




ORNL-46 25 

Contract No. W-7405-e%-26 

METALS ATJD CEFAMICS DrVISIorJ 

ISOTOPES DrVIS ION 

J. R. DiStefano and R. E. McHenry 

NOVEMBER 1971 

OAK R I E E  NATIONAL LABORATORY 
Oak Ridge, Tennessee 

operated by 
UNION CAKRIDE CORPORATION 

for the 
U. S. ATOMIC ENERGY COMMISSION 





Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Strontiun-Oxygen System . . . . . . . . . . . . . . . . . . .  
Sr-Ti-  02 Sys-tern . . . . . . . . . . . . . . . . . . . . . . .  

Test Materials and Procedures . . . . . . . . . . . . . . . . . .  
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Weight Changes i n  Compomds and . Alloys . . . . . . . . . . . .  
Compositional Changes i n  Alloys and Compounds . . . . . . . .  
Metallography . . . . . . . . . . . . . . . . . . . . . . . .  

900°C Test - A l l o y s  . . . . . . . . . . . . . . . . . . .  
ll00"C Test -Alloys . . . . . . . . . . . . . . . . . . .  
Jacketed SrO . Alloys . . . . . . . . . . . . . . . . . .  
1100°C Test; . Compounds . . . . . . . . . . . . . . . . .  

Mechanical Properties -Alloys . . . . . . . . . . . . . . . .  
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Subsequent Short-Term Tests . . . . . . . . . . . . . . . . . . .  
Sinrrrmary . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . .  
References . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 

1 

2 
2 

8 
15 

1_c3 

E3 

20 

20 

20 

26 

29 

29 

34 

37 

38 

43 

44 
4 4  





J .  H. DiStefano and 13. E. McBenry* 

"he compatibil i ty of Sr'Ti03, S r z T i O 6 ,  sad S r O  wTth 
Hzynes a l loy  TJo, 25, Hastelloy C ,  and t-ype 316 s t a in l e s s  
s t e e l  w a s  evaluated i n  tes ts  fo r  up t o  10,000 hr a t  900 
and 1100°C. Eoth SrTi03 and S r k T i O 4  were compatible with a l l  
th ree  supera.lloys at e i the r  temperature. Some react ion r e su l t -  
i n g  i n  a s l i g h t  reduction of SrTiO-3 was found, hut it d-id K I O ~  
have a s igni f icant  e f f ec t  on t h e  superalloys.  A reac t ion  
between SrO and Haynes a l loy  No. 25 and Hastelloy C occurred 
at, 900°C. The reac t ion  w a s  more extensive a t  l l O C , " C  and also 
included type 316 s t a i n l e s s  s t ee l ;  hcwe-fer, it appeared t o  
reach steady state after 5000 h r .  In  corn-ercially produced 
Ifastelloy C o r  C-276 the  reac t ion  with SrO appears t o  be 
related t o  the  presence of one or more in te rmeta l l ic  phases. 
In  laboratory heats  containing very l a w  s i l i c o n  but rela- 
t i v e l y  high carbon or  i n  a l loys  containing very high s i l i c o n  
these phases do not form and no a t t ack  was  observed. 

cussion of severa l  types of reactions t h a t  could occur i n  
these systems i s  presented. The e f fec t  of an in-growth of 
zirconium due to decay of 90Sr i s  a l s o  discussed. 

A reduction i n  t h e  room-temperature mechanical. proFer- 
t i e s  of Haynes a l loy  No. 25, Hastelloy C ,  and type 316 s ta in-  
l e s s  s teel  w a s  noted a f t e r  heat t r ea t ing  at 900 ox 1100°C. 
A fu r the r  reduction i n  d u c t i l i t y w a s  found i n  some of t he  
samples exposed t o  SrO. 

In  addi t ion t o  t h e  react ions reported a t h e c r e t i c a l  d i s -  

IL\JTRQDUCTION 

The compatibil i ty of three radioisotope pmer f u e l  co~~~pounds o f  

strontium (SrO, SrTi03, and SrZTi.04) with three  p o t e n t i a l  container mate- 

r i a l s  (Haynes a l loy  No.  25, Hastelloy C, and type 316 stainless s t e e l )  
has been studied. 

Isotopes Division. -E 
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The energy produced by t h e  radioact ive decay o f  9 0 S r  has been exten- 

s ive ly  employd as a source of heat i n  ther:moelectric conversion devices 

designed t o  provide e l e c t r i c  power i n  remote appl icat ions.  Of the  
30 current working applications found i n  the l i t e r a t u r e , l  22 a r e  powered 

with 90Sr. Twenty-three of t h e  t h i r t y  applications are t e r r e s t r i a l  am1 
marine (twenty-Lwo "Sr and one 6oCo) ,  and seven a r e  aerospace applica- 
t ions ( 2 3 8 ~ ) .  

Alt'nough 90Sr power sources with up t o  s i x  years o f  service at, 

540°C have been destruct ively examined, 

t h e  r e l i a b i l i t y  of the  fuel. containment were not avai lable  t o  pred.ict 

performances f o r  longer term uses, especial ly  a t  the higher operattng 

terqeratv-res of l a t e r  generation convers-ion devices. It was the  pixrpose 

o f  t h i s  work t o  provide tha t  information. 

adequate quant i ta t ive data on 

The study described i n  t h i s  report  was car r ied  out, wtth nonradjo- 

ac t ive  compounds of strontium. A s imilar  but more lixni.ted study with 

"Sr compounds i s  i n  progress .Lo es tab l i sh  the  v a l i d i t y  of the  conclu- 
sions drawn from t h i s  study. Preliminary data f r o m  the  w o ~ k  with 9 0 S r  

compounds indicate  t h a t  t he  conclusions i n  t h i s  report  are val id .  

The three  po ten t i a l  container materials chosen a r e  all- commercially 

avai lable  and represent Co- N i -  and Fe-base a l loys .  %"ne temperatures 

studied, 900 and Ll0O0Cy were chosen t o  bracket -the operating tempera- 
t u r e  of advaficed thermoelectric conversion devices and t o  determine the  

effec-t of temperature on reactions t h a t  occurred. In  addition, we f e l t  

t ha t  t h e  temperature comparison would a l so  provide a basis f o r  extrapola- 
t i o n  t o  longer tkfles a t  lo we:^ temperatures. The t e s t s  'were conducted 
fo r  times up t o  10,000 hr .  

ORY 

S t r ont ium- O y y g  en S ys t em 

The strontium-oxygen system has been studied by several  workers, 3-5 

and only two compounds (S rO and S r O a )  a r e  known. 
readi ly  decomposed a t  high temperature and/or l o w  oxygen pr, nssure. 

decompositioa pressure3 of S r O Z  i s  1 s t x n  a t  365°C and 50 atm a t  500°C. 

Strontium dioxide i.s 

The 



Copelaand and. Sml in5  found no phase other than SrO i n  the  temperature 

range 800 t o  l&3O”C.  Since t h e  conditions f o r  fabr ica t ion  of the SrO 

(see p.  17) and the  compatibil-ity t e s t  conditions both involved heating 

to wel l  above 600cC, no f lx the r  consideration of t h e  c~impound SrO2 i s  

necessary. 

Strontium oxide c rys t a l l i ze s  as a rock salt (cubic) s t ruc ture  wit’? 

a l a t t i c e  parameter of  5.1600 ItL 0.0005 A ( r e f .  5). 
s t ab le  oxides known, being s l i g h t l y  less s t ab le  (a t  temperatures below 

1200°C) than YgO, CaO, the  rare-ear th  sesquioxides, Tho2 and Acz03.  

temperatures of 1200 t o  2200°C, BO, BeO, P-1203, S c 2 0 3 ,  Zr02, and H f O 2  

are s l i g h t l y  more s t ab le  than SrO. 

It i s  amow t h e  most 

A t  

The s t a b i l i t y  of SrO in contact with metals can be estimated from 

f r e e  energy data i f  the  assimption i s  made t h a t  all. condensed phases have 

un i t  a c t i v i t y  ( t h a t  is ,  there  i s  negl igible  s o l u b i l i t y  of any phase i n  

any other phase). 

Hastelloy C, S-laynes a l loy  No. 25, and type 316 s t a in l e s s  s t e e l  can be 
hypothesized, and calculat ions can be made t o  determine if the reactions 

a r e  energe t ica l ly  favorable The react ions are:  

Several react ions o f  S r O  with the  const i tuents  of‘ 

XSrO i- YM .+ S r  x 14 y-1 -E MOx . 

The f r e e  energies of formation of t h e  most stable oxides of a l l  the con- 
s t i t u e n t s  i n  t h e  systems SrO-Hastelloy C, SrO-Haynes a l loy  No.  25, and 

SrO-type 316 s t a in l e s s  s t e e l  are p lo t t ed  i n  Fig. 1. Figure 1 shows t h a t  
SrO has a milch higher negative f r e e  energy of formation and t h a t  reac- 

t i ons  of t he  type i n  Eq. (1) a r e  unfavorable thermoclynamicnlly, 

no spec i f i c  information has been found i n  the  l i t e r a t u r e  on strontium 
s o l u b i l i t y  i n  t h e  metals of i n t e re s t ,  Hansen6 reports  t h a t  barTuni i s  

insoluble i n  n icke l  and t h a t  calcium is insoluble i n  iron. 
it i s  unl ikely t h a t  t h e  so lubi l iby  of strontium i n  the  al loys of i n t e r e s t  

i s  su f f i c i en t  t o  reduce the  a c t i v i t i e s  s ign i f i can t ly  below unity.  

Although 

Therefore, 
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Fig. 1. Free Energy of Formation of Oxide. 

Mixed oxtdes o f  stzontiurn oxide and otiier metal. oxides of t he  type 

shown i n  Eq. (2 )  have not been repoyted. 

strontium can e x i s t  i n  an oxidation s t a t e  o f  less. than +2. Since sixA~ 

an oxidatton s t a t e  reportedly5 does not exis t ,  it i s  concluded t h a t  the 
reac t ion  shown i n  Eq. (2 )  w i l l  not occur. 

