N78-21268

' (NASA-CR-‘US'MB) STnDY OF: THE EFFECTS - OF

GASEOUS ENVIRONHFNTS ON SULFPIDATION ATTACK

OF SUPERALLOYS Final Repoft (nnited )
Unclas

Technologies Peseatch Center) 166.p . )
.. ... CSCL_11F _G3/26 14130 _ _

HC RO8/MF AOY = ..




R77-912613-5

P PIBI. SRR
——
EI- Es

Loe

. - . 5 - B
SR U T S S U U
—_ Pasameiien B0
G d : ¥ Py
e N e

NO. OF PAGES =

NASA CR-135348

UNITED TECHNOLOGIES '~
RESEARCH CENTER ' YelhNoLoniEs..

East Hartford, Connecticut 06108

Study of the Effects of Gaseous

Fnvironments on Sulfidation
Attack of Superalloys

work Performed for
NASA-Lewis Research Center L .
Contract No. NAS3-20039
Final Report

[N e

REPORTED BY —
Cdéhn G. Smeggil

Worman S. Bornstein

APPROVED BY _ U G- als Crrs corille
M. A. DeCrescente
DATE ..Navepher 1977 .

e . COPYNO, . ..

e Ao a2t




—

t:_:-r ‘ {,.,-..,

v—.—--y

-

|

Report No
NASA CR-1'3_§34”8

-

Retipent's Catatog No:

4 Title and Subtie

STUDY: OF THE EFFECTS OF GASEQUS ENVIRONMENTS ON
SULFIDATION ATTACK OF SUPERALLOYS

3 Rémm Date
November 1977

€ Pertorming Qrgdnization Code

-~

Author(s)
J. G. Smeggil and N. S. Bornstein

8 l.’uwmmg Orgariization é;;wt tib
) R77-912613-5

10 Work Unit N&

9 Performing Organization Name and Address

United Teéhnologies Research Center
East Hartford, Connecticut 06108

11 Contract ot Grant No.

NAS3-20039

13. Type of Report and Perioc Covered

12 Sponsoring ‘Agency Name and Address

National Aeronautics and Space Administration
Washington, DC 20546

Contractor Report

14 _Sponsoring Agency Code

Supplementary Notes

Final Report.

NASA-Lewis Research Center., Materials and Structures Division, Lleveland, Ohio 44135,
Project Manager, Carl A, Stearns. .

NaOH on the high temperature
former NiAY,
ments were conducted at 900°
corrodents. Effects involvin
morphology were observed due
présént in operating industr{
and possibly NaOH on.NiA1 in
aldmina Yayér and to simultan
- to-the substrate. The alumin
as u-A1504 whiskers.
oxidation 31
contained significant amounts
convoluted with NaCl(g) than

effect of NagS0, on NiAl at 1
found to be retarded by NarS0
present within deposited Nass

16 -Abstract Studies. have been conductéd to examine the effect of the gaseous corrodents NaCl, HCY, _and

the chromia former Ni-25 wt.% Cr, elemental Cf,

With respe¢t to the chromia formers,
kinetics and changes in.the microstructures of the oxide scales.

With resoect to sulfidation-corrosfon,

oxidation and Naz$04-induced corrosion behavior of the alumina

and the superalloy B-1900.. Experi- . _|

and 1050°C in air in the presénce and absence of the gaseous

9 both reaction rates and microstructural changes in oxide

to.the presence-of these corrodents at levels anticipated to.be .

al and.marine ,a¢ turbines. The effect.of gaseous NaCl, HC1,

simple oxidation was to remove aluminum from below the protective

eously weaken the adherence of the protective alumina oxide scale

um removed from below the oxide scale was redeposited on its surface

gaseous NaCl and HC1 promoted breakaway

The scale on Ni-25Cr
of NiCr04 along with Cra03; for Cr,_the scale was more extensively

with air alone.

) NaCl vapors were found to mitigate the corrosive

050°C. Conversely, the NaCl1(g) attack of chromium in oxfdation was .
(c) deposits. . It was also determined that the NaCl inherently .

34 at impurity levels, f.e., Tow ppm values, was sufficient to

interact with alumina scales..

observed for NiAl,

weré observed in the substrate. Additienally,

sulfide-precipitates--were produced.

In simple oxidation, the effect of NaCl(q) on B-1900 was found to be similar to that
Frequently, regions extensively depleted of qamma prime (N13R1) precipitates

Y, substrate micrustruétures analogous te those .
found in the Na3SO4-induced hot corrosion of this alloy--except for the -obvious absence of

17 Key Words (Suggéited by . Authorls))

Corrosion, oxidation, sodfum chleride, sodfum
sulfate, chromfum, aluminum oxide, supéralloys,
thermogravidetry, corrosion growth morphology

18 Disvtibutién Stat :ment

Unélassifiec - unlimited_ . .
STAR Citegory 26

19 Security Ciasst (¢ thui feporti

Uriclassified - Unclassified.

20 Security Classst jof.thii pages”

21. No of Pigei 22 Pice®

" For $ale by the NangRal Technical IAtgimation Service Sprnghiéld Vagimia 22161

NASA.C-168 (Rev 10.28) . o o ..




k4

2%

.

g

.'d,l

-y

LT

‘

f’ { »f' | 4
l

K { [4 ]

o =

LT, kil ist T
LGS LA SR

e ean i ESENISTD el r-t..d.am . 1] ST
e
T
o Study of the Effects of Gaseous: !
SR Edvironments on Sulfidation '
! JI Attack of Superalloys
g
P R
‘ J TABLE OF CONTENTS
g
B i Page
;"'.- ;l 3 I. INTRODIJCTIOI\I . . .- & ——y L] [ ] L] L[] LI 3 . . ] . . [ ] L) . (] *r o L] . . . 2
E{ " ! II. BACKGROUPID . . . . . s s . . . . . . . . » o o . . . [—— . h
' Al oxidation . L] L] L] . [ 3 . L] . . . - L ' . . . ' L] . ) LI . . L] [ ] - . ’4
Bl Hbt Corrosion . L] a0 . L] e » . . L] . . » . . * . .- L) [ ] . h
l. > }{istory L ] L] . M - . . .- L[] K ] . L] . L] . > . . - . L] * - L] L] L |
2.. Deposition Mechanisms . ... . v v . 4 4 4 ... . A ;
3. Mechanisms of Scale BredkdoWh ... o o o o o o o o - . @ ]
III. I‘:\:?I:FII‘{ENTAL APPROACH 3 3 3 3 [ 3 ] . 3 '3 . » . L] . - . . 15 1
A. Matéri&ls s -0 @ . " .o - @ ® 4. 8. w8 Y . . . . . . . . . . . 15l
B. Experimental Procedurfes . . vcm + o v o o o s e o o o o .17
IV. EXPERIMENTAL RESULTS AND DISCUSSION v v 4 o o o o o o o o . 19
AO NiAl: Aﬁ Almiﬂa F’orrﬂer -9 . LEN . L ] L[] L] L] [ ] L] L] L] [ 3 . L ] 19y
]
I; - Gaseous StUdieS . . . c . . - . . . ] . . . . L] [ s o 19 - 1
8.. OXid&tion in Air Alone LI ) ¢ & -8 ¢ & w & & e- BN T 3 19 1
i. 'I‘hermogra.vimetric._result‘s C ct s e e .. 19 i
ii. Metallographic results.c v v.v o« o o o« o o . .16 |
b. Oxidation.in Afir with NaCl(g) . ecv v v v o o . . 190 i
i.  Therniogravimétric reSults — . v o o o o+ e-a 19
ii. Metalldgraphic results .8 s s o & o & s s . . 20 H
é‘ OXid&tidn in Airwith H(‘l (g) o & & 8 & & A & . 8- 22 :
_ 1. Thermogravimétric results. . .. .. .. .. R =02
ii. Meétallographic¢ studies . . « v « o ¢« « & . .. 22 :
d. Oxidation in Air with NaOH(g) . . . . ... .. e .23 3
i.. Thérmogravimetrié-results . . . « « . o . 23- i
i1, Metallogrephic resultd . « « v v ¢ o o o . : . o 23
€. Genéral Discussion of the Effects of NaCl(g) 1101(5) ‘ ‘
and NaOH(g) on the Oxidation Behavior of NIA1 . . . . . . . 2k




i . T

e . AL, actniead e @ o @ et o

B.

e e

» ¥ rm———

2.

1.

P e o -
i - -9 o . [ . : |
S T PO R N B T A B IRRF. S SR
, P ".':‘ ’ ' , { | X oA v it i ‘ '!
S S ! | J — S ' ommm.aemmbemms .,
|
i
TABLE OF CONTENTS (Cont'd) ﬂ
Page U :
Condensed SEUALES o o o o o o 0 0 0 oa e e e e e e e e e 21 : 4
a. LosszéffNaCI from Pure NasS0)y « o o= o ¢ e o000 e 27"
b. Nazsou I ALY e oo o me o 4 s s s s eie o mie s e e sie e 28. [}
i.” Thermogravimetric results . « « « « o o o ¢ o o o o v 28
11. Metallographic results « o «. o soo o o o o o o o oon o o .28 .
c. Naesou dn Adr with NaCl(g) « «- v ¢ o ¢ o o oo o o o s 28 . {1 :
i.” Thermogravimetric resultsS .« . « « sco o o o0 00 o 28 .. %
d. NapB30y in Air with HCL(g) + « o« « ¢ covw o v oo o e 31 ;
i. Thermégravimetric TESULES o o o .o s .0 o 4 0 sesie eie e .31 ll | oy
11. Metallographic results « ..c o o om0 om0 00 e 3l ] .
e, Carbom A ALT + o e s e s e o o oo e e e w o we e s e 3l 1 .
i. Thermogravimetric results -« .. o oo o + o wo.oowoo - 3L [j .
£, Carbon in Alr with NaOH(Z) « .« o « ¢ o w0 o o 0 0 0 v ome o 31 i
1. Thermogravimetric results o «.o o e o 0 o s e 31 ) “
g. Carbon.in Air with HC1(g) or NaCl(g) « « « « v v o v o v v o 32 [} ,
i. Thermogravimetric .redults . « .o o o oo v w0 o e e .32 3
h. NapSOp with Carbon in AdPe o o o o 0 o o o o s o s . 3. : |
i.. Thermogravimetric reésults . . ¢ s eoe e vmme 00 00 e 32. [ﬁ . i
i.. NaySO) and Carbon in Alr with NaCL(g) o « o ¢ wow v o oo s 32 i
1.° Thermogravimetric results. —. o « o o o o v 0 s e v 32 3 -
J. .Nazsoh and Carbon in Air with HCL(g) « .o « ¢« ¢ o ¢ s oo o o 32 ‘J o
k. TaoSOj and.Carbon in Alr with NaOH(g). . e o vo v o v o .33 i
1.° Thermogravimetric reSUltS. + « + o o0 o e e o0 e 33- T
1. NEQSOH with Cf?O: d0 AIP o o o 0 6 s e s s s s as sl e e . ..33 ij
1.5 Therriogrevimetric results . o « ¢ o o s e e e e 33 2!
Ni-25 wt_% Cr and Chromium: Chromia FOormers . . « « . « « - - «oooa.33 [] :
Cesedus SEUALES o« o o o o o o o o oo s e e sieie e e e e e e 33 . “p 1
6. Oxidation in AL (Ary) « « e o viv s o o 0 oo 00 e o e 33. H :
1. Thermogravifietrié resultd. « .o « ¢ + o o v o 0 000 e 33
‘11, Métallographic TeSULES.. v« o o ¢ v v oo e e s e 33 2 B
b. Oxidation in Adr (wet) o« ccm v o o v v v v e e e e e e 3k [1
i. . Thermogravimetric results .« « < o ¢ o o v v o0 0 i e en 3b i
o. Oxidation in Air (ary_and wet) with NaCl(g) « v v o o o e 3H !
i. Thérmogravimetric result8 . « « ¢ v o e @ e w00 e 3 — }
11, Metaliogrephic resSults o o « o oo o oo a0 woe 0 e o 3k ;
4. oxidation of Eleméntal.Cr in Air (dry) with NeCl(g) ... . . 36— S
i, Thermogravimetric results .« « « .o v ¢ w0 de b0 e 37 [] '
11. Metallographic results . « « o & o & 4 o b e e i e e s 37 ) E ’ 1
1

-~




T ET

L~'—-—n._.

‘.3

=

—

.

.
!' J
~ :

c.

TABLE OF CONTENTS (Cont'd)

Oxidation in Air (dry) with HCI(E) . . . . . . .
i. Thermogravimetric results .+ + « ¢« « ¢ w o &
ii. Metallographic results o« . ¢« « ¢« o o o o o

Oxidation .in Air (dry) with.NaOH(g) . . ... . .

i. Thermogravimetric results . . « + « « 4 + &

2,. Condensed Studies . o « ¢+ o + o o o v 0 0 am 0

a. .—Nazsoh in Air (d.!‘y) ¢ & o e & s 4 0 ¢ 0.8 ¢ o+ -
i, Thermogravimetric reSUILSE v v.v a0 04w a-

b‘

B-1900:

ii. Metallographic results . . « v v oo o o o« oo
NapS0), in Air (dry) with NaCl(g) . . ... . . . .
i. Thernmogravimetric reésults . .. . . « « « ,+
ii, Metallographic results. . « o o v eceme o o o

Na,S0) in Air (dry) with HCI(g) .+ v v ¢ « o 0 o

i.  Thermogravimeétric résults ... . . . « .+ + ...
ii. Metallographic results . o « v o ¢ o 6 o o
Carbon in Adr (ATY). o v v v o o v 4 0 0 0 . w
i. Thermogravimetric. results ... ¢« « woe o o o
Carbon .in Air (dry) with NaCl(g) « « + o 4.0 v
i. Thermogravimetric results . . . «.¢ o.0 o &
Carbon in Air (dry) with HC1(8) . ... . . . . .
i, Thermogravimetric results . . « ¢« « -0 « &

Carbon .in Air (dry) with NaOH(g) . . +« . « + « o+

i. Thermogravimetric results . . ., « + « + . .

. Carbon with Ne,S0) in Air (dry) o oo o v v 0 W
i. Thermogravimetric results . . o« .o 0 o0 o o

Carbon with Nao,SOy in Air (dry) with NaCl(g) . .
i.. Theérmogravimetric redults. . + + « « « « .
Carbon with NayS0y, in Air (dry) with HCl(g)

i. Thermdgravimetric datl « o v v s e e b e .

Carbon. with NasS0) (g) in Air (ary) with Naon(g)
i.. Thermogfavimetric result8. . o ¢ 0 6 6 e e

A Supérﬂl‘l(ﬁy . . -~ . . ¢« o 0 [ T L P ) ¢ o

v. v....»_-----»sm'WLN-VRX m CONCIJUSIOI\‘S R . L] . L 4 wbm- b ¢ .8 L] L] . . . "~ ¢ L

VI . ACKNOWLEDGB‘xENTU o o » . o . LI} LI . [} .0 o o . [N ] ¢

VII. . REFERENCES -

FIGURES.

bbb R A A A . 8 & 8 6 b & 8 4 & é &




ABSTRACT

Studies have beén conducted to éxamine the affeet of the. gaseous .corrodeénts.
NaCl, EC1 and NaOH . on the high temperature oxidation and.NayS80y-induced corrosion.
behavior of thé alumina former NiAl, the chromia former Ni-25 wt.% Cr, arnd elemeéntal
Cr, and lastly the supéralloy ‘B-1900. Experimérts were conducted at 900° and 1050°C .
in air in the presencte and absence. of theé gasecus corrodénts.. Effescts involving
both resction rates and micréstructural changes in oxide morphology_ wére obsérved

due to the presence of.these corrodeénts at levels anticipated to be présent in operating

industrial and marine gas turbines. The effect of gaseous NaCl, HC1l and possibly
NaOH on NiAl in simple oxidation was to remove aluminum from below the protective
slumina layer and to simultaneéously- wéaken the adherence of the protective alumina
oxide scale to the substrate. The aluminum rémoved from below. the oxide scale

wag redéposited on its. surface as a-AlQQ3 whiskers. With respect to the chromia
formers, gaséous NaCl and HC1l promoted breakaway oxidation kinetics and hetero-
geriéous scale deveélopment.

With respect to_sulfidation-corrdsion,NaCl vapors were found to mitigate
the corrosive. éffect of . NasSO) on INiAl at 1050°C. Conversely the NaCl(g)
ettack of. chromium .in oxidation was found to e retarded by'Nasth(c) deposits.
It was-also detérmined that the NaCl inherently present-within deposited NaQSOh
at .impurity levels, i.é., low ppm values, was sufficient to interact with alumina-
scales. Moreover, at thesgé levéls NaCl was found not to be preferentially -lost
from.condenséd NasSOy..

In simplé oxidation the effect of NaCl{g) on B-1900 was found to be similar
to that obSérVéd.for NiAl, i.e., a-A1203 crystals were depositéd on the surface
of the protective oxide. Frequeritly régiloms extensively depleted of "‘gamms .
prineé (N13Al) precipitates were observéd in the substrate., Additionally, sub-
strateé misrostructures andlogous to-thosé found in the Na,SO)~induced hot
corrosion of this alloy - except for the obvious abséncé of sulfidé precipitates -
wéré produced. '
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Study of thé Effécts of Gaseous Environments
on Sulfidation Attack of Supéralloys

I. INTRODUCTION

The families of alloys déveloped for usé in. the gas turbiné engine are
emong the strongest and most oxidation resistant structural materials designed .
for use at elevated temperatures. The desire for .more efficiént engines re-
quired higher and higher. gas turbine temperaturés which in.turn spurred the
developmént of the family of alloys: currently known as the nickel- and cobalt-
base supeéralloys. These_alloys are, with respeet to their melting poirn:, among
the strongest alloys knowi.

