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D. T. Bourgette 

ABSTRACT 

Evaporation r a t e s  of types 316, 304, and 446 s t a i n l e s s  
s t e e l s ,  inconel, INOR-2,  and WynP a l l o y  No. 25 were measured 
at pressures ranging from 5 X Io-"to 1 X t o r r  i n  '00th t he  
polished arid oxidized conditions t o  detemnine tlncir s u i t a b i l i t y  
f o r  use i n  high vacuunks. 

Evaporation losses  increased with chr0u.iix-n and manganese 
concentration and temperature but  were infiependent OS pressure 
i n  t h e  range investi.gated. The data  have a l s o  s'nolm t h a t ,  at 
constant temperature, -the evaporation r a t e s  decreased with t i .me  
and t h a t  the  lower t h e  t e s t  temperature the grea ter  was t h e  
decrease i n  -the r a t e .  

Metal.logr:3.phically, the mani.festatioi1s of evaporation were 
subsurface void formation, gra in  growth at t he  specimen surface,  
excessive void formation i n  the  gra in  boundaries disappearance 
of p rec ip i t a t ed  phases, and materia1.s l o s s  from t h e  edges of 
surface grains .  Chexntcally, chromium and manganese were found 
t o  be the  p r inc ipa l  elements l o s t ;  however, lesser. amounts of 
Fe, N i ,  Co, C,  and S i  were found i n  the  vapor deposits. Mi.e~o- 
probe aiialysis revealed tine exis tence of chromium and manganese 
concentration gradients  'Ghat changed with time. 

A t  t es t  temperatures of 872 and 982"C, it was fouarl that 
a t h i n  f i lm  of Cr2O3 (Yne rnost stable oxide s - t d i e d . )  re tarded 
the evaporation of the base .al loy; however, the  pro.t;ection was 
not permanent. A f t e r  a p p r o x l r a t e l j  1000 to 3GOO hr ,  {;he 
evaporation r a t e s  f o r  bo th  the  oxidi-zed and pol.ishe:d surfaces 
of type 316 s-tatnless s t e e l  were near ly  equal. 

thoroughly s tudied,  the evaporation rates for the polished con- 
d i t i o n  vari-ed from 5.23 X mg/cm2/hr a t  760°C t o  
6.60 X l om3  i-ng/cm2/hr. a t  982°C. While, Tor the oxid.ized eonai- 
t i o n  (CrzO3 fi lm) the evaporation r a t e s  va,ried. from 

982"C, at 760°C an oxidized specimen suf-fered no welight I.oss 
i n  1142 h r .  

metals, e?ra;porated nonl inear ly  with t i m e  and tha t  this evapora- 
t i o n  r e su l t ed  i n  p re fe ren t i a l  loss o f  the  higher vapor pressure 
elements. Further,  t h e s e  changes i.n conrposition m,jr resu1.t i-n. 
important changes t u  the physical  axid mechanical properties of 
the  a l . l G y .  

I n  t he  case of type 316 s t a i n l e s s  steel, the  a l loy  most 

4.44 X lo-' mg/cm- 3 /hr L Z . ~  872°C t o  3.57 X XIe3 mg/cn?/hr a t  

1% was concJhd.ed that mnulti.component alloys, umlike pime 
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?"lis r epor t  sumiiar<. zes tile evaporation behavior of Inconel., INOR-8, 

Baynes all-oy No. 25,  and types 304, 33.6, and 446 s t a i n l e s s  s teels  between 

763 and. 982°C i n  vacuums of 5 X l o w 7  to 1 X lo-' t o r r  Tor ti:rnes up -to 

3500 h r  w i . t h  major emphasis d i rec ted  toward t he  study of  type 316 starin- 

less s t e e l .  The inves t iga t ion  encompasses measurements of the evapora- 

t i o n  r a t e s  , Id~ent i f  iczti-on of tile evaporating elements? and correlat i -on 

of these  measurements t o  tlie a U o y  composLtion f o r  specimens i n  both tine 

pol-iished and oxidized conditions.  

Althougb the p rac t i ca l  i-ty- of using the  above a l loys  up t o  982 "C has 

been demonstrated f o r  a v a r i e t y  of envimmflents, tlie concept of t h e i r  

i i ~ e  i n  the ha.r3t3. vacuum of space,  as ind ica ted  i n  Table 1, i s  uniqiie and 

has not  been shown t o  be f e a s i b l e .  

A poten'cial and perhaps serious problem a r i s e s  rega-rding the c t a .b i l -  

i t y  of t ne  a l loys ,  becairse purr meta.1.s and multicomponent a l loys  vapori-ze 

when heated to elevated temperatures i n  vacuum. The evaporati.on ra te  of 

a pure e1.emen-L o r  a si-nlple compound evaporating as a monomolecu_l.ar vapor 

i s  r e l a t e d  t o  i.ts vapor pressure p ari.t3. molecular weight M by t h e  Kniidsen- 

i angnu i r  e quat i  on 
I/ 2 w = CI p/ (2FHT/M) 

where W i s  t'ne evaporation rate, a is -t;'rie evaporation coe f f i c i en t ,  

g e m r a l l y  equal t o  I, and the other symbols have t h e i r  conven'Liona1 

ineani-ng . 
The usefulness of this expxfession i i i  es t imat ing t h e  vaporizat ion 

r a t e s  of multicomponent a l loys  i.s doubtful  sFnce a l a rge  source of e r r o r  

a r i s e s  not so imch from an estiniation of the  molecular weight of the 

a l l o y  vapor as from a determination of  t h e  vapor pressure.  

s e l ec t ive  evaporati-on I-osses of tile more v o l a t i l e  elements a r e  a d i s t i n c t  

possi.hil ".-by, the surfa,ce composition could become progressively en-ri-ched 

w i t h  lower vapor pressure elemeiits and bear  no resemblance t o  the  or ig-  

i n a l  sur-face . 