T'hey a r e  possible  only i f  

Most s t ab le  mixed oxides of two o r  more cat5.ons occw as one of 

th ree  basic  structm-al. types. These a re  t h e  spinel ,  i lmenite,  a a d  

perovski.te s t ruc tures .  In addi t ion t o  the  three s t ruc tures  mentioned 
above, severa l  s t r u e t u e s  of mixed oxid.es of Si02 aye lurown, It; i s  

l i k e l y  that  a l l  tine oxidized const i tuents  of t he  Lhree s l loys  of i n t e r e s t  

(except nickel  and cobali;, which hav-e only the +2 oxidation s t a t e  except 
under unusual conditions) would form one o r  more mixed oxides with SrO. 

One of the  f e w  mixed ox5des of a lka l ine  ear th  oxides for. which f r ee  
energy data axe avai lable  is CaSi03. The f o l l m h g  rea,ction can be 
postulated : 

3 C a O  + S i  + CaSi03 + 2 Ca 
(5 1 

432 kcal. J. 358 kcal, LV" = 74 kea1 . 
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The f r e e  energies of strontium compoiunds 5-n the preceding reaetion should 
be very close to those of ealcfun eompoui-tds. 
expected t o  be among the  more energet ical ly  favorable react ions of the  

type shown i n  Eq .  ( 3 )  because of the  h i@ f r e e  energy f o r m t i o n  OS :;io2. 
Since Eq. (5 )  i s  mfavorable due t o  a laxge posit ivi .  f r ee  energys r e a x -  

t,-ions 8,s shown i n  Ey. ( 3 )  a r e  concluded. t o  be 7mlikel.y. 

higher f r e e  energies of formation of  mixed oxides compared. wTth t'ne sum 
of t h e  f r e e  energies of forination of the  individual  components r e su l t  
from s l i g h t l y  more favorable arrangement of  atoms i n  the  l a t t i c e  and a r e  

not believed t o  be energetic enaugh t o  favor Eq.  ( 3 ) .  

CsC03, CaXrO4, and. C a S i O s  have f r e e  energies o f  formation of -32, -413 

and. -21 kcal/mo%e above the  s u n  of the  f r e e  energies of fom.atiori of the  
individiial 0.lrid.e components of t h e  mixed oxides. 

l ieaction ( 5 )  fo r  SrO is 

In general-, the  

For example, 

The following react ions [of  the  .ty-pe shmm i n  Eq. ( 4 ) ]  are the most 
l i k e l y  because of high f r e e  energies of  formation (xi? S i 0 2  and C r 2 0 3 :  

Table 1 l i s t s  the  minimm f r e e  energies of formation f o r  the int.ermeta1- 
l i c  compoimds i n  E q s ,  (6 )  through (8) required. t o  favor the  react ions t o  
take place a,t 1000°C. Table I also shows the  f r e e  energies of forination 
o f  the  in te rmeta l l ic  compounds estimated from electron binding arid 
Engel's correlation.r'y8 

a re  Larger negative values than those required f o r  t he  reaction. to be 

energe t ica l ly  favorable; therefore,  the  reac t ion  could occur.  

A l l  t hz  esi;ima,terl f ree  energies shown i n  C O ~ L I ~ ~  2 

N o  description of in te rmeta l l ic  compounds o f  strontiixn and chromium 

Westbrook9 l i s t s  only one compound 01' bas been found in the l i t e r a t u r e .  

the alkal ine earths and chromium, BeZCr. T%le compound, SrSi2,  has been 

reported by Janzon e t  a1.I' 

reac t ion  similar t o  Eq. (9) : 

Neshpar et, al.1I prepared %Si2 using a, 
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Table 1. AF" for Strontiim Intermetal l ic  Coqounds 
- 

In t  s rmeta l l ic  C omp oumd , kca l/mo l e  Inter-  Equation 
metal l ic  Mintmum Estiniated Number Compound Re qui$ ed 

GF" @F" 

(6) SrCr5 -70 LO 2-05 - -50 
(7 1 SrCr3 -100 to 150 - -50 
(8) S r S i 2  -60 t o  90 - -30 

The react ion was reported t o  be FnitiaLed a t  1300°C imder conditions 

where Si0 i s  removed from the  react ion zone by vo la t i l i za t ion .  

from t h e  15mited. information av8ilable it canmot be Shawn t h a t  Eqs .  (6 )  

through (8) a re  energet ical ly  unfavorable, they must 'oe considered as 

energet ical ly  possible  i f  not; probable 

Since 

The foregoing discussion has considered only the net f r e e  energy of 
react ions.  Even i f  a react ion i s  energet ical ly  favorable, it may not 
OCCUT a t  a detectable  ralx because of kFnetic fac tors .  

In addi t ion t o  the  const i tuents  which are nominal1.y included i n  the  

compatibil i ty couples, impii-rities m u s t  be considered from the  standpoint 

of  producing react ions.  The impurities which appear to be of the  m o s t  

consequence a r e  oxidizing materials such as C02, H20, and 02. A t  temper- 

a tures  above 900°C t h e  reactiori of K20 with W, Fe, Cr, Mn, and S i  i s  

energet ical ly  favorable. T'ne following react ion i s  typical:  

Tn the texnp@rati.cre range 900 t o  110O0C, the  reac t ion  of C 0 2  with CY', Mo, 

and S i  i s  energet ical ly  favorable. The following react ion i s  typical :  

Oxygefi would readi ly  oxidize a l l  t he  consti tuents of the al loys of 

i n t e re s t ,  wj.th S i ,  bfn, and .  C r  being most favorable. 
A 100-g p e l l e t  of SrO made by the  iden t i ca l  m e t h o r l  ( see  p.  17) used. 

t o  prepare the  SrO p e l l e t s  for the  compatibility coixp1.e was anal-yzed f o r  
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CO2 contenk. The Sa0 was dissolved Tn acid, 8,nd the gas evolved was 

scrubbed w i t h  a B ~ ( o H ) ~  sol i r t ion.  From this  test,, 

i.t was concluded. that C 0 2  coricentrstioii was negl igible  ( l e s s  than 5 p p m  

by wen'.gbt), and reacti.ons of t h e  type given in Eq. (.Ll) are not  expected. 

NG C O ~ :  was detected. 

The preparatiori of t he  SrO pellets (by hot pressi% a.1; 1250°C i n  

va.ci.mm) is s.u.c'n t h a t  t h e  W20 concentration i s  LhoLght t o  be l e s s  than a 

f e w  p a r t s  per 1nil.l.ion. However, no ana ly t i ca l  method sufficiently sensi- 

t i v e  t;o d . P t e c t  1-120 in t h e  SrO was  fouxid. Since it i s  a 1.ikel.y impurity 

and. an accurate assay or" 1-120 wits unattainable,  react ions of' the type 

sliown 3.n :Kq. (I!)) must be consjdered a poss ib i l i t y .  
'The so lu t ion  of oxygen 5-11 SrO has been reported at t e q e r a t w e s  

abme  600°C ( re fs .  5 ) .  Copelarid et al. measured the  so1ubiPTty of 

oxygen a t  1-atm oxygen p a r t i a l  pressure for temperatimes of lPOG to 

1300°C ushg therm1 gravbietrlc analysis (TGA) . 
and 1300°C was  e.3 X lo-' and 1.95 x POq3 m o l e  fraction oxygen, respec- 

t i v e l y ,  

ions. 

of oxygen i n  SrO at; p a r t i a l  pressures of oxygec up t o  5 %err at terapera- 
tuses of 950 and. 1 1 5 0 ° C .  

The so lubi l i ty  a t  1330 

'They concluded that the oxygen i s  held i n t e r s t i t i a l l y  as oxy-geri 

Kozlenko et a1.4 used a vc3,lumetrf.e method to measure the so lub i l i t y  

They derive equations for the so lub i l i t y  a t  
950"C, 

and a-t l U O " C ,  

where 

P :. oxygen pa r t i a l .  pressure, torr, and 

N = ~ ~ 0 1 . 2  f ract ion o f  oxygen in solut3.on. 
02 

No dat,a have been found on the s o l u b i l i t y  of oxjgen i n  SrO at I-GW %emper- 
atiires. It shoul_r:i be noted that the  results of the experiments by 

Copeland. and Kozlenko show opposite temperature effects. 
Fabrication of SrO pellets inc!..-u-decl heating the pr.1.lets t o  1250°C 

i n  vacuum. From Eye (13) assuming equilibri1mi i s  esta'ol.ished dur.ing 

hot pr&ssing, the molt? f r ac t ion  of oxygen shoul.d not exceed 2.3 X 1..0-' 
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(assinmi-ng P for O2 = 0.5 t o r r )  or 2.5 X l o m 6  moles of oxygen (0.16 mg)  

pel- couple. 

i n  SrO and s ince the  SrO p e l l e t s  were handled i n  argon (100 ppm 0 2 )  

a f t e r  they were hot pressed, dissolved oxygen should be a negl igible  

f a c t  or .  

Since both r e f s .  2 and 3 report  t h a t  oxygen diffuses  rap id ly  

Sr-Ti-02 System 

- ~ . n  t h i s  discussion only t h e  compositional regions of the phase 

diagram,12913 s h m  i n  Pig. 2, a b  o r  near t he  compounds Sr'l'.i.Os and 

Srz 'TiOlp  w i l l  be considered. 

already been discussed and also need not be considered because no Sr-O 

phases ex i s t  i n  the coLnpositiona1 region of i n t e r e s t .  F r o m  Fig. 2 t he  

compounds t h a t  may be p-resent i n  approximately stoichiometric SrTi03 avid 

S r 2 T i O 4  are:  Ti%, SrTi03, Srr,Ti.Olo, S r3Ti207 ,  S r 2 T i O L ,  and Sr3Ti05. 

O f  the  bounding binary sys t em,  Sr -0  has 

ORNL-DWG 71-9276 
2000 

1900 

1800 

- t700 
E 
w rr 3 

[L 
W n 
2 

!COO 

1500 

1400 

1300 

1200 
5 T io2 

Fig. 2. The SrO-TiQ2  Phase :[)Tagram. [Ref. I A. Cocco and 
F. Massazza, "Microscopic Examination of the  System SrO-TiO;! ) I '  A n n .  Ch im.  
.-- ( R o m e )  52( 7 ) ,  883-4393 (1963) 1 . 
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The 5owrd.ing binary system Ti-0 musk be considered because of t he  

existence of Ti02 in Ti02-rich SrT i03 .  