The. alloys developed for usé in gas turbines, upon. exposuré to air-at ele- -

vated temperatures, form .oxide.scalés enriched in chromium and/or aluminum,
However, simple-oxidation is not the only corrosion. problem eéncountered .-
in gas.turbine engines. Salt crystals preéseént in the intake air .end

impurities present in the. fuels.can combine within the gas turbine conmbustor

to fornm minuté quantities of .corrosive salts which can deéposit onto.turbine
comporients.. Theseé fused alkali salts incréase the raté of. metal wastage orders

of magnitude, Although protective coatings have been devéloped to.extend the ..

life -of turbine components, in the presencé of thesé alkali.salts, the coatings
all too sodori are defeated and the substrates corroded.

The attack of gas turbine componénts. by fused salte is.commonly refeérred
to as hot corrosion. The attack associated with the presence of .fused sulfates
is éommonly réferred to as sulfidation attack. The term "sulfidation attack"
is based upon the obgervation that .sulfur-rich precipitates are metallo=-
grapliically observed in thé microstructures of corroded comperents.

The sulfidation phenorernon has beéen interisgively &tudied .for more .than .a
decade, and it is realized that.a solution $6. thé. sulfidation problem reéquires
& basic understanding of thé corrosion mechanism(s) 8o that. appropriate corrécs
tive setion can be takén., It is important to &lso realizé that, based upon
currént knowledgé, the sulfidation problem currently éncountéred will be a major
problén for machines using coal-derived synthetic fuel oils and gases beécause

corrodénts are formled from natlirally occurring impurities in.thé codl. Further--

more, thése impurities are not readily réfiovéd by current processihg techniques.,
Corrosivé compounds that. are likely to be found in the hot gection of turbines
opérating in marinc and industrial environments includé Na,80,, NaCl as well as
lNaOH ahd HC1.
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Condeénsed NaCl, either .alone or in mixtures containing NaossQy,
has. been known for. many years to be highly corrosiveé. with.reéespect to struc-
tural alloys. Similarly, high activitises of NaOH and HC1 are very aggréssive -
speécies for metallic materials., However the éeffect of NaCl, HC1l, NaOH vapors and .
similar vapor speciés idéntified within the gaseous turbine environment i& not
knownt, Accordingly, little ‘effort has.been expended until reélatively recentliy -
to determine if any interaction exists"bétween,IOW'activity gaseous corrodénts
and meétallic substrates and to adequately charadterize such interactions,

The critiéal step in the corrosion.phenomensn, sulfidation attack, is-the.
déstruction of the normally protective oxide layer which &éparates the fused salt
from the .substrate, In Jaboratory tests. it has beéén shown that oné meéans .by which
the normally protective layer is rendered .ineffectual is by dissolutién of .the..
oxide as.a result of interaction bétween the scale and oxideé ions présént in the
melt, Other means by -which the normally protective scale can be compromised are
(a) local reducing conditions, (b) mechanical ercsion, (c) mechanical faults
accorpanying oxide growth, (d) thermal stresseés, (e) superimposed.operating
stresses and (f) mechanical disruption resulting from chemical reactions.

An understanding of thé meéchanisms by which the normally protective.scales.
are renderéd inéffectual is a preérequisité.for the attenuation.of and/or. pré-
vention of sulfidation corrosion. The.mechanism which relates to scale bréak-
down.as. a .résult of .chémical reactions with various.cheémical species, &,g., NaCl
HC1, NaOH, present in the gas phase has received 1little.attention and is little
understood even though it.is potentially as important as .any othér meéchanism, .
Hence, the thrust of this work is dirécted toward.undérstanding the mechanism(a)
by which the protection normally afforded ty alumina and. chromia scalés is come
promised .as a result of cheémical reactions involving reactants present in the

*

&d4s phase,

This work was supported by the. NASA-Lewis Resedrch.Center. under Contract
No. NAS3-20039: Mr, Carl Stearns,NASA Project Manager. .
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II. . BACKGROUND .

A. Oxidation.

The strength of the nickel-basé. supéralldys is due primarily to.the presence-
of the garma primé (y') phase whoseé nominal composition is NigAl.  But in
reality NigAl is alloyed prineipdlly with titanium and.also contains' various
pércentages of cobalt, chromium and the réfractory métals preésént.in the super-
alloy. On the other hand, ¢cobalt-based alloys aré primarily strengthened by _
§0lid solution eleéments and precipitated secondary phases, usudlly carbides.
Major solid solution strengthéners in the .tobalt systén areé. ¢hromium and tungsten,

Frequently, the déscription of oxide phases forming on such supéralloy substrates .

at elevated temperatures is overly simplified.. Thusly, the nickel- and cobalt-. -
based superalloys aré labeled "alumina-"- and "chromia-formers", respectively,
Howéver in actudality a panorams of ‘different oxide phases tan form on both.the .
nickel- and cobalt-based alloys. The exact oxide-$cales formed will depend on

& nuiber of factors, e.g., alloy composition, the composition of the oxidizing
atmospliere, thé time at temperatwre in. this atmosphere, ete. (Ref, 1),

Thér&_are many factors which can afféct the adhesion.of oxides to dlloy sub-
strates of which mechanical faults accompanying oxide growth, mechanical erosion
and superimposed opérating stresses are just a few, . It has been shown that, in
the presence of tracé quantities.of rare-éarth additions, the adherence of _ .
alumina scales is markedly improved. The présence of .inért. oxides such as.

thoria markedly improvés the oxidation.behavior of certain nickel and nickel-
chromium alloys,

B. Hot Corrosion

1. History

Sulfidation is. definéd as the accélératéd raté of oxidation of materials
which occurs when an alkali .salt is present in thé condensed state., The. compo- -
sition of "salt.is a variable but thé major constitueént is. usually an alkali
sulfate. . The attack is characterizéd by thée preséncé of a loosé, rionprotéctive:
oxidé scale separateéd from a sub3traté matrix by an alloy affécted zoné con-
taining sulfurarich precipitates.

W E"‘ﬂ oy




one of the first sulfidation. mecharisms was proposed by Simons, Browning
ggging-agent,g.,reacted.

and. Liebhafsky (Ref. 2).  According to these authors a ré
with the sodium sulfaté to release sulfur,

Nep S0, + 3R > NepO 3RO + S (1)
and the metal or component of the alloy M reacted with the sulfur,
M 4S5 +M. . (2).
Phe "destruction resctions" which subsequently oecur “are
NagSOy + 3M5 » 4S + 3MO.+ Nap0 (3).
LM + LS > LMS. (W) .
and finally enhanced oxidation occurs via
oM + 2MS - 2MeMS’ (5)
(6)

DMeMS + Oy » 2MO +.2MS.

n, Eq. (1), eny 10calized reduting

vyriggering" reactio
ted that.in ges turbiné éngines’

Dean. (Ref. 3) indice
be the redueing agent, 1.€.,

- With respect.to the
condition will suffice.
carpon_ particles could

2NasS0y + 6C + 30p ¥ N80 * 6C0,+ 2S.. (7

azsoheéoatéd'nickel-base

{dation behavior of N
1 to form nickel sulfide,

Gambino (Ref. 1) studied the ox
t& with the nicke

alloys end proposed thet the NaypSOy reéac

lia,S0, + 9/2Ni - N0 + 3N10 + 1/2Ni383. . (8)
Oxygén penétrateés the molten salt layer end reacts with the sulfide,
/20, + NigSy ~ 3Ni0¥ 2503, (9)
The S03 formed reacts with the Ney0 to regenératé- the sodium gulfate
(20).

lNa,0 + 503 + N&yS0,..

. on el .




Seyvolt and Beltran (Ref., 5) studied thé oxidation of nickel end cobalt in
la; SO, and modified the theory of Simons. et al,, such that the reducing agent. and
theé alloy substrate. are -one and the samé, It was latér proposed ty-Seybolt
(Ref, 6) that the accelerated rates of oxidation. of commércial superalloys were b
due to a loss of oxidation inhibition by chromium-deplétion through formation -
of chremium-rich sulfide precipitates, '

, . [
The effect of sulfur on the oxidation of & number of binary and complex . L

nickel- and cobalt-base alloys has been studied by many invéstigators (Refs. - ‘ 1
7, 8, 9, and 10). In general, the.oxidation resistance of simple Oor complex. il !
MxSy phases.is markedly inferior to. that of the. parent .substrate ealthough,as i {
shown by Seybolt,the rate of oxidation of "CrS"'is comparablé to that of ¢hromiuz.

St The forration of a liquid sulfide layér would adversely afféct.the oxidation prop- . fi

']“ erties of an allcy as would the géneration of SO, at a scale-substraté. interface. B

i The obsérvation that,onceé sulfur has. entered into. an alloy, its. removal is dif- ¢%

ficult has béeén made by Bergman (Ref. 11) as well as by Spenglér and Viswanathan
(Ref. 12). But in order for sulfur to énter the alloy at any appreciatle raté L |
the .normally protective oxide scale which separateées the fused salt from the sub-
strate mugt be rendered ineffectual, e e ii

ot aililn . .

DeCréscenté. and Bornstein (Ref, 13) presented thermodynamic arguments.and. —
éxperimentally demonstrated that in .order for sulfidation attack to occur, & .
fused salt.must be present in thé condenséd state. Thusly,. condénsed Ne,SO, -
caused mccelerated oxidation of a .nickel-base. superalloy while gaseous mix-
tures of NS0, and air aré relatively harmless, b

x| In & séries of publications, Bornstein et al. proposéd (Refs. 1L, 15, 16
and 17). that the accelérated rate of.oxidation associated with sulfidation -

b 3 it o SO e ik o sbemia s e h

attack is not relateéd to the.preferential oxidation of-eithér sulfur-rich phases . [

or the alloy affected zone but ratheér is dué to thé inability of the alloy to . '

form a protective oxide scalé due to thé présencé of oxide ions in thé NaySO, : :
o H

melt. Goebél and Pettit' (Ref..18) confirmed that the products of the reaction . i
between the normally protective oxide scale &and oxide ipns is nonprotéctive.

Brown, Bornstein and DéCrescente. (Ref, 19) devised and constructéd .a re- i 1
versible galvanic cell with which they wére ablé to demonstrate the. effect of
verious oxides on the oxide ion contént.of sodiunm sulfaté, They uséd Na,S0, as - v
the eléctrolyte and derionstrated that the céll was reversible to oxide ions and- . (
oxygeén., Théy then demonstrated that oxides such &8 Crp03 react with and reduce
the oxidé ion contént of sodium sulfate,

I e e A S
. R . .

Theé rélative ability of various oxides to reducé the oxide ion content of - ! -i
Na,50, can &lso bé calculated if thé availablé thermodynamic data aré available, o
This teehniqué uses thé calculated eéquilibrium SO3 pertidl préssure ovér a mix- b e
tire of thée salt and oxidée in question as & measure of thé ability of the oxide = |
to reduce the oxidé ion content of NaSOg. {T : ‘}
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2, Déposition Mechanisms

The lighter hydrocarbons distill and turn leaving heavier hydrocartons which
¢rack to forrm viscous tar-like.material and subsequently carton, which upon
complete combustion oxidizes. to carten dioxide (Ref-, . 20), Fuel-sclutle metallic
impurities présent. in the fuel aré not very volatile-and tend tc-concentrate. in
tke unburnt portion of ‘the fuel,. Thus, the concentraticn.of the utwanted cor-
rogive ferming impurities in .the-transiént comtustion product, the.fuel char,
can be several orders. of magrnitude greateér than the initial concentraticn cf.
the impurity in the starting fuel. The carbonaceoud tars whick can accumulate
within areas in the combuitors can furtheér carbonize to hard. particles which
strike the leading.edge and. concave surfaces of the first stage nozzle gulde
vanes, .If the temperature is such that .the particles are.highly viscous flulds
or plastic solids, théy could adhere to turtine componénts forming corrosive
derosits.

Alkali metal compounds can alsc enter into.a gas turbtine engine as par=-
tidul.dte matter with.the intake air.. Under these conditions, such turbines
will continually- ingest [iaCl as = contaminant of both .the atmosphere and the
fuel (Refs, 21, 22). Several ppn of Hall may te ingested into naval turtinec
operating in foul weather (Refsz, 21, _22).

Bessen and Fryxell have shown turtines to be effective separators.of the
chloride and.sulfate components of sea salt (Ref., 23). Théy réported constant
levels of 1ia»50,,0.1 mg/cmz, preseént.on all stages of the compressor of an Li-
2505 éngine wnich had been operated for over T000 hours. NaCl, on the other
hand, was found to vary from 0.1 mg/em~ at the first stage of compressor to
0.00. mg/em? at the seventh stage. After this stage and through the sixteenth
stage, no meaningful chloride levels were detécted, i.e., less than 0.01 ngcmz.
Furtheérmore . their survevs of the high pressure turbine components from sevéral
engines failed to reveanl the presénce of any condeéenséd chlorides., Then, as shown
by Bescsen. and Fryxell (Fkef. 23), the sodium chloride component of séa salt Iis
not preferentially removed from ingested seéa salt crystals and sélectively de=
pocited as a condensed. phase on. tutrtine hardware surfaces ahead of comtuster
sections, . Therefore, hot.section atmospheres in gés. turtines will continually
contain low partial pressures of chloridesbearing species,

Another mode of atmospherie laCl ingeéstion into hot turbine secticns in-
volves the random breaking off of cohdensed salts from compressor seéctions

PRy

(kef..21), Ageain, depending upon compressor location, the particle will have

a cohposition ranging from dried sea salt to virtually NaCl-void sea salt,
Furthermore, depending. on the size-and the chemical composition of” such par=-
ticlés, they may not totally vaporizé in the combustion chamber and sco can
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impact.on the high pressureé blades and vanes (Ref, 22). When.particles originate
from the latter stages of the dcmpreéssor, they will have the same composition as
the salt deposits found on high preéssuré turbine hardware., On the other hand,
particulate matter from thé first stages of the compressor involves NaCl- -
containing metérial but the. description of the role .of the NaCl in such particle:
is.difficult, The high vapor.pressure of NaCl, e.g., 0.35 torr at 800°C, would .
be expected to lcad to its rapid removal.from condénsed .particles (Ref, .2L),
thus actounting for thé virtual absence of chlorides in deposits found on herd-
ware surfaces, i.e., 0.01 mg/cm® (Ref. 23).  _
Once NaCl has entered thé combustion chambér of & gas turbine via either
the gas phasé or condenseéd onto partic¢ulate matter.shed by the compressor, the .
role of NaCl has been controversial, Specifically, questions have.arisen in
the past as to whether sufficient time.(5-10 millisec) exists in gas turbine
combustion chambers for the conversion of NaCl_to NasSO0y:

Hacl(e,g) + H,0(g) - NaOH(c,g) + HCL(g)* , (11)

2NaOH(c,g). + 80,(g) +:1/2 0,(g) ~ Neps0y(c,g) + Hy0(g) Q2

However, slthough theé détailed mechanism for the.corversion of.NaCl(g) to.
Na,S0,(c,g) has not been worked out, Stearns et al, have demonstrated that.
Na3S04(g) can be formed in NaCl-sulfur-doped methaneé-oxygen flames-in residence ...
times of less than.l millisecond (Ref. 25). Large amounts of unreacted NaCl(g)
were also observed in the oxygen-rich flames (Ref. 25). Expanding on this work,
results of.burner rig studies recently reported by Kohl et al, (Ref. 26) have.
shown that significant amounts of NaCl.can be converted by NapS80, in léss than.2.2
millisecénds, Earlier, Hanby had conductéd a series. 6f expériments to deter-
mine if the kinetics of the Na,S0, reaction is.sufficiently rapid under ges
burnér conditions to contributé to theé hot corrosion process. in high pressuré
turbine seetions-(Ref. 27). He concluded. that (1) the 8 milli.ee required. to.
form NasS0, was too slow.to be a significant contribution to the hot corrésion
process and (2) at 1500°K the equilibrium composition.of sodium salts in com-
bustion products contains 8,5 persent NaySOy and, since sed 3alt already con-
tains 10 percent NaSO4, the gases at elevat&d temperatures aré already saturated
with Na,S0y. However, Stearns et al, (Ref. 25) have concluded that Nas80u(g) i3
riot. éxpected to form.under the conditions  employed.by Harby. Morecver, the éx-
tent to which Na,S0y is produced in & gas turbine by théseé reactions, cf, ..

Egs.. (11) and.(12), could bé influénced by hardware géometry, i.e., combustor
design. (Ref. .28),

¥In. this repcrt the bracketed c inplies the. phase is présént in the condensed
staté, eéither solid or liquid, The brackéted g similarly réfers to the gaseous
state.
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Accordingly, dépending on the extént tc which ingested NaCl Is involved in
the conversion of sulfur.to NesSOy, when iheé partial pressure of NazSO, .in turs
bine hot setctions is sufficiently large, NasSO, will ¢ondense onto turbuae .
hardware surfaces, DeCréscente et al, (Ref, 13) have published a dew point.curve. .
of Na,SOy as & function 6f NaCl concentration and vapdr pressure data then ..
available. (Refs, 29, 30). Similay sets of curves hHave been published by Bessen
and Fryxell (Ref. 23), Tschinkel (Ref. 31) and Kohl et al. (Ref, 32).

