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Hydrogen compatibility of Ni-2 ThO2, Ni-20 Cr, Ni-20 Cr-2 ThO~, and Inconel MA753 was 
investigated with both hydrogen charging and tests in high-pressure hydrogen gas. The 
former  were conducted at 194 K as well as at room temperature.  Ductility and fractog- 
raphy results showed that recrystal l ized Ni-20 Cr-2 ThO2 and MA 753 were not embrittled 
by hydrogen, while Ni-2 ThO2 showed small ductility losses with no change in fracture 
morphology. Annealed Ni-20 Cr-2 ThO2 and as- received Ni-20 Cr-2 ThO~ showed no duc- 
tility losses in charged hydrogen, but showed large ductility losses in high-pressure hy- 
drogen; no changes in fracture morphology were observed. Ni-20 Cr was markedly em- 
brittled by both sources of hydrogen. These results support the hypothesis of Thompson 
and Wilcox, that the presence of a dispersoid can confer improved performance in hydro- 
gen. 

M A N Y  of the energy alternatives for the future involve 
handling substantial quantities of hydrogen. These al-  
ternatives include not only the much-discussed "hydro-  
gen economy",  *-s with its need to t ransport  and store 
large quantities of hydrogen, but also such possibilities 
as coal gasification to produce power gas, containing 
about 15 pct hydrogen, s A cri t ical  aspect of hydrogen- 
handling systems is the need for high-strength mater i -  
als in pumps, valves and other parts, because the high- 
strength steels normally specified for such applications 
are prone to gross embritt lement by hydrogen. Although 
some austenitic stainless steels 4.s and aluminum alloys ~ 
appear to be compatible with hydrogen, such materials 
have yield strengths below 500 MN/m 2 (about 75 ksi). 
Modest increases above this level have been reported 
in forged stainlesses 4'5 andin marginally-compatible pre-  
cipitation-strengthened stainless alloys, 4 but these do 
not exceed about 700 MN/m 2 yield strength. Thus the 
identification of high-strength alloys which are com- 
patible with hydrogen is an important task for develop- 
ment of future energy systems.  

At least two approaches to this problem can be iden- 
tified. One approach is to attempt a modification of the 
microst ructure  of precipitation-strengthened stainless 
alloys to improve compatibility and strength. 7 The sec-  
ond, which forms the subject of this paper, is to exploit 
the compatibility conferred by a dispersoid, an effect 
discovered by Thompson and Wilcox. s Their experi-  
ments were on Ni-2 ThO,, an alloy no stronger than an 
austenitic stainless steel. However, alloys in the 850 
to 1000 MN/m z (up to about 150 ksi) yield strength 
range have been developed, such as dispersion-strength-  
ened Ni-20 Cr. It would be expected from previous work s 
that the dispersoid, which apparently confers hydrogen 
compatibility by providing hydrogen sinks during de- 
formation, would be as effective in Ni-20 Cr-2 ThOa as 
in Ni-2 ThO 2. 

Development of dispersion-strengthened alloys has 
been pursued for high-temperature use, but the present 
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interest is ambient temperature service in hydrogen. 
Thus the effort to improve low-temperature strength 
of dispersion-strengthened alloys by the addition of y '  
precipitate strengthening %*~ is of particular interest 
here. The alloy Inconel MA753" (previously called 

*Trade name of International Nickel Co. 

IN853) was selected for investigation. It is produced 
by a process  called mechanical alloying, 9 thus the 
designation "MA " .  

In addition to the aim of evaluating hydrogen com- 
patibility of stronger alloys, it seemed appropriate to 
investigate the microst ructural  reasons for behavior 
in hydrogen. For this purpose, tests on Ni-2 ThO2 were 
conducted to evaluate an alternative rationale for f rac -  
ture morphology in hydrogen. 

EXPERIMENTAL PROCEDURE 

The Ni-2 vol pct ThOz and Ni-20 Cr-2 vol pct ThOz 
alloys were provided by Fansteel, Inc. Commercial 
names of these alloys are, respectively, TD-Ni and 
TD-NiCr.* These were received as q.5 mm plate: the 

*Trade names of Fansteel, Inc.; now property of Stellite Division of Cabot 
Corp. 

