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The room t e m p e r a t u r e  and 1365 K tens i l e  p rope r t i e s  and 1365 K tens i le  creep p rope r -  
t ies  at low s t r a i n  r a t e s  were m e a s u r e d  for s e ve r a l  oxide d i spe r s ion  s t rengthened  (ODS) 
a l loys .  The a l loys  examined included ODS Ni, ODS Ni-20Cr  and ODS Ni-16Cr-4 /5A1.  
Metal lography of creep tested,  la rge  gra in  size ODS al loys indicated that c reep of these 
a l loys  is  an inhomogeneous p roces s .  All  al loys appear  to posses s  a threshold  s t r e s s  for 
c reep .  It is  bel ieved that the threshold  s t r e s s  is assoc ia ted  with diffusional  c reep  in 
the la rge  g ra in  s ize  ODS al loys and n o r m a l  d is loca t ion  motion in perfect  s ingle  c rys -  
t a l l ine  ODS al loys .  Thresho ld  s t r e s s e s  for large g ra in  size ODS Ni-20Cr  and Ni -16Cr-  
4/5A1 type al loys a re  dependent  on the g ra in  aspect  ra t io .  Because  of the de le te r ious  
effect of p r i o r  creep on room t e m p e r a t u r e  mechan ica l  p rope r t i e s  of la rge  g ra in  s ize  
ODS al loys,  it is speculated that the threshold  s t r e s s  may be the d e s i g n - l i m i t i n g  creep 
s t reng th  p roper ty .  

O X I D E  d i spe r s ion  s t reng thened  (ODS) n i cke l -ba se  
a l loys  have potent ia l  for use  in r a t h e r  demanding  
elevated t e m p e r a t u r e  env i ronmen t s ,  such as a i r c r a f t  
tu rb ine  engines .  The f i r s t  genera t ion  of c o m m e r c i a l  
ODS Ni a l loys ,  nomina l ly  Ni-2ThO2, exhibited excel -  
lent  s t reng th  in the t e m p e r a t u r e  range  1255 to 1475 K 
and over  t e m p e r a t u r e  capaci ty a lmos t  up to the 
mel t ing  point .  1,2 Unfor tunate ly  the Ni-2ThO2 al loys  
were  subjec t  to seve re  oxidation at tack.  3 For  i m-  
proved oxidation r e s i s t a n c e ,  the Ni-20Cr-2ThO2 type 
al loys were  developed. These  al loys pos se s s  good 
elevated t e m p e r a t u r e  s t reng th  and over  t e m p e r a t u r e  
capacity %s plus  excel lent  s ta t ic  oxidation r e s i s t a nc e :  6 
however,  the dynamic  oxidation r e s i s t a n c e  at T 
> 1255 K was low due to the vola t iza t ion  of ch romium 
oxide. 7,s Most recen t ly ,  Ni-16Cr-A1 (nominal ly  4 to 6 
wt pct) type ODS al loys  have been developed. 9,1~ These  
al loys fo rm an A1203 protec t ive  oxide sca le  and pos-  
s e s s  dynamic  oxidation r e s i s t a n c e  as well  as other 
de s i r ab l e  properties.X~ Ni- 16Cr-A1 al loys conta in-  
ing e i ther  thor ia  or y t t r i a  as the d i spe r so id  have 
been produced; a y t t r i a  s t rengthened  alloy is espec ia l ly  
a t t r ac t ive  as it e l imina t e s  the rad ioac t iv i ty  p rob l ems  
assoc ia ted  with thor ia ted  a l loys .  

The high t e m p e r a t u r e  s t reng th  of ODS al loys is due 
to the p r e s e n c e  of a un i fo rm d i spe r s ion  of fine,  i ne r t  
pa r t i c l e s ,  x2 The pa r t i c l e s  produce d i rec t  s t r eng then-  
ing by ac t ing  as d is locat ion  b a r r i e r s ,  and in poly-  
c rys t a l l i ne  ODS al loys the pa r t i c l e s  affect the g ra in  
s ize  and g ra in  shape which also inf luences  the me-  
chanical  properties.~2 In genera l ,  only an elongated 
gra in  s t r uc tu r e  is  r e q u i r e d  for s t rength  pa ra l l e l  to 
the d i r ec t ion  of p r i m a r y  working; however,  a la rge  
g ra in  s ize,  s emi -e longa t ed  m i c r o s t r u c t u r e  is  p roba-  
bly n e c e s s a r y  for r ea sonab le  t r a n s v e r s e  p rope r -  
ties.13 Most theor ies  of s t reng then ing  in ODS al loys 
have cons idered  the consequences  of the d i rec t  
s t r eng then ing  effect involving in te rac t ions  between 
the d i spe r so id  pa r t i c l e s  and d is loca t ions .  '2 However,  
in creep type appl icat ions ,  de format ion  m e c h a n i s m s  
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involving the gra in  s t ruc tu re  may be more  impor tan t .  
F o r  example,  r ecen t  work by Kane and Ebe r t  14 es t i -  
mated that c reep  at 1365 K in po lyc rys ta l l ine  TD- 
NiCr (Ni-20Cr-2ThO2) is en t i r e ly  due to diffusion 
cont ro l led  g ra in  boundary  sl iding,  i .e. ,  diffusional  
c reep .  15 Some m i c r o s t r u c t u r a l  evidence z6,z7 of diffu- 
s iona l  c reep exis t s  for s e v e r a l  po lyc rys ta l l ine  ODS 
al loys .  In addition, s e v e r a l  inves t iga t ions  of ODS 
al loys  have p re sen t ed  data which suggests  that c reep 
is  not a homogeneous p r oc e s s  and that a th reshold  
s t r e s s  for creep ( s t r e s s  below which creep does 
not occur)  ex is t s ,  z6'19 

This  work was under taken  to study the creep be-  
havior  at 1365 K of typical  ODS Ni, Ni -20Cr ,  and Ni- 
16Cr-4A1 a l loys .  In genera l ,  creep exposures  in-  
volved low s t r a in s ,  on the o rder  of 1 pet or l ess ,  
a f ter  nomina l ly  100 h of tes t ing .  P a r t i c u l a r  a t tent ion 
was d i rec ted  toward a s s e s s m e n t  of th reshold  s t r e s s  
for creep and examina t ion  of m i c r o s t r u c t u r e s  for 
evidence of diffusional  creep and inhomogenei ty  of 
c reep .  In addit ion,  shor t  t e r m  tens i l e  p rope r t i e s  at 
room t e m p e r a t u r e  and 1365 K were de te rmined .  