T'ne most significant; react ions involve the reduction of Ti02 o r  

T iOz-SrO mixed oxides by the  metal l ic  const i tuent  of t h e  a l loys  
Hastelloy C, Haynes a l l o y  No.  25, and type 316 s t a in l e s s  s t e e l .  Both 

the  SrTi03 and S r z T i O 4  used. i n  t h e  compatibil i ty t e s t s  to be described 

were prepared by vztcu~un hot pressing and as a consequence have the  
nominal composttion SrTi03,x and Sr2TiO,!+,,, where x has a small val11.e. 

From t he  work of Moser e t  a1..l4 and Kofstad. '* on Ti02, i.t i a  estinla,ted 

that x does not exceed 0.0l5. 

pressed t i t a n a t e s  by determining t h e  weight gain of a s.mple on oxida- 

t ion .  

Values of  x were measured on t yp ica l  hot- 

These data indica,te a typ ica l  value of 0.015 for x. 

Strontium t i t a n a t e  has a perovskite s t ruc ture  with 

A = 3.920 t 0.002 A. 
possible  i n  SrTi03-, and- found t h e  lower lirnil; t o  be S r T i O z  .5 I The 

s t ruc ture  and. l a t t i c e  parameter d id  not change. SrTiO,, has a body- 

centered te t ragonal  K z N i F 4  s t n i c t i x e  with A, .:: 3.88 A, C, = 12.60 w .  
This can be deseribed17 as a l te rna t ing  layers of perovskite SrTi03 and 

rock salt  SrO along the C d i rec t ion .  

found i n  the  l i t e r a t u r e .  It i s  presumed. to behave analogously with 

SrTi03-x. 

KestigianlG invest igated t h e  extent of reduction 

N o  s tudy  of  S T ~ T ~ O ~ - ~  has been 

The mixed. oxides of SrO and Ti02 and the  Ti02 w i l l  be i n  thermo- 

dynamic equilibrium i n  contact with a metal when the  p a r t i a l  molar f r e e  

energy of d i ssoc ia t ion  of Ti02 or .the mixed oxide (a positive value) is 
equal i n  magnitude to t he  free energy of forrmtion of the  metal oxide 

( a  negative value) .  Kofstad1.5 bas derived from TGA d a t a  Yne equation: 

f o r  t he  p a r t i a l  molar f r e e  energy (,.%?) of dissociat ion of T i Q - X .  

Equation (14) does not f i t  w e l l  when x i s  less than 0.00171 (near s toichi-  

ometry). P a r t i a l  molar free energy data f o r  the dissociat ion of SrTiOs,, 
and Sr2TiOc+-x have not been found i n  t h e  l i t e r a t u r e .  
increased s t a b i l i t y  of t h e  mixed oxjdes above that of T iO2 ,  t h e  p a r t i a l  

molar f r e e  energies for t he  mixed oxides (SrTi03,x and Sr2PliO4-,) will 

Due t o  %he 
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be s l i g h t l y  higher than tha t  of T i 0 2 - X .  If calculat ions are rnade f o r  

t he  reduction of SrTi03 and S r 2 T i 0 ~  using da ta  from the  Ti02,x system, 

t he  reduction predicted would be mxbaum valires. 

varioiis values of nlr' a re  shown i n  Fig.  3. 
Values of x for 

Table 2 shows the  m ~ ~ x i x a m  reduction of Ti02, S rT i03 ,  and SrTiOl, by 

metals i n  t h e  a l loys  of interest. !i'he reactions are: 

X X T i 0 2  -1. - M -+ Ti02,, ( +  dissociat ion)  + - MO (- CIF formation) (1-5) 
Y Y Y  

X X SrTi.03 + - M 3 SrTi03,x (+ dissociat ion)  + - MO (--- bF formation) 
Y Y 3' 

ORNL-DLVG 71-9275 

0 20 40 60 80 I O 0  
A F  OF DISSOCIATION ( k c a I / k  0 2 )  

Fig. 3 .  Values of X i n  TiO,,,, SrTi03-,, and SrTi04- ,  Versus &. 



Table 2 e CalculBted Equilibrium Composition for Ti tana te -wta l  
System and Weight Loss (Oxygen) from 24 g of Ti tanate  Sample 

Composition (and Weiglit Loss, m g )  

aSta,rtiw composition following hot  pressing a t  ~ Z ~ O ~ C  i n  a graphite 
element vacuurn furnace i s  S~TiO2.985 and SrzTiO3.985. 

X X 
~ r 2 ~ i 0 4  -1- - M i* ~ r 2 ~ i 0 l , , ~  (+ 2 dissociat ion)  3- 7 MO (- LT formation) . 

Y *Y Y 

(17) 

In the  preceding reactions,  E of dissociat ion i s  pos i t ive  ( t h e  recilnced 

oxide is  energe t ica l ly  unfavored) while AF of' formation of t he  m e t a l  
oxide i s  negative ( t h e  oxidation of' t he  metal i s  energet ical ly  favored). 
The react ions are a t  equilibrium when & - Mg = 0. In t h e  systems of 

i n t e r e s t  only C r ,  Mn, and S i  w i l l  reduce t h e  compound t o  l e s s  than t he  

fabr ica t ion  value of x. 

Each compatibil i ty couple contains 24 g of t i t a n a t e .  If t h e  rrbaximwm 
reduction occurs ( t h e  react ion w i t h  S i ) ,  t h e  SrTiO, would re lease  200 

and 300 mg of oxygen a t  900 and U O O ' C ,  respect ively.  

re lease  U4 and 200 ng of oxygen a t  900 and 110G"C, respect ively.  

The S r z T i 0 ~  woi-ild 

The k ine t ics  for t he  re lease  of oxygen from the t i t a n a t e  phases i s  
very rapid.  Paladinol reports  t he  diffusion coef f ic ien t  for  the 

oxidation-reduetion of S r T i O s  i.n the temperature range 850 t o  1460°C by 
the  equation: 



where 
TI = diffi ision coef f ic ien t ,  ccn2/scc, and 

T = tezqerature,  "K. 
A t  900"C, I) = 2 x lom5 cm2/sec and a t  1.1.0O0C, D - 1- X 10"' cm2/sec. 

Reactions of t i t a n a t e s  with S i  t o  form intermetall-ic compouids 

[ s imi la r  t o  Eqs. (6)  through (S)] a r e  among the most l i k e l y  react toas  of 

t h i s  type due t o  the  high f r e e  energy of formation of SiOz.  

react ions,  
Two 

2SrTi03  + llSi -F. 2SrS iz  -t 2'TiSiZ + 3Si02 , (20) 

w i l l  be considered. 

t he  reactants  al; 1000°C i s  -1200 kcal [&(-300)* + 01, while t h e  to-Lal 
f r ee  energy of formation of bhe products, except &rSi.z, i s  -1008 kcal  

[2(-279) -t- 3(-15O)l. 
ceL1y favorable, the  f r e e  energy of forn t i o a  of S r S i z  must be more 

. In  Eq. (20) the  f r e e  energy negative than -48 kcal/rnole 

of formation of the  reactant  i s  -600 kcal  [2(-300) .!- 01 while t h e  f r e e  

energy of formation of the  products, except Sr.Si.2 and T i S i 2 ,  i s  
-450 kcal  [3(-150)1. 
ca.l-l_y favorable, t he  f r e e  energies of  formation of SrSi2 and T i S i 2  must 

. Since both Si- be more negative than -37.5 kcal/mole 
and T i  f o m  known coi~ipounds~ with S i  wkich theory pred2cts7j8 t o  have 

f r ee  energies of formation suff ic ient l -y  negatjve .to favor  t he  react ions 

show i n  Eqs.  (1-9) and ( 2 0 ) ,  t h i s  react ion must be consjdered as possible.  

la Eq. (19) t he  t o t a l  f r e e  energy of f o r m t i o n  of  

For the  react ion showin i n  Eq. (19) t o  be energeti-  

? 
;1200 - 1008 ~ 8, 

( 4  

For t he  react ion shm-ri i n  Eq. (20) t o  be energeti-  

1 [("300) -i- ( 4 5 0 )  
4- 

-- 

There a r e  no known reacLive impurit ies i n  the  t i t a n a t e  sanipI.es used 

i n  t he  compatibil i ty t e s t s .  
be of negl5.gibl.e s ignif icance.  

In  the  discussion i n  t h i s  sect ion the const i tuents  of t he  a l loys of 
Hastelloy C, Haynes a l loy  No.  25, and type 316 s t a in l e s s  s t e e l  have been 
assunled t o  he present as d i sc re t e  phases of t he  elements. If a const i tuent  

Any t h a t  nay be present a r e  considered t o  

3 e i l  lhe  f r ee  energy of formation of SrTiOs  was approximated by adding 
21 kcal/mole t o  t he  SUM of the  f r e e  energies of formation of SrO and 
Tfi.02. 



of the  alloy i s  present i n  so lu t ion  or as an i n t e m e t a l l i c  
t he  react ions ccnclxded t o  be favorable energet ical ly  will 
favorable or imfmorable . 

phase, t'nen 

be l e s s  

An aspect of t h e  compatibil i ty o f  radioact ive compounds of strontiiltii 

not evaluated i n  the work described %E t h i s  report  i s  %he e f f ec t  of the  

in-growth of zirconium due t o  the  deca,y of "OSr: 

lllne equilibrium quant i ty  of "Y d.ue t o  i t s  short  h a l f - l i f e  I s  i n s i g n i f i -  

cant and i s  ignored. After decay of "Sr the t i t a n a t e  .fuel w i l l .  contain 

Sr,  Z r ,  Ti, and 0 ( f i s s i o n  p r o d . i ~ t  S r  i s  55% "Sr). In a closed. system, 
such its an encapsulated heat sowce, a deficiency of  oxygen w i l l  e x i s t  

due Lo t h e  valenee change occurring as a r e s u l t  of' react ion (21) (I 
temperatures below approximately 1'100"C, t'n.e r e l a t i v e  r a t i o s  of the  free 

energies of formation t o  t h a t  of T i O z  f o r  t he  severa l  possi'ole oxides 

are: SYG, 1.30; Z r O z s  1.30; TiO, 1,U; TizO,,  1.08; T i 3 O S ,  1-05; 

T i O Z ,  1.00. 

has beerr discussed. previously ( p .  3 ) .  
exhibi t  compounds between Zrg and Z r O z  ( r e f .  19) (F ig .  4.). Since t h e  

reduction o f  titanium oxides i s  Pavored therrfiodynamieally, .the decay of 

"Sr t i t a n a t e  w i l l  result i n  t h e  reduction of T i  ( ref .  20) t o  varying 

degrees (Fig. 5) depending on the  ax-ount of decay of' ""S. 