Because 

The t h e o r e t i c a l  l o s ses  based on the Knudsen-kngm11.lr 

IF. S. Johnson, _I.-. Satel.l.i.te Enxi-romnent Handbook, Stanford University 
Press ,  Stanford, Cal i f . ,  1961.. 
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equation a r e  expected t o  be representa.l;i.ve only of -Lhc ini-Lial. a l l o y  and 

would give high estimates when appl ied to the  t e s t s  i n  th7.s invest i -gat ion.  

The purpose of' this inves t iga t ion ,  therefore ,  w a s  to determine t h e  

high vacuum s t a b i l i t y  of c e r t a i n  i ron- ,  nickel- ,  and cobalt-base a l loys  

wri.th regard- t o  t h e i r  composi~i;i.onaJ., surface,  and micros t ruc tura l  behavior.  

It w a s  f e l t  t h a t  t h i s  approach would: (2.) provide a va.l.iie f o r  t he  i n i t i a l  

evaporation rate, ( 2 )  ind ica te  changes i n  t h i s  i n i t i a l  r a t e  caused by a 

dynamically chang i.ng coriiposition, surface s t ruc tu re ,  and microstructure ,  

aizd ( 3 )  suggest methods by whi-ch evaporation 1.osses m7.ght be m?'.ni.niized. 

Samp1.e Preparation 

As-received specimen stock 0.16 t o  0.48 cm i n  -I;'ni.ck.ness w a s  f u r t h e r  

cold r o l l e d  to thicknesses  ranging from 0.013 t o  0.020 em. Specimens 

w i t h  an area of approxirna,t;ely 6. 50 cm2 were cu t ,  polish-ed tiirough. 4/0 

abrasive paper, degreased, weighed, and their geometric surface area 

determined. l'he compositions of the  a l loys  used i n  t h i s  study are 

presen-Led i n  Tablk 2, "Evaporation of Types 304, 316, and. 446 Sta in l e s s  

S tee l s ,  Inconel, INOR-8, and Haynes All-oy No. 25," t h i s  repor t .  

Evaporation Apparatus 

The two types of evaporation apparatus employed~ a re  i . l lus t ra ted  

schematically i n  Fig.  1. The f i r s t  permitted continuous measurement of 

the evaporation r a t e  by observi.ng the weri.g?it change of a specimen six- 

pended from a ca l ib ra t ed  s t e e l  spr ing .  The springs were made by winding 

0.127-rrmii inusic wire around- a graphi te  rod 127 rim i n  diameter and austeniz-  

ing a t  820°C i n  argon f o r  30 min. 

tempered a t  200°C f o r  a period of I+ h r .  

and cal.ibra-l;ed. i n  vacuum over a wei.ght range of 0.2500 t o  l.2500 g.  

Spring constants  var ied  from 1.68 t o  1 .90  m g / m .  

l.engiih were measured with a cathetometer s ens i t i ve  t o  0.001. mm. 

Following a w a t e r  quench, tlne w i r e  was 

The spr ings were cu t  t o  length 

Changes i n  t he  spr ing 

The vacuum system was constructed p r inc ipa l ly  of %rex with hi.&- 

f i s x d .  mullite used ii i  t he  hot  zone and s i lver -coa ted  surfaces  i n  t he  
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I.i.quid-nit??ogen cold t r a p s .  
of a CVC GF-25-w %rex diffusion pmip backed by a l/&hp mechani-cal 

pump. 
c a l  pump t o  reduce vibrationa,l.  ih te r fe rence  t o  the  spr ing .  

was al.so pro tec ted  from thermal e f f e c t s  by water cooling t h e  spr ing 
s tack  and insei-ti.ilg a tantal.wn r ad ia t ion  shield.  above the  Yurnace h o t  

zone. 

The vacuum pumping equipment was coulposed 

A brass  beI.lows w a s  placed between ti?e d.iTfusi.on puulip and mechani- 

Thc spr ing  

Normal high v-acu-m techniques were fol-lbwed. 'These included bake- 

out  of t he  Wrex a,t 200 to 400°C and the  mniil_lite a t  l.OOO"C, el iminat ion 
of a l l  valves  and greased jori.n-Ls froin t h e  high vacuum si.& of t he  system, 

and. use oi" l iqu id-n i t rogen  co ld  t-raps, a, sma1.l system volunie, and Dow 

Corning 704 diffusi.oi? pump o i l .  A base pressure of 5 X 1-0 t o r r  w a s  

achieved a t  900°C; 

further decreased clue t o  the  ge t t e r ing  a c t - o n  of the metal vapors. 

- 8  

d-ixri-ng the  C O U Y S ~  of a t e s t ,  the pressure was 

The second apparatus perinit bed the  col lect i .on of -tne metal. vapors 

from ind-ividual induction-heated specimens he ld  a t  temperature for 

va,rri.ous periods of time. Evaporation y a k s  of ind iv idua l  elements from 

t h e  base al-loy were determined by chemical ana lys i s  oi" t h e  depos i t s .  

The vacuum system w a s  coiwtrructed of &rex and t h e  evaporation 

chamber, which w~a.5 water cooled, contained a replaceable  inner  IYaex 

tube on which the vapor deposi ts  weye co l lec ted .  To the  i m e r  surface 

of this tube werc fused th ree  I./%-in. -d-i.mil Pyrex rods t h a t  prevented 

the  formation of  a continuous vapor-deposited f i l m  and thereby prevented 

inductior. heatj-ng of the  f i lm .  

i l l u s t r a t i n g  t h i s  technique i s  pi-esented i n  Fig. 2. 

A vapor deposi t  weighi.ng 45.5 mg and. 