EXPERIMENTAL PROCEDURE 

The nominal chemistry of the ODS alloys evaluated 
is shown in Table I. Two alloys were produced by 
Fansteel, Inc.: TD-Ni in the form of heat treated 
(stress relieved) 1.27 cm diam bar, and TD-NiCrAI 
as a steel canned 20 cm diam extrusion billet. DS- 

Table I. Nominal Alloy Chemistry, Wt Pct 

Alloy Cr A1 C Th02 Y:03 NI 

TD-NI - - 0 027 2 - Balance 
(heat 3062) 

DS-NICr 20.3 - 0.009 2 - Balance 
Inconel MA-754" 20 0.6 0.07 - 0 6 Balance 
(heat 0T0055B) 

TD-NICrAI 16 4.2 0.05 2 - Balance 
(heat 3939) 

DST-NiC rA1 16 5 0 013 2 Balance 

*Also contains 1.5 Fe and 1 0 TI 
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NiCr was obtained f rom Stel l i te  Div i s ion-Cabo t  
Corpora t ion  in  the fo rm of un rec ry s t a l l i z ed ,  1.9 
x 6.4 cm sheet  ba r .  Inconel  MA-754 was produced 
by Huntington Alloy, Inc.  in the fo rm of heat  t r ea ted  
2.8 x 8.3 cm sheet  ba r .  The expe r imen ta l  al loy 
DST-NiCrA1 was obtained f rom S h e r r i t t - G o r d o n  
Mines,  Ltd. in  the fo rm of p r e s s e d  and s in t e red  b i l -  
le ts  with a nomina l  d iem of 7.6 cm.  

U n r e c r y s t a l l i z e d  DS-NiCr  was heat t r ea ted  before 
tes t ing .  The al loys in b i l le t  f o rm were  subjected  
to va r ious  t h e r m o m e c h a n i c a l  p r o c e s s i n g  and heat 
t r e a t m e n t  schedules  in o rder  to obtain an elongated 
m i c r o s t r u c t u r e  with a un i fo rm la rge  g ra in  s ize .  The 
f ina l  p r o c e s s i n g  and heat t r e a t m e n t  schedules  for a l l  
of the ODS al loys  a re  shown in Table  II. The average  
g ra in  s ize  p a r a m e t e r s  de t e rmined  by l inea r  ana lys i s  
and the c rys ta l log raph ic  tex ture  of the a l loys  a r e  
given in Tab le  III. D i spe r so id  pa r t i c l e  s i zes  or  i n t e r -  
pa r t i c l e  spacings  were  not de t e rmined  for  these a l -  
loys.  

Round ba r  t ens i l e  type spec imens  with a nomina l ly  
2.8 cm long x 0.51 cm d iem gage sec t ion  were  c e n t e r -  
l ess  ground f rom the heat t rea ted  a l loys .  In genera l ,  

Table II. Thermal-Mechamcal Processing and Heat Treatment Schedules 

Alloy Thermal Mecharacal Processing Heat Treatment 

TD-NI 
DS-NiCr 

lnconel MA-754 
TD-NICrAI 

DST-NiCrAI 

Not reported by vendor Not reported by vendor 
Extruded ~12 1 at ~1365 K Heated from I475 to 1590K 

by vendor m 2 h 
Not reported by vendor Not reported by vendor 
Extruded 12 1 at 1365 Kto  2 h a t  1640K 

3 X 10cm sheet bar, hot 
roiled to 1,5 cm thickness m 
two 30 pet passes at 1365 K 

CannedmsteeI, ex tmdedt6 :1  2 h a t  1640K 
at 1395 K to ~1.7 cm diam bar 

t apered  gr ip end spe c i me ns  were  used: however,  
threaded grip end spec imens  were used for DS-NiCr  
tes ted in the long t r a n s v e r s e  d i rec t ion  and for Inconel  
MA-754 in o r de r  to conserve  m a t e r i a l .  Al l  a l loys  
were  tes ted  pa ra l l e l  to the ex t rus ion  ax is .  In addit ion,  
DS-NiCr  and Inconel  MA-754 were  tes ted  in  the long 
t r a n s v e r s e  d i rec t ion  (long axis  of c ross  sec t ion  of 
bar ) .  

All  c reep t e s t ing  was conducted in  accordance  with 
ASTM speci f ica t ions  at 1365 K in  a i r  on constant  
load tes t  machines .  Creep tes t s  were genera l ly  de- 
s igned to produce between 0.1 and 1 pct s t r a i n  in 
100 h; however,  a few spec imens  were  tes ted to 
rup tu re ,  Elongat ion as a funct ion of t ime was m e a s -  
ured  optical ly f rom sc r ibed  p la t inum s t r ip s  which 
had been  spot welded to the shoulders  of the tes t  
s p e c i m e n s .  As c reep  t es t ing  was genera l ly  con-  
fined to low s t r a i n  r a t e s  (<5 x 10 -8 s-l),  i t  should be 
noted that the p r e c i s i on  of the s t r a i n  m e a s u r e m e n t s  
is on the o rder  of 0.0002. Thus the c reep  s t r a i n s  
and c reep  r a t e s  a re  subject  to m e a s u r e m e n t  e r r o r s  
which can in t roduce sca t t e r  into the data.  Tes t ing  
was in t e r rup ted  for many spe c i me ns  af ter  100 to 
150 h; these  spec imens  were then subjected to t ens i l e  
t es t ing  to de t e r mi ne  the effect of p r io r  c reep .  The 
r e s u l t s  of r e s idua l  t ens i le  t e s t ing  a re  de sc r ibed  e l se -  
where ,  s~ 

In addit ion to c reep  tes ts ,  t ens i l e  t e s t s  were  con- 
ducted at room t e m p e r a t u r e  and 1365 K. Room t em-  
p e r a t u r e  t e s t ing  was conducted on an oil hydraul ic  
tes t  machine  at a c r o s s  head speed of about 0.001 
c m / s  with s t r a in  through the 0.2 pct yield m e a s u r e d  
by a c l ip -on  ex t ensome te r .  T e n s i l e  t es t ing  at 1365 K 
was conducted at a constant  c ross  head speed of 0.002 
c m / s  and the 0.2 pct yield s t r e s s  was e s t ima ted  f rom 
l o a d - c r o s s  head mot ion plots .  Selected t ens i l e  and 
rup tu re  tes ted  spec imens  were subjected to meta l lo -  
graphic examinat ion .  