A t  

The absence of any- compo~md of Sr and 0 between Sro and SYO 

Neither does the  system Zr-rJ 

The total decay of  90Sr i n  9"SrTi03 and "SrzTiOL should give 
products as  sham i n  the  following reactions:  

22"OSr2TiO& + l t 3Sr2TiOL -* 3 6 S r G  t 44Zr02 + 4Ti20 i- 32Ti0 . (23) 

It i s  probable t h a t  t he  21-02 and Ti203 shown i n  Eq. (22) w i l l  react :  

The compound ZrTiO4 i s  known2' i n  t he  system Z r O 2 - T i O 2  but a cleseripticnn 
o f  th.e system Zr02-Tiz03 has not been found i n  t h e  l i t e r a t u r e .  Several 

mixed oxides including SrZrO3 a r c  possible  with the  products of Fq. (23).  
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The decay of "Sr i n  SrO w i l l  produce zirconium metal as follows: 

TEST IvlATER.ULS MVIl PROCEDURES 

The design of t h e  test system used. i n  these studies i s  show- i n  

Fig. 6. A center specimen of one of the superalloys was san&,~lcl-icd 
between two p e l l e t s  of a strontium ~ O R J ~ O W ~ ,  and EL seconfi superall.oy 

specimm i n  the form of a ey l ind~ iea l -  sleeve -ms  used t o  measwe &anges 

i.n niectianical. properties. Specimens and pel]-ets were enclosed. i n  an 

outer  c-,aysu.le of bbe superalloy being t e s t ed  by welding i n  an argon atmo- 
sphere., Concentrations of t he  m,z;jor elements 5n both the strontium 

compound.s and the superalloys are shown in Tables 3 and 4.. 

The Isotopes Divisl.on of OK!TL prepared SrTi.03, SrzTiO4,  and SrO by 

starting w i t h  a 1 - j\/3 HN03 solution c:)f Sr(N03)~ having a strcmtkmri concen- 

t ra t iou of 1.5 g / l i t e r  of solut ion.  

eorqoimcis w a s  adjusted t o  s h i ~ l a t e  mater ia l  norrriully obtained from reactor  

m e  composition of the strontium 

Y - W 7 3  

+-- - 0.84 in ---I/---- TOP CAP 

OUTER CAPSULE -, 
\ 

STRONTIUM COMPOUND 

SL.EEVE SPECIMAES 

CENTER SPECIMEN 

BOTTOM CAP 

Fig. GI. Comnpatibility T e s t  A.ssembly. 



Table 3 .  Composition o f  Strontium Compouncl.~ 

Composition,a kst - % 
Ca Pa S r  M g  Ti 0 C 

C ompowid 

SrTi03 1.72 1.76 
Sr,TiOc+ 2.24 2.27 

S r  0 3.w 3.B 

Compound 

SrO 

Sr 2 T i  O/+ 

SrTiO3 

43.5 0.17 26.19 26.47 0.03 

55.8 0 .21  16.93 22.61 0.05 

77.7 0.30 15.69 0.15 

Constituent Conposition, w t  $ 
S r  0 91.63 
C a O  A.29 
B O  3.52 
N%O 0.49 

CQTriO/ ,  5.28 
B a 2 T i O 4  3.19 
hQ.gzTiQr, 0.70 

Sr ii' j. 0 3 90.35 

BaTi03 3.00 

Sr 2 T i 0 ~  90,83 

CaTi03 5.83 

M g T i 0 3  0.82 

a Calculated flpom starting solut ion coruposi-tion except f o r  carbon 
analysis .  

Table 4 .  Composj-tion of Superalloys 

Hastelloy C 55 6 16 3 0.5 1.6 0.5 0.05 0.001 

Haylies a l loy  N o .  25 10 2.5 50 20 I 3  1.0 0.4 0.5 0.10 0.001 

Type  316 s ta in-  13 63 17 2 2.5 0.5 O.W+ 0.016 
l ess  s t e e l  

I___- -- __r 

f u e l  reprocessing waste. 

ing solu.t ion t o  pH 3 to 5 with NH4OH. The stoichiometric quantity of 

T i 0 2  was s lu r r i ed  i n t o  t'ne solution. folloTwed by the  addition of an excess 

of NH/,C03 (256 g / l i t e r  OS so lu t ion) .  
adjust  the solut ion t o  pH 8 before it w a s  digested a t  72°C for 30 m i n .  
'The so1u.tion was  f i l t e r e d  and the  p rec ip i t a t e  (SrC03 and T i O 2 )  was 

The SrT i03  was pr2pared by adjusting the  start- 

Mmonium hydroxide was used t o  



calcined a t  1100°C for 4 hr t o  convert t h e  mixed oxides t o  strontium 

Litanate. 

"h a l t e rna t ive  procedure f o r  preparing SrT103 used KOH, KHCOY~ and 

K2C03  t o  p rec ip i t a t e  the strontium f r o m  t h e  s t a r t i n g  solut ion.  

s t a r t i n g  solut ion was adjusted t o  pH 1 w i t h  KOH, and the  Ti02 w a s  slur- 
i*ied i n t o  the  solution, wliich was  then  adjusted t o  pH 3 and heated t o  
7 0 ° C .  The solut ion was adjusted t o  pH 10 with K2C03 dnd digested a t  
82°C: f o r  2 'hr, cooled to 45"C, and f i l t e r e d .  The mixrd oxides were con- 

verted t o  S rT i03  by calcining at 1100°C f o r  4 hr .  

The 

Strontium or thot i tana te  and SrO were prepared by ident i e a l  procedures 

except i n  t h e  preparation of Sr2T5.04 t h e  quantity of' Ti02 ad.ded is l ess  

than t h a t  used for S r T i Q ;  and i n  t h e  preparation of SrO, no Ti02 i s  
added. 

The 0.5-in.-dian by 0.75-in.-long p e l l e t s  of' SrTi03 ,  S r2Ti04 ,  and 

The SrTi03 SrO were prepared by v-acum hot pressing i n  graphi te  dies .  

and S r Z T i O 4  p e l l e t s  were hot pressed at 4000 p s i  f o r  30 zrcin a t  teinpera- 
tu res  c;€ 1250 and l285"C, respectively.  
S r2TiOl+  p e l l e t s  exceeded 55% of t h e  theo re t i ca l  value. 

calcined, pure SrO cannot readi ly  be hot pressed t o  high denstby. There- 

fore, two procedures, both employing a pressing aid, were used t o  prepare 

dense SrO for  o w  compatibil i ty tests.  I n  one procedure the calcined 
SrO was exposed t o  moist air  t o  convert a mall percentage of the SrO t o  

Er(0H)L. The resu l t ing  mixture was readi ly  densified by hot pressing a t  
4000 p s i  and 800°C. 

to 7 3 0 0 ° C  i n  vacuum t o  convert S r (OH)2  t o  S r O .  

the preparation of dense SrO u s e d  co l lo ida l  Si02 (0.02 \mi dimL) 8s a 
pressing a??. The SrO powder t o  be hot pressed was f i r s t  blended with 

the  colloidal s i l i c a ,  and then the  blended powders were hot pressed at 
4000 p s i  fo r  30 min at 1250°C. Both procedures gave SrO dens i t ies  of' 

g rea te r  than 95% of  the  theo re t i ca l  value. After t he  SrO p e l l e t s  were 

pressed, they were protected from react ing with moistwe i n  the  air  by 

s tor ing  them i n  a dry argon environment u n t i l  they were used. 

The dens i t ies  of t he  S r T i G 3  and 
However, highly 

Subsequent t o  ?ensif icat ion,  the  p e l l e t s  were heated 

The second. procedure f o r  

The fabr ica t ion  of la rge  '"SrO heat  sources i n  hot e e l l s  that  do 

not have provision f o r  maintaining an i n e r t  atmosphere has required t h a t  
t he  " S r O  sources be hot pressed i n  platinum jackets  t o  pro tec t  them from 



atmospheric moistwe. Therefore, strontium oxide p e l l e t s  wjth p l a thum 
jackets were hot pressed for tes- ts  with Hastelloy C as  pa r t  o f  our 

compatibility progsm. 

All of the  superalloy components were machined from bar stock by 

the Materials and Fabrication Services Dj-vision of Themo El.ectron 

Corporation, Woburn, Mass. Each cy l indr ica l  sleeve specimen received a 

spec ia l  honed and polished f fn i sh  t o  give a smooth inner diameter sur-  

face, and the  centey specinlens were metallographically polished on both 

s ides .  

The capsules were assembled as shown rin Fig. 6 and then closed by 
tungsten-arc welding i n  an atmosphere chamber containing argon. Each 

capsule was enclosed i n  a la rger  protect ive capsule tha t  was also closed 

by welding i n  the  atmosphere chamber. T'ne t e s t  capsules were then 
expose6 i n  a conventioiial a i r  furnace f o r  t he  prescrj-bed time and 

temperature* 

After therm]. t e s t i n g  the  couples were disassembkd f o r  examination. 

Dimensional, weight, chemical, metallogrxphic , and mechanical propert ies  

changes were recorded t o  eval-uate the  extent of any interact ions between 

the  strontium compoimds and superalloys. The center disk specimen f r o m  

each t e s t  was sectioned longitudinally.  One ha l f  was submitted for me.LaL- 

lographic exminabion, and a wedge-shaped sample was cut from t h e  other 
half  for chemj-cal analysis .  A f u l l  lo-ngi-tudinal sect ion from one of the  

strontium compound p e l l e t s  was used f o r  metallographic emmination, 
while a 0.125-in. disk was cut from the  other pelle-t; al; t he  end tha t  was 
i n  contact with .t;he siiperal.loy and su'umj-tted for chemica.1 analysis .  