Ni-2 ThOz had been warm-rol led,  while the Ni-20 Cr-  
2 ThO 2 was in the fine-grained, unrecrystal l ized condi- 
tion called "special ly processed."** The grain s t ruc-  
ture of these two materials  has been described be- 
fore.S,,z Briefly, the Ni-2 ThO2 had broad lath-shaped 
grains about 50 ~m thick (in the plate thickness d i rec-  
tion), 100/~m wide, and 100 to 400 pm long. The unre- 
crystal l ized Ni-20 Cr-2 ThO~ had an approximately 
equiaxed grain size of about 4/~m. 

For purposes of comparison to the Ni-20 Cr-2 ThO2, 
a Ni-20 Cr alloy was provided by B. A. Wilcox which 
had been prepared at Fansteel Inc. by powder metal- 
lurgy processes  (to include amounts of Cr20 s compa- 
rable to those found in TD-NiCr). It was received as 
cold-finished 10 mm bar.  The Ni-20 Cr-2.2 Ti- l .1  A1- 
2 vol pct YzO s alloy, 9 Inconel MA 753, was provided by 
the International Nickel Co. as warm-finished 18 mm 
round bar.  The grains were elongated parallel to the 
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Table I. Mechanical Properties of Experimental Materials 

Yield Strength,t Ultimate Strength, Uniform 
Material Condition* Temp, K MN/m 2 MN/m 2 True Strain RA, pet 

Ni-2ThO~ Long. 295 234 428 0.150 74 
194 251 487 0.127 73 

45 deg 194 245 509 0.230 52 
Ni-20Cr Recryst 295 248 675 0.098 57 

194 281 763 0.273 53 
Ni-20Cr-2ThO2 As-received 295 899 1037 0.111 16 

Annealed 295 851 1008 0.144 22 
194 886 1064 0.113 19 

Recryst. 295 866 1032 0.092 13 
194 914 1083 0.087 16 

MA 753 Aged and 295 872 1090 0.275 14 
Annealed 194 943 1166 0.135 9 

*Please see text for details. 
t Flow stress at 0.002 plastic strain. 

b a r  axis  and were  roughly rod-shaped .  The rod d i a m -  
e t e r s  averaged  520 ~m,  the lengths 1830/zm. The av -  
erage  number  of g ra ins  a c r o s s  the t ens i l e  spec imen  
d i ame te r  (see below) was 5.8, enough to ensu re  poly-  
c ry s t a l l i ne  behavior ,  zs P r i o r  to heat  t r ea tmen t ,  a l l  
m a t e r i a l s  were  machined  into t ens i l e  spec imens  with 
a gage length of 13 mm and diam of 3 ram. These  were  
longi tudinal ly  or ien ted ,  except some spec imens  of Ni-  
2 ThO 2 which were o r i en ted  at 45 deg to the ro l l ing  d i -  
rec t ion .  

Mater ia l s  were  tes ted  a f te r  heat  t r e a tmen t  for 2 h 
at  1075 K in he l ium,  and, in some cases ,  in the a s - r e -  
ceived condit ion.  The heat  t r e a tmen t ,  r e f e r r e d  to b e -  
low as an " a n n e a l , "  caused  ne i the r  r e c r y s t a l l i z a t i o n  
nor  g ra in  growth in the d i s p e r s i o n - s t r e n g t h e n e d  m a t e -  
r i a l s .  The Ni-20 Cr,  however ,  r e c r y s t a l l i z e d  to an 
equiaxed s ize  of 15 ~m.  All g ra in  s izes  quoted a re  t rue  
vo lume gra in  d i a m e t e r s ,  z4 The Ni-20 Cr -2  ThO2 was 
a lso  t es ted  af ter  heat t r e a t m e n t  of 1 h at 1575K in he -  
l ium to r e c r y s t a l l i z e  i t ;  g ra in  s ize  r e m a i n e d  at about 
4 ~m.  Such m a t e r i a l  is  r e f e r r e d  to below as " r e c r y s -  
t a l l i z e d . "  MA753 was solut ion t r ea ted  at 1350 K for 
8 h, a i r  cooled, and aged at 980 K for 16 h and a i r  
cooled, p r io r  to the annea l ing  heat  t r e a tmen t .  Resul ts  
of t e s t s  in a i r  on each of the a l loys  a re  shown in Table  I. 