Howéver, irrespective 6f whéther ingested NaCl is totally or partially con-
vertéd to NayS0, in gas turbines, in the absence.of an unidentified chloride

‘sink (Ref. 23), gas turbine hot séctions will bé.éxposed to atmospheres con-

taining low partial pressurés of chloride-bearing species, é.g. NaCl, HCl, etc.
Moreover, as pointéd out by Stearns et al. (Ref. 25) and by Kohl et al. (Ref.

- 32), gaseous NaCl is_expeécted to te a major sodium-bearing vapor species in

turbine hot sections based on thermodynamic calculations.

3. Meéchanisms of 8Scale Breakdown

It is appareént that in order for sulfidation or acceélerated.attack to .occur,
the integrity of the rormally protective oxide.scalé which separatés the corro-
sive salt from the metallic substrate must .be compromised,. This ten be accom-
plished by a numbér of methods, somé of which areé: (a) chemical dissolution,

(b) locel reducing conditions, (c) mechanical erosion, (d) mechanical faults
within the scele-as .well as the effect .Of thermal stresses and superimposed
operating strésses and (e) mechanical disruption resulting from chemical reactions.

' The role. of &tréss in predicting oxidation behavior was first studied by-
Pilling end Bedworth (Réf. 33) who propesed that .oxidation resistance should bé
rélateéd to the volumeé ratio of oxide and metal; i.e.,

R = Wa/Dv . (13)
where W = formule.weight of oxide
w = atémic weight of meétal
D = gpecific. density of oxide
d = 8pecific density of metal
R & the ratio of the volume of oxide forméd from a wnit volume o6f metal.

Ideally for a stress-frée oxidé the valué of R should be unity. Values of
R much gréatér than unity tend to introduceé large compressive strésseés and for
values. léss than unity the stresses are tensile. The Pilling-Bedworth ratio is
at best a poor iméthod for predicting oxidation behavior since it does rot take
into account the differénces in ¢oefficient of thermal expansion, melting point,
adherénce, plasticity end diffusion rates. However, thé work of ‘Pilling and.
Bédworth clearly defionstrated the importance of stress in oxidation.
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The effedt of stress as it .relates to oxidetion and corrosion has.been
studied by Hancoek and his assotiates, é.g8., Ref..34. It has been shown that

the rate of isothermal oxidation is déependent upon the mecharical properties
of ‘a growing scale;and most recently it was. shown by Ward, Hockenhull and .
Hancoék (Ref, 34) that,under fatigue conditions, stréss-accelerated oxidation

occurs when the peak cyclic tensile-strain exceeds.the fracture strain of the
surface oxide,. . Current studies at Cranfield . are directed .at studying the. re-
lationships.bgtwéen.acéelerated oxidation and stresses either imposéd by dif-
ferences in coefficients of thermal éxpansion or supérimposed as a result of -
component operation,as well as stresses due to mechanical .faults presént in.the

growing scale. In these studies a.vibrational technique is used which measures.
- wr—--——the patural flexural resorance. frequency of a freely suspendéd .rod during high

temperaturé exposure, It has-been shown that this technique as.well as tne..
standard theérmogravimetric technique c¢en be uszed. to verify ¢hanges that occur .
during oxidation as a result of craeking or spallation of the oxide scale,

The général environment within the gas turbine engineé. is highly oxidizing;
however it is possible, under certain engine ¢onditions, to.produce unburnt
hydrocarbons and deposit elemental. carbon onto turbine components. The total
inlet aireto-fuel‘ratiO’of gdvanced gad turbinés .is on the order of about .50-.
60 to 1 by weight, . However .a large fraction. of this compressor air is used
for cosling. The atmosphére within combustor-first stage turbine sections can
be described by air-to-fuel ratios of about 20-30 to 1 by weight,. It is known
that the curreat.fuels burn éfficiently at a ratié .of ‘about 16 to 1. . During
start-up or-shut-down it is possible, as a result of local perturbations, to

produce fuél-rich mixturés.which result in..the formation of .uriburnt. hydrocarbons

and elemerital .carbon in combustion and first stage turbine sections..

Bornstein. (Ref. 35), in a recent study of the deposits that form on indus-

trial gas turbines, found that more than 6000 mg of insoluble matter cen adhere

t6 & first stage vane, .The vanes in question were removed from an industrial
ges turbine engine after -approximately 500 hrs of service, Of the total

quantity of irsélublé matter, approximately 0,045 pereent or 2.7 mg was ana-.
lyzed es carbonaceous material, . e

Elemental carbon, & stréng reducing agent, can possibly directly affect

protuctive setale breakdown, McKee end Romed (Ref. 36) have shown that the .dwell
time. for the existencé of carbor on a metal substrate under oxidizing éonditions-

is d’rectly related to the type of carbon that forms. . The fine sooty carbon
that appears.as lamp black or carbor black is more readily oxidized than theé
erystalline graphitic types.
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Carbon. is frequently présent within alloys in the form of carbides.for.

strengthening purposes, This is particularly true in the case of cobalt-based”

alloys. The role of" carbides with respect to Nes80,. attack Has been studied.
by, both Romeo.and McKeé (Kef. 37) and El-Dahshan et al. (Ref. 38) and the

letter concluded that carbides within the structures dd not markedly influéncé

the hot éorrosion propertiés of the alloy whén considering only NaySO, attack,
Hawever, when .condénsed chlorides are preésent, the carbide network is severely
attacked.

The normally protective scale that separates the metallic_substrate from
the hostile.gas. turbine environment can. also bé compromised as a result of.
chemical dissolution resulting from condensed salt effects. This mechanism is
also referred to.as the oxide ion thesry of sulfidation, The salt can be de-
posited via an equilibrium process. (i.e., condeénsation) or a nénequilibrium
process (i.e., impaction).. In either case a préréquisite i5 the presence of a
condenséd salt. Initially the salt is séparated from thé Substrate by the.

normally protective oxide scale, If reactions are to odccur between the sub- - - -

strate and the salt, thé norrally protéctive oxide scalé must be rendered
ineffectual,

According to the oxide-ion theory of corrésion, the fused salt can bve
thought of as an ionized melt consisting of .sodium ions and sulfate iéns, The
¢oncentration of .oxide iones is_established by the équilibria:

80p (o) 2 S03(g) + 0%(c) (1)
50, (c) 2 80z (g) +2/2 0,(g) + 0%(e). . (25).

The. logs of the oxides of sulfur correéesponds to an increasé in the oxide ion
¢ontent of the melt, In & similar manner the diffusion of sulfur through the

gcale results in en inéreasé in oxide ion céncéntration.

NDxide ions presént in the mélt réact with the normally protective oxide
scale, A produet of the reéaction. for alumina-rich 3scalé is aluminate, i.e., .

A1;05(c) + 0%(c). =+ 2A105(c), (16)

which has been éxpérimentally identifiéd as NaAlO, by x-ray diffraction tech- .
niques (Ref. 15). —

Orce the.scale has béén.eompromiséd.the fused salt can contact the subs .
gtrate, . The substraté-is a réducing agént with respéct to thé salt, At the

salt~substraté. interface, the oxygen potértial will décreasé rapidly dué to the

formation of oxide fiucléi and concdurréntly thé sulfur potentiel will incréase,
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The. precipitation. of sulfides reduces the sulfur potential. AS a. result .of the -
decrease in .the oxygen and sulfur potentials, the oxide_ion content of -the_melt

then rises rapidly, i.€ay,

so(e) » 3 0,(8) + 1/2.83(g) + (&N (27)

R
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The relatively high oxide ion content prevents reformation of a protective.

oxide s¢ale which would tend to form as oxygen diffuses through the salt to.
the substraté~salt interfaceé.

During the corrosion process in which: sulfur had. entered into the sub- - {1

strate, microstruétural changes in the-alloy-will,OGCun; A study of the micro- . ‘

structural changes that oceur as a furction of.the rate of oxidation of &

nickel-base supe:alloy has been performed (Ref. 16). The results of this work .. [1

indicate;tnat.whéreas.ihe most rapid rates of oxidatién oceur shortly after the. ,

h the.substrate, the mierostructural changes associated 1
at oxidation and movement of !}

N Y

fused salt reacts wit
with sulfidation atteck aré related to the subséque

sulfur into the alloy.

T e

In the past empirical relationships have béen formulated in which the pro=
pensity of an alloy to undergo sulfidation attack is related to an "equivalent" 3
The effect of various alloying ¢lements wes rated as. nega-
tive (detrimental), positive (veneficial) or neutral (Ref. 39). Based upor the
oxide ion theorysthe éffect of the various elementé 18 dependent upon the. nature
gle that forms on theé surface of the alloy.

chromium cornternt.

,.
£,

- 1278 25 ]
NP,

e e e e e e o

and compesition of the oxide sc

The relative atility of various oxides to reduce the oxide ion content of
Na;80, can also be calculated if the available thermodynamic data are aveil-- 1
ble. Thig technique usés the. caléulated eqpilibriuﬂ.SOg partial.préSSuré over. L‘
a mixture of the salt and sxide in question as.a measure of the ability of theé
oxide to reduce the oxide jon content of NapSOy._.

According to this theory,the rolé of the refractory metals in sulfidation.
attack involves the ability of their oxides to6.react with and decrease the oxide .
jon content of sodium.sulfaté, Morrovw et al. (Ref..4o) studied the effect of
molybdeﬁuﬁ"oﬁ.thé&éulfidatibﬁ behavior of a series of Ni-Cr-Al alleys. They
fourid that in genéral, as the molybdenum.ébnteﬁt;ofvthe glloy increased, the pro=
pensity tdwardlsul?idation'décreased. gimilar results have been reported for.
tfansition.métalbreffactory'metal binary-ailoyé-caated.vith Ne, SO, (Ref..16)..-
Gambifio (Ref. 41) noted that the rate of oxidation of a sodium sulfate-coated.
lit-Cr=Mo alloy oxidizéd at an accelérated rate dbut the same alloy free of salt

under went patastropic oxidation.
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proposed that-the introduction.

oxide. scale rémoval,

jnterface (Ref. 16).
petdl .ofide which formd.on the

solution in the vielnity
witl: the oxide-scale,

for ip those moddls, .o

undervent "catastrophie axidatien".

céntent of the NazS0, melt 1o a
dissolves by an acidie reaction:.

part Sulridation registanceé ¢an be
the relative conccitration (aetivity
in simple oxidati

appreciable qpuﬂﬁitiés.éf the e

pave any effect on Nepfoy-induced

goevel.et al. (Ref. ha), studying the effect .of Na.50, on various Ni=Cr-Al
alloys with und“witHOut.mblyhﬁenum.écncludea that theé alloys. free of. mblyb=- -
denum undervent "accelerated oxidation" ‘but these which pontained. molybdenun .
Baged upon the presulta. of their &tudy, they

of exides Such.as molybdenum cafl lower the oxide -

Al303(c) »2m¥3(e) + 30 (e). |

gurfacé

suffioiently low lével such that the dxide scale

(18)

This thedry provides an alteriate medhanism to the . bvasic attack ror: protective
Accdrdingly: the apility of the refractory metals to.ime.
interpreted via this madel: td .depénd uporn

) of . the-oxiae ion at.the fuzed melt-alloy
on the quantity. of 1iguid refractory

{a& either insurficient to digsolve .

rmally protective sealé and/or.is volatilized.
Under & blanket of.Na 804 volatilization ip reduced,  Initial oxide scale dig-
of the refractory metal oxide sedurg by direet reaction

..

of particular noto horsd io that gasoous corrodaoiits such.as Nacl, if thoy
ot co¥rosion prodesges, are not- accounted

.chowd that céndended Nacl .or NaCle .

Intangive siork by many. investigdtors hag

ugifig a vibrational teéchiique, ¥

Hancock supplied ne quantitative experin
jevels of Nacl(g) in the atmospheré: required te
effeet nanifests {toedf micrestructuraldy.

complex seale formation, €.8. Réf. 1. Fryburg,
the alloy campositioﬂﬂ.éXHmiﬁéd'Byfﬂnﬂcbék.(Réf
heterogenéaus oxide gealin dre forneds

Accordingly . the work poported. hore is con
Nacl, HCL and _Naol s thiy arfect the oxfdition
pohiivior of NiAl, an Aluming forery and Ni=2b

13

- Nﬁasoh,ﬁixtuxes.aré-VGry_carrosivé.\Rafs. 28, hi-ng),

tootive -oxide adheérence on various high temperature superalloyd (Ref, o).
efital information concerning either thie

Rut

effect thiis result or how thl8

Furthermore, oxidation studies involving supéralleys lave normally - shown

Kohl and Stecamid. (Ref, Gl ) have

cxamined .the oxide .gedlés round on a.number of alloys some of .whiich approxifate
. he), and tiey report that
Thue the condition under which Nacl(g)
gdversely afrects variods protéetive sealen {g not well characteriséd.

corned with the ettéet of ghstois

cand Na, 8y =induded hot- corresicn
wi-% 1y u chromia formers .
Gpecificnlly, the inferactions betwéen tlic. gascous spredln Nadl, HC1 and NaoH-

; Most importaitly, Hancock,
cported that gaseous NaCl adveérsely erfeete pro-
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alone and in the presence of .the céndensed phases Na,S50,, carbon.and Cr,0; were
studied, The program was divided into three tasks.. The .goals of "each of the-
tasks are an understanding of (1) the effect of gaseous NaCl, NaOH and HC1 on.
the alumina and chromia.scalés. formed on Ni-25.wt % Cr and NiAl substrates, (2)
the effect.of gaseous NaCl, NaOH.and HCl on the sulfidation behavioyr of Na;SO,-
coated substrates, and (3) the combined effect of gaseous NaCl, NaOH and HCl on
the sulfidation behavior bf:NaQSOu-éoatéd substrates in the presente of a Strong
reducing agent, carbon, and a known sulfidation inhiditor, .Crz03. L

Questions arose in the ¢ourse of this study as to whether certain effects
involving the Ni-25 wt & Cr alloy resulted. from alloy -effects (i,e., the nickél..
compdnent . of the alloy) or were intrinsically the result of theé. behavior of’
chromia itself. . A limited numbter of experiménts with elemental .chromium clarie. .
fied thosé unéértainties.. Additionally, in order to detérmine if the éffects
of NaCl(g) or the oxidation behavior of the chemically simplé alumina former.
NiAl could also ocecur in the casée of more complex superalloys, & few experi«
mente_wore conducted with the complex superalloy B-1900.
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[] ) 111, EXPERIMENTAL APPROACH

A. Materials

The alloys studied .were Ni-25 (wt %) Cr and.the jntermetallic- NiAl. . Ingots
of ‘these two alloys were prepared.by,RF.melting the desired nominal. "
compositions. in. an argon atmospheré and. pouring the melt .into. an .alumina mold.. o
The ingots weré then appropriately heat treated. in a hydrogen atmosphere: two . e
[}, _ days at 1100°¢ for the Ni-25 Cr, and two days at 1350°C for the NiAl. Sub- 3

: sequently, septionsvof,theSe:annealed ingots were submitted for .chemical analysis
and the Ni-25 Cr was found to contain s4.95 + 0.05 wt % Cr. The NiAl wes found.
E% to contain 31.06 + 0,09 wt % Al. , N O

The elemertal chromium used. was of LN+ purity and was supplied by Mr. C. A.

E]- Stearns, NASA-Lewis Research Center. Energy-dispersive x-rey (EDAX) analysis of .

this materisl. indicated trace levels of Ce present in the-chromium. This’ 11

, caleium.likely derived from the refining process uséd to prepare and purify o
Ea the elemental chromium. ' §

3

For all expériments samplé specimens approximately 2.5 ¢em X 1.0 em x.0.2 cm o
were prepared and ground to 600 gritv $iC. A Pt wire was then spot welded on one. L
end for sample support. .The samples, prior to. insertion inté the experinental L
apparatus, wére washed and degreased, the final ringe given with absolute y:’
ethanol. | N ‘

The air used in the expériments was taken from the laboratory gervice strip.
[], The watér contént of this alr was brought. to e constant level by- passage over.
anhydrous. ¢aleium sulfate (Drierite). The gas flow rate for all the experiménts
[] vas 300 sce/min snd the flow veloeity was 0.18 crit/sec.

Thé HCl. gas. was purchaged commeréially as primary standard HCl-Nj ges mix-
turés. Thréee blénds wére obtained so that, when they weré each mixed with eir.at .
ratios of 1 to 9,they yielded slightly*nitregénérich_airratmoépheres with 10, =

128-and 1260 ppm (by wt) HC1.

|
fhe NaCl and Na SOy us€d . ifi this program were an ultrapure grade obtained from = _| j
Alfa~Véntron. Products.. The NaOH uséd was ACS électrolytic grade pelléts,obtainéd {

from. Fisher Scientific Co. The nominel chloridée lot gnalysis for thé NaOH pélléts -
[} wus 0.002 percént. In view of theé intérést hére in gaseous currodénts at low :
- levels .the concentrations of thé individual halide constituents of the NaOH and E
_ Na S0y were separately detérmined. .Thése pesults wre preséntéd in Table I.. E
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TABLE .1

INTRINSIC HALIDE COWTAMINATION OF STARTING MATERIALZ

| Compourid Halide Composition®
NaOH 2.2 3.3 6.7 0.78
Ne,SO, b.b 2.3 4.2 0.08
(Nﬁg)zcrou 6.6 — . T.3 L.5 0.19 ]

#Expressed in terms of ppm by weight as thé godium salt.

R TS AP

Lk amiess.