Il'he vasiLu1ii pumping equipmen-t consisted of a 15  l i t e r / s e c  VacXon 

pump which vas used a f t e r  'the system had been "roiighed." t o  I.Oq4 t o r r  

with a c o l d  t rap-d i f fus ion  p-ufip-mechani.ca1. pump combination. Again, 

no:mal- high v&(;iiurii techniques were employed whi-ch resul-Led i n  a base 

pressure of 1 x t o r r  a t  900"~. 

Once the systems had been baked out and 'were considered clean,  t h e  

t e s t i n g  procedure was virf;ua.l.ly the same f o r  both of the  systems. 'The 

systems were backf i l l ed  with dry, high-purity argon (99.99%) to 
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Fig. 2. Vapor Deposits from a Type 316 Stainless Steel Specimen 
with Discontinuities which fievent Film Heating in an In 
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atmospheric pressure, opened, and loaded with the desired specimens. 

The systems were resealed and immediately evacuated; the entire proce- 

dure required approximately 15 to 20 min. When a pressure of torr 

was obtained, heat was applied to the specimens at a rate which did not 

increase the pressure to above torr. Under these conditions, a 

24-hr period was required to bring the specimen to the desired temperature. 

Evaporation tests were conducted on types 304 and 446 stainless 

steels, Inconel, INOR-8, and Haynes alloy No. 25 at 872 and 982°C for 

times up to 700 hr. Type 316 stainless steel was tested at 760, 872, 

927, and 982°C for times up to 3500 hr. 

RFSULTS AND DISCUSSION 

Validity of the Experimental Technique 

The accuracy of the experimental technique used in this investiga- 

tion was verified by determining the vapor pressure of pure iron and 

nickel using the Knudsen-Langmuir equation with the vaporization coeffi- 

cient equal to unity. 

agreed quite well with the published values. 

experimental value of 2.25 X torr is compared with the published 

value2 of 3.00 X 

value of 1.54 X 

1.77 X 

illustrated in Fig. 3, show a linear weight loss with time, a behavior 

characteristic of pure metals. 

The vapor pressures determined by this technique 

In the case of nickel, the 

torr at 1038OC, while for iron an experimental 

torr is compared to a published value3 of 

torr at 872°C. The results of these evaporation tests, 

Metallographic examination showed that the surfaces of these metals 

became faceted after exposure to high vacuum at elevated temperatures, 

as illustrated by the pure nickel specimen shown in Fig. 4. The cross- 

sectional microstructure, illustrated in Fig. 5, showed grain boundary 

evaporation; however, no grain boundary grooving at the surface occurred 

in tests to 915 hr. 

*J. F. Elliott and M. Gleiser, Thermochemistry for Steelmaking, 
V o l .  1, p. 270, Addison-Wesley, Reading, Mass., 1960. 

3E. A. Gulbransen and K. F. Andrew, Trans. Met. SOC. AIME 221, 1247 = 
(1961). . 
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Fig .  4 .  Eva orated Surface oT High-Purity Nickel  Evaporated at, 
1038°C and 5 X IO-' Lorr for 31.5 hr. 750X 



Fig .  5. Cross  Sect ion  or Hi.gh-Rirtty Nickel Evaporated at 1038°C 
and 5 X t o r r  for 315 hr. Etchant :  7@ CH3COOH--29.5$ lfiTO3-0.7$ H C l  
500x 
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Evapora-tioii of Types 304, 316, and 446 S ta in l e s s  S tee l s ,  
Inconel,  INOK-8 ,  and Haynes Alloy N o .  25 

Polished Surfaces 

Evapoi-ation losses from types 304, 316, and 446 s t a i n l e s s  s t e e l s ,  

Inconel,  INOR-8, and Haynes a l l o y  N c .  25 were measured ai; 872 artd 982°C 

and a t  pressures  ranging from 5 X low7 to 5 X 1.0-' t o r r .  
of short-term ( t o  700 hr) test:;,  suimarized i n  Table 2,  ind ica ted  t h a t  

the  evaporation ra-tes at bs th  temperatures increased with increasing 

chromiili;i and probzbly increasing ma.nganese concentrat ions.  Further,  the 

r a t e s  a,t  any given temperature were no t  constant b u t  &creased with time. 

The iiiagnit-.xle of  the  decrease W ~ S  l e s s  witth inc-reasing temperature and 

general ly  wi t 'n  decreasing chromiiim content.  

The resul-ts 

The curves i l l u s t r a t e d  i n  Fig. 6 compare the  continuous evaporati.on 

lo s ses  of  these a3.l-oys a t  8'72 a.nd 982°C: respec t ive ly .  From tliese da ta  

it appears t h a t  t he  evaporation i-ates became near ly cons-tant af ter  

approximately 50 h r .  A s  wi.3-1 be shown la ter ,  much I-onger t e s t s  with 

type 316 s t a i n l e s s  s t e e l  (and probably o ther  a l loys  containing high 

chromiixn concentrations ) indi.cated t h a t  -the evaporation ra te  actuaXIy 

continues to decrease slowly wi-Lh t i m e .  

The i n i t i a l  evaporation losses,  which came pr imari ly  from the  sur- 

f aces , r e su l t ed  i n  severe changes i n  surface concentration of the h-i.gher 

vapor pressure elements , p a r t i c u l a r l y  a t  872°C. A t  982°C Yne d i f fus ion  

r a t e s  of t he  var ious elemen-Ls were rap id  enough t o  rep len ish  surface 

l o s s e s .  For example, r e s u l t s  of  several. microprobe analyses showed t h a t  

a t  8 7 2 ° C  mamganese and chromtum concentration grad-knts  ex i s t ed  a t  t h e  

conclusion of severa l  600-hr t e s t s ,  w-hile a t  982°C the  concentra.ti.on 

gradients  were bare ly  de tec tab le .  