Table Ill. Grain Size Parameters and Texture of ODS Alloys 

(a) Grain Size 

Charactenstm Lengths, pm 

Alloy 
Parallel to Long Short 

Extrusion Axis, L a Transverse, L2 Transverse, L 3 

Gram Aspect Ratio. 
Average Gram Size, pm GAR = L 1 / ~  

0.8s ~q;~t r (L,/~S~t,~L,)* 

TD-Ni 
DS-NICr 

lnconel MA-754 
TD-NiCrAI 
DST-N1CrA1 

25 1 3 diem 
Single crystal with very large elongated low angle grains approximately 

1 cm &ameter by 10 cm length Low angle grains elongated along 
extrusion axis. 

530 180 115 
490 285 150 

I200 300 diam 
(duplex" 660 and t20/ lm diameter) 

3 5  19 

250 3,68 (0.73) 
235 2,37 
400 1.827 

(b) Texture 

Alloy Orientation 

TI~NI 
DS-NICr 

Inconel MA-754 
TD-NiCrA1 
DST-NICrAI 

Wire, [t00] parallel to extrusion axis 
[100] parallel to extrusion axis 
[011] parallel to long transverse &rectlon 
[0]'1] parallel to short transverse &rection 
Same as DS-NiCr 
Same as DS-NiCr 
Wire, [522] parallel to extrusion axLs 

*Calculated for transverse testing. 
tCalculated for larger grain diameter. 
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RESULTS AND DISCUSSION 

Tensile Propert ies  

The room temperature and 1365 K tensile proper-  
ties of the ODS alloy are  shown in Table IV. At room 
temperature the Ni-16Cr-A1 type alloys are consider- 
ably stronger than the Ni or Ni-20Cr types; this 
strength is probably due to the presence of y '  and 
solid solution hardening effects of A1. Previous 
work 9'1~ has shown that Ni-16Cr alloys with more 
than about 3.5 A1 contain 9/. The higher strength of 
Inconel MA-754 in comparison to DS-NiCr is proba- 
bly due to the combined solid solution hardening ef- 
fects of A1 and Ti. Both Inconel MA-754 and DS-NiCr 
are  s t ronger  parallel  to the extrusion axis (~100] di- 
rection) than in the long t ransverse  direction ([011] 
direction). This is probably due to slip on multiple 
slip systems leading to strain hardening for the [100] 
direction, while only one slip system is operating in 
[011] direction. 

At room temperature all the alloys exhibited 
reasonable tensile elongations, and all failures were 
intragranular.  DS-NiCr tested in the long t ransverse  
direction exhibited multiple necks which lead to the 
very high tensile elongation. Only DS-NiCr tested 
in the long t ransverse  direction exhibited multiple 
necking. 

With the exception of Inconel MA-754, all of the 
alloys possessed similar tensile strengths at 1365 K; 

Inconel MA-754 is considerably stronger.  DS-NiCr 
and TD-NiCrA1 were very ductile, and the fractures  
were intragranular.  Inconel MA-754 and DST-NiCrA1 
tested parallel  to the extension axis exhibited reason- 
able ductility: however, the fractures  were inter- 
granular with grain boundary cracking evident in the 
micros t ructures .  Inconel MA-754 tested in the long 
t ransverse  direction exhibited low ductility, and the 
fracture  was intergranular.  TD-Ni possessed moder- 
ate ductility and the fracture was probably inter- 
granular.  

The tensile test data in Table IV for TD-Ni, DS- 
NiCr, and TD-NiCrA1 agree well with that determined 
by other investigators. 1'9'21 

Comparison of the 1365 K tensile strength data in 
Table IV with the grain size parameter  in Table III 
reveals that no correlat ion exists between strength 
and grain size.  There does, however, seem to be a 
linear relationship, as suggested by Wilcox and 
Clauer, 12 between 1365 K tensile strength properties 
and grain aspect ratio for large grain size ODS alloys 
tested parallel to the extrusion axis. This relation- 
ship is shown in Fig. 1: it should be noted that the 
one example of a low grain aspect ratio material  (In- 
conel MA-754: transverse) does not follow the com- 
monly held concept of low grain aspect ratio being 
equivalent to low strength. Additionally, the strength 
of TD-Ni is not predictable by extrapolation of the 
curve in Fig. 1. This is probably a result  of the 

Table IV.  Tensile Properties of Several ODS Alloys 

Tensde Propertms 

0 02 Pct 0 2 Pct 
Alloy Test Direction Y/el& MPa YMd. MPa UTS, MPa Elongatmn, Pct RA, Pct 

Room Temperature 

TD-NI Parallel to ext axis 440 469 482 20 79 
350 4 t g 493 19 82 
373 435 490 19 78 

DS-NICr Parallel to ext axis 373 3t)8 803 22 28 

352 380 789 26 36 
DS-NICr Long transverse 442 626 42 43 
lnconel MA-754 Parallel to ext axis 626 688 1052 23 2l 

589 646 1021 20 23 
Inconel MA-754 Long transverse 581 655 932 23 29 

57t 657 937 23 27 
TD-N1CrAI Parallel to ext. ax~s 730 786 1 t 79 I I I0 
DST-N1CrAI Parallel to ext axis 675 746 1062 16 14 

677 777 1128 15 16 
692 720 1073 13 6 14 

1365 K 

TD-N1 Parallel to ext, axis - 104 
- 99 
- 93 

DS.NiCr Parallel to ext axis 94 
- 97 

DS-N1Cr Long transverse 
lnconel MA-754 Parallel to ext. axis 

lnconel MA-754 Long transverse 

TD-NiCrAI Parallel to ext. ax~s 

DST-N1CrAI Parallel to ext axis 

148 
149 
154 
154 
102 
99 
90 
83 
81 

119 3 6  6 
112 4.5 6 
1 2 0  3 . 6  6 

107 17 69 
106 19 52 

Not measured 
151 9.5 12 
152 9.5 11.3 
154 26  1 5 
154 2 5 1 6 
108 21 45 
105 19 44 
103 12 15 
92 7 1l 
O2 13 6 t3 
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GRAIN ASPECT RATIO 
F i g .  1 - - 1 3 6 5  K t e n s i l e  s t r e n g t h  p r o p e r t i e s  of  s e v e r a l  l a r g e  
g r a i n  s i z e  ODS a l l o y s  a s  a f u n c t i o n  of  g r a i n  a s p e c t  r a t i o .  

s m a l l  grain s i z e  of T D - N i  and the prev ious ly  ob- 
�9 12 s e r v e d  behavior  that ODS Ni a l loys  are  weaker  

than ODS Ni base  a l loys .  