KESULTS 

Wejght Changes i n  Cornpounds and Alloys 

No  signifTcant dimensional changes i n  e i the r  t h e  strontium compounds 

or superalloy specimens were found i n  t h e s e  compatibil i ty t e s t s .  Weight 

cha-wes a re  sumniarized i n  Tables 5 and 6.  We found it d i f f i c u l t  t o  sepa- 

r a t e  t he  components a f t e r  t he  1100°C tes-ts;  i n  some instances we were 
unable t o  obtain useful  weight change data. This occurred mainly with 
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Table 5. Weight Changes i n  Ha,ynes alloy No. 25, Hastelloy C, 
and Type 316 Stainless Stee l  After Exposinre t o  

S t r o n t  T w n  Compounds 

\?eight Change, mg 

Compound 1100 C 900 ' C 

moo hr 5000 hr L0,OOO hr 1.0, OCO hr 

Haynes a l loy  No. 25 

-24.5 -19.1 -20.2 
-1.0 -3.4 4.. 0 

t22. l  -21.5 -1-36. 1 

Hastelloy C 

-121.b" t40.6" 
4-1.4 i-21.4 -1-29 . 3 

+37. I 4 1 . 5  i 38  .? 

Type 310 Stainless Steel 
-1.8 ,7 -14 e 3 
0 i-3.2 -2. $1 

+34.3 -i26.8 -l7.0 

-9.2 
4 . 2  

-28.8 

-3.8 
+0.5 

-t-34-. 1 

-1%. 3 
-0.2 
- t G . 3  

a This specinen showed evidence of mass t r ans fe r  of  
m e t a l  from t he  sleeve specimen which lost weight. 

Table 6. Weight Changes i n  S r T i O S  and S r z T i O 4  
After Exposure to Supexalloys 

Weight Change, mg 
Compound u o o  c 900 " c 

1000 hr  5000 hr 10,000 hr  1.0,OOO hr 

Haynes a l loy  Roe 25 
SrTi.02 +16 3 -t 15 . 7  620.0 
Sr2Ti.04 -19.6 -29 5 -70.9 -11. ' I  

Hctstellov C 

SrTi03  +7.5 
S r  2 T i . 0 ~  -50.0 4% a 0 -200.3 

+7 .? 
-2.5 

Type 316 Stainless  S t ee l  
S r T i O 3  -34.9 +3:3 5 
S r 2 T i O l  -80-3 -116.7 -.I$. 2 
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cy l ind r i ca l  sleeve specimens which tended t o  bond t o  the  outer capsules; 

therefore,  the data  f o r  these specj-mens were not tabulated.. Examination 
of the data  i n  'Table 5 shows a t rend of weight losses  i n  a l loy  specimens 

exposed t o  SrTi03 and. weight gains i n  those exposed t o  SrO. Except f o r  

HasteI.l.oy C y  changes -in a l loy  specimens exposed t o  Sr2T3.04 were qui te  

small I 

The S r T i O s  showed consis tent  -weight gains (as opposed .Lo weight 

losses by the  superall.oys) , w h i l e  S r 2 T i 0 4  showed even la rger  weighc 

losses (compared with small gabs or  losses  by the  superal loys) .  

t o  the  r e a c t i v i t y  of  SrOwith moisture i n  air ,  weight changes i n  SrO 

were not measured. 

Due 

Compositional Changes i n  Alloys s,nd Compounds 

Results of t h e  chemical analyses of t he  t e s t  materials a;fter expo- 

sure a r e  shown i n  Tables ? through 11. No s t a t i s t i c a l l y  significant 

changes i n  the  inetal const i tuents  of t h e  superalloys were noted at e i the r  

900 or 3.100"C. However, a t  1100°C Hapes al.l.oy No.  25 was  d-ecarburized 

when t e s t ed  with SrTi.03 , and, generally,  the superalloys gained oxygen 
i n  Vne Si-0 t e s t .  The only s igni f icant  changes i n  the strontium compounds 

were the increases of chromium and manganese by SrTiOs,  and, t o  a l e s se r  

extent,  by S r O .  The S r O ,  which i n i t i a l l y  contained more carbon than the  

other strontium compounds, lost; carbon i n  severa l  o f  the  t e s t s .  

Met a J..l.og r aph y 

900°C Test - Alloys 

The metallographic appearances of t he  superalloys a f t e r  the 900°C 
t e s t s  a r e  showi in Fig. 7 .  We noted the  p rec ip i t a t ion  of one o r  more 
phases i n  each of  the a l loys  a s  a r e s u l t  of heating them for 10,000 h r  

a t  900°C. In addition, a l l o y  specimens exposed t o  S r T i O 3  bad s l i g h t l y  

roughened surfaces, and tinere were some subsu face  voids i n  Haynes a l loy  

No.  25 and I-JasteI.loy C.  The al.l.oy specimens exposed t o  Sr2T5.04 showed. 

l i t t l e  evidenee of damage. Both Haylies a l l o y  No.  25 and Kastelloy C 

were attacked by SrO a,s evidenced by the  2- t o  4-mil react ion zone. 
Type 316 s t a in l e s s  s t e e l ,  however, w a s  unatkacked a t  t h i s  twrperature. 
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a Table S. CkemTcal Analyses of Eaynes Alloy No.  25 Before acd Af-ber 
Exposure t o  S t r o n t i m  Compounds a t  900 and 1100°C 

Concentration, w t  $ 
rv<mo 

C r  Yk-l SY I C 0 '"t 

Sefore After Eefore After Before After Before After Before After Before After 

i LLIlG 

(hr) 

1,000 20.2 20.4 
5,000 20.2 20.0 

1ci,o30 20.2 19.8 
lG,OOOb 20.2 23.0 

1,COO 20.2 21.0 
5,000 20.2 20.0 

10,300 20.2 20.0 
10,00Ob 20.2 19.9 

1,000 20.2 19.C 
5,030 20.2 20.0 
10,000, 20.2 20.0 
1Ci,OO0 2G.2 20.L 

0.8 0.5 < 0.005 
0.8 1.4 < 0.005 
1.4 1.4 < 0.305 
1.4 i.1 < 0.0G5 

0.8 0.7 < 0.005 
1.4 < 0.005 0. s 

1 . d  1.4 < 0.005 
1 .A  1.4 < 0.005 

0.8 0.4 < 0.005 
0.8 1.4 < 0.005 
1.4 1.4 < 0.005 
1.4 1.4 < 0.605 

S r T i Q  
< 0.005 
< 0.005 
0.025 

< 0.305 
S r z T i O 6  

C. 07 
< 0.0G5 
9.036 

< 3.005 
Sr 0 

< 0.005 
< 0.005 
0.001 
0.005 

- 

< 0.01 
< 0.01 
< 0.01 
< 0.01 

< 3.01 
< 0.01 
< 0.01 
< 0.01 

< 0.01 
< 0.01 
< 0.01 
< 0.01 

0.02 
< 0.01 
< 0.01 
< 0.G1 

0.02 
< 0.01 
< 0.01 
< 0.01 

0.02 
< 0.01 
< 0.01 
< 0.01 

0.096 
0.096 
0.133 
G .10G 

0.036 
0.096 
G. 100 
0. :GO 

0.096 
0.096 
0. loo 
0. loo 

G.020 0.001 
0.020 0.001 
9.014 0.001 
0.099 0.001 

0.1w 0.COP 
0.026 0.001 
0.120 0.001 
0.092 0.001 

3.1121 0.001 
0.024 0.001 
0.OS 0.001 
0.104 0.001 

0.006 
0.005 
0.027 
0. GO5 

w 
R) 

0.008 
0 . O l E i  
0. G I 3  
0.002 

0.04.9 
0.016 
0. oL,1 
0.004 

'3.250-in. - thick s a q l e .  

%isted a t  900°C. 



a Table 9. Chemical Analyses of Type 316 Stainless Stee l  before &mi After 
Exyosure to Stront iwa Ccrmpounds a t  300 and 1100°C 

Concentration, wt $ 
?\h Sr Ti C 0 

Time 
(hr )  C r  

&fore After Before After B e f o r e  A f t e r  Before After &fore After Before A f t e r  

I, 000 
5,000 
10, GOOb 
10, 000 

1,000 
5 I 000 
10, omb 
10, 000 

17.5 17.7 2.1 1.0 < 0.005 
27.5 17.0 2.1 1.7 < 0.005 
17.5 17.4 2.1 1.9 < 0,005 
17.5 2.1 1.8 < 0.005 

17.5 17.9 2.1 1.0 < 0.005 
17.5 17.0 2.1 1.7 < 0.905 
17.5 17.6 2.1 1.9 < O.OG5 
17.5 2.1 1.9 < 0.005 

17.5 17.0 2.1 1.8 < 0.005 
17.5 17.1 2.1 1.5 < 0.005 
17.5 17.6 2.1 1.4 < 0.005 
17.5 2.1 1.8 < 0.005 

SrTi03  

9-02 
< 0.005 
< 0.005 
< 0.005 
Sr2TiOd  

0.05 
< 0.005 
< C.i3dT 
< 0.005 

SrO 

0.10 
0.10 

< 0.005 
< 0.005 

ss 

< 0.01 < 0.01 
< 0.01 0.02 
< 0.01 0.03 
< 0.01 < (3.01 

< 0.01 < 0.01 
< 0.01 0*02 
< 0.01 0.03 
< 0.01 < 0.01 

< 0.01 < 0.01 
< 0.01 < 0.01 
< 0.01 9.03 
< 0.01 < 0.01 

0.043 
0. is43 
0. a43 
0.043 

0,043 
0 * 043 
0. G43 
0 s 043 

0.043 
0.a43 
0.043 
3.043 

0.023 0.016 
0.057 0.016 
0,046 0.016 
0.04.2 0.016 

0.050 0.C14 

G.056 0.016 
O.O& 0.016 

0.054 0.016 

0.095 0.016 
0.058 0.016 
0.036 0.016 
0.945 3.316 

0.019 
0,908 
0,306 
0.002 

ru w 

e .  021 

3. GO4 
9. GO3 

0.09’7 
0.057 
0.003 
0 003 

a 0.250-in. - th i ck  sample. 