Two types of hydrogen t es t s  were pe r fo rmed .  One of 
these  was t es t ing  in a i r  af ter  t h e r m a l  charg ing  in 1 arm 
(N0.1 MPa) H2; this  p roduces  a uni form hydrogen d i s -  
t r ibu t ion  and is be l i eved  not to produce nickel  hydride.  15 
All charg ing  was conducted at 1075 K, and was t e r m i -  
nated by rap id  cool ing to room t e m p e r a t u r e  (within 3 
min) in hydrogen.  Based on data for  diffusivi ty  and so l -  
ubi l i ty  of hydrogen in n ickel  z6 and Ni-20 Cr,  z7 ca l cu la -  
t ions  indicated that the charged spec imens  contained a 
concen t ra t ion  of 5.4 wt ppm H (Ni-2 ThO~) or 5.6 wt 
ppm (Ni-20 Cr,  Ni-20 Cr -2  ThO2, MA753), and had no 
hydrogen gradient .  Accuracy  of the ca lcula ted  va lues  
was ve r i f i ed  in spot checks by vacuum ex t rac t ion  a na l -  
ys i s .  a These  concen t ra t ions  a re  s u p e r s a t u r a t i o n s  r e l a -  
t ive to room t e m p e r a t u r e ,  s ince  the room t e m p e r a t u r e  
so lub i l i t i e s  a re ,  r e spec t ive ly ,  0.12 wt ppm and 0.5 wt 
ppm. 1%n Tens i l e  tes t s  on charged spec imens  were  a l -  
ways conducted within 30 min  of the conc lus ion  of 
charging.  

The second t e s t  technique was to s t r a in  an uncharged 
s p e c i m e n  in an e n v i r o n m e n t  of 69 MPa (10,000 psi) hy-  
drogen gas at  r oom t e m p e r a t u r e .  This  technique,  in 
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some cases ,  gives r e s u l t s  which differ  f rom the r e s u l t s  
obtained on charged specimens .4-6 '  18 

In addit ion to room t e m p e r a t u r e  t e s t s ,  charged and 
uncharged spec imens  were  tes ted  at 194 K, which is 
nea r  the t e m p e r a t u r e  of ma x i mum e m b r i t t l e m e n t  of 
pure nickel ,  zs Tes t s  at 194 K were  made in a bath of 
methanol  and sol id COs. Most t es t s  were  conducted at 
an in i t ia l  s t r a i n  r a t e  of 1.67 • 10 -4 s -1 to fac i l i ta te  com-  
pa r i son  with e a r l i e r  work. %1s 

A scanning  e lec t ron  mic roscope  was used to exam-  
ine f r ac tu r e  su r faces .  All f rac tography  was conducted 
with the viewing d i rec t ion  n o r m a l  to the f r a c t u r e  s u r -  
face.  Thin foils  were  p r epa red  f rom Ni-20 Cr -2  ThO2 
using an e lec t ropol i sh ing  solut ion developed for t i t a -  
n ium al loys,  19 while MA753 foils  were  thinned in a so -  
lut ion o r ig ina l ly  used for i r r a d i a t e d  s t a i n l e s s  s tee l f l  ~ 
Foi ls  were  examined in a Phi l ips  EM 300 e lec t ron  
microscope .  

RESULTS 

The m i c r o s t r u c t u r e s  of TD-Ni and, to some extent,  
TD-NiCr  a re  f ami l i a r  f rom the work of a number  of 
au thors .  2z-= The th ree  condit ions of Ni-20 Cr -2  ThO 2 
tes ted  in this  work a re  shown in Figs .  l(a) to l(c).  
There  is  no detectable  di f ference between the a s - r e -  
ceived (Fig. l(a)) and annea led  (Fig. 1(5)) m i c r o s t r u c -  
t u r e s ,  while the only changes upon r e c r y s t a l l i z a t i o n  
(Fig. l(c)) a r e  the p r e sence  of fine annea l ing  twins 
(not shown in Fig.  l(c)) and a modes t  reduc t ion  in d i s -  
locat ion densi ty .  The aged and annea led  MA 753 in Fig. 
l(d) d isplays  7 '  pa r t i c l e s  ( s t ra in  cont ras t )  together  with 
the y t t r i a  d i spe r so id  (par t ic les  with sha rp  image).  De- 
spite the 1075 K annea l  a f ter  aging, the 7 '  p rec ip i t a tes  
in Fig.  l(d) appear  coheren t  with the mat r ix ,  which sug-  
gests  that l i t t le  overag ing  has taken place.  That conc lu-  
s ion is supported by the a g r e e m e n t  be tween yield 
s t rength  data in the l i t e r a t u r e  9 and in Table  I. The d i s -  
pe rso id  par t i c le  s i zes  a r e  not as  un i fo rm in Fig.  1 as 