A second source of evaporative lo s ses  i.s t he  edges of 'ihe surface 

Metallographic examination showed t h a t  anneal.i.iig for 1 h r  a t  gra ins .  ' 
900 t o  1000°C r e su l t ed  i.n gra in  boundary groovi-ng. 

_I____--- 

'W. L. Winterbottom an& J .  P. Hir th ,  Evaporatj-on of S i l v e r  Crystal:;, 
pp. 16-18, Carnegie I n s t i t u t e  of Technology, Met& Research Laboratory, 
1962. 
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During the  la ter  s tages  of eva.poratj.on trklen tAe curves i.1.l.ustrated 

i.n Fig.  6 approached l i n e a r i t y ,  the  g ra in  boundari.es beneath t.he surface 

exhibited- severe mater ia l  losses, su-bsurface voids appeared, p rec ip i t a t e s  

near t he  surface d-ecreased, and graAn growth r e su l t ed  - probab1.y from 

l o s s  of carbon. 

lographica l ly  i l l u s t r a t e d  i n  Fig.  7 .  
These evaporation. e f f e c t s  to 700 h r  a t  982°C a r e  metal- 

Analyt ical  r e s u l t s  of -the pre- a.nd posttest a l l o y  compositions 

revealed substamtial  l o s ses  of chrorriium, manganese, and carbon. Y!he 

resul-Ls of  severa l  600-h.r t e s t s  a,re summarized i.n Table 3.  The manganese 

a,nd chromium losses  increased w i t h  tncreasing chromium and manganese con- 

cen t r a t ion  i n  the o r i g i n a l  a l l o y  because of t h e i r  higher vapor pressures,  

while the carbon losses d.id not vary s-u.bstantiaJ.1.y. This behavior and the 

f a c t  tha,-L metallographic ex-aminatton revealed bands near t he  specimen sur- 

faces  which  were depleted of' pvecip i ta tes  suggested a decomposition of 

carbides .  

Tsble 3.  Elemental Losses o€ I ron- ,  Nickel-, and 
Cobalt-Base Alloys Evaporated at 872°C 

Percent Decrease i n  
Original Concentration Length 

of Te s-t 
Al.loy" (Jd IVln C r  C 

INOR- 8 598 13.9 1 . 6 1  29.7 

Inc onel  618 3.86 28.5 

Type 31.6 s t a i n l e s s  604 21.6 5 .21  27. A 
s t e e l  

s t e e l  

No. 25 

s t e e 1  

Type 304 s t a i n l e s s  608 29.4 5.76 27 .1  

I-Iaynes a l l o y  5 57 44.9 3 .01  28.A 

Type 446 s t a i n l e s s  613 54.1 4.85 1.2. 3. 

a See Table 2 f o r  o r i g i n a l  compositj-on. 
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Oxidized Surfaces 

It has been demonstrated that surface oxides will retard the evapora- 

tion of pure base metals. To ascertain the effect of an oxide film on 

the present alloys, several specimens were oxidized in air and subse- 

quently evaporation tested. The oxidizing conditions, oxide identifica- 

tion, and results of subsequent evaporation tests at 982°C are summarized 

in Table 4.  

was stable under the test conditions. Comparison of initial and final 

evaporation rates for INOR-8 and type 316 stainless steel showed that 

the complex oxide compositions did initially retard evaporation of the 

base metal. In the case of Inconel, it is postulated that the greater 

initial rate is due to decomposition of unknown oxides which were present 

in quantities too small to be detected by normal x-ray procedures. The 

weight loss versus time plot was virtually a straight line, and only on 

an expanded scale was the initial higher rate obtainable. In the case 

of Haynes alloy No. 25, it is believed that the high initial evaporation 

rate is due to the rapid vacuum decomposition of the cobalt-bearing 

oxides. 

The postevaporation x-ray data indicated that only Cr2Og 

This general type of behavior suggested the existence of a transi- 

tion period during which time the oxide film was evaporating without 

exposure of the base metal. When portions of the base metal became 

exposed, the evaporation rates were accelerated and for short-term tests 

(500 to 700 hr) appeared to be linear. 

that the oxide film initially deteriorated at the intersection of the 

surface and the grain boundaries and that the subsequent evaporation 

losses came principally from the grain boundaries. 

Metallographic examination showed 

Comparison of the evaporation rates (Tables 2 and 4 )  for both the 

polished and oxidized conditions of the alloys investigated indicates 

that the oxide remaining on the surface continued to retard evaporation 

from grain faces. 

Inconel, type 316 stainless steel, and Haynes alloy No. 25 at 982°C were 

For example, the final evaporation rates of INOR-8, 



Table 4, The Effect of Air Oxidation on the Subsequent 
Evaporation Rates of Various Alloys at 982°C 

Allov 

~ 

Evaporation Rate Oxide 
mation (mg/cm2/hr) x Present -. 

ature Time Pickug X-Ray Identification of Test after ("a (hr) (mg/cm 1 of Oxide Film (hr) Initial" Finalb Evaporation 

INOR- 8 8'70 50 0.0521 NiMoO4 + NiCr204 + 531 8.5 25.0 none 
Cr2O3 + NiFeO4 

Inc one 1 9 80 25 0.1'735 Cr2O3 522 36.3 30.5 Cr203 

Type 316 stainless 980 100 4.3950 aFe2O3 + NiO.Fe2Og + 504 1.94 6.65 Cr-203 + 
steel 3Fe203sCr203 Fe 3 04 

(trace) g 
Haynes alloy 1038 90 0.0229 Cr2.03 + NiO-Fez04 + 510 66.5 3.34 Cr2O3 + 
No. 25 CoFe2O4 + C02MnO4 aFe 3 04 

(trace ) 

a 

bRate during last 50 hr of test. 