’yesfed at 1-30~0~ .  



a Table 10. Ckrexical Analyses of S t r o n t i m  Compounds Before and Afte r  Exposure 
-to Superalloys a t  I1GO"C 

Concen<ration, w t  $ 
l000 h r  5OC.C: hr  10,000 k- 

Mater la l  Cr Mri C C r  Ph C C 

aefore  Af te r  Before Af te r  Before Af te r  Before Af te r  Ejefore Af t e r  Before Af t e r  Before Af te r  

S r T i O g  

T-Iestelloy C 0.004 X . 3  0.00% 0.4 0.03 0.02 0.002 0.200 0.001 0.150 0.030 0.3%' 0.030 0.020 
Eaynes alloy KO. 25 0.004 0.4 0.00% 0.1 0.03 0.06 0.002 3.300 0.001 0.300 0.030 0.0m 0.030 0.006 
Type 316 stain- 0.004 4.0 0.00Ci4 > 0.4 0.03 0.06 0.002 0.050 0.001 0.10C. 0.030 0.OC9 0.030 0.010 
l ess  s t e e l  

SrzTiO,: 

Haste l loy  C 0.004 0.040 0.002 0.010 0.02 0.09 0.002 0.050 0.001 < 0.010 0.@41 0.027 0.020 0.022 
Hsiqies elloy Xo. 25 0.0% 3.001 0.002 0.001 0.02 0.05 0.002 0,050 0.001 < 0.010 @.a1 0.311 0.020 0.008 
Type 316 s t a in -  0.004 0.004 0.002 0.001 0.02 0.03 0.002 0.050 0.331 < 0.010 0.341 0.006 0.020 0.008 

l e s s  s t e e l  

bas t e l loy  C 0.001 0.050 
SayLies a l l a y  KO. 25 0.C01 0.270 
T n e  316 stain- 0.001 0.100 

S r  3 

0.150 0.350 0.001 0.001 3. I50 0.150 0.020 
0.I50 0.X3 0.001 0.050 0.001 0.010 3 . E O  C.102 3.50 0.031 
0.150 0.020 0.001 0.050 G.031 0.050 0.150 0.260 C.150 0.076 

l e s s  s t e e l  

aAnalyses r.%de on 0.125-in. s l i c e  cu t  frorn 0.75-in.-thLck p e l l e t .  



a Table 11. Chemical Analyses of Strontium Compounds A f k e r  Exposme to Superalloys 
for 13,090 hr at 900°C 

~~ 

'4 ..~Lys:es made on 0.25-in.  'slice cut ??GG 0.75-in.-thick pel le t .  
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Fig .  7. Cross Sections of S u p m X b y ~  After  Ekposure to Strontium 
ouIIc28 .tor 10,OOo hr at 9OoOC. 

llcK3"C Test -Alloys 

sthe effect of aqosure thws up tis l0,OOO hr at ll0o"C on the mtal 
spedaaens is shown in  Figs. 8 thrcMtgzlB3. 
in all of the. samrpbs exposed to SrJTiQB, and heavy subsurface voids were 
found in m s  alloy No. 25. 
Sr2Ti04, there was s a m ~  g z - a ~ - ~  at 
allay Bo. 25 and €Ia&elloy C, and a nuaraber of large subgurface vola in 
type 316 s t s i n l e s s  steel. 
slight evidence OP attack mer exposwe to ather SrTiQ, or SrzTi04 at 
UM)"C. 
alloys theur we had seen prewiously at 900°C. Attack to a depth of 
10 m i l s  occurred aloavg gJrrrtin boundar3.m i n  Haynes alloy Bo. 25 and 

Hastelloy C aad up to 5 mils deep in t m  316 stcLWLess steel. 

Sulrf.ace mu&ening occurred 

Aftdtr SoOe and l0,oOehr eqposures t o  

(1 to 2 mils) in m e s  

In general me metal  stimplee showed only 

Hrrwevar, there was greater iatwactian between SrO and the super- 
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Fig. 8.  Cross Sections of Superalloys After Exposure to SrTiO3 at  
1100°C. 
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Y-WZ6 
HASTELLOY C M E  316 STAWWS STtLL 

I 

5.m n0u1 

Fig. 9. Cross Sections of Superalloys Af'ter Exposure t o  Sr2TiO4 a t  
1100°C. 
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- - 

WlELLOY c 

Y-9825 
WE 316 STAINLESS STEEL 

Fig. 10. Cross Sections of Superalloys A f t e r  Exposure t o  SrO a t  
1100°C. 

Jacketed S r O  - Alloys 

The r e s u l t s  with t h e  platinum-jacketed strontium compounds t e s t e d  i n  

Hastelloy C were general ly  t h e  same as reported above except f o r  in te r -  

d i f fus ion  of Pt,  and C r ,  N i ,  Mo, and W from Hastelloy C, which left  
subsurface voids i n  both mater ia ls  (Fig. 11). A sumanary of t h e  metallo- 

graphic r e s u l t s  f o r  t he  superalloys i s  given i n  Tables I 2  and 13. 

1100°C Test - Compounds 

The appearance of SrTi03 and SrzTiOl, before and after exposure t o  
the  superalloys f o r  1000 hr a t  ll00"C i s  shown i n  Figs. 12 and 13. We 

detected a 1- t o  2-mil surface layer  on the  SrTi03 that electron-beam 

microprobe ana lys i s  i den t i f i ed  as containing C r ,  Mn, T i ,  and 0, but 

l i t t l e  o r  no Sr .  

layer ,  as w e l l  as i n  t h e  SrTi03 beluw, contained a high concentration of 
The br ight  p a r t i c l e s  d i s t r ibu ted  throughout t h e  surface 



Table 12. Surrnnrtry of Metallographic Observations of the  Type and Depth of Reaction 
i n  Superalloys Exposed t o  Nonradioactive Strontium Compounds at  1100°C 

~ ~~ 

Haynes alloy No. 25 Hastelloy C Type 316 Stainless Steel 
1,ooo hr 5,000 hr 10,Ooo hr 1,ooo hr 5,000 hr 10,ooo hr 1,ooo hr 5,000 hr 10,003 hr 

Compound 
Rrp& Depth Typ& Depth Depth Typ& Depth ryP& Depth Typ@ Depth Depth Typea Depth Type8 Depth 

Reaction ( m i l )  Reaction (mil) Reaction (mil) Reaction ( m i l )  Reaction (mil) Reaction (mil) Reaction (mil) Reaction (mil) Reaction (mil) 

SrO 

8v 

SR 

OB 
sv 

10 6v 15 sv 12 

< 1 SR 1 SR 2 
GB 1 GB 2 

5 OB 7 GB 8 
10 

SR 

SR 

GB 
n: 

Bare Fuel 
< 1  SR < 1  SR < 1  8v 2 SR 

SI’ < 1  GB < 1  sv 
< 1  1 None SV 1 SR SR 

4 GB 
4 n :  

10 GB 10 GB 3 GB 
10 To 10 TG 3 n: 

Plat5.num-Jacketed Fuel 
Rz 5 Rz 5 

SV 30 
RZ > SR 2 

sv 20 

<1 SR < 1  
2 8 v  2 
2 8 v  4 

5 
5 

OB 4 
n: 4 

SrO GB 8 GB 8 
n; 8 n :  8 
sv 10 SV 30 

‘SV - subsurface voids; SR - surface roughening; GB - grain-boundsry attack; TG - transgranular attack; RZ - reaction zone. 

w 
0 



31 

Fig. 11. Interface of Platinum-Jacketed Hastelloy C and SrTiO3 
After Exposure for 10,000 hr  at ll00"C (Gray Material a t  Bottom i s  SrTi03, 
Hastelloy C is a t  the Tap and PbtinUm is I3etween the Two). 1OOX. 

Table 13. Sumnary  of Metallogsaphic Observations of the Type and 
Depth of Reaction i n  Superalloys Exposed t o  Nonradioactive 

Strontium Compounds for 10,000 hr a t  900°C 

Haynes alloy No. 25 Bastelloy C Type 316 Stairikess Steel 
Depth 

m e a  (mil> 
Depth a Depth 
(mil) me (mil> 

Typea 
Compound 

/ W e  Fuel 
SrTi03 SV 5 sv 4 SR 3 

GB 3 
SrzTiO4 SR < 1  SR < 1  None 
SrO GB 2 GB 5 None 

TG 2 TG 5 
SL 1 

'Platinum- Jacketed Fuel 
SrTi03 
Sr2Ti04 
S r  0 

sv 10 
m 3 
GB 3 
TG 3 
SL 1 
sv 10 

a SV, subsurface voids; SR, surface roughening; GB, grain-boundary 
attack; n;, transgranular attack; SL, surface layer. 



won bp 

Haklloy C 

I I 

Fig. 12. Cross Sections of SrTi03 Before 
and After JZqosure t o  the Superalloys fo r  1000 hr 
at ll00"C. 

.,I- . -- ..-, - 
Fig. 13. Cross Sections of Sr2Ti04  Before 

and After Exposure t o  the Superalloys fo r  
10,000 h r  a t  1100°C. 
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chromiumwith minor amunts of Co, Ni, or Fe, depending on whether it 
had been in  contact w i t h  Haynes alloy No. 25, Hastelloy C, or type 316 
stainless steel ,  respectively. 

There was a change in  the appearance of the surface of the Sr2Ti04; 
huwever, no difference i n  composition could be detected f r o m  a comparison 
of the concentrations obtained frm electron-beammicroprobe data of Sr  
and T i  i n  the two phases. 
of the samples were high in  titanium. 