Creep  Behav ior  

Creep  Data and A n a l y s i s .  Table  V contains  the 
c r e e p  data tabulated for a l l  the a l l o y - d i r e c t i o n  c o m -  
binations evaluated in this study. Data are  presented  
for s tra ins  at 1 h to indicate the amount of transient  
creep;  in genera l ,  the a l loys  w e r e  in s teady state  creep  
after  1 h of t e s t ing .  With the except ion  of DS-NiCr ,  
the a l l oys  w e r e  genera l ly  in third s tage  c r e e p  af ter  
about 0.5 pet s t ra in .  DS-NiCr  te s ted  para l l e l  to the 
extrus ion  ax i s  did not enter  third s tage  c r e e p  until 
about 2 pct s tra in .  DS-NiCr  tes ted  in the long trans-  
v e r s e  d irect ion  appeared to undergo v e r y  l i t t le  
de format ion  pr ior  to fai lure;  however ,  f r o m  the e lon-  
gation and reduct ion in area  m e a s u r e m e n t s  f r o m  the 
fai led s p e c i m e n s ,  cons iderab le  de format ion  o c c u r r e d  
in a short  t i m e  during the rupture p r o c e s s .  B e c a u s e  
of this and the s ca t t er  in the creep -rupture  data in 

Table V. Creep and Creep Rupture Properties of Several ODS Alloys at 1365 K 

Strain, Pet Steady State 

Specimen Stress, MPa Time, h I h End Test Creep Rate, s "t Comments 

TD-NI Parallel to Extrusion Axis 

N-l* 75.8 9l 1 (fealed) 0 21 ~2 5 1.3 • 10 "s 065  pct strata at 79.1 h 
N-6* 68.9 43.3 [ failed) 0.4 ~2 1 45 • 10- s 0 74 pct strain at 43 25 h 
N-50 65.5 142.4 0 27 0 49 2.35 X 10 .9 
N-53 62.0 120 5 0 12 0 35 Ill defined curve 
N-52 58 6 141.0 0 16 0.30 1.6 X 10- 9 
N-56 55 1 148.4 0 05 0.20 <10 -9 
N-5* 55 1 1 t6.9 0.14 0 I8 <10 "9 Curve flat after 1 h 
N- l 0 48 2 117 3 0.19 0.25 <10 -9 Curve flat after 20 h 
N-4* 48 2 120.5 0 02 0.12 <10 -9 Curve flat after 20 h 

lnconel MA-754. Parallel to Extrusaon Axis 

L-16 896 73 I 02  1 0 2 5 •  10- s 
L-t3 86 1 82.5 0.15 ~ 0 5  1.2• 10 .8 

L-2 82.7 100.1 (~;ailed) 0.1 ~3_5 1 • 10 "s 
L-5 82.7 100.4 0.1 0.435 l 1 • 10 "~ 
L-12 82.7 69 0 0.15 ~0.3 7 X 10- 9 

0 48 pet at 74 7 h 
pulled out grip 82.5 h 
0.72 pet at 88 7 h 

0.27 pet at 50 5 h 
pulled out grip 69 0 

L-4 82.7 67.8 (faded) 0.08 ~3 5 2 5 • 10 -8 1.10 pet at 67,2 h 
L-7 75,9 141.1 0 05 0 313 4.3 X 10 -9 
L-t5 75 9 47.8 0.12 ~0 22 4 9 • 10 -9 0 17 pet at 20.5 h 

pulled out grip 47.8 h 
L-14 72,3 t41 9 0 10 0 1 l <10 -9 Curve fiat after l h 
L-8 68.9 141.6 0.08 0 1 <10- 9 Curve flat after I h 
[,-3 65,5 145.1 0,05 0 12 <10 "9 Curve flat after 20 h 

Inconel MA-754 Parallel to Long Transverse Direction 

T-7 34.5 67.3 008 1 67 3.8 X 10 "s 
I"-6 276 72.7 0 15 1 24 3 3 5 X  10- 8 
T-1 24 1 101.0 0134 0 9 I  1.1 X 10 .8 
T-13 224 94.1 0 t l  ~ 0 2 2  3 3 5 •  10- 9 

"1"-3 20 7 120.3 0 0.49 1.3 X 10- 8 
T-I1 207 149.2 0 0.06 1 X 10 -9 
"I"-2 18.9 148.7 0 03 0.44 4.45 X 10 -9 
T-14 17.2 149.5 0.02 0.12 <10 -9 
T-5 13.8 148,3 0.05 0 <10- 9 

0.22 pet at 90.8 h 
power fallure 94 1 h 

Curve flat after ~50 h 
Curve flat 

(continued) 
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Table V (Continued) 

Strata, Pct Steady" State 

Specimen Stress, MPa Time, h 1 h End Test Creep Rate, s -t Comments 

DS-N1Cr Parallel to Extrusion Axis 

S-11 86 1 3.05 (faded) 2 2 17 3 4.4 • 10- 6 5.04 pct at 2 4 h 

161 pct RA) 
S-15 82 1 11.9 (failed) 0 085 17 3 8,6 X 10- 7 2.97 pct at 7 25 h 

(60 pct RA) 
S-3 79.2 98.3 0 5 1.64 2.6 • 10 "8 
S-5 75.9 115 1 0 0 6  1,1 X 10 -s 
S-9 72.3 101 4 0 0 3  7 .6X 10 "9 
S-8 68 9 500 0 2 0.2 <1 if9 Curve flat after 1 h 
S-12 68 9 I t 5 7 0 03 0 08 <10  -9 
S-13 65.5 101.0 0.03 0 18 4 X 10 .9 
S-t4 62.0 119.5 0 02 0 13 <10  .9 Curve flat after 7 h 

DS-NiCr Parallel to Long Transverse Dlrecnon 

ST-II  82.7 88.6 0 0 7  0 3 2  5 2 •  10 -9 
ST-12 79 2 3 ! .5 (failed) 0 02 5 4 <10  .9 0 11 pct at 31.4 h 

( 13 pct RA) Curve flat after 3.5 h 
ST-6 79 2 17 3 (failed) 0 1 5 7 - 0 16 pct at 5.7 h 