Maximum rate during initial 50 hr of test. 
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reduced. by f ac to r s  of l..2, 1.1, 1.0, and 21, respecti.vely, when oxidized. 

i n  a i r .  A s  w i l l  be discussed subsequently, longer term tests on oxidized 

type 31.6 s t a i n l e s s  s t e e l  indicated a diminution of protect ion with time. 

Tm evaporation data of oxidized specimens i.nd.icated .i;‘nat oxide 

thickiiess as w e l l  as i t s  coi-npositi.on may be instrumental  i n  re ta rd ing  

evaporation of Yne base metal. 111 addi t ion,  the carbon content of the 

base metal- may haxe i-nfluenced the  r a t e  a t  which surface oxides de t e r i -  

orated i n  vacimn a t  elevated temperatures i n  accord with the following 

reac t ion .  

M 0 + yC -+xM + yC0 . 
X Y  

For example, the  oxygen pickup i.n type 316 s t a i n l e s s  steel w a s  

4.395 mg/cm2 when oxidized i n  a i r  a t  980°C f o r  100 h r .  

specimen exhibi ted i n t t i a l  and. f i n a l  evaporation r a t e s  of I.. 94 and 

6.65 X mg/cm2/hr, respect ively.  A comparison of x-ray i n t e n s i t i e s  

of this heavily oxidized specimen placed tine amount of oxygen i n  the  

form of C r 2 O 3  (Table 4 )  a t  approximahely 2% o r  0.879 nig/cm2. These 

data  can be compared with evaporation data obtained from specimens 

oxidized i n  low-pressure 

only Cy203 on the surfaces .  The evapora,tion r e s u l t s  of  these specimens 

showed, f o r  example, t h a t  an oxygen pickup of 0.2804 mg/cm2 yielded 

i n i t i a l  and f i n a l  evaporation r a t e s  of 26.9 and 35.7 X 

respect ively (see Table 7 ) .  
f i lm formed i n  wet hyd-rogen decomposed more rap id ly  because of carbon 

reductions and thereby r e su l t ed  Ln a grea te r  evaporation r a t e  of the  

type 316 s t a i n l e s s  s-Lee]. base metal a t  the  gra in  boundaries. 

A t  982°C t h i s  

w e t  hydrogen a t  870°C f o r  170 h r  to produce 

mg/cm2/hr, 

I t  i s  postul.ated. t h a t  the  thinner. C r 2 O 3  

For Haynes a l loy  No. 25 t h a t  vas oxidized i.n a i r  at, 1040°C f o r  

90 hr ,  an oyygen pickup of 0.0229 mg/cm2 re su l t ed  i n  i n i t i a l  and f inal .  

evapol’ation r a t e s  of 66.5 and 3.34 X lon4 mg/cm’//br, r espec t ive ly .  In 

add-ition to the  rap id  d.ecomposition of  t he  cobalt-bearing oxi.des leaving 

only C r 2 O g  on the surface,  it may a l s o  be noted that, t he  origi.na1 Haynes 

a l loy  contained only 0.02 w t  $ C and. t h i s  may have been somewhat reduced 

by a i r  oxidation. Both of t’ese f ac to r s  could have con’cri-buted t o  Yne 

rel=t”iively l o w  f i n a l  evaporation r a t e  of t‘nis a l loy .  
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Evaporation of !Type 316 S t a h l e s s  S tee l  

Pol. i. shed Surfaces 

Short-term t e s t s  (500 t o  650 h r )  conducted a t  982, 927, 872, and. 

760 "C indicated t h a t  the i.:ni-i;ia.l evaporation r a t e s  a t  a l l  temperatures 

were g rea t e r  than Yne f i n a l  r a t e s ;  and as the  tes t  temperatu-re was 

lowered, the  difference be'i-ween the  initia3. and- f i n s l  r a t e s  increased. 

Further,  the time necessary t o  a,chieve a s ign i f l can t  decrease i n  evapora- 

t i o n  r a t e  increased with decreasing temperature. For present  purposes 

t1iJi.s -time i s  defined as the t r a n s i e n t  perliod. Tnis behavi-or suggests 

the development of concentration gradients  of the  evaporating elements 

i n  the  specimens. If thj.s reasmi-ng i s  co r rec t ,  then long-term tests 
a t  a l l  the t e s t  temperatures should show a constant ly  decreasing evapora- 

t i o n  r a t e .  

To subs tan t ia te  t h i s  hypothesis, t e s t s  exceeding 3.000 hr were con- 

du.cted and the  r e s u l t s  are compared t o  .tine shor t e r  term data  i n  Table 5 .  

The long-term t e s t  data  indicated t h a t  a t  a l l  temperatures "ihe evapora- 

t i o n  ra%es contikued t o  decrease with time. 'Eirls phenomenon was more 

acute1.y demonstrated a-t 872 and 760°C. 

showed t h a t  a t  50 hi- the  r a t e  was 2.68 X mg/cm2/hr, while a t  610 

and 34.00 h r  the r a t e  had decreased t o  6.38 and 3.90 X 1.0-4 mg/cm2/br, 

respec t ive ly .  

chromium, as determined by a microprobe ana lys i s ,  i s  shown i n  Fig.  8 .  

For example, t he  data a t  872°C 

A t y p i c a l  concentrakion gradi.ent for manganese and 

The data  a t  al.1 of the temperatures inves.tigated can be represented 

by cirv'es of t he  type 

B AW = A t  

where A and B are constants .  A t  872°C the  experimental da.ta can be 

represented by the equation 

AW = 0.0068 tQ.68 

or i t s  equival-ent form 

log AW = 0.68 1.0g t - 2.1'7 

where 

All = weight l-oss i n  mg/crn2; t = time i n  hours. 