The estimated pocuracéies of thesé analyzed values 15 +20%.of the value.répofﬂed.

Hot corrosion éxperiments. were condusted with. sodium Sulfate—coated.specimens.
The deposits were aftected from gerosol gprays of aqueous_solutions.of-wa sd

onito preheated substrates. The. amount .of Bodium.Sulfate.déposited was . 2 o |
determined by weighing the sample bvefore and after the coating application .. IR
and was normally-about.l mg/cma. Occasioﬁally'hanLér deposits.wére axamined. }
Cr203 deposits wére,prepgréd by'thermal décomposition,of'ammonium chromaté P
obtained from Alfa-Ventron.. Thé conversion of.(NH@)QCrOQ to Cr,0, cccurred at the
beginning of an oxidation teat.as,thé.Sample heated up after ipsertion into the
furnace at the desired temperaturé. The halogen enalyses for thé.(NH“)ZCrOu_

ig 1listed in Table.l.q.The.ammonium chromate-sodium gulfate deposits were

effected from the aérosdl spraying of 8 single aqueous solution. The

rélative concentrations of the ammoniuni chromate- and sodium sulfate in the.
aqueous solution uséd was such that the deposit had a_relativé.compoéitIOﬂ of .

two parts (NH,),Cro, to one part Ne,SO, bBY weight.. This was the -only. composition
of the sodium eyl fate-ammonium chromate mixture used here.  The carbon

coatings applied heré were prepared by, spraying the_sarmples with Aérodag G .
obtained frofi the Achéson Colloids Co., Port Huron, Michigan. This product o
is composed of i cron-sizéd pyfolytic graphité-suspénded in isopropyl alcohol .Www"{\ E
and is packagéd in an aeroscl.spray dispenser. When btoth carbon aﬁd.Nazsoh ‘
déposits wereé examined, thé carvon was applied.fifst to the desired levél,
and then the NazSOy coating was applied ds described earliers The amount of |
the deposit, 1.€¢s Na_ S0 s (NH“)ZCrO -Na.SOu, carbon. &nd Nazsou-carbon, used in

eich éXpériméht éré-appropriatély 1 sté% in each figure. In the casé of.

arifioni wi chromate-sodium sulfate fixtures,only the total amount -of —theé deposit _ x‘
{g listed: :

A
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B. Experimental Procedures

All oxidation eéxperimeénts were condueted using: an Ainsworth type RV-AU-1.
balence whieh is readable to.0.01.mg and reproducible to + 0.03 mg. The specimens
were. introduced into & quartz tube. (2.5 in. OD) which was within e heatéd .
furnace.. The témpérature inside the threé zone Marshall furnacé was maintained
+ 5°C by a Leeds and Northrup proportional controller series €0, o

The NaCl vapors werée generated from condensed NaCl in & platinum crucible
fixtured to a movablé pedéstal in.the oxidation. tube. The témperature. of the.
erucible was measuréd by & thermocouple fixtured into.a quartz.tube. and lying
immediately adjacent to the Naclecontaining'platinum.crueible, -

The data of Ewing and Stern (Ref. 2h) was used to celculate NaCl vapor
préssures and gas phase compositions.. Thus the temperaturés.of the .NaCl=
containing Pt crucibleé and the "anticipated" nominal. gas. phase compositions -
used here were .802°C - 1000 ppm, 7109¢C - 100 ppm, 630° - 10 ppm and
5669C. - 1 ppm. However, recognizing that equilibrium mey not have.been.eéstablished
petween NaCl in the condersed and .vapor states, the actual NaCl partial. pressure

was deétermined from the difference in weights of platinun crucible before .and ...

after éach experiment. From thase calculations, it was found that the empirical .
vapor préssures-were lower than those éxpected by a factor.of about 10 at the
thrée higher temperatures used-here, i.e., 802°¢, 630°C and 710°C. However,

good agreement was.observed.ax.the-lowést.températuré,_566°Ch Accordingly;,. the
empirical (as opposeéd to theoretical) gas: phase compositions. for atmospheres.
involving NaCl vapor are herein cited. The weight change data for .sanplés. exposed
to NaCl vapors at concentrations shove 10 ppm were corrected for-condensation of:
NaCl onto the Pt suspension wire. . No correction was.made for samples oxidized in
atmospheres with NaCl.vapors at concentrations of léss than 10 ppm, nor weére.
corrections made to saipled exposed to NaOH or HCl vapors.

The NeOH vepors were similarly generated except that a silver .crucible
was used instead of the platinum. érucible.. At 800°C the useéful 1ifetime of the.
cruéiblé was limited by the differential solubility of silver. in NeOH with the .
ailver transporting from the hotter to the éocldér walls of thé cruecible.
Typically at thé end of 2L Hours, theé .silver walls.are frequently perforated néar
the surface of thé.meclteén NaOH.. No.such problems wére éncountéred. at thé lover
témpératures.. Additionally, with thé NaOH expeérinents, a tube.filled with
NaOH was insérted into the air line beforeé +he Drierite to rémove .COp from the
{nlét air. o

The thermodynamic data uséd to caleulaté. vapor- pressures for gaseous NaCH
and (NaOH), wére the JANAF tables (Ref. 61).  On the basis of this data, thé

- A7 .




following vapor preéssures and equilibrium gas Phase- compositions were calculated:

| P(K)

P _ P _ Vapor Presgsire Coneg,
(¥89¥) (IS¥% )z P* (torr) (effective Cone.) . L
. 3 NaOH** in ppm (by wt.)
SR
700 —9.07x10"7 - 1.10x10°7 1.02x10-6- 0.002k. [
800 7.19x1073 h.2kx1076 - 7.61x1078 - 0.16
900 . 2.0hx10"3- 9.16x10"5 2.13x10°3 L, 36. i
1000 2.85x10-2 * 9.86x10"H 2.95x10™2 T 58,9 L.
1100 . 2.39x1071 . 6.50x1073 2.46x1071 481,
.1 |
- |
#p = ¥ »
P = Praon * Fivacw), L-
*#Effective tonc. NaOH = cone. NaOH + 2 x cone. (NaOH), . Ve
L
Thus,. the témperatures and. "nominal" anticipated conteéntrations used- in. this i
study_are.727°C'-.58.9'ppm,”627°c'- L.36 ppm, and 527°% - 0.16 ppm.. No weight “J
change data for the NaOH was recorded. . This is due to. expe~imental
difficulties involved. in précisely weighing condensed NaOH in.an .air atmésphere . . [;
containing trace amounts of H,0 and CO;. On the basis of our previous.NaCl :

éxperience, the actual. NaOH partial préssures. are éxpected to bve low by
approximately an order of magnitude. Also, some of the NaOH vapors will be : !"
lost by-interaction with the quartz tube walls.. Accordingly, the actual .

NaQY partial pressures are likely considerably lower than theorétical values.

It should.be emphasized that the. oxidizing specimens were exposed to temp-
eraturés .much higher than.were seen by'thé.NaClaon.NaOH-éontaining crueibles.
Thus theré was no chaneé that .the .vaporizing NaCl or NaOH.had transported from .
the cooler crucibles to condénse onta the hotter oxidizing specimens. . !}

Subsequent to cxidation, selected. samples were examined. by eptical ;q‘
metallography, x-rey diffraction, scanning electron microscopy (SEM) and !
transmission electron microscopy téchniques. Chemical analyses. were frequently. . .
performed .in the course: of scanning electron microscopy.studies by ereérgy dis- 7;
persive xeray analysis téchniques (EDAX).
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1v. EXPERIMENTAL RESULTS A'D DISCUSSTM™

Tre results discussed in this séction are divided irito three catagories:

A. NiAl: An Alumina Former .
B. Ni-25 wt% Cr and Chromium:. Chromia Formers

C. B-1900: A Superalloy’

A. NiAl: An Alumine Former

1. Gaséous Studies,
a. Oxidation in_Air Alone

{. Thermogravimetric results

NiAl is a classical alumina former. _The.rate,of weight gain for NiAl
oxidized in pure air-at 900 and 1050°C is shown _in Figs. 1 and 2, respectively,
in excellent agreémént with the literature (Ref. 62).

ii, Métallographic résults

During*lOSOOC oxidation, an adhérent dense Al1,03 layer is formed, Fig. 3. _
Occasionally an area of the NiAl substrate can be seen where the Al;O03 layer
gpalled on cooling to room temperature, Fig..b. Such rupturing did not occur .
isothermally since the substrate would have attempted to reform a protéctive oxide
scale and no .indication of any such healing ~oxide scale was.observed.. Oxidized
samples of NiAl when examinéd by x-rxray diffraction techniques indicated only the
§-NiAl substraté bécause thé Alp03 scalé wes go.thin.

The sample oxidized in air at 900°C exhibited a micrastructuré.that appears
identical to that exhibited by the. samplé oxidized at 1050°C, Fig. 5.

b. Oxidation in Air with NaCifg)

i. Thérmegravimétric_résults

The thermogravimétric data for samples oxidized at 900 and 1050°C in
atiiosphérés containing approximatély 1<140 ppn NaCl is. é&lso. shown .n Figs. 1.and &,
réspectively. No.significant differences in the thériogravimetric data occur
between samples. éxposed. to pure air and .thosé exposéd to NaCl-containing air
atmospherés.. However, this does not mean that NaCl vapors are.innocuous. Thé .

effect of NaCl vapor on the wéight gein data.is further discusséd ih the following .

section.
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%’ The. microstructure of the safmple exposed.to 0.t) ppm Nall is. of particular N
o interest, Fine Al303 fibers have formed on the blackéned surfaces, Fig. 19 .
iﬁ L4 This effect suggests that the compact oxide spalléd at.température and that spallation- 1
4 occurréd long enough beéfsre the expeériment  was terminated to allaw for the Al- Oy
*»'g . fibreus growth to occur .there. Furthermore, examinstion of the btase or the ove: turned
i? LJ oxide in regions where AlxQ3 fibrous. grawths were not present.indlicated a.sub-
" atantidl.level of Poth sodium and chlorine at levels commendurdate with what.wur N
S obtained from the examination.of "an Nall standard, Fig. 20. This.is. the oniy rind
e W . of region where Na.and/or Cl hag beén Jdetected in NiAl samples oxidized. in Nullir _
ﬂ. ) bearing atmospheéres. The detection of Na and C1 on this type of .surface. was not 1
" ) Yimited to this izolated. area .of the spalled surface. This gnalysis war typical 1
L of numeérous separate.overturned oxide surfaces. Howevér, the appearance o Ns and {
ﬁl Cl only on this kind ef-surrface is cifficult to undsrstand. .Questions arige such
?f . as: 1) why it was obasrved. thére and not.on-the original surface of the oxidizing
a1y L samplé and.?) how.it could have survived any period of time at that site without .-
;L vapori“in .since at 2020 the partial pressure or-KaCl is approximately .7 rorr ]
O 3 (Ref..24)7 .Thus it:veem: possible that this sodiun and chlorine are ineorrorated,
f o at reduced activities, (but not nedessarily as NaCl) into the dense AL,y layer.
i . , ,
i It has been.shawh that, by decreasinrg the Nallig) level (le to Q.ul remd in
:gf.-_ the oxidizing atmosphere at S WO, o trend is noted. This trend relates. to bain
f% Al-Q3 whiskeér morphology . and the nature of igother®ual scale spallation By iuoreasing !
i { the NaCl “oncentratien, the number.of Al-03 fiders is increased-while thelr i
ﬁ_ J individusl size is decreased. Similarlly, isothermal scale spaligtion Is Jdeoreased !
i by 1ncreaszﬁg.the NaCl/lg) level in this range. J
i’ _].. . Experiments.were conducted to Jdetermine if the aluminum in the Al:Q; whisxers ]
reported here derived either from 4 rearrangement of the aurface Al:J0; st the goe- .
!} [ oxide surface or from alumiius at the metal-dxide interfuce., Both impure (u
i% S Coor's alufming crucible of ordinary commercial quality) and high purity deouse !
; (99-5-pér2ent from. Western Gold and Flatinum Co.) al“ﬂ*nq were exposed to bath pure ,m“”mwﬁj
a0 air and to air containing NaCl vapors. The-concentration of Nall was in the .
5 range.of 100-200 ppm, at & temperature of 1050V0 for b hour:. Subseguently totn
. sampleés were-examined by scunning eleectron microscopy . technigues In all cuarce, _
whiskérs were. not .oboserved, Fig. 2L . Thise. indicates that the uluminur' i
-4 sourcé for forming the Al:03 does. not lie at the sufface of the.oxidizings Nidl {
N coupons. The  Al.Qy whiskers are net forming simply in response to a drive to i
;i lower the free enérgy of the surface Al;0; layer:

" RS 1

N The inability to grow Al;03; whiskers on'Al,03 substrates under <he miid

[! experimentul conditiohs uséd.here is in full agreement  with literature reporis

r deseribing the preparation of such.whiskers where substantially higher
temperdtures ( ~1300°C) and fore ¥icorous atmospheres dre. required (Ket. vy,

L3
[,1
! . » o tads ‘s o . ; .
‘ Occasiondlly, & citation in the literature briefly mentions obuerving a few
Al>0y whiskers which formed ofr oxide scales in the course of an oxidation study,

|
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e.g., Kuenzly and Douglass (Ref. 64). However, becauseé such whisker growth is ..
N not céncommitantly associated with a large. differencé in the thermogravimetric y
- " “weight change data, tlielr. presénce has been largély ignored. _g B

. In the results.reporteg.herein. the representative oxide scale formed on theé ‘
' NiAl sample oxidizeéd &t.900 C in air has been previously described, Fig. 5. . RE
However, an isolated area of that semple indicated a very “localized growth.of . e
Al,03 whiskers about an imperfection in the dense oxide s¢ale, Fig. 22. The : ']
general dense oxide sc¢ale surface exhibited an EDAX pattern indicating a very {J i
Nigh aluminum level as .expected, with only trace amounts of nickel.. The. &
latter results perhaps from the electron beam sampling bélow the oxide into. H N
the substraté metal. Howevér, the ¢entral particlé in Fig. 22 exhibited a high ]
nickeél concentration. Since NaCl at trace sévels i.e., low ppm values, is

expected to be.found virtually evérywhere and on the basis of both the composition £y
of the central oxide particle and the régular disposition of. the Al,0, fibers . L;
around it, it msy be suggested that an alumiaum-rich vapor species formed.below

. the surface-of the compact oxide layér, Fig. 22, A certain amount of this chémical :
¥ spécies then exited the deénse Al;03 oxide layer at the impérféction sité. Once. § g
7"' in the ambient atmosphere, this molety then experienced unfavorable.thérmodynamic N i
e conditions and .decompbséd to yield AlyO3 in the form of the whiskers seen in Fig. ,
-~ 22. . -

The fant that such whiskérs have not beén obsérved more frequently likely.
results from two factors. In the first place, equipmeént used for oxidation.
experiments is frequently kept very clean.. Thig itself.would.téend to minimize
the- concéntration of NaCl vapors which would cause such eff2ets. In the . j‘
second place, oxidation.studies generally emphasize optical métallography as. biob
the tool to eéxamineé oxide-substraté interface. Although optical metallographic '
téchniques. can be . uséd to seé whiskers. undeér favorable circumstances, it.is not \
the optimum instrument for examining features such as the Al;03 blades diseussed Gl
here.

¢. Oxidation in Air with HCL(g) | ool

i. Thernmogravimetric résults -

The effect of HC1 gas, in the eonceéntrations examined, on.the 900 dnd 1050°¢
oxidatisn of NiAl from. the viewpoint of affecting the thérmogravimétric behavior v
is not apparent, Figs. 23 and 2. ) v

ii. Metallographic studies_ L l?

The surface oxide. layer of the NiAl sample oxidized .at 900°C'1n the presénce J
of. 1260 ppri. HC1 shows evidenceé for lccally continually forfiing, breaking and reform- .

ing of the oxide scale, Fig. 25: Thé surface of thé oxideé scalé is repiete with short ¢!
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stubby Alg0s fibers, Fig..26.. By increasing the temperature to 10509C, and by
decreasing the level.of HC1 in the atmosphere to 120 ppm, long-thin Al,04 fibvers
wére obtained, Fig. 27. The trend inwhich.a higher concentration of HC1 in the

atmosphere results in more but smaller whigkers mirrors the behavior observed.
for NaCl(g).