2 3 -  25 has been r epor t ed  in other  cases .  
The m a t e r i a l  used as  a s t andard  of c o m p a r i s o n  in 

this study was Ni-20 Cr,  jus t  as pure  Ni has been  used 
as a s t andard  for t es t s  on Ni-2 ThO2. s The Ni-20 Cr 
was found to be embr i t t l ed  by hydrogen,  as  Fig.  2 d e m -  
ons t r a t e s .  Three  of the d i s t i nc t i ve  ind ica to r s  of hydro-  
gen behavior ,  shown in Fig.  2(5), a r e  those which have 
been  desc r ibed  for s t a i n l e s s  s teel :  26 p r omi nen t  sur face  
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Fig.  1 - - T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  of  e x p e r i m e n t a l  m a t e r i a l s .  (a) A s - r e c e i v e d  N i - 2 0 C r - 2  ThO 2. (b) Ma te r i a l  of (a) a f t e r  
1057K anneal .  (c) M a te r i a l  of (a) a f t e r  r e c r y s t a L l i z a t i o n  at  1575 K; s a m e  magn i f i ca t ion  as  (b). (d) Aged and annea led  MA753; 
foil  t i l ted  nea r  m a t r i x  (110> to r e v e a l  s t r a i n  c o n t r a s t  at  ~,r p r e c i p i t a t e s .  

cracking; marked decrease of reduction in area (RA), 
from 57 pct to 18 pct; and an approximately flat f rac -  
ture instead of cup-and-cone fracture.  There was also 
secondary cracking on the fracture surface, both on a 
macroscale (Fig. 2(c)) and on a microscale  (Fig. 3(b)). 
A fifth feature was intergranular fracture,  also shown 
in Fig. 3(b). Fig. 3(a) shows the ductile rupture of Ni- 
20 Cr in air.  These features together indicate consid- 
erable embrittlement by hydrogen, consistent with a 
previous brief report .  2~ As will be shown below, Ni- 
20 Cr was also embrittled at 194 K. The question of 
interest, then, was whether the dispersion-strengthened 

alloys, Ni-20 Cr-2 ThO2 and MA 753, would also be em-  
brittled. 

The microstructural ly-appropriate  comparison to 
Ni-20 Cr is the recrystal l ized Ni-20 Cr-2 ThO~; ductil- 
ity results are  compared in Fig. 4. No loss in ductility 
of charged specimens of Ni-20 Cr-2 ThO2 occurred at 
194 K or 295 K, within the precision of the results.  The 
high-pressure  hydrogen result  also appears to be with- 
in the scat ter  of the triplicate tests on uncharged speci-  
mens. The Ni-20 Cr, by contrast, showed large losses 
in RA, together with the indications in Fig. 2. Fig. 5 
shows results  on the as- rece ived and the annealed mi- 
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Fig. 2--Effect of hydrogen on fracture of recrysta l l ized Ni-20 Cr. (a) Light micrograph of specimen tested in air. (b) Light mi-  
crograph, same magnification, of specimen tested in 69 MPa hydrogen. (c) Scanning electron micrograph of specimen shown in 
(b); arrows indicate the same point on the fracture surface circumference in each photo. 

Fig. 3 - -F rac tu re  sur face  topography of r ec rys t a l l i zed  Ni-  
20 Cr; scanning e lec t ron  mic rographs  at same magnification. 
(a) Specimen tes ted  in air.  (b) Specimen tes ted  in 69 MPa 
hydrogen. 

i 

--F- 
scatter 

high pressure H 2 

charged 

N i -  20Cr RECRYSTALLIZED 
Ni - 20 Cr - 2ThO 2 

Fig. 4--Ductility of Ni-20 Cr and Ni-20 Cr -2  ThO~, both r e -  
crys ta l l ized,  tes ted  at 194 K and 295 K. Resul ts  a re  shown 
for uncharged and hydrogen-charged spec imens ,  and for 
spec imens  tes ted in 69 MPa hydrogen. 