The bright particles on the surface of some 

It was diff icul t  t o  metallographically prepare samples of SrO for  
examination because SrOtends t o  react w i t h  moisture i n  the a i r ,  which 
causes it t o  powder. One sample is  sham in  Fig. l4. Several samples 
were submitted f o r  microprobe analysis, but the only consistent result  
was a high sil icon concentration near the surface w i t h  some samples 
showing high C r  and C contents. Metallographic examination at  high 
magnifications indicated the reaction m y  hrtve been associated with a 
carbide or intermetallic phase i n  the superalloy. 

Fig. u. Cross Section of SrO A f t e r  Exposure to  Haynes alloy No. 25 
for  1000 hr at llOO°C. =OX. 
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Mechanical Propert ies  - Alloys 

To evaluate t h e  e f f e c t  of exposure t o  the  strontium compounds on 

the  mechanical propert ies  of the superalloys, we ran room-temperature 

t e n s i l e  t e s t s  on the  s leeve-inser t  specimens. To ve r i fy  the  accuracy of 

t e n s i l e  t e s t  data  from specimens of t h i s  geometry, we f i r s t  compared our 
r e s u l t s  with the  two other types of geometries shown i n  Fig. 15 f o r  a 
s ingle  heat of type 316 s t a in l e s s  s t e e l .  These r e s u l t s  a r e  s h m  i n  
Table 14; although the  r e s u l t s  a r e  comparable, they indicated we could 

expect a smaller y ie ld  s t rength and percent elongation compared with a 
standard rod specimen. Tensile t e s t  r e s u l t s  a f t e r  exposure t o  the  

strontium compounds a r e  given i n  Tables 15 and 16. Heat t r ea t ing  a t  
1100°C general ly  lowered the  ul t imate  t e n s i l e  s t rength and t h e  y ie ld  

s t rength of a l l  th ree  a l loys ,  as wel l  as the  d u c t i l i t y  of Hastelloy C. 

Changes i n  propert ies  af'ter exposure t o  the strontium coqounds were not 
la rge  if  t h e  r e s u l t s  a r e  compared with those a f t e r  heat t r ea t ing .  

ever, t he  samples exposed t o  SrO did show somewhat l e s s  s t rength and 

d u c t i l i t y ,  especial ly  Haynes a l l o y  No. 25 and Hastelloy C .  

How- 

OR N L- DWG 70 - io3 i 1 

(0) ( b )  (C) 
TUBULAR SLEEVE TUBE SECTION STANDARD ROD 

0.02- in.-WALL (MACHINED FROM TUBE) 0.28 in. DlAM 
THICKNESS 0.040 in. THICK 

Fig. 15. Tensile Test Specimen Geometries f o r  Type 316 Sta in less  S tee l .  
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Table U .  Compasison of Room-Temperature Tensile Properties 
of Type 316 Stainless  S tee l  Specimens 

, with Different Geometriesa 

Spec h e n  
G eorne t r y  

Strength, psi  
Elongat ion 

Yield ($1 U l t  k a t  e 
Tensile 

Rod 83,300 40,000 73 

Tube sleeve $1,000 3 1,000 62 
Tube section 82,400 30,500 62 

a Data for specimens annealed for 1 hr at  1100°C i n  argon 
and a i r  cooled. 

Table l5. Effect of Exposure t o  Strontium Comounds for 10,000 hr 

Hastelloy C, and Type 316 Stainless  S t e e l  
a t  900°C on Mechanical Properties of Haynes a l loy  No. 25, 

Room-Temperature Tensile Properties 

Condition Strength, p s i  Elongation i n  
0.2% U l t  h a t  e 1 i n .  

Y k l d  Tensile ($1 

Annealeda 89,000 140,000 22 

Haynes alloy N o .  25 

Heat t reated 78,000 139,000 10 
SsTiO3 78,000 109 , 000 3 
S r 2 T i 0 4  77 , 000 l ~ , O O O  2 
SrO 82,000 114> 000 2 

Hastelloy C 

Annealed" 88,000 l30,ooo 
Heat t rea ted  60,000 105 , 000 
SrT i03  68 , 000 139,000 

S r  0 48 , 000 7 1,000 
&%Ti04 63,000 112 , 000 

30 
7 
11 
8 
2 

Type 316 Stainless  S t e e l  

Annealeda 31,000 81,000 62 

55 
61 

SrTi03  26,000 73 , 000 Heat t reated 29,000 89 , 000 55 

Sr2 T i 0 4  32,000 85 , 000 
S r 0  27,000 78 , 000 54 

a 
1 hr a t  1100°C - before-test specimen. 
blO,OOO h r  a t  900°C - control specimen. 
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Table 16. Effect of Exposure t o  Strontium Compounds f o r  1,000, 
5,000, and 10,000 hr  at, 1100°C on Mechanical Properties of 

Hay-nes alloy No. 25, Hastelloy C y  and 
Type 316 Stainless  Steel. 

Roorri-Temperature Tensile Properties 
Strength, p s i  Elongation i n  Condition 0.2% U l t  imt e 1 in .  

Yield Tens i3.e ( 4 )  

83 , 000 140 , 000 22 
Heat t rea ted  53 , 000 109 , 000 24 

S r2 T i  Or, 53 , 000 98 000 20 
S r O  55 , 000 84,000 11 

Haynes a l loy  N o .  25 
a Annealed 

Sr'l'i03 54, 000 lll, 000 28 

Hastelbov C 
a 

b Annealed 
Heat t rea ted  
Sr'i'i03 
S r  2 T i  0~- 
S r  0 

a Annealed 
Heat t rea ted  
SrTi03 
S r  2 Ti04 
Sr 0 

88 , 000 130,000 

57 , 000 122 , 000 
50,000 93 , 000 

52 , 000 86,000 
4.7 , 000 75 , 000 

Type 316 Stainless  S.tee1 
81,000 
68 000 

3 1,000 

25 , 000 71,000 
24 000 67,000 
23,000 54 , 000 

24, 000 

30 
16 
29 
11 
ll 

62 
45 
37 
45 
38 

a 

bAverage of 1,000, 5,000, and 10,000 hr a t  1100°C - control 
1 hr a t  1lOO"C - before- tes t  specimen. 

specimen. 

Tensile t e s t  res i l l ts  a f t e r  t e s t i n g  a t  900°C showed t h a t  th, 01-e was 

a subs tan t ia l  loss  of ductj.l.i.ty i n  Haynes a l loy  No. 25 and Hastelloy C 
a f t e r  they had been heat t rea ted  f o r  10,000 hr .  

microstructures i n  Fig. 7 indicates  a large amount o f  prec ip i ta t ion  had 
occurred a t  900"C, much more than occurred a t  1100°C. 

prec ip i ta tes  ( e i the r  metal carbides o r  intermetal l ic  compounds) were 

present both al.ong gra in  boundaries and within t h e  grains .  

the prec ip i ta tes  were primari1.y i n  a chain-like network along t h e  grain 

boundaries and were larger than a t  900°C. 'l?;ype 316 stainless s t e e l  d id  

not; show as  much p rec ip i t a t e  as the  other alloys,  and we found tha t  i t s  
propert ies  were r e l a t ive ly  unchanged. 

Examination of t h e  

A t  900°C these 

A t  1100°C 
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DISCUSS ION 

In  t h e  Theory sect ion of t h i s  report ,  it w a s  ant ic ipated t h a t  t he  

strontium compounds and a l loys  under t e s t  would be compatible and only 
inconsequential reactions would be observed. 

Results sect ion f o r  SrTi03 and S r 2 T i O 4  e s sen t i a l ly  subs tan t ia te  those 

conclusions. 

The data  given i n  the 

In  t h e  tests of S r T i 0 3  with t h e  superalloys, a 1- t o  2-mil react ion 
zone containing C r ,  Mn, T i ,  and 0 was  observed i n  t h e  t8i tanate .  No S i  

was observed and l i t t l e  or  no S r  was found i n  t h e  react ion zone. These 

data  ind ica te  t h a t  Eqs.. (E), (16), (17) , (19), and (20) involving S i  

did not OCCUT t o  a detectable  extent.  A probable e q l a n a t i o n  fo r  t h e  

absence of these  react ions i s  t h a t  S i  ex i s t s  i n  the a l loys  not as  the  

element with u n i t  a c t i v i t y  but as a compound (oxide, s i l i c i d e ,  or car- 

bide) with an appreciable f r e e  energy of f o r m t i o n .  
Analysis of t h e  1- t o  2 - m i l  react ion zone between SrTi.03 and the  

superalloys did not i den t i fy  t h e  Cr and Mn compounds found. It i s  

l i k e l y  t h a t  C r  and Mn i n  solut ion i n  the  a l loys  had su f f i c i en t ly  high 

a c t i v i t i e s  t o  reac t  as shown i n  Eqs .  (15) and (16) t o  produce oxides. 

Even i f  t h e  reactions were car r ied  out t o  equilibrium, only a small 
amount of oxide would be expected (see Table 2, p .  11). 

l ayer  was formed a t  t h e  S r T i 0 3  a l l o y  in te r face  by the  diffusion of C r  

and b b  from t he  a l l o y  and t h e  diffusion of oxygen f'rom the  SrTi03, S r  

would not be expected to be found i n  t h e  reac t ion  layer.  

explanation f o r  t h e  presence of T i  i n  t he  react ion layer i n  the  absence 
of S r  is  not apparent. 

If the react ion 

A l og ica l  

The microprobe analysis  of" t he  br ight  pa r t i c l e s  seen on or near the  

surface of the  &Ti03 showed them t o  be of a high chromium content. 

minor amounts of other elements were indicated. However, although these 
p a r t i c l e s  a r e  metal l ic- l ike i n  appearance, we do not bel ieve they are 
the  pure m e t a l .  The absence of other metals i n  t h e  br ight  p a r t i c l e s  

precludes t h e  p o s s i b i l i t y  t h a t  the  phase i s  an intermetal l ic .  Since 

chromium i s  a strong carbide former, a l i k e l y  p o s s i b i l i t y  i s  t h a t  t h e  

br ight  p a r t i c l e s  a r e  chromium carbide (such as CrzsC,) formed by react ion 
with carbon i n  the surface of t h e  t i t a n a t e  which w a s  present f ' rom the 

Only 
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hot pressing of t he  samples i n  graphi te  d ies .  

would not have detected carbon, and t h e  analysis  of the t i t a n a t e  samples 
(Tables 10 and 11, pp. 24 and 25) indicates smal l . .  amounts o f  carbon were 

present i n i t i a l l y ,  and were l e s s  a f t e r  t e s t .  

