr a t  1150°C and Aged 4843 hr a t  850°C. 
Etchant:  g l y c e r i a  r e g i a .  

Impact energy a t  25°C w a s  3 ft-lb. 
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Fig.  21. Typica l  Pholmnicragraphs o f  Raynes Al loy  N o .  188. 
(a) Annealed 1 h r  a t  P150"C. 
(b)  Annealed 1 hr at 1150°C and aged 2000 h r  a t  650'C. 
a t  25°C was 2 2  Ft-13. Etchant :  g l y c e r i a  r e g i a .  

Impact encrgy at 25°C w a s  59 ft-- ' ib. 
I m p a c t  energy 
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more r e a d i l y .  
650°C would c o n t a i n  M23C6 and M s C ,  b u t  l i k e l y  not  Laves phase. 
m i c r o s t r u c t u r e  r e s u l t i n g  f r o m  2000 h r  ag ing  a t  700°C conta ined  C O ~ ~ O U S  
g r a i n  boundary p r e c i p i t a t e ,  l i k e l y  ca rb ides  (Pig.  22 ) .  Aging a t  800°C 
fnr 2000 h r  r e s u l t e d  i n  t h e  formation of more p r e c i p i t a t e s ,  p r i m a r i l y  
g r a i n  boundary (F ig .  2 3 )  Nerchenroeder 's  work would i n d i c a t e  t h a t  t h i s  
sample conta ined  M 2 3 C 6  and Laves phase.  Aging a t  900°C caused t h e  g r a i n  
boundary p r e c i p i t a t e  t o  agglomerate  and a l a r g e  amount of p r e c i p i t a t e  to 
form w i t h i n  t h e  g r a i n s  (F ig .  2 4 ) .  The samples i n  Fig.  24  likely c o n t a i n  
M23Css M G C ,  and Laves phase.  

The r e s u l t s  of Nerchenroeder4 i n d i c a t e  t h n r  a sample aged a t  
The 

F i g .  1 2 .  Typical Photo- 
mi cro  gr aph (3 f Hayne s Alloy 
No. 188 Annealed 1 h r  a t  
1150°C and Aged 2000 h r  a t  
700'C. Impact energy at 
700°C was 24 ft-lla. Etchant: 
g l y c e r i a  rt*gid,, 5 8 0 ~ .  
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F i g .  2 4 .  
1 hr a t  1150°C and Aged a t  900°C. 
25°C was 28  f t - l b .  
E tchant :  g l y c e r i a  regia .  

Typ ica l  Photomicrographs of Haynes All.oy N o .  188 Annealed 

(b) Aged 2000 h r ,  i m p a c t  energy a t  2 5 O C  was 6 f t - l b .  
( a >  Aged 100 h r ,  i m p a c t  energy a t  
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SCANNING ELECTRON MICR.OSCOPE OBSERVATIONS 

The f r a c t u r e s  of t h e  n i n e  t e n s i l e  samples desc r ibed  i n  Table  2 ( p .  1.0) 
were examined i n  t h e  scanning e l e c t r o n  microscope. Typica l  views of t h e  
Has te l loy  N f r a c t u r e s  are shown I n  Fig.  25. Some p o r t i o n s  of t h e  f r a c t u r e  
w e r e  i n t e r g r a n u l a r ,  bu t  t h e  e n t i r e  s u r f a c e  shows deformation markings 
c h a r a c t e r i s t i c  of d u c t i l e  f r a c t u r e .  The i n t e r g r a n u l a r  c r acks  pe rpend icu la r  
t o  t h e  p l ane  of view would b e  expected because of t h e  complex stress s ta te  
t h a t  developed be fo re  f r a c t u r e .  A s  t h e  specimen necked, three-dimensional  
stresses developed t h a t  would tend  t o  open c r a c k s  pe rpend icu la r  t o  t h e  
a p p l i e d  stress. The f e a t u r e s  of t h e  f r a c t u r e  s u r f a c e  changed ve ry  l i t t l e  
as a r e s u l t  of ag ing .  