c r o s t r u c t u r e s  of Ni-20 C r - 2  ThO2; the f o r m e r  could not 
be  h y d r o g e n - c h a r g e d  without  annea l ing  it.  Both these  
m a t e r i a l s  showed l a r g e  duc t i l i t y  l o s s e s  in h i g h - p r e s s u r e  
hydrogen ,  but  f r a c t u r e  s u r f a c e  a p p e a r a n c e  was in a l l  
c a s e s  quite s i m i l a r  to the r e c r y s t a l l i z e d  Ni-20  C r -  
2 ThO2. Fig .  6 shows the f r a c t u r e  topography  of the 
annea led  m a t e r i a l .  The l a r g e  p a r t i c l e s ,  F ig .  6(b), were  
d e t e r m i n e d  by  an e n e r g y - d i s p e r s i v e  X - r a y  technique 
to be  c h r o m i u m  oxide ,  while the v e r y  s m a l l  ones  we re  
found to be t ho r i a .  F ig .  6 is  t yp i ca l  of what was ob -  
s e r v e d  a f t e r  t e s t s  of a l l  the Ni-20 C r - 2  ThO2 m i c r o -  
s t r u c t u r e s ;  f r a c t u r e  s u r f a c e  a p p e a r a n c e ,  which was 
u n a l t e r e d  by  hydrogen ,  is  s i m i l a r  to that  r e p o r t e d  e a r -  
l i e r .  12, 28 

The MA 753 a l so  showed b e h a v i o r  ind ica t ing  c o m p a t -  
ib i l i t y  with hydrogen .  Fig .  7 shows the duc t i l i t y  r e s u l t s  
obta ined  in dup l ica te  t e s t s .  C o m p a r i s o n  to the Ni-20 Cr  
r e s u l t s  in F ig .  4 is  i n s t ruc t i ve ,  but  no da ta  f r o m  an e n -  
t i r e l y  ana logous  " u n d i s p e r s e d "  a l l o y  (which would be 
Nimonic  80A) were  obta ined .  Resu l t s  on a v a r i e t y  of 
n i c k e l - b a s e  s u p e r a l l o y s ,  however ,  ind ica te  5,18, 29, 30 that  
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Ni - 20 Cr - 2ThO 2 ANNEALED 

Ni - 20 CF - 2ThOp 

Fig. 5--Ductility of Ni-20 Cr-2 ThO2, in the as-received and 
the annealed conditions. Cross-hatched result is for a test 
in 69 MPa helium; other results keyed as in Fig. 4. 

compat ib i l i ty  of Nimonic 80A would be expected to be 
poor.  If so, that would make the behavior  of MA753 
cons is ten t  with that of Ni-2 ThOa 8 and Ni-20 Cr -2  ThO2 
(Figs .  4 through 6): the p r e s e n c e  of the d i spe r s ion  con-  
fe rs  compat ib i l i ty  with hydrogen.  F r a c t u r e  su r faces  of 
MA 753 were blocky on a m ic ro sca l e ,  with v e r y  fine 
d imples ,  as shown in Fig.  8(a). This  topography was 
not a l t e red  by hydrogen,  as Fig. 8(b) shows. 

The behavior  of two gra in  s i zes  (obtained by d i f fe r -  
ent p rocess ing)  of Ni-2 ThO2 was s tudied in e a r l i e r  
work;  8 both were  found to be compat ible  with t h e r m a l l y -  
charged hydrogen.  Repet i t ion of some of those tes ts  to 
i n c r e a s e  confidence in the r e su l t s ,  and duplicate  t e s t -  
ing in 69 MPa hydrogen,  a re  combined in Fig.  9 with 
e a r l i e r  data to s u m m a r i z e  the behavior  of Ni-2 ThOz. 
Compar i son  data on pure Ni 8 a re  a lso  included. Even 
the c o a r s e - g r a i n e d  m a t e r i a l  at 194 K, which showed 
some duct i l i ty  loss ,  showed no change in f r ac tu r e  
mode.a 