{6 2 pct RA) 
ST-I 75.9 113.7 (faded) 0 04 3 8 <10  -9 0,08 pct at 104 2 h 

(9 3 pct RA} Curve flat after 3 5 h 
ST-8 75,9 0,5 (failed) - 3 0 03 pct at 0.4 h 

(3 5 pct RA) 
ST-9 68.9 146 2 001 0.1 1.5 X 10- 9 
ST-7 62.0 150.3 006  0 15 2X 10 .9 
ST-4 27 6 147 9 0 03 0 03 <10 "9 Curve flat after I h 

Load increased to 55,1 146.7 0.03 0 07 <10  -9 Curve fiat after 10 h 
ST-5 24.1 141 1 0 0 <10  -9 Curve flat 

Load increased to 48,2 135.3 0 01 0 03 <10  -9 Curve flat after 5 h 
ST-3 34 5 148,6 0 0 < 10-~ Cu ~'e fl at 
ST-2 31.0 150.3 0 0 <10  -9 Curve fiat 

TD-NICrAI" Parallel to Extrusion AXIS 

TL-5 75.8 39.5 (failed) 0 2 7.0 - 2 4 pct at 28 6 h 
TL-4 68.9 <46.9 (failed) 0.2 5 4 1 X 10- 7 1 pct at 23.1 h 
TL-11 62.0 90.0 (failed) 0A Multiple 1,9 • 10- 8 0.94 pct at 68.6 h 

fracture 
TL-9 55 1 74.8 0,07 1 8 2,6 • 10- 8 
TL-7 55 1 44.0 0.15 0 57 2,35 • 10- s 
TL-12 51.7 115.7 0.1 0 11 <10  -9 Curve flat after 1 h 
TL-10 48.2 118.0 0.05 0.12 <10- 9 Curve flat after 5 h 
TL-6 44.8 115.8 0 05 0 05 <10  -9 Curve fiat after 1 h 
TL-8 41 3 1 t4 2 0 02 0.1 <10  -9 

DST-NiCrAI Parallel to Extrusion Axis 

T-8-8 62.0 102.0 0 55 3 46 - Steady-state region not  
defined 

T-8-6 55 1 1422  0 0 8  0 6 8  7,3X 10- 9 
"17-9-3 55 1 137.9 0 01 0 51 1,65 X 10- 8 Essentially no creep first 

5 0 h  
T-9-2 51.7 163.9 0.15 0 3 3,40 X 10 .9 
T-9-4 48,2 118.9 0 0.19 2.85 • 10- 9 
T-8-7 48 2 140 3 0 05 0.28 4,2 • 10 -9 
T-8-12 44 8 I68 0 0 [ 1 ~ 0 3  1 75 X 10 -9 
T-9-7 44.8 165 8 0.05 0 25 1.85 X l i f  o 
T-8-4 41.3 148.9 0 08 0 24 <10- 9 
T-9-5 41 3 147 8 0 0 <10  -9 
T-8-3 41 3 150.1 0 0 18 2 A •  ]0  -9 
T-9-6 41.3 t46.8 0 0 3  0 27 3 7 X 10 -9 

Curve flat after 75 h 
Curve flat 

*Plasma coated with Ni-20Cr, approximately 100 ~um thick. 

Table V, the creep behavior  of DS-NiCr in the long 
t r a n s v e r s e  d irec t ion  could not be charac ter i zed .  In 
this  study creep  rates  l e s s  than 10 -9 s -~ could not be 
de termined  as  they were  below the l imi t  of detect ion.  

Even with the prev ious ly  ment ioned d i f f i cu l t ies  
in m e a s u r i n g  s m a l l  amount of creep,  most  of the a l -  
loys  exhibited the usual  e m p i r i c a l  creep rate r e la -  

t ionship for s t r e s s  dependency at s tra in  rates  greater  
than about 2 • 10 -9 s -~ as  fol lows:  

cr cr~ [1] 

where  ~ is  the s tra in  rate ,  (r i s  the applied t ens i l e  
s t r e s s ,  and ~/ is  the s t r e s s  exponent.  The only a l loy  
which did not fol low Eq. [1] was DS-NiCr tested in 
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the tong t r a n s v e r s e  d i r e c t i o n .  T y p i c a l  e x a m p l e s  of 
power  law behav io r  a r e  p r e s e n t e d  in F i g .  2. A l l  
s t r e s s  exponents  for  the  a l l oys  a r e  l i s t e d  in Tab le  VI: 
in g e n e r a l ,  the power  taw exponents  a r e  high which i s  
a p p a r e n t l y  n o r m a l  fo r  mos t  ODS a l l o y s .  ~8 

A l l  of these  a l loy s y s t e m s  a p p e a r  to p o s s e s s  a 
" t h r e s h o l d "  s t r e s s  below which c r e e p  does  not o c c u r .  
A p p r o x i m a t e  t h r e s h o l d  s t r e s s e s  a r e  given in T a b l e  
VI.  T h e s e  we re  e s t i m a t e d  f r o m  the s t r a i n  r a t e  d a t a  
and shape  of s t r a i n - t i m e  c u r v e s  f r o m  Tab le  V and 
r e s i d u a l  t e n s i l e  p r o p e r t y  da ta .  ~~ In gene ra l ,  c r e e p  
e x p o s u r e s  at  o r  s l igh t ly  be low the t h r e s h o l d  s t r e s s  
d id  p roduce  a s m a l l  amount  (~0.1 pct) of t r a n s i e n t  
c r e e p .  Once t r a n s i e n t  c r e e p  was  f in i shed ,  however ,  
t e s t  s p e c i m e n s  exh ib i t ed  l i t t l e ,  if any,  f u r t h e r  de -  
f o r m a t i o n  o v e r  ex tended  p e r i o d s  of t i m e .  (Fo r  e x a m -  
p le ,  s p e c i m e n s  N-10,  L -14 ,  T -5 ,  S-8  ST-4 ,  T L - 1 2 ,  
and  T - 9 - 5 . )  The  s t r a i n  r a t e  da t a  w e r e  a l s o  f i t t ed  to 
a modi f i ed  power  law s t r e s s  dependency  equat ion:  