The photomicrographs shown i n  Fig.  26 of t h e  Haynes a l l o y  No. 25 
t e n s i l e  specimens show t h a t  t h e  f r a c t u r e s  are p r i m a r i l y  i n t e r g r a n u l a r .  
The main change t h a t  occur red  w i t h  ag ing  was a reduc t ion  i n  t h e  amount of 
deformation (evidenced by dimpling) t h a t  occur red  b e f o r e  f r a c t u r e .  

The f r a c t u r e  s u r f a c e s  of t h e  Haynes a l l o y  No. 188 t e n s i l e  specimens 
shown i n  Fig.  2 7  are q u i t e  similar t o  those  of Haynes a l l o y  No. 25. The 
predominant d i f f e r e n c e  i s  t h e  more d u c t i l e  appearance of t h e  Haynes a l l o y  
No. 188. Although t h e  f r a c t u r e s  were almost e n t i r e l y  i n t e r g r a n u l a r ,  
t h e  f r a c t u r e  s u r f a c e s  are dimpled from p l a s t i c  deformation.  We s a w  no 
f e a t u r e s  i n  Fig.  27 t h a t  obvious ly  changed w i t h  ag ing ,  a l though t h e  
r educ t ion  i n  area changed from 40.0 t o  7.7%. 

DISCUSSION OF RESULTS 

A l l  t h r e e  a l l o y s  underwent s u b s t a n t i a l  l o s s e s  i n  toughness as a 
r e s u l t  of ag ing  over  t h e  tempera ture  range  650 t o  900°C. Has te l loy  N 
forms on ly  c a r b i d e s  dur ing  ag ing ,  b u t  t h e  a l l o y  l o s t  about  80% of i t s  
toughness du r ing  ag ing  a t  800 and 900°C (Fig.  1, p.  4 ) .  Aging a t  
650 and 700°C caused l o s s e s  of about  50%. 
s e e m  t o  c o r r e l a t e  w i th  t h e  amount of  g r a i n  boundary p r e c i p i t a t e .  

Maynes a l l o y s  Nos. 25 and 188 are more complex than  Has te l loy  N i n  
t h a t  they  form Laves phases .  The ag ing  c h a r a c t e r i s t i c s  of t h e s e  two 
a l l o y s  are compared in Fig.  28  i n  terms of t h e  r e d u c t i o n  i n  t h e  impact 
energy. One of t h e  o b j e c t i v e s  i n  t h e  development of a l l o y  NO. 188 w a s  
t o  reduce t h e  embr i t t l ement  due t o  Laves phase t h a t  occur red  i n  Haynes 
a l l o y  No. 25. The comparison i n  F ig .  28 shows t h a t  t h i s  w a s  p a r t i a l l y  
s u c c e s s f u l ,  s ince  t h e  t i m e  r equ i r ed  t o  cause  a c e r t a i n  l o s s  i n  impact  
energy w a s  much g r e a t e r  f o r  a l l o y  No. 188. 
t h e  l a r g e r  l o s s e s  i n  impact energy. For example, a t  800°C a l l o y  No. 25 
l o s t  75% of i t s  impact energy i n  30 h r ,  bu t  a l l o y  No. 188 r e q u i r e d  600 h r .  

Haynes a l l o y s  Nos. 25 and 188 both  formed Laves phase,  bu t  a l l o y  No. 188 
formed less. 
can be reduced by t h e  m a t r i x  o r  t h e  g r a i n  boundar ies  becoming b r i t t l e  so  
t h a t  a low-energy f r a c t u r e  p a t h  i s  de f ined .  
could produce e i t h e r  of t h e s e  e f f e c t s .  It i s  quire l i k e l y ,  a l though 
n o t  n e c e s s a r i l y  t h e  case, t h a t  t h e  formation of e i t h e r  phase i n  q u a n t i t i e s  
s u f f i c i e n t  t o  e m b r i t t l e  t h e  matrix would harden i t  a l s o .  It is  a l s o  
p o s s i b l e  f o r  t h e  m a t r i x  t o  be s t rengthened  s u f f i c i e n t l y  t o  cause  t h e  
g r a i n  boundaries  and a d j a c e n t  r eg ions  t o  deform p r e f e r e n t i a l l y  t o  t h e  