In the e a r l i e r  work, 8 it was suggested that the p r e s -  
ence of the d i spe r so id  confe r red  the compat ibi l i ty .  It 
was suggested,  however ,  that the di f ferent  g ra in  shape, 
or  g ra in  aspect  ra t io ,  25 might  tend to p reven t  the i n t e r -  
g r anu l a r  fa i lu re  seen  in Ni, 8 because  an i n t e r g r a n u l a r  
f r ac tu r e  path would be so long around the " e n d s "  of 
the elongated g ra ins ,  sl That  concept was tes ted  with 
Ni-2 ThO2 spec imens  cut at 45 deg to the ro l l ing  d i r e c -  
t ion, so that  f r a c t u r e  in the g ra in - f ace  boundar i e s  would 
not r equ i r e  an unduly long f r ac tu r e  path. After hydrogen 
charging,  these  spec imens  were  tes ted  at 194 K. Duct i l -  
ity r e s u l t s ,  expres sed  as  the pct loss  [= 100 (1 - R), 
where R = (charged RA)/ (uncharged  RA)] to account  for 
duct i l i ty  d i f fe rences  f rom the longi tudinal  d i rec t ion ,  
were  v e r y  cons i s t en t  with data in Fig.  9. For  c o a r s e -  
g ra ined  m a t e r i a l  at 194K in each case ,  Fig.  9 shows a 
longi tudinal  loss  of 25 pct; the 45 deg spec imens  exhib-  
ited 29 pct loss .  In pure Ni, at 194 K by compar i son ,  
the loss  was 77 pct. 8 Thus the enhanced compat ib i l i ty  
of Ni-2 ThO2 compared  to pure Ni is not due to a g ra in  
o r i en ta t ion  effect. That conc lus ion  is suppor ted  by r e -  
su l t s  (Fig. 4) for Ni-20 Cr -2  ThO2, in which g ra ins  were  
e s sen t i a l l y  equiaxed, but i n t e r g r a n u l a r  f r ac tu r e  did not 
occur .  

DISCUSSION 

The pred ic t ion  of Thompson and Wilcox, 8 that m a t e -  
r i a l s  much higher  in s t rength  than Ni-2 ThO2 could be 
compat ible  with hydrogen when conta in ing a d i sperso id ,  

M E T A L L U R G I C A L  T R A N S A C T I O N S  

Fig. 6--Fracture surface topography of annealed Ni-20 Cr-  
2 ThO 2. (a) Typical fracture surface, independent of pres-  
ence of hydrogen (in this case tested at 194 K after hydrogen 
charging). (b) Detail of fracture surface in an area with high 
density of chromium oxide particles. 

appears  to be co r rec t .  A s tat ic  or  l imi ted  hydrogen 
supply does not e mbr i t t l e  the d i s p e r s i o n - s t r e n g t h e n e d  
m a t e r i a l s ,  poss ib ly  because  the oxide pa r t i c l e s  provide 
voids dur ing  deformat ion  into which hydrogen is swept 
by d is loca t ions .  4-6'8'12'26's2 The p rocess  is expected to 
be s i m i l a r  in Ni-2 ThO 2 and Ni-20 Cr -2  ThO2, although 
the a l loys  differ in two offset t ing ways. F i r s t ,  the 
higher  p a r t i c l e - m a t r i x  in te r face  s t rength  ss in Ni-20 C r -  
2 ThO 2 means  that opening of voids is postponed unti l  a 
higher  s t ra in ,  which should reduce the eff ic iency of the 
hydrogen s ink behavior .  But on the other  hand, the s tack-  
ing fault  energy  (SFE) of Ni-20 Cr is cons ide rab ly  below 
that for Ni. a4-a6 This reduces  ease of c r o s s - s l i p  and 
impl ies  a tendency for d is locat ions  to pile up at p a r -  
t i c les  r a the r  than c r o s s - s l i p  around them.  P i l e -ups ,  
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Fig. 7--Ducti l i ty  of aged and annealed MA753 at 194K and 
295 K. Key to t e s t s  a s  in Fig. 4. 

uncharged 
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~ ~ , / / /  

charged 

NICKEL FINE-GRAINED COARSE-GRAINED Ni-2ThO 2 Ni-2ThO 2 

Fig. 9--Ducti l i ty of Ni and Ni-2 T h e  2 for t e s t s  at 194 K and 
295 K; some  data f r o m  Ref. 8. 
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Fig. 8 - - F r a c t u r e  sur face  topography of MA 753; scanning 
e lec t ron  mic rog raphs  at  same  magnif icat ion.  (a) Uncharged 
spec imen tes ted  at  194 K. (b) Specimen hydrogen-charged ,  
t e s ted  at 194 K. 

in turn, mean easier  access  to the particle from hy- 
drogen atmospheres around dislocations in the pile- 
ups. Once hydrogen reaches the particle, it can be ex- 
pected to be trapped there. 37 In the same way as has 
been described 8 for Ni-2 The2, this trapping greatly 
reduces access of hydrogen to the grain boundaries, 
thereby preventing intergranular  failure (cf. Fig. 3) 
and ductility loss. 