~ (~_ ~o),7' [2] 

w h e r e  (b i s  the e s t i m a t e d  t h r e s h o l d  s t r e s s  for  c r e e p  
f r o m  Tab le  IV and ~ '  i s  the  e f fec t ive  s t r e s s  exponent ,  
The  ef fec t ive  s t r e s s  exponents  a r e  a l so  p r e s e n t e d  in 
Tab le  IV. F i g u r e  2 a l so  i l l u s t r a t e s  a t y p i c a l  e x a m -  
p l e  of the  mod i f i ed  power  law behav io r .  In  g e n e r a l ,  
the  f i t  of the  s t r a i n  r a t e  da t a  fo r  the  p o l y c r y s t a t l i n e  
a l l o y s  i s  f a i r ,  a t  be s t .  However ,  a l l  t h e s e  a l loys  
p o s s e s s e d  low (<3) e f fec t ive  s t r e s s  exponents  which 
s u g g e s t s  that  d i f fus iona l  c r e e p  i s  a p o s s i b l e  m e c h a -  
n i s m .  
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Fig. 2--Steady state creep rate  of Inconel MA-754 as a func- 
tion of (a) applied s t ress  (or) for testing in the extrusion d i -  
rection and long transverse direction, (b) effective s t ress  
(cr - %) for testing in extrusion direction, and (c) effective 
s t ress  (c - %) for testing in long t ransverse  directiom 
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The c r e e p  r a t e  of D S - N i C r  t e s t ed  p a r a l l e l  to the 
e x t r u s i o n  ax i s  was wel l  d e s c r i b e d  by Eq.  [2] fo r  
> 10 -~ s -1 w h e r e  the e f fec t ive  s t r e s s  exponent  was  
about  n ine ,  An e f fec t ive  s t r e s s  exponent  of n ine  i s  
in a g r e e m e n t  with L in  and S h e r b y ' s  a n a l y s i s  l~ of 
Lund and Nix's creep data la for single crystalline 
Ni-20Cr-2ThOe (TD-NiCr). 

Metallography. Rupture tested TD-Ni possessed a 
few calcif ies in the  v i c in i ty  of the  f r a c t u r e  and DS- 
NiCr  t e s t ed  p a r a l l e l  to the e x t r u s i o n  ax i s  to r u p t u r e  
conta ined  a few s m a l l  c r a c k s  within the necked  r e g i o n  
and on the s u r f a c e  of the  necked  r eg ion .  The  m i c r o -  
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s t r u c t u r e  of the i n t e r rup t ed  c reep  tes t  spec ime ns  
af ter  room t e m p e r a t u r e  t ens i l e  t e s t ing  was iden t ica l  
to the a s - r e c e i v e d  (untested) m i c r o s t r u c t u r e  for  these  
two a l l oy -d i r ec t i on  combina t ions  .20 

Metal lography of the fai led spec imens  of Inconel  
MA-754 and TD-NiCrA1 tes ted p a r a l l e l  to the ex t rus ion  
axis  and DS-NiCr  tes ted  in  the long t r a n s v e r s e  
d i rec t ion  r evea led  that the f r a c t u r e s  were i n t e r -  
g r anu l a r  and evidence  for diffusional  c reep ex is t s .  
Such evidence  cons is ted  of d i s p e r s o i d - f r e e  bands ,  
i n t e r g r a n u l a r  cavi ta t ion anct/or cracking,  and in -  
t e r n a l  oxidat ion at or  nea r  g ra in  boundar i e s .  Typi -  
cal  examples  of d i s p e r s o i d - f r e e  bands and c rack ing  
coupled with i n t e rna l  oxidation a r e  shown in Fig.  3. 
S imi l a r  m i c r o s t r u c t u r a l  f ea tu res  were  seen in 
c reep  and rup tu re  tes ted  TD-NiCr  (Ref. 16) and in 
many in te r rup ted  c reep  tes t  spec imens  of Inconel  
MA-754, TD-NiCrA1, and DST-NiCrA1 af ter  t ens i l e  
t e s t ing  at room t e m p e r a t u r e .  2~ 

While such fea tu res  a re  c lea r ly  v i s ib le  in the gage 
sec t ions  of tes t  spec imens  which exper ienced  as l i t t le  
as 0.2 to 0.3 pct c reep s t r a in ,  these  m i c r o s t r u c t u r a l  

(b) 

J 
t ?00 gr~ j 

Fig. 3--Typical mierostruetures of creep-rupture tested ODS 
alloys. (a) Dispersoid-free bands in Inconel MA-754; 1365 K-  
82.7 MPa-100.4 h; electrolytically stain etched with chromic 
acid mixture (L00 ml H2 O, 10 ml H2SO 4, 2 g chromic acid) at 
3 to 5 V. (b) Cracking and internal oxidation in TD-NiCrAI; 
1365 K-62 MPa-90.0 h-multiple fracture; electrolytically 
etched with buffered aqua regia (two parts by volume aqua 
regia, one part glycerine) at 3 to 5 V. 

f ea tu re s  a r e  not un i formly  d i s t r ibu ted  throughout 
the gage section;  in fact, the bulk of the m i c r o s t r u c -  
tu re  is  iden t i ca l  to that of a s - r e c e i v e d  (untested) a l -  
loy. In e s sence ,  the m i c r o s t r u c t u r e  of t es ted  spec i -  
mens  of DS-NiCr  tes ted in the long t r a n s v e r s e  d i r ec -  
t ion, InconeI  MA-754, TD-NiCrA1, and DST-NiCrA1 
indica tes  that c reep (or at leas t  that pa r t  due to dif- 
fus ional  c reep me c ha n i sms )  is  not homogeneous.  
S i mi l a r  behavior  has been obse rved  in c reep  and 
s t r e s s  rup tu re  tes ted TD-NiCr  sheet.  1G Addit ional ly 
Lund and Nix ~s a f te r  s tudying creep in  N i - 2 0 C r -  
2ThO2 s ingle  c r y s t a l s  concluded that c reep  in poly-  
c rys t a l l i ne  ODS al loys  is  p robably  an inhomogeneous  
p r o c e s s .  If c reep  in po lyc rys ta l l ine  a l loys  is  t ru ly  
inhomogeneous ,  then co r r e l a t i ons  between s t r a i n  r a t e  
and s t r e s s  (for example,  Eqs.  [1] and [2]) may not 
be meaningful .  