4 
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Table 5. Eh-aporation Rates and Leilgti? of Transient Periods of 
Type 316 S-Lainless S t e e l  as a Function oi" Temperature 

Short-Term Tests Long- Term Tests 
Evaporation Evaporal; i on Decrease 

Hate Rate Average from 
Test (mg/cm2/hr) Test (mg/crn2/hr) Length of I n i t i a l .  

Trans Tent t o  F ina l  

( " C )  ( h r )  I n i t i a l "  Finalb (hrr) I n i t i a l  F ina l  ( h r )  Sate  ($) 
Period Evaporation x &re a. - 

t i o n  x l o - 4  Temper- k r a -  
a t w e  t i o n  

982 614 114.0 66.4 956 120.0 65.9 30 4.5 

927 59% 39.8 21.9 1832 42.3 20.5 50 52.6 

872 6 l 3  30 6.59 3453 26.8 3 .9  80 85 * 4. 

760 1321 6.56 0.528 200 93 

k x i m m i  rate diiring i n i t i a l  50 h r  of t e s t .  

bHatc duri-ng f i n a l  50 h r  of t e s t .  

'The f i r s t  der iva t ive  of Eq. (I) gives t h e  instantaneous vaporizat ion 

r a t e  i n  milligrams per square centimeter per hour a t  872°C. 

%ne evaporation lo s ses  i n  the  form of Eq. ( 2 )  a r e  present3d graphical ly  

f o r  the various temperatures i n  Fj-g. 9. Some deviat ion nlay be noted for 

s m a l l  times a t  i;iie lower temperatures. 

a t  7.0 X lo-' torr and 872°C a r e  summarized i n  Ta1ole 6 and presented 

graphical ly  i n  Fig. 10. Manganese i n i t i a l l y  i s  the  major contr ibutor  t o  

t l e  t o t a l  evaporation r a t e ,  but, longer tes ts  have shown t l a t  chromium 

los ses  increase while manganese losses decrease. Tne losses of S i ,  Fe, 

and i'si a l s o  increase while carbon los ses  decrease with trime. Tnese 

r e s u l t s  ind ica te  a se l ec t ive  l o s s  of a l loy ing  elements, r e s u l t i n g  i n  a 

constant ly  changiiig surface composition at, temperatures of 872°C o r  

lower. At 927 and. 982"C, there  w a s  no detec-table evidence of concentra- 

t i o n  gradients ,  ind ica t ing  grea te r  bulk d-iffusion of the a.l.l.oyj.ng e l e -  

ments, thereby accounting f o r  the  ma l - l e r  differelice between the  i n i t i a l  

and final. evaporation rates. 

Chemica,l analyses of the deposi-Led metal vapors from t e s t s  conducted 
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Table 6. Chemical Analyses of Deposits Evaporated from 
Type 316 S-tainless S-beel a t  872°C arid 7 X lo-' torr 

Analys e s Analyses of Vapor Deposit Ratio : Weight Percent Deposit/ 
Vapar of a t  VsrLous Times ( w t  $ )  Weight Percent Alloy 

13-essuz-e OrLglnal (hr) (Lr ) 
Ele- of Element A l l o y  
mect ( t o r r )  ( w t  $)  6 12 25 50 150 480 6 12 25 50 150 480 

1.67 77.72 71.24. 7 0 . 2  68 .1  59.85 50.88 46.5 42.7 42.0 40 .8  35.8 30.9 
N 

~n 8 x 
C r  2.5 X 17.05 3.18 3.84 4.40 7 . 9 1  19.95 29.4 0.157 0.225 0.258 0.464 1.17 1.723 * 
S i  7 X 10 -" 0.74  0.712 3.971 1 . 3 1  I . 4 5  1.51 1.73  2.03 2.77 3.74 4.14 4 . 3 1  4.86 

Fe 1 . 5  X 64.03 1.29 1.35 2.39 4.56 9.03 12.27 0.02C 3.020 0.037 0.075 0.141 0.192 

Ni 4 X 16' 13.28 11.01 1.4 1.62 1.71 1.83 1.95 0.076 0.105 0.122 0.128 0.138 0.147 

c 5 x 13-l' 0.05 7.53 4.32 3.93 2.11 1.70 1.41 150.6 86.4 78.6 42.2 3A.O 28.2 

No 3 X LO-14 2.25 

3. i2;;alyses of h p u r i t y  elemezits are ornit-tea. 
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The micros t ruc tura l  manifesta-i;i.ons of evaporation such a s  subsurface 

voids,  p a i n  grovti?, g ra in  boundary grooving, and grab boundary lo s ses  

were the  same a t  al~l temperatures studied; however, longer t i . m e s  w e r e  

required a t  the  lower temperatures t o  produce eqiial magnitudes f o r  any 

one type of e f f e c t .  I n  multicomponent a l loys  containing high vapor pres- 

sure  a1.l.oying elements and i n t e r s t i t i a l  impuritries, t h e  grab boundari.es 

become enriched i n  these  elements and impu-rities. The high degree of 

l a t t i c e  di-sorder e x i s t i n g  a t  the  gra in  boundaries pronoted a grea te r  

evaporation r a t e  when compared t o  -the gra ins  themselves. It i s ,  there-  

fore ,  concl.uded tha t  i . n i t i a1  evaporation lo s ses  fyom the  g ra in  boundaries 

exposed adjacent  gra in  surfaces ,  as i l - l u s t r a t ed  i n  Fig.  l l a  and b .  E’ur- 

t h e r  evaporation fi-om the  ed-ges of t he  surface gra ins  r e s u l t e d  i n  t h e  

formation of grooves which continued t o  widen with time, as i l h i s t r aLed  

i n  Fig.  l i e  and d .  

and subsurface voids continued t o  coa.lesce a t  t h e  gra in  bound-ari-es, t he  

surfaces  of t he  specimens became smoother. 

t h e  formation of a semicontiniious network of voids i n  t h e  gra in  bound- 

ar ies .  This behavior i s  i l l u s t r a t e d  ii1 Fig.  l l e .  