The hydrogen build-up at dispersoid particles may 
itself reduce ductility somewhat by accelerating ductile 
rupture, as happens in stainless steels. 4,2B'3a But be- 
cause the build-up essentially prevents the large duc- 
tility loss (Fig. 4) associated with a change from due- 
tile rupture to intergranular fracture,  changes in the 
ductile rupture process  are  unimportant by comparison. 
It is possible, however, that the ductility losses in high- 

pressure  hydrogen shown in Fig. 5, which were ductile 
in all cases,  were due to ductile rupture acceleration. 
The important point is that sink efficiency, as influ- 
enced by interface strength and SFE, is essential to 
hydrogen compatibility. 

The relative importance of these two effects, part i -  
cle interface strength and SFE, is difficult to determine. 
A comparison of Fig. 4 (fine-grained, recrysta l l ized 
Ni-20 Cr-2 ThO~) and the fine-grained results  8 in Fig. 9 
(annealed Ni-2 The2) suggests the two may be about bal-  
anced, because the two sets of results at 194 K and 296 K 
on hydrogen-charged specimens are  s imilar ly  related 
to the respective uncharged results .  This comparison, 
however, may be overshadowed by the beneficial effects 
of the fine grain size. 8 A more interesting comparison 
can be made with the coarse-gra ined data of Fig. 7. 
These data suggest a predominant role for reduced SFE 
when compared to the coarse-grained data in Fig. 9, 
since precipitation of the Ni3(Ti, A1) V' phase removes 
Ni from the matrix and further reduces SFE. ~4 A s imi-  
lar conclusion about the importance of SFE and ease of 
c r0ss-s l ip  in affecting hydrogen behavior has been 
reached in studies on stainless steel. 4'aS's2 

It should be emphasized, as stated above, that these 
results  apply to a relatively limited hydrogen supply, 
even though supersaturations were as high as a factor 
of 45 in Ni-2 The2. Frandsen, Paten and Marcus sa 
showed that fatigue crack growth in TD-Ni and TD- 
NiCr was somewhat more rapid in hydrogen than in 
vacuum; the increase in rate was similar  to that seen 
in Ni. An unlimited supply of hydrogen can evidently 
saturate the sinks at oxide particles,  and then cause 
fracture changes in the same way as in the pure ma- 
terial.  Thus the dispersion may effectively prevent 
hydrogen damage only when the deformation rate ex- 
ceeds the rate of hydrogen supply to the deforming re -  
gion or crack tip. This conclusion, however, may con- 
rain a complication. Frandsen, e t  a l .  s8 used tests in 
vacuum rather than in air as their standard of com- 
parison, and they found that oxygen caused the same 
cracking rate acceleration as did hydrogen. Other 
studies on nickel-base alloys have also shown oxygen 
to be damaging, either about the same as a~ or less 
than ~~ hydrogen. Thus it is possible that the fatigue 
properties of dispersion-strengthened alloys may not 
be much worse in hydrogen than in air.  

For structural  applications, the possibility of ra te-  
limited compatibility would suggest the following. Fa- 
tigue life-limited applications in hydrogen environ- 

1860-VOLUME 5, AUGUST 1974 METALLURGICAL TRANSACTIONS 



merits would require further careful study of environ- 
mental effects on failure, sa-4~ But for cases  where in- 
frequent high s tresses  or accidental overloads deter- 
mine the design limits in hydrogen, dispersion- 
strengthened materials would be an appropriate choice. 
The case of sustained loads, as in a pressurized struc- 
ture, has not been studied, but lack of fracture mode 
changes in hydrogen (Figs. 6 and 8) suggest no great 
susceptibility. It does seem clear that dispersion- 
strengthened alloys will be suitable for some applica- 
tions in hydrogen, and work on forming, joining, TM 12 
and corrosion resistance now seems appropriate. 
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