T'le microprobe analysis 

From the  data  i n  Table 12, p .  30, which show t h e  depth of a t t ack  
of bare t i t a n a t e  fue ls  on t h e  encapsulating metals, it ciin be seen tha t  

no s igni f icant  difference was observed between the  5,000- and 1.0,000-hr 

t e s t s .  This tends t o  support the conclusion tha t  the  a t t ack  observed 
i s  due e i the r  t o  an h p i m i t y  which i s  consumed o r  t o  a react ion which 
reaches equilibrium within 5,000 hr and t h a t  g rea t ly  extended times of 

exposure would not s ign i f icant ly  increase the  deptln of a t tack  of Litanate 
o r  t he  metals tes ted .  

Although S r O  i s  an exceedingly s tab le  compound thermodynamically, 

t he  mos-L extensive reactions observed occurred with t h i s  candida-Le fue l .  

Excepting the  react ion of S r T i O 3  with Iiaynes a l loy  No. 25, t h e  reac-Lion 

depth of SrO with the  metals was severa l  times tha t  of the  t i t ana te s .  

Reactions of t he  type shown i n  Eqs. (1) through ( 5 )  weye not expected, 

and the data gave no indica-Lion t h a t  these reactions took place.  Resc- 
t i on  with h p u r i t i e s  i n  the  S r O  such as H20 [Eq. ( l o ) ] ,  CO2 [Eq.  ( l l ) ] ,  
or dissolved oxygen seems unlikely due t o  the  methods o f  preparjng t h e  

S r O .  Reactions of the  type shown i n  E q s .  (6) through (8) a r e  moos-t 

l i ke ly  responsible f o r  the  penetration observed. 

conclusive, the  observat5.on of S i  and C r  a t  t he  interface of t he  SrO 

s iqports  t h i s  conclusion. 

While t h e  data  a re  not 

The react ion of SrO with the al loys tes ted ,  l i k e  those invol-ving 
the  t i t ana te ,  seemed t o  cease a f t e r  5,000 hr. This can possibly be due 

t o  t he  consumption of t he  s i l i con  i n  the  v i c i n i t y  of  t he  in te r face .  

SURSFQ,UENT SHORT-TEXM TES'TS 

Following the  completion of the t e s t  descrtbed i n  t h i s  report ,  

fur ther  short-term (1000-hr) t e s t s  were car r ied  out t o  attempt t o  define 
the  mechanism of t he  in te rac t ion  between SrO and t h e  siiperalloys and t o  

evaluate the  e f f ec t  on compatibil i ty of strontium compounds prepared by 

the  K2C03-KOH procedure ( see  p. 1 7 ) .  
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In  the Discussion section of th i s  report, we surmised that the 
interaction seen between SrO and alloys was due t o  an impurity i n  the 
SrO (either dissolved 02, H20, or C 0 2 )  or the reaction of S r O  with S i  

in the alloys. If t h i s  conclusion could be firmly established, then 
long-term compatibility could be predicted with confidence since alloys 
without S i  could be used for  encapsulation and the impurity reaction 
would be limited as apparently observed. 

i n  the Hastelloy C, a series of tes t s  for lo00 hr a t  ll00"C were made. 
The results are shown in  Fig .  16. The comercia1 Hastelloy C that was 

used i n  a l l  of the ear l ier  tests contained about 0.5$ Si .  

Hastelloy C was obtained by a r c  melting a special heat of material." 

To investigate the role of water vapor and S i @  i n  the SrO, and S i  

The l ow Si 

%is work was performed by the Melting and Casting Laboratory of 
the Metals and Ceramics Division of ORNL. 

Hast*llqr c 
(0.06% a) 

Fig. 16. Effect of Silicon on the Ccmpatibility of Hastelloy C 
w i t h  SrO After 1000 hr  a t  ll00"C. 
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Note t h a t  although similar results were obtained with the  SrO prepared 

with e i the r  water vapor or  Si02, t h e  laboratory heat of low S i  
Hastelloy C did not show t h e  same type o r  depth of a t t a c k  as the  com- 

mercial  Hastelloy C .  

was  found t o  contain high concentrations of C r  and Sr  and some N i .  The 
bright  metallic-looking p a r t i c l e s  within the  surface layer  were high i n  
N i  but a l s o  contained some C r  and Sr. 

The dark surface layer  on the  low S i  Hastelloy C 

Our data  were fu r the r  confounded by r e s u l t s  from t e s t i n g  a commer- 

c i a l l y  obtained low S i  heat  of Hastelloy C designated C-2'76. 

contained O.W$ S i  (but < 50 ppm C compared with 500 ppm i n  the  labora- 

t o r y  a l loys ) ,  and when t e s t e d  with SrO f o r  1000 hr at  1100°C it was 
attacked i n  t h e  same manner as regular  Hastelloy C containing from 0.3 
t o  0.5% Si. There w a s ,  however, a d i f fe rence  i n  the  microstructure of 

t h e  various types of Hastelloy C as shown i n  both Figs. 17 and 18. 

This a l l o y  

Y-lops04 
C-276 (O.M%SI) 

Fig. 17. Hastelloy C Containing V a r y i n g  Si l i con  and Exposed t o  SrO 
f o r  loo0 hr a t  ll00"C. 
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Fig. l8. Microstructure of Some Commercial asd Laboratory Heats of 
Hastelloy C Containing V a r y i n g  Silicon Concentrsrtiow. 

Notice the similarity between the two commercialalloys, Hastelloy C and 
C-276. The alloy containing 2$ S i  exhibited much greater second phase 
precipitation which was also considerably different i n  appearance than 
that in the comercia1 alloys. 
on these s q l e s  in which the base metal i s  d,issolved amy and x-ray or 
other techniques are used t o  identify the residue. 
conmercial Hastelloy C and C-276 exhibited similar x-ray diffraction 
patterns with p (Ni-Mo intermetallic) and one or more other intermetallic 
phases being the principal constituents. 
(but w i t h  - 500 p p m  C compared with 50 ppm in C-276) laboratory heat 

showed an MgC type of casbide as i t s  principal constituent. 
laboratory heat showed no &C, smaller amounts of 1.1 compared with 

A phase-extraction process was performed 

36 The residues from 

The residue from the low S i  

The high S i  

*This work was performed by R. E. G e h l b a c h  of the Electron Microscopy 
Laboratory of the Metals and Ceramics Division of ORNL. 
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commercial Hastelloy C and C-276, plus a t  least  one intermetallic phase 
different from those noted i n  the comercia1 alloys. 
that the unidentif'ied intermetallic phase or phases found i n  the two 
commercial alloys are most susceptible t o  attack by SrO, and the i r  forma- 
t ion i s  suppressed by the presence of either S i  o r  C. 

process for  preparation of S r  compounds using (m)2C03 w a s  described. 
An alternate t o  th i s  procedure i s  t o  use KzCO3 instead of (NH4)2CO3, but 
it was found that significant concentrations (up t o  1s) of K remained in 
the f ina l  product. 
alternate procedure were tested for  lo00 hr at  l l 0"C .  
difference i n  attack was  noted i n  Hastelloy C exposed t o  SrTiO3, but 
results with SrOwere more dramatic as indicated i n  Fig. 19. Since the 

It would appear 

In the discussion of the preparation of the strontium compounds, a 

Several SrO and SrTiO3 compounds prepared by the 
A very slight 

0.03% S i  0.5% S i  I%Sl Y-101646 

Fig. 19. Effect of Sillcon i n  Hastelloy C' on the Compatibility with 
SrO Produced by Different Procedures. 
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only difference between the  t e s t s  was t he  method of preparation of the 

SrO, we must conclude t h a t  the  presence of K i n  the  SrO adversely a f f e c t s  

t he  corrosion res i s tance  of Hastelloy C. 

SUMMARY 

Two strontium compounds, S rT iOs  and SrzTi04, seem t o  be very compat- 

i b l e  with Haynes a l loy  No. 25, Hastelloy C, and type 316 s t a i n l e s s  s t e e l  

even a f t e r  10,000 h r  a t  1100°C. 

SrTi03 i s  believed t o  be due t o  reac t ion  of Cr and Mn i n  the  a l l o y  t h a t  

caused some reduction of t he  t i t a n a t e .  

steady s t a t e  and cease a f t e r  5000 h r .  

a l loys  does occur, but is  s ign i f i can t ly  l e s s  a t  900°C compared with 

1100°C and appears t o  cease a f t e r  5000 hr at  1100°C. 
t h e  reac t ion  i s  perhaps r e l a t ed  t o  the  presence of one or more in t e r -  
meta l l ic  phases. 

t i v e l y  high C or i n  a l loys  containing very high S i ,  these phases do not 

form and no a t t ack  was observed. The presence of K i n  SrO was a l s o  

found t o  decrease i t s  compatibil i ty with Hastelloy C. 

The s l i g h t  in te rac t ion  observed i n  

This reac t ion  appears t o  reach 

A reac t ion  between SrO and these 

In Hastelloy C 

In  laboratory hea ts  containing very low S i  and re la -  

The use of platinum as  a l i n e r  between Hastelloy C and the  strontium 

compounds resu l ted  i n  s ign i f i can t  in te rd i f fus ion  between the  two metals 

a t  ll00"C. 

were found i n  both t h e  platinum and Hastelloy C. 

ser ious ly  impair t he  proper t ies  of a container mater ia l ,  we f e e l  t h a t  
platinum should e i t h e r  be eliminated or  some s a c r i f i c i a l  or i n e r t  mate- 
r i a l  be used between the  platinum and container a l loy .  

A la rge  number of subsurface voids t o  depths of 5 t o  30 mils 

Since t h i s  could 

S l igh t ly  poorer mechanical proper t ies  of the  three  a l loys  were 

found pr imari ly  a f t e r  heat t r e a t i n g  at both 900 and 1100°C. 

t i o n a l  e f fec ts ,  mainly i n  the  form of lower d u c t i l i t y ,  were noted i n  

samples exposed t o  SrO. 

Some addi- 
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