A s  t h e  grooves widened (receded across  t h e  g ra in )  

‘This was accompanied by 

I n  the case of type 316 s’cainless s tee l ,  g ra in  boundary grooving 

0t;iner mricro- became apparent after 1 h r  a t  1000°C and 4 h r  a t  800°C. 

s t r u c t u r a l  changes such as subsurface void formation, g ra in  growth, d i s -  

appearance of p rec ip i t a t e s ,  f e r r i t e  formation a t  the  specimen surfaces ,  

and widening of t he  gra in  boundaries became readE1.y apparent af ter  

t e s t i n g  t imes of 500 h r  a t  872°C. 
i l l u s t r a t e d  i n  Figs.  12 and 13. For t e s t  periods g rea t e r  tham 1.000 hr ,  

c h i  phase began to precipi- ta te  and severe gra in  boundaiy voids began t o  
appear, a behavior a l s o  i l l u s t r a t e d  i n  Figs .  1 2  and 13. 

These phenomena are metallographically 

When f e r  r i t e p r  e c i p i t a  t i on Ira s ob s e m e  d m e t  a l lograph i c a l l y - ,  x- ray 

ana lys i s  v e r i f i e d  t h i s  conclusion, and it w a s  postulated t h a t  i n i t i a l l y  

evaporati-on lo s ses  deplete& the  surface regions of axs t en i t e  s t a b i l i z e r s  

( e . g . ,  C and. Mn). A t  872 and 982OC, t h i s  pvecj.pitation s t a r t e d  jus t  

p r i o r  t o  heavy o r  deep gra in  boundary losses ,  bu t  as the  specimen th ick-  

ness decreased, the  fe r r i te  precip-itate disappeared. It was f e l t  t h a t  

Yfle low n icke l  losses coupled with high l o s s  of ciiromiun allowed t he  

f e r r i t e  to retransform t o  y-iron ( aus t en i t e ) .  For example, it i s  seen 
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i n  Fig.  12  t h a t  the 892-hr t e s t  r e su l t ed  i n  surface f e r r i t e  while the 

3Lk53-hr t es t  showed no ind ica t ion  of’ Lhe presence of f e r r i t e .  Further,  

i - L  i s  seen i n  Fig.  13 t h a t  the evaporated surface of’ t he  3453-hr t e s t  

contains annealing twins which a r e  usu-ally du.e t o  the face-centered 

cubic s t ruc ture ,  bu t  f e r r i t e  i s  a body-centered cubic s t ruc tu re .  I n  
addi t ion,  a l l  shor t -  term t e s t  specimens were magnetic while the long- 

term t e s t s  (>lo00 h r )  were nonmagnetic, and f e r r i t e  cou.ld not be 

d-etected by x-ray ana lys i s .  

When the  surfaces  of short-term test specimens transfomied to 

f e r r i t e ,  .tile evaporation r a t e  of type 316 s t a i n - e s s  s t e e l  approached 

t h a t  f o r  pure i ron .  

i r o n  w a s  measured t o  be constant and equal to 6 . 2  X loB3 mg/cm2/hr while 

t he  f i n a l  r a t e  for  type 316 s t a i n l e s s  s t e e l  w a s  6.64 X l o m 3  rng/cm’//’rir 

f o r  a 650-hr t e s t .  

For example, a t  982°C the  evaporation r a t e  of pure 

The experimental data have shown t h a t  the  evaporation r a t e s  changed 

with time a t  a constant temperature. 

t i o n  r a t e s  with temperatu.re w a s  compared at approx7.matel.y equal t imes.  

Oil t h i s  basis, Fig.  14 w a s  drawn t o  provide a means of p-ed ic t ing  Yne 

r a t e s  a’c temperatures below 750°C Where axcurate data  were d i - f f icu l t  

to obtain.  

Therefore, the varia’iion of evapora- 

Oxidized Sur fawg  

Several  specinleiis oxidized i n  wet hydrogen were evaporated at 982, 
927, 8‘72, and 760°C. The C r 2 O 3  l aye r  formed on the specimen surfaces  

re-Larded the  evaporation of t he  base metad for vazying peri-ods of time, 

depending on the  evaporation temperature. A t  t he  three  higher tempera- 

tu-res, the C r 2 O 3  flilms de ter iora ted  i n i t i a l l y  a t  t h e  in t e r sec t ion  of 

t h z  surface with the grab bound.aries , where evaporation of the more 

v o l a t i l e  elements and impuri t ies  occurred. This r e su l t ed  i n  a semi- 

con-binirous network of voids .  The remaining C r 2 O 3  film became progres- 

s ive ly  t,hinner due to evaporation and t o  a carbon-oxygen reac t ion  which 

Yesulted in the  formation of carbon monoxide. Subsurface v0id.s a t t r i -  

buted. t o  the d.i Pfusion and condensation of lai.bi.ce vacancies increase 

i n  s i z e  and number with increasing temperature. Siniultanzous 1.0s~ of 

aus t en i t e  s t a b i l i z e r s  r e su l t ed  i n  the  formation o:f surface r e r r i t e  at 
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982 and 927°C f o r  short-term t e s t s ,  while a t  8'72°C no f e r r i t e  w8s 

de'iected i n  a 1456-hr t e s t .  A t  7 6 O 0 C ,  the C r 2 0 3  f i l m  was f u l l y  protec- 

t i v e  against, evaporation losses  of t he  base metal, a t  l e a s t  t o  1142 h r .  