The sample of NiAl oxidized at 1050°C in air. ¢containing 10 ppm HCl, Fig. 28,
shows Significantly fewér whiskers than were seen o6n thé surfacés of samples

s§imilarly oxidized in atmospherés containing higher levéls of HCl gas. Additionally,

the whiskers found.here exhibit a large rangé of sizes. Most are a few tenths of =
a micron in length while &4 féw have léngths of greater than 10 microns.  The
latter sizé is more nearly liké that observéd after exposure to higher levels

of HCl in the oxidizing atmosphere. _

To furthér confirm that the aluminum for the transport process is dérlved
from below the métal oxide intérface, a sample of NiAl was oxidized st 1050°C. for.
64 hours in air in a pristine apparatus . in order to deveélop a.thick protéctive.
oxide scale. Then without.rémoving the sample from the furnace, YCl(g) was
added. to the atmosphere at a level of 128 ppm and oxidation was continued an
additional 25 hours. . Examination of the. sample by SEM techniques. showed,Fig. .29,
far fewer whiskers than wéré .obsérved .in the case of the sample oxidized at the
same- temperature. and HCl(g) concentration. This is the antic¢ipated result.if the .

formation of these whiskérs is.controlled by diffusion through a protective
alumina scale.,

d. Oxidation in_Air with NaOH(g) f

i. Thérmogravimetric résults

The thérmogravimetric data for NiAl exposed to.NaOH vapors at 58.9, L.k
and 0.16 levels are shown in Fig. 30.

ii. Metallographic reésults

Examination of the NiAl.sample éxposed to rominally 58.9 ppm. NaOH at 1050°C
for 24 Hours via SEM techniqués indicates a surface for the most part similar
to that seen on simple oxidation, cf. Figs. 3 and 5. However, theére are some
important differences. Shoewn in Fig.. 31, large areas of the scale had spalled
apparéntly on cooling rincé the undérlying éxposeéd. metsl substragé exhitited no
indication of additional oxidation. —The.sample oxidized at 1050 C.in the
absence of NaOH(g) exhibited no such tendéncy to spallation upon cooling. However, _
fot infrequently, régions of theé. surface weéré éncounteséd whére.crystals of A1y 03
wére observed, Fig. 32.. No Na was detéctéed by EDAX techniques anyWheré on the.
surfaceé., It was éxpectéd that a condensed sodium aluminate phase might have .

formed on the surface as-a résult of the inteéraction.of NaOH with ths A1,0,
surface. - e e e e
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In viev of the.fadt that impurity levels, i.e. pph values

i the case df NaCl and . HC1 vapori in the dxidizifig atmosphere.

conitaifis gateoud Nacl or HCL and possidly NaoH.

will b¢ didcuased rugther,

. domiuart. factors in Al:0y whicker growtl, Al.0, whigkesr growth should have

dods. not explain the effects réportad here,  Similar cotmicht s can be
MAdE for éxpefiments involeving HC1 and Naol,

rétiction forthe AL:0p fiber growth might fnvolve the disproportionation-
vaporisation of Al 0a(¢):

AL;03(e) ¢ A1O(E) +  ATOs (g

of ShHlaride. wesre
Predent. in the-condensed NaoH, It cdanndt be unequivochlly concluded that the Al oy
bladed obseprved here resulted from the NaOl. Aldo- the mdrphology 8f the Al. 0y
erystallites found here 18 .different from that seen in. oxidation dnvelving the
Nacl(g). ‘The reason for thia difference ifi morphdlogy i3 not currently understood. —

The large degree-of spallation preseat, of. Fig. 31, 18 1ikely, the result
of the NaOH(g) present. Opallation of the precise nature .found herd was fiot observed "t

¢. Gepersl Digtusgisn Of the Erfectz of NaCl(g), HCL(g)_and Naoch(g) sn th
Qridation Behawiow of NiAl

) The results. of these:axperiments. show that gadeoud produdts interadt with
oxidizing-NiAl. A prdduct of.thig.interaction i8¢ Al 0; whiskers whish rérm-on
the densde Als(; layver..These whidkeérs are not dbeerved.agiless the énvirotment.

A uumber of mechanismd involvi g river growth are possible,  Potential
growtl mechanisme can involve compadt oxide growth stredses of chémical vapor. .
transpart. processed. Chemical vapor transport. procoises night résult from reédactions
involving either AL:Qj(c) alotie 6 Alsoz(e) with a gan phase corrodent, i.e.,
HCd, Nadl o Nacl(g). I tusn, Naclig) could react.with AlL0; either direstly us
NaCl or indirectly as fts Wydrolysis products, Naol and Helo  These possibilities

Ruénaly and houglass (Rer..o4) have suggested that Al 0y whiskars, oluterved
in oxidation experiments tnvolving NigAl specimens, grew by a cation diffusion
mechanicm pesulting rrom gROWth atresses in the compact oxide sedleé.. I this is
the.eadd in the work discussed hére, thén it might we expected that, if oxide
géale growth stroseds and ecation, e, Al*{ diffusion through A1, 03 were the

cceurred indepindently of the prescice or abience of Nacl(g) in the osidizing.
- atmosphicre. . Furtheriiore, differences in Nacl(g) concentrations should have
effect ofi Whidker morpliclogys  Howevor, differences =-thoueh subtle =-in Al
whisKér morphology afe.soen for samplés oxidized at the sasie Lomperature aind
different levels of NaCl(g) i the oxfdizing atmosphere,  Thud, this mechaniem

With respedt to thie possible eh@mical vapor trinspost Procesten, 4 conceptunl |
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Howéver, the blank experiments involving dense Al,0; failed to show any whisker
gravth., This result is readily anticipated sinte.at 1300°K the calculated K
for. the above . reaction is approxinmately 10743 (Rer. 61). Therefore‘wgwdisprg-
portionation-vaporization meéchanism is again not applicable.

Ancther chemical transport protess. could involve the.réaction of HC1(g)
with Al03 . The HC1 vapors for such reactions could be inténtionally présent.in
the oxidizingatmosphere or derive from the hydrolysis of NaCl, i.e.,

‘NaCl(g) <+ -H,0(g) -+ NaOH(g). + HCl(g). —_. (20)

The HC1(g) preésent would then diffuse through the dense Al;0y scale formed.on the
oxidizing NiAl sample. At the metal-oxide layer interface the HC1 could react ..—
elthér with the Al;0; scale itself or with the aluminum in the substrate.
Examples ‘of the former equilibria are:

Al305(c) " + 2HCl(g) .

2A10C1(g) + H;0(g), and (21)

Al;03(c)_+ 6HC1(g) 2A1C13(g) + 3H,0(g). . (22).
The free energy. values. for these reactions at 1300%K are positive-and quite. large,.
i.e., 142 and 77 keal for.resction. 21 and 22, réspectively (Ref. €1). Similarly,
thé reaction involving the substraté can be représented by

Al(in NIAl) + nlCl{g) = Alcl (e) + 2 H(g), n=1, 2,3, (232

The-freée energies for thase reactions at 1300°%K are =13, =27, and =50.kecal ‘or
the formation of the_monochloride, dichloride and trichloride, respectively,
(Ref. 61)..

Thus, if the dense Al,0; oxide layer can Reep the .oxygen potential.sufficiently
low .at the métal-oxide interface ..and if the HC1 and aluminum.halides and oxyhalides
can diffuse through the dense Al,03 scalé, theén Al,0, whiskers. could fofm from
the. appropriate disproportionation reactions. -.Such a.mechanism would not. allow
for easy "short circuit" diffusion of .aluminum halide gaseous speciés. through
crucks in the protectiveé Al.QO3 scale because, if HCl and the appropriate aluwinum
varor specieés can diffuse through such eracks, sv could oxygen. Such oxygen -
would then interact with the. transporting aluminum vapor spécies forming Al, 0,
which would.be expécted to.plug up such easy difoSion.gaths.. The localized Al,0;
crystals observed in the blank specimen.oxidized at 900°C are not read'ly
éxplained by such a modeél unléss local. inhomogeneities, e:g., differeces in
chemical composition of the substrate, excluding oxide cracks. were responsible.
Grain boundary diffusion would .not be precluded by such & model As.long.as the
diffusivity of the oxygen was miuch léss than that for.the reésponsible hdlogen
énd aluminum-hdlogén vapor species.
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o k A mechanism such ad thi: would suggest extensive and virtually continucus

e denseé oxide scale rupture, spallation and reformation at constant temperature.

o As more and moré material was yemoved from the scale-metal interface, the oxide

- scale would become l6cally nonadhérent. Cracks then wduld locally develdp in the
stale becauseé of heterogenecus dénse scale growth kineties. Gross oxidation of the
substrate . immediately below the locally spalled aréa would then proceed rapidly
a3 a protective scale tried to reéform.. This type of bellavior was observed. in NiAl
oxidized at 900°C in au atmosphere containing 0,61 ppm NaCl(g).

The transport of aluminum to. form Al, O3 btlades has been described in terms—.
of a cyelé involving aluminum chloride or aluminum-oxychloride. vapor species
derived .from HCl vapors. Stearns et al, (Ref. 65) and Fryburg et al. (Ref. 66)
have cbsérved the gaseous species (NAC1)) ,2,3 Cr03, (NaOH)y , CrOs, (NaCl)y o (Moe,),
(NaOH)-MoOs . These vapor species may be viewed as volatile' cOmplekes of NaCl
(or ite hydrolysis product NaOH) and a metal oxide. .If similar but .as yet
wnidentified speciés exist in cage-of alumina, the oveérall interpretation of the
transport effect suggested above in the case .of. HC1 remains the same while the
specifics, ¢.&., thé vapor species resporsible for transport, will obviously
differ.

On the bazis of the surface structures séén for NiAl samples exposed to
slowly moving oxidizing atmosphéres containing NaCl and HCl vapors, the theérmo-
gravimétric data for sauch samplés should not. yield net weight losses. The..
aluminum. removed from the alloy by such.vapor.processes i§ partially rédeposited
oni the outer.&urf&cé of the oxide laver.. However, in.a rapidly moving gas stream,.
the.fine Al.0; wniskers would mot be expected to form on the substrate surface.
Rather the Chtmlgal species responsibvle for their growth would be swept down the
turbulent gas stream. .Accordingly, examination of turbineé hardware would only
fortuitously be expeeted to show tlie preésénce of sueh Al‘O3 fivers,

Furthermore, from empirical cbservations of the factors leading to Al;03
whisker formation, the higher the temperature thé more efféctive will be the
diffusivity of pertinent vapor Spéciés through the densée.Al;03 oxide layer-and
go aluminum will beé increasingly more rapidly. removed from below tle dense Ala0j
scalé, Again, Nacl and HCI.for -such procéssés heéed rot be.reformeéd. in the
chémical cyclée.. In the 1. ppm NeCl=air composition range, the NaCl(g) should be.
lost to and gained from the atmosphére of a marinc or industrial gas turbine, in
tlje absence of an unidentified chloride sink, at approximately équal rates
(Ref. 21). Although thesé eéxperiments dealt strictly with NiAl, similar Naci(g),
HC1(g) and possibly NaOH(g) effects. are eéxpected with other coating and alloy
compositions .which aré also Al;03 formérs.

This description has primarily considered the effécts of NaCl{g) on the
oxidation behavior of NiAl and inferred that HCl(g) and possibly NaOH(g) behave
similarly. . However, diffeérences fay exist: . For éxarplé with 1260 ppii HC1 .in.
the atmosphere at 1050°C {sothermal buckling and cracking of the. Al. 203 scéle wds
evidencéd., It.is hot known if NaCl(g) at these concéntrations and tempeératurces
would behavé similarly.

and
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The description here of aluminum:transport effeéts has been 'both speculative
and qualitative because of our present.lack of knowledge.of specifie factors
controlling this effect.. The. precise nature.(composition and properties) and the
diffusion mechanism(s) responsible for transport through an otherwise dense .
alunina .scale are unknown. THusly, later in_this report, when reference is
made t6 an aluminum-containing vapor species responsible for alumina whisker
growth, the notation "Al-NaCl" will be used to empirically describe this moiety.
Furthermére, this notation is not meant to imply that only one chemically distinct
aluminum-bearing vapér species is responsible for all the aluminum transport
effects observed Here..

2.. Condensed Studies

a. _Loss of NaCl from Pure NasSOy

The .amdount of. sodium chloride .observed in the nominally ultrapure grade Ne, SO,
is greater than that needed in.simple oxidation to yield both &4-AlyO3 whisker
growth .and. isothermal. A1203 scele spallation, cf. Table 1. Accordingly, the ..
anticipated rate of loss of NaCl from pure condensed N5280 wvas. examirnied as a
funétisn of time at 900 C.. Samplés of.the pure Na;S0, were .placed into a box
furnace held at 900°C for. periods of 2, 6, 24 and 48 hours. The Samples. were
subsequently analyzed in .duplicate and the .data presented in Fig. 33.. These.
results show_that, cortrary to expectations, the level of sodium c¢hloride in the
Na,;SO, melts rose¢ over a period of 24 hours to a level of abbut 20 ppm. This.
ineréasé in chloride content.cannot be attributed to the preféréntial vaporization
of NeySOy and concomitant enrichment of the: residue in .NacCl.. At. 900°C NagzSO4
and NaCl exhibit partisl pressures of 2.5 x 10~ ana 2.5 torr,. respéctively,

(Refs., 67 and 24). Therefore the NaCl resporisiblé for the chloride incéreaseé.in
the melt must have come. from the furnacée atmosphére.. The furnace used for. this .
work was an ordinary laboratory box furnacé which has been frequently used in the.
past for Na;SO, cérrosion studies and no special precautiéns were taken to assure
that NaCl was not presernt._

Thus, these results indiéate that NaCl at low ppm levels is not easily lost
by preférential vaporization from molten NazSOy. It can be suggested that NaxSOu
deposits in.actual corrosion .eénviroriments contain at.léast this concentration of
NaCl. Wolters determined the NaCl-NaySO, phase.diagram and found it to be a

sinple éutectic with no significant solid sélutién of NaCl in.the. NaySO, (Ref. 68).

Floéd has rémcasured the NaySO,branch of the liquidus énd has. shown.that these
galts form & practically ideal solutidn. (Ref. 69). Thus it is reasonable to
éxpect that NaCl.presént at. impurity lévels (low. ppm valueés) in Na,S0, deposits.
thermodynamically béhaves_as it _does in thé gas phase at similar concéntrations.
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b. Ne,SO, in Adr

i. Thermogravimetric results

The thermogravimetric data for Na,SO,- coated samplés of NiAl oxidized at
900 and 10509C are shown in Figs. 34 and 35, respectively.

o patmaie

ii. _Metallographic results

————
T

The mic¢rostructure of the Na,SO,-coated NiAl exposed at 900°C has been
described in the literature and is shown in Fig. 36 (Ref. L42). Thé precipitated
phases at the base of the oxide scale (in the NijAl layer) aré rich in aluminum.
and sulfur and aré presumably Al»S3, Fig. 37 . Otcasionally, however, thé larger )
of thesé particles extend into thé Al-depleted NiAl region, Fig., 38 . Of . i
significance, however, is the observation that .the portions which extend furthest . -
into the aluminum-depleted B-(6r NiAl) aréa are enriched in oxygen, not sulfur, ]
Fig. 39. In traversing thése particles from thé 8 subdtrate td the oxide- LF
atmosphere interface, the composition of such particles converts from oxides,. i
to sulfide&, o a mixture of sulfides and oxides and finally to only oxides.. N
This result is riot antieipated from reésults réported in the literature . which I
énly report the .présence of sulfur-rich. particles, préSumably AlsS3, in -~
- this region of the.oxidized sample (Ref..42). Furthermore, such oxygen-rich oy
| areas areé not found in particleés totally retained in the y' zoné near the NiAl Py
interface. L ‘?]

g coney
H .

It c¢an be argued tha* this morphology is anticipated if the protective . i
alumina scale ruptured and suddenly éxposed the .aluminum-depleted Substrate toa . */
high oxygen potential, i.e., the-sulfate melt. The rapid depletion of oxygéen » 1
by oxide formation would then result in a sudden increase in sulfur poténtial .. . |1 |71
leading to alumifium sulfide formation behind the oxide front (Refs. 13=1T). A ,I

i

c. NapS0) in Aiy With NaCl(g)_

i. Thermogravimetri¢ results i

The thermogravimetric data for samples coated with NaosSOy and oxidized in_sir i
with various amounts of NaCi(g) present at 900 and .1050°C 18 shown in Figs. 3L .and ]i i
35, respéctively. At 900°C there .is: apparéntly ro.significant differénce obsérved |
in. the oxidation betiavior. of Na,80y~coated NiAl for NaCi(g) concen‘rations ranging 4
from 1 to 1k ppm. Howeveér, examindtion of theé surface of ‘thé Na SOy=codtéd NiAl i
sample exposed to 1Lk ppm NaCl(g) at 900°C shows profuse deposits of a=A1~04 |
whiskers, Fig. 41. Similar whiskérs were observed .on samplés oxidized in NacCl
vapor-coritaining &tmosphéres. Oné possible éxplanation for such.whisker growth
involveéd stréssés in a.growing protective alumina oxide -scalé. Howevér, as shown.
in Fig. U1, the Al;04 whigkers observed here have clearly not. developéd on.a highly.




stressed oxide substrate. A potential mechanism for the growth of such crystals
here is mostlikely the same chemic¢al vapdr transport processes invélved in the
oxidation of NiAl in atmospheres containing NeCl, HC1l and possibly NaOH. 1In.
1ight .of. the possibly enhanced vaporization of Nag80)(e) effected by NaCl vapor
alone. (Ref. 55), a.spot test was used to.confirm.the .presence of NasS0),(c) on
the surface of the. sample.. The results.of the spot test were positive. . Theréfore,
these whiskers did.not gréw on the surfacé of the NiAl sample after all the Nap30y .
had been removed from .the oxidizing surface. Since NaCl(g) has.been shown to cause
whisker growth, the source of the whisker prométor is the small quantity always
present -in the alkali salt at contaminant levels.

At 1050°C, Fig..35, the addition of NaCl(g) to the atmosphere apparently
mitigates.the corrosion effects.from condensed Na,SO) over the time. span. examined.
here, i.e., 24 hours. The greater the NaCl(g) partial pressure.at 1050°C the longer
is the.incubstion period before accelerated oxidation effects occur.. The. sample
of Ne,S0)-coated NiAl oxidized at .1050°¢C for twenty-four hours in an atmosphere
¢ontaining 199 ppm NaCl has been largely unaffected by the molten NapSO)y deposit,
Fig. L0.