Thresho ld  S t r e s s .  As prev ious ly  indicated,  it ap-  
pea r s  that a l l  a l l oy - d i r e c t i on  combina t ions  tes ted  in 
this study have a threshold  s t r e s s  for c reep .  Fo r  
DS-NiCr  tes ted  p a r a l l e l  to the ex t rus ion  axis ,  the 
th reshold  s t r e s s  is assoc ia ted  with some type of 
n o r m a l  d is loca t ion  motion or genera t ion ,  s ince  DS- 
NiCr  tes ted  p a r a l l e l  to the ex t rus ion  axis  is  e s s e n -  
t ia l ly  a per fec t  s ingle  c rys t a l  (no t r a n s v e r s e  bound- 
a r i e s ) .  Recent ly  Lund and Nix TM have repor ted  creep 
tes t  r e su l t s  for  s ingle  c r y s t a l  Ni-20Cr-2ThO2 (TD- 
NiCr) produced by d i rec t iona l  r ec ry s t a l l i z a t i on ;  they 
a lso  found an apparen t  th reshold  s t r e s s  for c reep  and 
suggest  that i t  i s  the Orowan S t res s .  At 1365 K the i r  
th reshold  s t r e s s  is about 79 MPa which ag rees  well  
with the 69 MPa m e a s u r e d  for DS-NiCr  in  this  study, 
espec ia l ly  s ince  previous  work el has shown DS-NiCr  
to be cons is ten t ly  weaker  than TD-NiCr .  

With the exception of DS-NiCr  tes ted  p a r a l l e l  to the 
ex t rus ion  axis ,  a l l  the ODS al loys tes ted in this study 
pos se s se d  t r a n s v e r s e  boundar ies  in the tes t  sec t ion.  
Thus ,  these  al loys a re  capable of undergoing slow 
s t r a i n  r a t e  p las t ic  de format ion  by dfffusional  c reep 
m e c h a n i s m s  in  addit ion to d is loca t ion  m e c h a n i s m s .  
As shown in Ref. 20, the s t r e s s  r equ i r ed  to produce 
a s t r a i n  r a t e  of 2.78 • 10 -8 s -~ (1 pet c reep  in 100 h) 
by dif fusional  c reep at 1365 K for a 250 ~m gra in  
s ize  ODS Ni al loy is about 17 MPa.  Both Inconel  MA- 
754 and TD-NiCrA1 have approx imate ly  a 250 ~tm 
gra in  size: and, as can be seen in Table  V, both a l -  
loys r e q u i r e  s t r e s s  levels  in excess  of 17 MPa in 
o r de r  to produce a s t r a in  r a t e  of 2.8 • 10 -8 s -1. Thus,  
diffusional  c reep m e c h a n i s m s  alone can produce more  
de format ion  than is observed .  These  ca lcula t ions  
and the m i c r o s t r u c t u r a l  evidence of dfffusional  c reep 
(d i spe r so id - f r ee  bands) in la rge  g ra in  s ize  ODS al -  
loys suppor t  the concept that the th resho ld  s t r e s s  is  
assoc ia ted  with dfffusional  c reep r a the r  than d i s loca-  
t ion creep m e c h a n i s m s .  

Explanat ion of the threshold  s t r e s s  in TD-Ni  is  
more  difficult  than those for s ingle  c r y s t a l l i ne  or 
l a rge  gra in  s ize  a l loys .  It is  tempt ing  to also a s c r i b e  
this  threshold  s t r e s s  to diffusional  creep:  however,  
because  of the ve ry  sma l l  g ra in  s ize  in TD-Ni ,  ex- 
ceeding the th reshold  s t r e s s  by modera te  amounts  
should r e su l t  in  ex t remely  high diffusional  creep 
r a t e s .  For  example,  at 1365 K, (or- ~o) = 1 MPa 
would mean  a steady state  diffusional  c reep ra te  of 
about 10 -4 s -~. Account ing  for the high g ra in  aspec t  
ra t io  of TD-Ni  would lower these  creep ra tes ;  how- 
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ever ,  Raj and Ashby 15 es t ima te  that the ra te  would 
only be reduced by the square  root  of the gra in  aspect  
ra t io  (1~-9 for TD-Ni) .  E i the r  creep in  TD-Ni  is not 
cont ro l led  by diffusional  mechan i sms ,  or perhaps  the 
m e a s u r e d  threshold  s t r e s s  is  at the lower end of a 
range  of th reshold  s t r e s s e s .  Such a range  could ac-  
count for inhomogeneous  deformat ion  r e su l t i ng  in the 
low s t r a i n  r a t e s .  

The threshold  s t r e s s  s e e m s  to be assoc ia ted  with 
diffusional  c reep in the la rge  g ra in  s ize  ODS all.oys: 
Inconel  MA-754, TD-NiCrA1, and DST-NiCrA1. Com- 
pa r i son  of the threshold  s t r e s s  values  in Table  VI 
to the g ra in  s ize  p a r a m e t e r s  in Table  III ind ica tes  
that no apparen t  r e la t ionsh ip  between threshold  s t r e s s  
and g ra in  s ize  exis t s .  The re  does, however,  appear  
to be a l i nea r  r e la t ionsh ip  between 1365 K t h r e s -  
hold s t r e s s e s  and g ra in  aspect  ra t io  as shown in Fig.  
4. Included in this f igure a re  the th reshold  s t r e s s  
data for thin TD-NiCr  sheet; iv the pe r t inen t  data for 
this m a t e r i a l  a re  p r e sen t ed  in Table  VII. The curve  
shown in Fig .  4 is desc r ibed  by 

tro= 6 + 18.1 (GAR) [3] 

where  ~o is  in MPa and GAR is the g ra in  aspect  ra t io  
r epor ted  in Tab les  III and VII. This  f igure  indica tes  
that the th reshold  s t r e s s  for creep in po lyc rys t a l l i ne  
al loys is  dependent  on the ra t io  of g ra in  boundary  
a r e a  in shear  to gra in  boundary a r e a  in tens ion .  While 
Eq. [3] accura te ly  de sc r i be s  the re la t ionsh ip  between 
threshold  s t r e s s  and gra in  aspect  ra t io  for thick ma-  
t e r i a l ,  as can be seen in Table  VII, Eq. [3] ove r e s t i -  
mates  the threshold  s t r e s s  when ve ry  thin m a t e r i a l  
is  under  cons idera t ion .  However,  as the 0.025 cm 
thick TD-NiCr  sheet  was cons is ten t ly  weaker  than 
the 0.051 cm sheet,  iv it is  not s u r p r i s i n g  that the 

Table Vl. 1365 K Stress Exponents and 
Estimated Threshold Stresses for ODS Alloys 

Effective 
Stress Threshold Stress 

Alloy Direction Exponent Stress, MPa Exponent 

TD-N1 Parallel to ext axis 13 5 53 2 4 
lnconel MA-754 Parallel to ext axis 18 72 1 
lnconel MA-754 Long transverse 16 17 1 4 
DS-NICr Parallel to ext axis 41 69 9 
DS-NiCr Long transverse * 55 * 
TD-NICrAI Parallel to ext axis 23 52 * 
DST-NICrAI Parallel to ext axis 10 5 41 1 

*Could not be determined 

0.025 cm thick sheet  did not show r e s u l t s  cons is ten t  
with Eq. [3]. Apparen t ly  0.025 cm thick TD-NiCr  sheet  
is not r e p r e s e n t a t i v e  of bulk ma t e r i a l .  