These evaporation e f f e c t s  a r e  metallographically i - l l u s t r a t ed  i n  Fig.  15 

whi1.e the  resul.ts of the  evaporation - t e s t s  are summarized i n  'Table 7 

and presented graphical ly  i n  Fig. 3-6. 

with that, previously presented i n  Table 5 ind ica tes  t h e  degree of pro- 
t e c t i o n  afforded by C r 2 O 3  films. When the  Cr203 fi.lm i s  reduced by the  

carbon i n  .L"e a l l o y  a t  the a.l .10~ g ra in  boiuidari-es, evaporation of t'ne 

a l l o y  proceeds as i l lus-Lrated i n  Fig. lr/. 

Comparison of the  data  i n  Table 7 

Table 7.  Experimental Evapora.tion Rates of lype 316 S-ta-inless 
S t e e l  €'reoxidize& i n  Wet Hydrogen a t  870°C 

9 82 1058 26.9 35.7 0.2804 C r 2 0 3  

927 1226 7.89 12.5 0.2983 C r 2 O 3  

872 14 5 G  4.  [+2 4.44 0.3134 C r z  0 3  i- 
bIn0 2 

( t r a c e  ) 
760 1142 No wei-ght l o s s  0.2525 Cr203 

C ONCLIJSI ONS 

This study has shown t h a t  rmlticomponent i ron- ,  nickel- ,  and cobalt-  

base a l loys  contain.ing high vapor pressure elements such as chromiim and 

manganese exh ib i t  two modes of f r e e  evaporation from "ine solid.  s t a t e .  

1. An i n i t i a l  high r a t e  of surface evaporation due t o  the normal 

presence of the  high vapor pressure elements. 

2. Evaporation from the  edges of surface grains, r e su l t i ng  7.n 

grain boundary grooving. 

Once the surface became depleted of the  higher vapor piressure e l e -  

ments, f u r t h e r  l o s s  of these elements was depend-ent oil t h e i r  d.ri.ffusion 

r a t e  i n  the  base a l loy .  A t  the  lower temperatures (< 9OO0C), the  slow 

d i f fus ion  r a t e s  of t,he v o l a t i l e  , evaporating elements r e su l t ed  i n  
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C r , 0 3  FILM 

Fi.g. 1.7. As-Evaporated Su.rface of Type 316 Stainless Stee l  
Cxidized in Wet Hydrogen and Subsequently Tested at 872°C and 
2 X torr f o r  2900 hr. 1500X 
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concentration gradients ;  however, a t  temperatures of 980°C or above, 

these concentration gradients  w e r e  d i f f i c u l - t  t o  de tec t  and t h e  evapora- 

t i o n  losses were more near ly  constant wj:i;h t i m e .  

case a change i n  a l l o y  cofflposi.ti.oi1 occurred, and €or iype 33.4 s t a i n l e s s  

steel., t'ne l o s s  of austeni-Le sta%i..l.izers r e s u l t e d  i n  f e r r i t e  p rec ip i t a -  

ti.on a t  the  specimen surfaces  f o r  short-term t e s t s  (< 1000 h r ) .  I n  the 

case of Ila,ynes a l l o y  No. 25, the precipikates; near t he  surfaces dis- 

appeared; however, g ra in  boundary evaporation was not evident .  

However, i n  e i t h e r  

Wen t h e  sixfaces of the  a l loys  investigated- w e r e  oxidized i n  a i r ,  

t h e  i.ni.tia1 evaporation ra'ces decreased. However, af'i;er a t r a n s i t i o n  

perj.od, the  length of which w a s  temperature dependent, the  f i n a l  r a t e s  

were accel-erated du.e t o  the de t e r io ra t ion  of t'ne oxide f i l m  a t  the  

surface - gra in  boundary i n t e r s  e c t  i on. 
The evaporation of the  oxides formed i n  ailn showed thai; C1-203 w a s  

t he  most stab1.e. Type 316 s t a i n l e s s  steel coated .with C r 2 O 3  d.id ilot 

in3:LiaI l y  evaporate as raprid.1.y as the  pol ished surfaces;  however, t he  

f i n a l  r a t e s  a t  872, 927, and 982°C were grer,i; enoiigh to ru le  out  adequate 

protectioii  agaii ist  evapora-Lion of t he  base a l l o y  by t h i s  technj.que. At 

760°C, however, C r 2 O 3  f u l l y  retai7ded evaporation. of type 316 s t a i n l e s s  

s tee l ,  a t  least f o r  1150 h r ,  probably hecaixse carbon d i f fus ion  i n  t h e  

base al.l.oy i.s sluggish ( a t  thj.5 temperature) and most o f  the  carbon i s  

ti.ed up as carbides .  

Several  considsrat ions,  therefore ,  make tne  t h e o r e t i c a l  p red ic t ion  

of the evaporation rates extrerne1.y d i~ f f ' i cu l t ,  i f  not  impossible; these  

inc2.ud.e compositional change:;, phase transforrria-Lion, a reas  of p r e f e r e n t i a l  

evaporation, gra.i.n. si-ze,  and decomposition oi" compounds. 

The author i.s indebted to t he  rnaii! se rv ice  departnients i.n carrying 

out  va,ri.oiis phases of tlhese experiments. 'The a s s i s t ance  of 11. M. S tee le  

f o r  the  x-ray ana lys i s ,  t he  ana lys t s  performed by W+ K. k i n g  of the  

Analyt ical  Chemistry i)i.vi.sion: and. the metallographic work of  W. E. Farmer 

proved to be necessary services i.n Yne j -a te rpre ta t ion  of these experiments. 
The assl 'ctance o f  S .  €I. Wheele-r and J .  Newsome i n  carry:..n.g out tile 
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experiments i s  appreciated.  Discussions with G. P. Smith, J .  V .  Cathcart ,  

and H. Inoqye of the  Metals and Ceramics Division were instrumental  i n  

the  formulation of the  conclusions reached i n  t h i s  inves t iga t ion .  
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