The eXperimental results show that NaCl present in the air or in solution in
NesS0), ¢an result with and trensport eluminum from the scale-substrate interface
to the outer surface. At 900°C, the role of NaCl is most likely restricted to
secale rupture and the development of.an aluminum depletion zone in the substrate.
The 1ocal absencé of & protective Al~03 layer and the presénce of an extended
aluminum-depletion layer have been shown to be sufficient to yield actcelerated rates
of attack of presulfidized NiAl oxidized at 10009C in oxygen, cf., Fig. 12 in Ref.
70. . This situation is exactly analogous t6 that réported here once the protective
Al504 layer is ruptured. This interpretaticn is not in contradiction with results.
in the literature in whieh presulfidized B-1900, Waspelloy and U-TOO were found to
oxidize at rates .comparable to that.of the sulfur-free alloy. even though the. pre-
sulfidation treatment yielded substrate microstructures with sulfide precipitates.
in depletién zénes similar to those found after exposure of the base materials to.
Ne»SOy~induced corresion. (Ref. 71). Although microprobe results are nit presented,
the sulfides formed wére most likely those of Cr and refractory metal ¢ompéunds.
However, the aluminum content of the affeéted zone remained constant. As far as the
chenical cofiponénts comprisirng: ganme and gemme prime, the aluminum lével may have.
been s1ightly inéreased becausé of the loss of the elements which aré more proné
toward sulfide formation. Thus, the oxidation of those presulfidized samples is .
expected to yield oxidation behavior similer to that seen by the sulfur-freé
gpecifiens unléss the oxidation.behavior of. thé sulfide particles was eritical to
the propagation phase of the- corrosion procéss. The affectéd zone formied -in the
work preseritéd herein and also by Goebel and Pettit (Ref..T70) involves depletion
effects for the élemént néeded at & éritical conceéntration to effect protective
séale foundation, i.e., eluwiinum.
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The -effect of NaCl vapor on the 1050°C Na,S0)-induced hot corrosion of NiAl .,
was to mitigate the effects of the condensed NapSOy. This may oceur via the ¢~
following reaction

Al [ from the substratée or. from + NaCl(g) » "A1-NaCi"(g). o (2h)
the scale at the Bcale
‘substrate interface

It has.alreedy been proposeéd. that the "Al-NeCl'" species, forming at the metal-
oxide interface, is stable. under. low.partial pressures of oxygen. Upon diffusing
through the A120 seale, this species encounters: a higheér oxygen.partial pressure
in the embient atmosphere in which it is thermodynamically unstable. The result
is the decomposition of this species .to.yield A1203 whiskers as has been discussed
earlier.,. Similarly, the "Al=NaCl" speciés alsd éxperiences an increased oxygen
sctivity if a film of NaySOj is present. The effect of NepS0, can be deseribed
in terms of the following egquilibrium:

Ne,SO, (2). =- Nayo(e) + S0,(g) + 1/20,(g). (25)

The “Al-NaCl"-species will remove oxygeén from NaQSO“(c)’or.the phases in equili-
brium with it (ef. Eq. 25) to yield & form of alumina "A12°3" and release NaCl(g)
to regenerate the cycle. I this "AlZO-" is .available in sufficient. amounts to
react with the sodium oxide yielding Nailoz,the protectivé scale breakdown.process
will be delayed as will the sulfidation-initiation process.. It is .suggested, based
on the résults presented here, that. the "Al-NaCl" flux is-large enough at. 1050°¢C
but ot at 900°C for the NaCl(g) leveéls examindd here to.supply. the nécessary.
amourit .6f alumirium (aén"Alzog")-,to.delay-the protective séalé breakdown process. .
Furthermore, the transport 6f "Al-NaCl" across the protective scale-may be suffi-
ciently rapid so that the production .of Alx04 is high compared with its removal

by interaction with Na280h and the phasés in equilibrium with .it, particularly
dodiuri oxide. Under such ciréumstences, alumina whiskérs are anticipated to be
found on the oxide surface. This situation will be particularly possible in
atmospheres with high NaCl(g) levels, c¢f. Fig. i1,

It is.tenmpting to.describe the bereficial behavior of ‘NaCl(g) toward the
NaESOHainduced Kot corrosion of NiAl at 1050°C by the. term "inkiibitor." Howéver,.
as 15 ob¥ious from.the discussion, NaCl(g) does not function as &n.inhibitor in. the
usual sensé of the word. . Crp0y, an example of such an inhibitor, réacts directly.
with.the NeoSO) deposits. .The metallic substrate doés mot interact with the Cro0s3..
On the other hand, the beneficial efféect of "NaCl(g) 1§ only obtained by diréct.
intéraction with thé substrate.. Thé fiode of this interaction résults ifi thé direct
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sacrificial loss of ‘aluminum from the substrate. This work suggests.the-use of an
aluminund compound as. an .inhibitor .(in.thé usual sense of the word) injected into
the combustion. chambers.may or may not be effective. The success, however, will
depend on.whether, in the .gas or. ¢ondensed state, suitable reducing conditions
exist under which an "Al-NaCl" moiety can preferéntially be formed with the
aluminum contributed by the inhibitor.

d. NapSO,_in Air with HC1(g)

i .Thermograﬁimetric résults

The .thermogravimetric data for.the effect of HCl(g) on the Na,80,-induced
oxidation of NiAl is presented in Figs. 43 and Lk,

ii. Metallographic results

The microstructure of the sample corroded at 1050 C with.128 ppm HC1l shows.
oxide-filled porés. connécted to the surface. Some of these porés also appear
empty and aré connected .to the oxide-filled.pores; finally there are Some empty .
pores which sppear isolated and exhibit smooth and shiny internal surface, Fig. .
L5, These latter exhibit certain similarities to Kirkendall .voids. If
matérial was present in these voids, it was removed during metallographic .
polishing procedures. In the région of the substrateé near the.oxide filled
pores, an apparént phasé change to y! 14 often obsérved. Also a martensitie-like
structure is obsérved, Fig. 46, .This latter .feature is frequently. noted .in the
depleted 8-NiAl phase near oxide partieles in Na»S80,-coated NiAl samples oxidized.
at 1050°C but 13 not seéen in similar samples oxidized at 900°C.

e. Carbon in Air

i. Thermogravimetriec results

Thé. thermogravimetric data for .the sample coated with 0,13 mg/cm2 of ‘car=-
bon and oxidized at 1050°C 1s. presented in Fig. 47.. No observabie difference
is séen between this sanple and thé samples simply -oxidized in. air.

f. Carben_in Air with_NaOH(g)

i. Thermogravimetric résults _
The thermogravimétric data for the carbon-coated samples oxidized. a4t 1050°9C"

in air with NaOH(g) presént ifidicates.no largé éffect of the NaOH species at the
NaOH(g) lévels examined, Fig. 48.
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i. Thermogravimetric resilts

Carbon-coated NiAl samples.exposed to.HC1(g) at 1050°C shew initial rates of.
attack that are proportional to the amounts. of HC1 présent in the oxidizing -
atmosphere, Fig. 49. The steady state oxidation rates are indeépendeént of HCi(g).
concéntration. Samples oxidized in NaCl(g)-bearing atmospheres._at 900 and .1050°C
do not reflect any effect of the carbon deposiv, Fig. 50.

h. NegBSO,_with Cerbon in Alr

» The NiAl semples. -coated with Na,SO, and carbon and then oxidized at 900°¢
gives evidence of linear oxidation kineties, after a brief incubation peériod,. at
& rate lower than that found in the abséncé of the carbon .depesits Fig. 51 and. .

34, The sample oxidized at 1050.°C exhibits thermogravimetrie behavior .similar —-
to. that .exhibited by the NiAl sample coated only with Na,SOQ, and similarly

oxidized, Fig. 52, cf. Fig. 35. .
{. NayS0,_end Carbon in Air with NaCl(g)

i. Thermégravimétric results

The thérmbgravimetric‘data.ié.presented.in Figs. 53 and 54 for seamples .
oxidized at 900 and 1050PC, réspectively.. Here at 1050, C.the apparent mitigating
effgét of NaCl in hot corrosion is again apparent, ¢f. Fig. 35. However, at
900 C.the éffect of chloride and carbon on Na, SO, -induceéd gecelerated oxidation of
NiAl suggésts that.no obvious rélationship eéxists between thé NeCl(g) concentra-
tion added té the atmosphere and.the rates of attack. -

J. Ne;sQ, and Cerbdon in Air-with HC1(g) ; _ _

~ The samples oxidized at 900°C -4ir atmospheres. containing 128 and 1260 ppm
Hcl(g)rgive evidence of HCL(g) possibly functioning as & corrosion mitigator--
in the eu-héur period showd, Fig. 55. With.1260 ppm HC1(g) in the oxidizing -
atmosphére at 10500C, the HC1(g) Goés not appear to be fuictioning as & .Ccorros-
ion inhibitor, Fig. 55. . Moreover, in the amae of. the sample oxidized at 10500C"
i an atfiosphere 6f 128 ppm HC1, after:about 45 nours, thé corrosion rate ine -
cressés rapidly, Fig. 56. It may be that at 9000C after a suf'ficiently long
périod of time acceleratéd atiack will also oceur. The nature of this behavior
is not currently undersbood.

f v
f——

e e eal . i

—

——
RS |




k. Na,SO and Carbon in Air with NaOH(g) _ 5

i. Thermogravimétric reésults

Thé thermogravimétric data for the samples oxidized at 900 and 1050°C- for .
2L hours. in an atmosphere containing 58.9 ppm NaOH(g) is shown in Fig. 57. . 1
This vehavior is possibly similar to the effécts observed for NaClfg) and NiAl ;

coated with Nézsok alone. N
1. DNa,SO, with Cr. O, in Air g

i. Thérmogravimetrié¢ reésults

The thermogravimetric data for the. samples oxidized at 900°C indicates & .
slight weight gain lastisg for. about two hours. followed by a low rate of weight
loss, Fig. 58. .At 1050°C immediate weight loss effects.were noted, Fig. 58.

This weight loss likely derives from thé loss of' 80, (502/02) and Na,CrO, formed ) ,
from the reaction.involving Cr. 5034 and Na SO, o

E.. Ni-25wt.% Cr and Chromium: Chromia Formers

1 1. Oaseous Studies

[

Tij' a. Oxidation in_Air_(dry)

i. Thermogravimetric résults

The thermogravimetric data for Ni-25 wt% Cr oxidized in.dry air at 900 and .
1050°C .is.shown in Figs. 59 and 60, respectively. Thesé data are in qualitative. ‘
agréement with résults published in theé.litératuré for similar alloy compositions
oxidized in this tempeérature range (Refs. 72-Th).

11, Metallographie results _ . |

X=ray diffraction. results of samples oxidized in air at 900 and 1050°C
indicated only the presence of Cr?O in addition to the nickél substrate. —
Metallographic éxamination of samplés oxidized .900 and 1050°C failed to.show .
anything unusual. Microprobe examination.of.the surface of _the sample oxidized ! 1
&t .900°C Tor 2l hours indicated a.Cr déplétion zone immediately adjacent to the -
oxide layer. ..This.derievisn zoné had a width.of .2.5u and a chromium content ef
19.2 wt% comparéd with the basé olloy value of 25.) wtf.. X

The samplés oxidi.cd at 900 and.1050°C showed dénse-compact oxide scalés N
dttached to thé substrate metal.. A variation of grain siZes and geometric .s{
¢rystdalliné shapés were.se¢en on the .surfaceé of the oxidized sumple, Figs., €1 &nd ,
62.. EDAX scans of the-ox’d1e scale indicdted the presence of ohly chromium with ‘
trace levels of nickel. 11
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b, Oxidation in Alr_(xep)

i, Thermogravimetric yrasults

The thermogravimetric date for samples oxidized in air bubbled through water
at 26°C is shown in Fig. 63. At 1050°C it made little di frerence if the air was
wet or dry, Fig. 63 ef. Fig. 60. The reason for the . appar
at 900°C. is not known, Fig. 63. 1In either casé with of.without water in the
atmosphere, smodth Kinetics are observed. The surfacé oxide structure
of thé samplés oxidized at 900 and 105

c. Oxidation in Air (dry and wet) _with NaCl(g)

S e e o - —

i;.wThérm@gravimétric résults

Statistical differences in the 5caling.ranes"of‘Ni<25'Cr.oxidized,in‘Naci—
bearing atmospheres wéré obsérved .as compared with the scaling-rates ir. sinple
oxidation, Figs. 6b and 65 .. In the. abséence of NaCl. vapors the cxidation beé-
havior of. the aspécimens. was well behaved. However, at.900 C in the présenceé
of NaCl yapors,,"s"—shapéd curves indicative of breakaway oxidation kinetics were
frequently observed when the samples were exposed to NaCl vanors.in the approximate
range from. 1 to. 16 ppm. The Ni-25Cr semples exposed to .about 100-20C ppm NaCl
may have exhivited an'Seshaped . curve,,
the origin to be datected by, the preSent.exRerimental apparatus. At the. lover
levels of NaCl. in the 0.1.ppm range.no "a'- ghaped curves were noted within the
alloted experimental. time. The presence of the, "8"<shaped curves has . not— ...
veen obsérved each and every tinme NaCl(g) o~ HCl(g) are present, rut this
phénomena was not obsérvédrunléss.HCl(g) or Nall(g) was presént in the oxidizing

atmosphere. . Furthermore, the "oreaks" when they occur only happen once. The
effect suggests.the nature of the scalé changed dramatically et the timé of the

sudden breek. in the. curve.. Breakaway oxidation kinetics are not associated hére
with H,0 vaper unless. NaCl{g) is .also presgent in the oxidaizing atmosphere,

Fig. 66.. These results aré not. in agreement with the work of. Lowell and Deadmore
relating the .rupturing of protective eroa scales forming on & compléx alloy with
the présence of watér vapor in the oxidifing atmosphere. (Ref. 75). _

ii. Métallagraphic Fésults

tion of oxide scales formed ont Ni=26Cr after oxidation
{n air with NaCl vapors present at 900 and 105¢°C indicatéd the presence of NiCz, O,
(spinel) in addition te Cr O, and the nickel substrate. . The spinél was not -
detected in scales of samples oxidized in air aloné. "'

X-ray diffraction examina

° ,
00 C in air with 2.9 ppm NaCl, the surfacé of the sample
that have apparently formed and reformed
of  this oxide scalé exhibits grains which._

After 24 hours at 9
appeurs covéred with gigll oxide hills
numierous tinmes; Fig. ¢7: The surfaceé

:0°C appear very similar.

ent differences noted __{}
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ith
geometric grains like thosé -seén .on the surface, Fig. ¢8a. These grains
b according .to the. EDAY are Cr-enriched. Occasionally, however, a hi
o surface brokén, and on the bottom.are large geometricully shaped crystals,
68b. These oxide grains contain mere Ni than oceurs in the surface g

i may be that the few.hille which. show. this feature were Mot broken at
H Ort the other hand those with many fing nongéometric partisles at their b
ruptured.during the oxidation experiment. Juch features can te easily
H optical metallégraphy, Fig. ¢a, Miceroprote eéxamination of the Pl
1 at 900°C in air contairing 150 pPm NaCl(g) for 2L hours indicate
! Cr-derletion zoney. ~20u, Fig. 70. An average.Cn composition in

1 ey

to thé substrate was: Cr-énriched (58.3 w/o) vut i

| | nickel. The oxide .adjacent to the Crerich oxide scale was. en

A (q (6.2 w'o percent) and contained 7.8 w/0 percent. Gr., The effe

R in the.oxidizing atmosphere has been to substanti _

' § Cr. near the metal-oxide surface and to effect & stbstuntig

Fol in the.substrate compared 1o that fourd for the Ni-25 Cr-alloy af
ir alone. )

I
Thc.efﬂecJ or Nall.vepors in the oxidiziy

i &
n the.Ni-CSCr;is more apparent Iin samples oxidized s
he sample oxﬂhi:ed an.lnsocc, in the avsence-o a
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coﬁVolutej.Cr{rich oxide layeér lying mbove
trace amounts, of Ni were found in this oute
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in the oxidizing atmosphiére ,numercus treaks are observed I urn

chromium and/nickel levéls as the tase metal alloy, Figs. 71 and 72. As
concentratio)
intreasingly more -hetérogensous with erystels of pure_Cr
of ‘Ni<enriched Cr oxide.(perhaps the. NiCr,0 ) srinel quite evident, Figs.
T4, As the Nall(g) concéntration is increased éven furthér to 128 prm, the
outer. oxide surface consists of .both large-grained oxide particles (rich ix
both Cr and: Ni) and fine-grained oxide particles containing virtually only
Cr, Fig., 75. . Below these oxide pérticles, an apparently dence Cr*oz oxide
layer is.found, Fig. T6. o

The comtined effect of water vapor and NaCl{g) on the oxide struste
the sample oxidized at 105%0°C for 2b hours results in
oxidé scale thun is found in the abvence of the.w
Presenty Fig. 7. -

)
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ater vapror even with Nal

-8

It should also be pointed out that deposite colleoted in expeoriments

> oxide scale Pecomes Progressively. more heterogeneous, At J.°
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grains,

tomperat:

| tq this zoneé was 15.8 Wt peércent. Cr. The protective-oxide which formed aidlacens
i o 5
Y -

< s
the base metal alley, ¥ig, .02, Onlv
b t

o i for the most. part. aré. very poorly shaped.. The total oxiic layer appear: porous.
SR The -small hills are frequently troken with theéir bases covered .with small non-
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.of‘NaClxas increased to .13.3 ppm NaCl, the osxide_layer becames
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layer. The /oxide forming in these -btreaks has the same aprroximate

as well as erupticns
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a more uniform and denac
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the Ni=25Cr and elemental Cr indicate that U had been transported from the

oxidicing sample: and had ecollected on the covler walls of the apparatus.
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Unfortunatély, the experiméntal apparatus used here is.not appropriate for.
determ;ning the nature of the. chromium~bearing vapor species .responsible.for
these deposits. 1In the past, chromium-chlorine containing speties sueh
as. CrCl,, CrCl; and Cr0,Cl, have béen fréquently proposed as.the résponsidble -
moieties (Ref..21, 45, 51 and 53).. Recéntly Stéarns ¢t al. (Ref. 65).and Fryburg
et al (Ref. 66) have reported the results .of mass spéctrometric studies..
iavolving the oxidation.of chromium and superalléys in oxygéh atmospheérecs ton-
ta;ning H,O0 and NaCl. vapors. They conducted exhaustive searchés for the vapor
moletules Cr0,C1,, CrCl,, Crci3_and Ne,Cr0,. Their.efforts in finding
evidence for the presence of 'these .species were.unrewarded. The chromium vapor..
species which.they did find were principally (NaCl)y CrOs, x =1, 2and 3

and (NaOH), CrOg, -x = 1, 2. Minor amounts of the species NayCr, 0, and Cr0, (OH),
were also ldentified. ... | |

Experimeénts were also conducted in ¢onjunction with Mr. C. A. Stearns, NASA-
Lewis Reséarch Centér K to Qetermine the .effect of gas flow veloeity on thé rate
of chromiun removal from the oxidizing sample. Samples were oxidized in.flowing.
oxygen at two different flow velocities, namely 0.18 ¢m/sec .and 1.7 em/séc. The
sampleés were oxidized at 1050°C in an atmosphere containing 25 ppm NaCl(g).