These losses i n  toughness  

This  is  p a r t i c u l a r l y  t r u e  f o r  

Both a l l o y s  formed c a r b i d e s .  The toughness of a material 

The c a r b i d e  and Laves phases  



2 2  

F i g .  2 5 ,  Scanning Elec t ron  
Micrographs of  the F r a c t u r e s  of 
Haste3 l o y  N Tens i le  Specimens b’rar. 
cured a t  25°C. (a) Solutio11 annealed. 
(b) A g ~ d  100 h r  a t  900°C. 
4000 hr at 900°C. L e f t  I O O X .  
Right 3OOx. 

( c )  Aged 
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. 

F i g .  2 7 .  Scanning Electron Micrographs of t he  Fractures of Haylies 
Alloy No. 188 Tensile Specimens Tested at 25'C. 
annealed. (b) Aged 100 hr at 900°C. 

l o o x .  
(e) Aged 2000 hr at 900°C. 

(a) Solution 
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OHFIL- DWG 73- 3 196 

Fig. 28. Reduction in Impact Energy at 2 5 ° C  Due to Aging for €faynes 
Alloys Nos. 25 and 188. 
aging. 

All samples annealed 1 hr at 1150°C before 

matrix. The yield stress of Haynes alloy No. 25 (Table 1, p. 3)  increased 
about 20X with aging, and the ductility parameters decreased. This 
alloy showed a strong tendency to fail intergranularly in the solution- 
annealed condition, and the tendency toward intergranular fracture 
increased. 
aging, indicating that the grain boundaries themselves became less 
ductile with aging. The stronger matrix may have contributed to the 
embrittlement, but the grain boundary embrittlement seemed to be the 
domina.nt factor. 

embrittlement mechanism. The solution-annealed material fractured 
predominantly inrergranularly. 
very little during aging, but the ductility decreased (Table 2, p .  10). 
Although the fracture w a s  intergranular, considerable deformation occurred 
before the fracture (Fig.  27) ,  and this did not change appreciably with 
aging. Thus, there is no evidence to support the premises that the matrix 
was strengthened or that the grain boundaries were embrittled by aging. 

There was less evidence of grain boundary plasticity with 

The data for Haynes alloy No.  188 are even less definitive of an 

The yield and tensile stresses changed 

s UMMARY 

Impact samples of HastelLoy N,  Haynes alloy N o .  25, and Haynes 

Impact tests were run at 25 and 
a l l o y  No. 188 were solution annealed and aged up to 4000 hr at: ternpera- 
tures over the range 650 t o  900'C. 
3 O O 0 C ,  arid a l l  alloys underwent reduction i n  toughness due to aging. 
reduction in toughness was least for Ilastelloy N, intermediate for alloy 
No. 188, and greatest for a l l o y  N o .  25. The changes in Hastelloy N were 
due t o  carbide precipitation, and those in Haynes alloys Nos. 25 and 188 

The 
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were l i k e l y  due t o  t he  combined e f f e c t s  of c a r b i d e  and Laves phase 
p r e r i p i t a t i n n ,  

The ai i thors  g r a t e f u l l y  acknowledge t h e  c o n t r i b u e i o n s  of J .  M. Newsotiie, 
T .  N. Jones,  and W. J. Stelzrnan f o r  t h e  ag ing  and impaci- t e s t i n g ;  
H. X. Tinch f o r  t h e  metal lography;  R.  G. Berggrpn, R. G.  Doanelly,  and 
W. R. Mart in  f o x  review of t h e  manuscript ;  t h e  ORNL Graph ic  A r t s  Ikpartrnent 
f o r  p r e p a r a t i o n  of t h e  drawings,  and t h e  Metals and Crrarnics D i v i s i o n  
Repon t s  O f f  i ce  f o r  p r e p a r a t i  o n  of the rnanuscrip t 
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