Overa l l  it appears  that the threshold  s t r e s s e s  for 
ODS Ni-20Cr  and Ni -16Cr-4 /5A1 type al loys a re  
uniquely dependent  on the g ra in  aspect  ra t io .  For  such 
a l loys  with gra in  s izes  between 150 and 400 ~m and 
gra in  aspect  r a t ios  between 0.8 and 3.5, threshold  
s t r e s s e s  at 1365 can be calcula ted f rom Eq. [3] with, 
apparent ly ,  good accuracy .  Use of Eq. [3] beyond the 
s ta ted g ra in  s ize  and gra in  aspec t  ra t io  l imi t s  is not 
r e c omme nde d  without suppor t ing  expe r imen ta l  data.  
F o r  ins tance ,  at suff ic ient ly  high g ra in  aspect  ra t ios ,  
the predic ted  threshold  s t r e s s  would exceed the 
s t r e s s  r equ i r ed  for d is locat ion  motion (Orowan 
s t r e s s ) .  

As shown e l sewhere ,  lv'2~ the r e s idua l  room t e m p e r a -  
tu re  t ens i l e  p rope r t i e s  of la rge  gra in  s ize  ODS alloys 
a r e  grea t ly  affected by p r i o r  elevated t e m p e r a t u r e  
c reep .  For  example ,  p r i o r  creep s t r a i n s  as low as 
0.2 pct can reduce  the t ens i l e  duct i l i ty  as much as 50 
pct.  Such behavior  seemingly  l imi t s  the use  of large 
gra in  s ize  ODS al loys  to condit ions where  creep does 
not occur .  Thus,  threshold  s t r e s s  may be the most  
impor tan t  c reep s t reng th  p roper ty  for these a l loys .  
F o r  use of these pa r t i cu l a r  a l loys ,  the th reshold  
s t r e s s  is r e c omme nde d  as the base  des ign  c r i t e r i a  
r a t h e r  than more  convent ional  use of a s t r e s s  to 
produce a known amount  of c reep  in f ini te  t ime .  

0 INCONEL MA-754: PARALLEL EXTRUSION AXIS 
[] INCONEL MA-754: LONG TRANSVERSE 
0 TD-NiCrAI= PARALLEL EXTRUSION AXIS 
Z~ DST-NiCrAI: PARALLEL EXTRUSION AXIS 
�9 TD-NiCr, HEAT 3636: PARALLEL ROLLING 

DIRECTION (ESTIMATED) 
0 TD-NiCr, HEAT 3636: NORMAL ROLLING DIRECTION 
(~ TD-NiCr, HEAT 3712: PARALLEL ROLLING DIRECTION 
~2 TD-NiCr, HEAT 3712: NORMAL ROLLING DIRECTION 

8C-- 

I [ I I 
0 1 2 3 4 

GRAIN ASPECT RATIO 
Fig. 4--1365 K threshold stresses for various large grain 
size ODS alloys as a function of grain aspect ratio. 

Table VII. Grain Size Parameters and Threshold Stress for Thin TD-NiCr (Ni-20Cr-2ThO2) Sheet (Ref. 17) 

Characterzstlc Length, pm Threshold Stress, MPa 
Orientation is 
Reference to 
Sheet Rolling Parallel to Perpendicular to Test 

Heat Dlrectmn Test Direction, L l Direction, L2 
Sheet Thickness Grain Size,/.tm Grain Aspect Ratio. Calculated 

Direction, L3 0 8 5 ~  G A R L I / ~  Measured, Eq. [3] 

3636 Parallel 
(0 051 cm thick) Normal 

3712 Parallel 
(0 051 cm thick) Normal 

3637 Parallel 
(0.025 cm thick) Normal 

290 230 50 150 2 7 59* 55 0 
230 290 50 150 1 9 38 40 5 
640 360 100 240 3 37 65 67 0 
360 640 100 240 1.42 34 31 7 
390 290 53 165 3 15 45 63.0 
290 390 53 165 2 0 32 42 2 

*Estimated. 
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Final ly ,  it  should be noted that the threshold  
s t r e s s e s  e s t i m a t e d  in this  work are  based  on the r e -  
su i t s  of nominal ly  I00  h c r e e p  t e s t s  at 1365 K. It 
has prev ious ly  been shown ~7,~8 that threshold  s t r e s s e s  
are  dependent on temperature;  in addition, threshold  
s t r e s s e s  may  be dependent on t i m e .  As  one conducts  
longer c r e e p  t e s t s  (>100 h), the abil i ty to m e a s u r e  
lower  c r e e p  ra te s  (<10 -9 s -~) i s  i n c r e a s e d .  Thus,  
threshold  s t r e s s e s  e s t i m a t e d  f rom c r e e p  c u r v e s  may 
be reduced s ince  one is  be t ter  able to detect  very  
s m a l l  s t ra in  r a t e s .  

CONCLUSIONS 

Based on a study of tensile creep at 1365 K of 
s e v e r a l  ODS N i - b a s e  a l l o y s  the fo l lowing conc lus ions  
a r e  drawn: 

1) ODS a l loys  p o s s e s s  threshold  s t r e s s e s  for  creep .  
2) Creep in po lycrys ta l l ine  ODS a l loys  is  an in- 

homogeneous  p r o c e s s .  
3) The thresho ld  s t r e s s e s  in large  grain s i z e  ODS 

Ni -20Cr  and N i - 1 6 C r - 4 / 5 A 1  type a l loys  are  dependent 
on the grain aspect  rat io .  

4) Max imum des ign  c r i t e r i a  for large  grain s i z e  
ODS a l l oys  should be l imi ted  to the thresho ld  s t r e s s  
for  c r e e p .  
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