In the case of semplés oxidized in oxygén at 0.17 cm/séé,the Cr collection rate..
was .35 ug/hr. Subsequent examination of the surfaces indicated that the higher fisw
velocity had elicited smallér but more numerous breaks.in the oxide scale,

Fig. 78. The lower flow raté on the other hand had caused fewer but conmparatively
largér breaks in the oxideée scale, Fig. T9. Thus this brief experiment has.shown
that,at least in an atmosphere of oxygen containing small emounts of NaCl vapor,
both the rate of chromium removal from thé oxidizing surfaceé and the. oxide
structure forméd on.tihat surface is a function of the flow velocity of the
oxidizing gas.

Bécause of their technological inportance .as.corrosion resistant materials,
much éffort over thé yéars has been expended investigating thé chromia formérs,
(Refs. 72-99). 1Included-in this work have been numerous. studies involving alloys:
in the Ni-Cr system near the Ni=25 wt %.Cr composition. The results of -
this work. indicate-that the scaling béhavior of the Ni=35 Cr composition is quite
complex.. Sofie of the observations. made in this study concerning the éffect of
NaCl(g) at. véry low levels.on.thé scaling behavior. of ‘Ni=25 Cr have béén attributéd
by others to the intrinsic scaling behavior of the alloy itsélf.. Thus in ordér
to clarify this matter a few éxperiments wére conductéd with puré chromium to
séé if NaCl(g) exhibited.similar. effécts.. Thé use of élémental Cr would avoid
difficulties in the interpretation of oxidation data résulting from alloying effects.
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i. Thermogravimetrit résults
4 .
The thermogravimetric results for the pure chromium.Samples'OXidized at

900 and 1050°C,are shown in Figs. 80 and 81, respectively. Except for the.
sample .exposed at 1050°C "to 111 ppm NaCl, the tw°_sets.of.thermokravimetric
date show little difference end egree with literesture results for samples
oxidized in air-aloné (Ref. 98). On thé basis of the thermogravimetric. data
alone .(except for theé highéét-levelef‘NaGl(g) éxamined_atv1050°C),,NaCl(g)
nas 1little or no effect on the. xidation protess. The -thermogravimetrié data .
for the sample oxidized at 1050 C i an atmosphere with 111 ppm NaCl actually:

B

shaws the continuel formatién of mierocracks which have bécome integratéd intd L
arl apparently smooth cur or the relatively insensitive scalée used to représent ‘ b
the data in Fig. 81. Cd

1i. Metallographic results

The surfaces.of samples exposed at 900 to air and air ¢ontaining 0.78 and.
49 ppr NaCl vapor are shown in Figs. 82, 83, &nd 84, respectively.. No
significant differences exist between samples exposed to two jevels of Nall(g).. -
Figs. 83 and 84. .But.a large difference éxists between the samplés eéxposed _ b
to air asléne, Fig. 82, and those exposed to NaCl vapors, ! o
Similarly on the basis of the thérmogravimetrie data. alone little difference
is expected between the chromiun samples exposed to NaCl vapors .at 1050°C, Fig.
81. A possible exception to this. might be.the sample exposed to 11l ppm NaCl.
The oxide scale formed on the sample exposed .to sir alone, Fig. 85, is. strikingly
differént from that developed on the samiple éxposéd to eveu 0.23 ppm NaCl, Fig.
86. Increasing the NaCl(g)_coﬁcentratibn t6 the range 6f 2.2 - 1.4 ppm in
atmospherées in which chromium is oxidizing at 1050° results in additional oxide
morphology features not seen in the sample oxidized in pure air, Figs. 87
and .88, respectively. Finally, the séale.of the sample oxidized. in an air .
atmosphére ¢ontaining 111 ppm NaCl shows a secalé which was éontinually forming,
rupturing and reforming, éte.Fig. 89. This scalé is just the type of scale that —
would be predictéd from the thérmogravimetric .data, ef. Fig. 81. . Moréavér, this
type of scale has béén reported for chromium oxidized at much higher T.1
témpératuresv(1200°cj in the absenee of NaCl vapors (Ref..98). Howéve:r, concérn- o
irng the samplé oxidized at 1200°C (Ref. 98), the surface treatment involved }i?
eiéctropolishing'in,a‘peréhloric:acidaacétic acid solution. The anodic oxide. . i
£ilm which formed was .not Féilovéd by subséquent étching. A chromium spécimen
subsequéntly étched to remove the anodie film caused by the éleéctropolishing !
gtép and then similarly oxidized at 1200°C did rot yield either breakaway oxida- F

tion kinetics or .a.ballooned microstfucturévkﬁef. 98);

1n &all of the sampleés of . chromiun oxidized here in.a NaCi(g) environment,.

heither.Na nor Cl has been detected by EDAX techiiiques .on theé surfacé of the




stale, in.the scale of on thé undersurface of. scale, or on the surface of the
underlying metal. In éffeet, if it wére not knowr beforehand that these scales
had been formed in atmosphéres.contgining”varying amounts of gaseous Nall, it-
would have been diffitult to explain. the variety of” effeots observed on the
basis of oxidation in air alone.

Thin chrémia platéleéts have been reported to form at the gas-scale interface
of ¢hromium oxidized in dry oxygen at 500°C for 120 hours (Ref. 76). However -
in the results.reported here, ¢f. Fig, 88¢, theé chromia needlés have grown at
the substrate-scalé interfacé, not at the seale-gas interface. -

With respéct. to the.'ballooned" oxide microstructure for elemental.Cr shown
in Fig. 89,it is informative to examine the work of Caplan,. Harvey and Cohen
(Ref. 98), In their work dealing with the oxidation of . eleméntal chromium,
they report largely parabolic oxidation kinetics for an entire range of surfate
treatménts. Thesé treatments. rangé from simply abraded surfaces to various
éléctropolishing and etching tresiments. The preferred éléctrolytic polishing = -
solution isaperchloric acid-acet.c acid solution.although other solutidns were

investigated. 1In éach case in which the final treéatment involved electropolishing

witix either a perchloric acid-scetic acid solution or-perchloric acid alone and
no subseguent etching to remove-thé anodie £ilm. formed, breakaway oxidation
kinetics were invariably subsequéntly observed.. Similar effects were réported
for Fe-25 Cr (Ref. 98) and Fe-26 Cr-0.5 Si.(Ref. 97). Furthermore, these
investigators éxamined the effect of water vapor on the oxidation of "chromium
and found that it was not responsible for the breakaway oxidation kinéties

and the ballooned oxidé microstructure. Those results are in agreenent with
results of experiments reported here. e

Giggins and Pettit studied the oxidation behavior of Ni-Cr alloys (including
the-Ni—?O.Gr,compésition)-at.80091200°c and eleétropolished samples in & sulfuric
adid-latic acid-methyl alééhol. 8olution but did . not réport. subséquent étching of
their samplés to remove the anédic film.(Ref. 73). 'he significance of their
résults is that they did not, except £6r two.cases (one.involving Ni-15 Cr at

900°C. and the seeond involving Ni-30 Cr at 1200°C), report any" breakaway oxidation

effects. Also.Lowell. (Ref. T4) and Davis, Graham, and Kvernes (Ref. 93),
uding meckanically ah?&déd.spepimené..didiﬁct.ob§ErVé.Bréak3.in their thérmo-

gravimetric date. Similarly, Michels, in a study largely dealing with .the éffécts

of dispersoids on theé oxidation behavior of Ni=20 Cr, did not réport breaks in
the thermogravimetric data. rélating. to Ni<20 Cr (Ref. 05).. Theseé results are
in agréement with thée résults preséntéd here in that thé blank samples prépared
by mechanical abrasion did.rot evoke breakaway kinetics without NaCl(g) present..
with or without watér vapor added to the oxidizing atmosphére..

Wood and Hodgkiess (Ref. 72) studied the Ni-Cr alloys and in theéir work
théy used a.quartz-spring balance which would make it easy to miss thé occurrénce
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of ‘the eéarly scalé breakage affect. However they did obseérveé. such an effect .
involving & Ni-27 Cr Bample oxidized 4t 1000°C. In théir study the samples wére
Preparéd by a variety of téchiniques and they attributéd many of the effects. in
oxidation to differences in surface préparation. . Interestingly enough the
electrolytic etch. used by Wood and Hodgkiess is the same one which yielded
breake in the TGA curvés. for Caplan, Harvey and Cohén .(Ref. 97). . Wood and
Hodgkiess reported that not all eléctropolished specimens were. given a .subsequent. J
cathodic etc¢h.. Some of the samples were thugly éxamined .in the electrolytically 5
polished condition. However no méntion is made specifying which tréeatment eadh i
1
!

samplé received. Wood and.Hodgkiess suggested thata"CrZOB" subscale plays a keéying
role which rétains & protéctive oxide scalé adjacent to thé metal substrate.
Failure thén presumably occurs.by ‘a méchanism of lifting and cracking accounting.
for thé break in the thermogravimétric data. However, by such a méchanism scale »
lifting and ¢racking will ottur randomly and more than a single break might . 4
be expected .to be observed in.a thermogravimetric curve for en. experiment :
continued for any reasonable length of time. . !

On theé basis of the work présénted herein, an alternative explanation .may be
suggested. .During theé eélectropelishing procedure some reésidusl chloride from the
eétching solution is trapped within the arodie¢ film whiel is not completely reroved
during: thé subsequent eétching step.

Thus thé samples.of chromium anodically polished but not etched preoduced
nmicrostrudturés similar to those éxhibited by mechanically abraded samples
oxldized in an. NaCl-bearing atmospheré. .Chréomium. samples either arodically -
polished in chlorine-containing solutionis and subsequéntly etched to .remove the |
afiodic oxidé rilm or anodically polished in nonchloride-containing solutions. do. |
not contain intrinsic chloride sourcés. For-the Fe-Cr alloys examinéd by Caplan :
and Cohen (Ref. 96), thé samples shown to .hHave been electropolished in a i
pechloric acid-acetic.acid solution and 1ot subsequently etched exltiibited .Breaks ‘
in the oxidationi cufves. The présence of a singular break. in. the. !
datéd reported by Ciggins and Pettit (Ref. T73) for the oxidation behavior of a
Ni=20 Cr alloys .electropolished and not subsequéntly etehed may have invelved
the similar entrapmént of halogen in the anodic oxide scdle.

The expeérimental obsérvation that not every sample éxposed. to NacCl(g)
producéd a.brédk .in the . thermogravimetric data suggests that the Ni<Cr alloys
examined heréin may be less suscéptible to such effects as compured with pure Cr L
and Fe-Cr alloys (Ref. 96). i

i. Thérmogravimetric results

I
Thé théfmogravimetric data.for N1-25 Cr oxidizéd at 900 and 1050°C are i
préserited in Figs. 90, 91 and 90 1
!
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ii. . Metallographic results

The sample of Ni-25_Cr-oxidized at»lOSOOC in the présence of 10 ppm HC1
exhibits microstructures ranging from & presumably densé .compact Cr,0, layer with.
aticular precipitates to internally oxidized regions, Fig..93 and 9L, . The
extensive regions of internally oxidized material, Fig. 93, are perhaps related
to thé large break in the thérmogravimetric data, cf, Fig. 92.

The effect of low levels of HC1(g) (128.ppm) on. thé microstructure of the outer
oxide scale formed on .Ni-25 Cr at 1050?0 can be seen in Figs; 99 and 96. .Note
that below.the'.Cr203 layer, the grain boundaries of the substrate alloy Have been
preferentially attacked, Fig. 96.. The EDAX unit could detect no measursble

differences. in Cr levels .in areas immediately adjacent to: such grain boundaries . {3

as opposed to those aréas found in .the middle of such grains.. Thig effect may
be analogous to that already reported for Ni-25 Cr exposed at 1050 C_to NaCl.

The cross-sectional microstructure of Ni-85 Cr oxidized at 1050°¢. "
in the presence .of 1260 ppm HC1.indicates the occasional preseénce of numérous voids
clustered at theé metal-oxide interface, Fig. 97. The ebsence of suech pores from
the interior of samples suggests that these pores are not casting voids.
Theérefore thesé voids are possibly Kirkendsll effects résulting from Cr depletion
in the alloy by the HC1(g) in the oxidizing atmosphere.

f. Oxidation in Air_(Qry) with NaOH(g)

i. ZThermogravimetrig results
The thermégravimetric;behayior«&fNi-zs Cr oxidizéd in the presence of NaOKE(g)
suggests.that at the 4.36 and 58.9 ppm levels parabolic oxidation kinetics are.
béing observed while .at the 0.16 pPpm level Gther effects may beé 6ceuring, Fig.
98.

2. Coridensed Studies

a. Ney8Q,_in Air (dry)

1. THermogravimetraé results

Thé therniogravimetric data for Na_SO =ecoated Ni«25 Cr.is presentéd in Fig.
99. The initially rapid weight changes (both gain and loss) at 1050°C followed..
by slow parabdlic-béhavior has been ubsérved by others. Wright, Wilcox and
Jaffee (Ref. 99) reported such behavior for a variety of Ni<Cr alloys which.had
beén coatéd with Nazso“ and subséquently oxidized in 100 torr oxygén at 1000
and 1100°C. Bornstéin and DeCréscénté have réported the weight loss behavior
in the casé of Ni-13 Cr and Ni-17 Cr coated with Na,SO and oxidizéd in oxygen
at 1000°C (Ref. 15).. However, Gobél, Pettit, and Goward did.rnot obsérve this
effect in the casé of a N&ay50y~coated Ni-30 Cr sample oxidized.in oXygén at
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1000°C (Ref. 42).

ii. Metallographie results

The gereral surface of the .sample coatéd with Na,SO and then oxidized .
at 10500C is shown in Fig. 100. The bright régions seen in Fig. .100 are .large
crystals of CrZO- as determined by transmission election microscopy. Betwéen
thésé areas of well-formed Cr.0 crystals. and the nickel-ri¢h chromium-c¢ontaining
surface oxide layeér are sligh€13 greyeér regions,Fig. 101. These regions contained
erystals which, when the sample was examiﬂed.uhderwa,laboratory;mibroscopé,
appeared to.decompose from the heat of theé. microscope lamp. A megnified.view of
this debris lying above the compact Ni-rich chromium.oxides layer is éeen in Fig, .
102. The EDAX.indicates.thesé.particlés contain Si, Examination &f this material
by transmission electron microscopy ‘indicates it is composed of veéry “Small .
erystals of B*Sioz.. The sourte of this silica tould be either the Quartz tube
containing the éxpeérimental gases or the metal sample itself:which was cast in

& crucible which had . a silica binder. Such Si-containing deposits have not —_

been seén before in either the Ni-28 Cr or the NiAl samples examined here.

Similar Crzo._crystalé aré also detected but inu much smallér puibérs
in a Nazsou-éoatéi sample exposed-to air at,900°C, Fig. 103. The matrix alloy.
in this micrograph is intentionally out of focue in order to &cceéntuate the surface
crystals. No such crystals were obsérved in samples. of Ni-25 Cr subjected.to
simplé oxidation. .Thesé crystals.suggest that effects deeurring at 1050°C -
also take place at 900°C but at a sloweér raté. This is consistant with.the.
thérmogravimetric data, of.Fig. 99. Similar results were aleo observed at 900°C
for Nazsou-cbatéd;samplés oxidized in atmosphéres containing NaCl vapors.
The substratée below the oxide surfaceé Has developed internal sulfides. Although

- 16 niicroprobe or EDAX data has been obtalned from these regions, .on the basi:

of other work it is anticipated that these régions dre 1ikély composed of a
chiromium sulfide, Fig. 10k, e eom oot et

To détérming if the growth of such erystals was an intrinsgic property
of chromium or if thé.nickel in the Ni~Cr alloy was.nscéssary for such.cristal .
growth, experiments were also conducted with N4 S0 -coatéd Cr subsequeéntly oxidized
at 1050°C. The résulting surface topography is replete with Cr .0 rlatéléts,
Fig. 105. .In the casé of the.samples of Ni=25 Cr whére similar erystals formed,
fewer but.much largér Cr 0. plateléts dévéloped. 1In thé casé of the. experiments
dealing with Na 50, deposifs on elémental chromium or Ni=25 Cr, néither .sodium
nor swlfur waévééiéétéd via EDAX procediurés on.the surface of the oxide scale.
Howevér, Cr sulfidés were visible in the substrate: .

Wright et al, (Ref. 99) have proposed that such Cr 04 platéleis arise from
the reversibility of thé reaction: .

Cr03(e) + 3/2 0,g) + 20 () = 2cr4>: (¢). - (26)




The solution process is suggested to vecur where the oxide ion leével is high,

i.e., the oxide-molten salt interface. The precipitation reaction then réportedly P
takes place when the oxide ion level is reduced, i.e., near the.molten salt- [[
ambient atmospheré interface (Ref. 99).

e
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b.. Na z-siou in Air (dry) with NeCl(e)

i. Thermogravimetric results

~ The data for Ni-25 Cr coated with Na_ 80
vapors in the range of 0.27 to 47 ppm at 500 and 1050°C are présented in Figs. .
106 and 107, réspectively. These results .are analogous to the behavior observed
for Nazso“-coated Ni-25 Cr.in the. abserice of NaCl(g). Accordingly baséd. én the
thermogravimetri¢ data alone, the effect of NaCl vapor here. .is not known.. [i

However, the tendency to lose weight appears related to the level of NaCl(g) ___ L
in the atmosphere. .

4 and subsequently exposed to NaCl .

pr—— g——
o

oA striking characteristic of the data for.NaZSO“-COated samples oxidized at ‘E
1050 C.in the presence of NeCl vapors is the initially large weight. loss behavieér
lasting for several hours followed by very low oxidation (corrosion) kinetics.

; . , . , Y . ) _ }
[The noted exceptions are the samples exposed to 124 and 136 ppm NaCl vapors.) Lj_

The initial weight losses hers corréspond approximately to the amount of Na, S0,
depositéd on the samples, .

P vy

ii. Metallgsfaphic reésults

Examination of the sample éxposed at 1050°C tc 124 ppm NaCl shows surface .
topography almost anslogous to. that seen for. the similarly exposed sample in the..
absence of ‘NaCl. Again, very slight traces of Si and even finer. traces of Ca .
wére detected but could not be definitely assigned to .any partieular surface
féature. . Neither sodium nor chlorine were detected. in any of the surface
Structures examined.
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In the case-of Ni-25 Cr sariplés coateéd with NaQSO“ end oxidized at 1050°C'
with and without NaCl vapors presént.in the atméspheres, the éxpeéctéed dense
Cr,0, oxide layér has beéen modified by the Na,SO, .- The form ¢f the Cr?o'3 crystals
obsérved hére suggests that theéy gréw by procésses similap to those ocecurring.
in the case of Na,SO, -coated Ni=25 Cr.oxidizing in. &ir with no intentional (i
additions .of NaCl(g) present, cf. Fig. 100 and 101. I

e

Thus, thé moltén salt possibly résponsiblé . for this crystalline growth has. Y
totally vaporized (since néither Na nor.S were found by EDAX. procédures). This t
suggestion is not unreasonable in viéw of thé large weight lossés associated
with thé. thérmogravimetric data; cf'. Fig. 99 and 107.. The compact oxidé layer '
at. the surfacé of N&,S0, ~coatéd samples oxidizéd at lOSOOC_aceording to the
EDAX is not likely Cry04 but thé Ni-Cr spinel.
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Reéalling the deleterious. effect Of NaCl(g) on the oxidation,béhavior:Of Loth
Ni-25 Cr ang elemental Cr, éxperiments involving elemental chromium wepe
¢onducteq Withnbbth’NaQSOh and NaCl vapors in the atmosphere. Figure 108 shows
the effect of 283 ppm or Naci iy the atmosphere on the 10509 oxidation of .
Nazsou-céated.Cr. Apparently, on the basis of the thermmg?avimétric.datawaicne
and for the times examined here,.theﬂNaZSOh mitigates the NaCl(¢). attack on .
chrimium, ef. Fig. 81... Subsequent examination of the surface riecrostruetuyre
of this. chromium Sample showed g dense fine-grained compact chromia layer adjacer<
t6 the Cr metal.subStraté, Fig. 109.. Avove this layer, Cr203 platelets gre..
found. No Na, S or Cl.Wererdetectéd'by,EDAX on the surface of the. oxidizes .
Sample,. However, chromium sulfigdes were subseéquently detected metallcgraphieally
in the substrate beélow the metal-oxide interfase,

The cause for the apparently benéficial behavior of N32804 deposits
toward NaCl(g) attack of thé .chromia formers Ni-25 Cr and C» is currently pnot
understoad. . However, this Cbservation is ip agreerent with comments. that .
in marine and-industrial.atﬁosphéreé conteining both NaCl and sulfur species
thé c¢hronig forming alloys are preferred.

¢. DNa,80,_ in Aif;(dgyl.gigh_ﬁg;igl

badiE s = - A T

i. Thérmogravimetrie resylis

The thermogravimetric data for -Ni-25 Cx samples coated with Nazso and
éxposed to HCl atmosrheres at 900 and. 1050°% is.presented in Fig. 110 ang 111,
respectively, The oxidatiorn béhaviop of the Nazsok-coatéd samplés exposed to
128 ppm HC1 at both 900 ang 1050°C in the pas atrosphere is, as seen befors,
commensurate with initially Very transitory oxidation kinetics followed by
arparéntly almest $imple oxidation kineties, Apperently at 900°c, 10 Pre HCL
in the gas Phase isg insufficieént to cause thig type of behavior. The sanrle
exposed tg 10. ppm HC1 at. 900°¢ éxhibited a few segregate yellowish depodits.

_ (Nazso“ + some chromium bearing moiety, perhaps_NaZCrog) aftér cortrosion
while the samples exposed to 128 bpm HC1 atmospheres exhitited no such_visitle
déposits, .

ii. Métallqgraphic;résults

The sample exposed at 900°C-to étniospheres containing 128 ppm HC1 showed
both Cféos_platélétswgrowing.from‘the surface and intérnal sulfide-paﬁticles,
Fig. 112.” The Crystuls devéloping on the surface neitheyp totally cover the
entiré surface nop &ré they an uncommon surface fedture, After 20 hours
exposure .at 1050°C in aiy containing 10 ppm Hel, the- external growth .of Cr, 0,
crystals is accentuated, Fig, 113. The compact oxide leyer. dat the surface or-
the metal whére g large growth of ﬁrbos crystals occurs {s thinnér and
not appéarently as dense ahd compact as where such erystals are absent, Fig, 114.
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d.. Carbon_in Air (dry)

i, Theérnmecgravimetric results

The thermogravimetric data for the oxidation of. . carbon-coated Hi-2% Cr.
at 1050°C.in. air is shown in Fig. 115. This curvé is very dimilar t& tkat
ty Ni-25 Cr in simplé oxidation.at this temperature, cf. Fig. 60.

e. Carbon_in Air (dry)with NaCl(g)

i.. Thérmogravimetric¢ results

The thermogravimetric results for .carbon-coatéd Ni-25-Cr presented in .
Fig. 116 are similar to those found for simple oxidation in the presénce of

NaCl or HC1, e.g. Fig. 6k and 65.

£. Carbon in Air (dry) with HC1(g)

i. Thermogravimétric results

A carbon coating on the Ni-25 Cr-samplé resulted én almest continudus .
isothermal scale cracking and slight spallation at 900 C in air with HCl(g),
Fig. 117,

i, Thermogravimetric résults

The lQSOQC oxidation behavior of carbon-coated .Ni«2% Cr. in .atmosgheres
containing NaOH(g) indicates isothermal .scalé breakage and, pérhars, slight
spallation effécts, Fig. 118. These results.are similar to theose cbeerved
for carbon-coatéd .Ni-25.Cr oxidized in atmospheéres containing HCl(g), cf..
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Fig. 117. Thé data.reported here do not indicate large.differences in welght .

¢¢¢¢¢

change behavior with variations. in NaQH(g) concentrations in the range exanihed.

h. Cérbon with Na,SO,_in AIF (dry)

i, -Théermograviméiric results

The lOSOOC‘oxidation behavior. of Ni<25 Cr coated with both Nazso“ and

graphité- is shown in Fig. 119 anid is similar to that observed.for the Ni-I't COr

4lloy coated with. Na,0U, alone, cf. Fig..99. The amount.of time required to
reiiove the Na,S0, deposit (1.72 me/ci®) hére has increédsed by approximitely u
factor of 3-(i.€., 14 hours) comparéd with thé U hours.neéedéd tliere to.

remove 0:5¢ mg!cm?,pFiga 09, The carbon is not markedly affecting the behuvior
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i. Carbon with Na,SO,_in Air (dry) with NaCl(g)’ e

i. Thermogravimetric résults N R

The Ni-25 Cr samples coated with carbon in addition to Na 80 and oxidized.
in air with NaCl(g) exhibit thermogravimetric data similar-to $hat for the
oxidized samples coated only with‘Nazso“,_Fig. 120, ef. Fig. 107.

J. Carbon with Ne SO _in Air (dry) with HC1(g) :
# |
i. Thermogravimetric data RN

The thermogravimetric data for samples .coated with both Na SO and carbon.
and oxidized at 900 and 1050°C is presented in Fig. 121. These résults indicate S
very eérratic behavior quiteée unlike that followed by samples simply ¢oated with ‘ ‘i
Na,80, deposits.and oxidized in HCl(g) atmospheres, cf. Fig. 111. Furthermore, . '
theé rate of loss.of. the Na_SO deposits .ig slower hére than was. tlhie casé when .
carbon was absént from the deposit. The reéason for this behavior is not
présently understood.

k. Carbon with Na,SO (g) in Air (dry) vith NeOH(g)

i. .Thermogravimetric résults

The thermogravimetric data for Ni-25 Cr coated both with Ne;SO, and carbton ;
are presented in Fig. 122, Thesé results are in qualitative .agreement with . |
what Has been observed for .Ni-25 Cr coateéd with NazSO, and oxidized in 1
air alone, cf. Fig. 99. At 900°C slight but .erratic weight. gains are
observed. At 1050°C, 6n the other hand, uniformly rapid weight loss is )
observed. e e

C.. B<1900: A Superulloy . Co

The major thrust of this worfk has .dealt with the elémentary though.
technologically important alumina and chromia formers. However, & few éx- - y
périmenits were. performed to briefly determineé.if NaCl(g) at a lowactivity - ‘
éxhibits any eéfféct on thé oxidation behuvior of the superalloy B-1900. = The
compésition of B-1900 is 8.0 Ct,.10.0 Co, 1.0 Ti, 6.0 A1, 6.0 Mo, 0.11 C,

4.0 Ta, 0.015 B with thé balancé nickel (Ref. 100)..

Thé bxidized surfacé of B-1900 éxposéd to air at 1050°C for 6k hours is
séen in Fig. 123. This surface oxide layer is irregular-with mény elements from
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thé substrate-present there. This result is in agreement with .the work of
Fryburg, &t al. (Ref. 60) in which B-1900 .at .2000 C in oxidation was.deseribed
&5 an alumina-formér with a little Cr;03 and NiO dissolved in the protective
alumina layeér. -
A B-1900 samplé similarly oxidized at 1050°C.in air with 195 ppm NaCl, .
Fig. 124, produced a hetérogeneous. surface as comparéd with the Sample
oxidized in air alone, Fig, 123. In addition, eluminum-rich blades as
determined by EDAX are also present, Fig. 124 and 125. . These aluminum-rich
blades were not séén in the sample oxidized in.air aléne. .Moreover, metallo-.
graphic cross-sections .of this sample.showed .a typicel substrate microstructure
that could be associated with the hot .corrosion of this alloy, Fig. 126.. It
is emphasized that no Na2804 was present nor appliéd. Based on the previous
work and thé observation of alumina whiskérs on the surface .of the B-1900 ..
sample.oxidized in air with NaCl(g) présent, it is . expected that the substrate .
should exhibit. areas highly depleted in y' (Ni,Al). . Such areas. are found.in the
regions in the substrate immediately below Substrate regions affected by the
anomolous .oxidation process, Fig. 127.. It is apparent. that Al depletion is
océurring faster than y' coarsening occurs because.areas .of thé substrate
adjacént to normal oxide scales showed: 1) much thinner scalés and no
significant y'-deplétion zones; and 2) slight y' coarsening in the substrate
at the base of such oxide scales, Fig. 128. S

Therefore, this study has demonstrated that NaCl(g) at low activities affects
the oxidation beéhavior of B-1900.. The type of interattion here .is similar to
that seén in the case of NiAl. However, since B-1900 has much less aluminum
than. NiAl, i.e., 6.0.wt% compared with 31.06 wt%, respectively, the lcss of
aluminum .in the case of thé former will more rapidly lead to internal oxidation
and alloy depletion effects as shown here. Furthermore, this can lead to.e
non-uniform attack of the substrate. Alsé, as was discussed in the case of
NiAl, the NaCl normally preéent.in.Na~SOQ at impurity levels .(low ppm wvalues) is
suffié¢ient to effect alloy depletion Of aluminum and alumifia scale breakdcws. .
Therefore work is needed t6 characterize the minimum conéentration.necessary
for various gaseous corrodents. to effect protective scale breakdown in both
oxidiZing-and,Nazso“fiqguggg.corrésion conditions.

If thé NaCl heére is. also.interacting with the chromium present in the B=1900
substratés, such an interaction was nét obviously apparent. However, such
interactiorn, based on the résults preseénted héreéin for Ni-25 Cr and elemeéntal
chromiumn, would be éxpeécted.

Furthermore, it is unreasonable to assumeé that B-1900 is unique among the
supérallojs régarding its interaction with NaCl(g). Howéver, the extent of.this.
intéraction for othér alloys may be différent both qualitativeély and quantitatively
depériding on both thé alloy chénistry and the exact distribution of the chemical
eléments among the various phases present for each alloy.
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V. SUMMARY AND CONCLUSIONS

The results of this werk, largely disfcussed in caeh arpropriate section,
aré summarized below:

1. The gaseous compounds NaCl, HC1 and NaOH, have been shown to intéract
at low activities.(n.1 to 1000 ppm) with the alumina formér NiAl, the clromia

formers Ni-25 wt.% or and elemental chromium and. the supéralloy B-190Q..

2.. Thése interactions occur at.low concéntrations of the gaseéous corrodernt
in both oxidation and soGium.sulfate-induced hot.codrrosion.

3. In oxidation, mixtures. of air and.the -gaseous corrodénts.form a-Al 0
whiskers on the dense alumins scale. .The .formation of these whiskers locally
depletes the substrate of aluminum and progressively weakéns the .mechanical
bond beétween the dénse scale and the substrate leading to isothermal scale
rupture.

L. The rate of alumina scale rupturing varies: inversely with.the level
of NaCl(g) in .the oxidizing atmosphere for the concentrations éxamined here, i.e.,
approximately 0.1 to 150 ppm (by weight).

5.. With.respect to oxidation of' the.supéralloy B-1900.in the présénce of
NaCl(g),. Aloo3 crystals grew.on the surface of.the dense oxide scale. The source
of the. aluminum is the gamma. prime which underwent irregular and local depletion
along thé substrate-oxide interfucs, .The microstructure.of the alloy-is therefore
similar in many respect to that observed for Naesoh-induced corrosion.

6. With respeet to the .chromia former Ni-25 wt.? Cr, chlorides produce
the "s" shapéd curves characteéeristic of bredkaway oxidationm. . Moreovér, the

oxide scale formed on thé surface.of the Ni-05.Cr allay is Cr203 aﬁd.NiCréOh.

T. In the oxidiging atmospheres containing gaseous chlorides, chromium
has been identified in residues deposited downstream from the chromium. and
Nie25 wt.% Cr speciméns. The vapor. species respondible for this transport—have
récently béen réported by Stearns et al..(Ref. 65) and Fryburg et al (Ref, .66)
to be principally (NaCl)x_ Croq, x 81, 2, 3, and (I\laOH)x C'r03, X2 1,0, As a .
result of preferéntial cliromium deplétion, arn extended Cp depletion z2oné is formed in.
the Ni-25 wt.f Cr alloy. Moreover the raté -of chromium rémovdl frof the oxidizing
surfdace and the typé of surface oxide structure formed on Ni=-25 wt.% Cy ig -
dependént on the vélocity of ‘the NaCl(gl=containing atmosphere flowing across the
surface.,

8. The structuré of the oxide scale forméd on elémental . chromiwn is dee
préndént upon. the concentration of NéCl(c)'iﬁ.the-environméht. The -highly cohvo-
luted scale formed aftér électropolishing of chromiusi is Feproduced when the
metal {s exposed to atmosphéres_contsining. gaseous NaClo.o.... .. . .. ..
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g. NaCl found at impurity levels (1.8., low ppm,values) ;1 laboratory prade
NGQSOL is.fot preferentially lost by heat ing the salt at Qp0°C for 48 hourc. .
10.. Thé'sodium~chloride,presenf in NaDSOh_is responsiblé,for the formation’
. of.A1303.whiské?S that Torm on the-A1203 surtace. . The formation of these whiskers
- infer that aluminum -is penoved. rrom the mexal—oxi&e.intnrfaré.theréby deplet ine
the underlying area'of_aluminuﬁ and compromising the adherence of-the oxide scale..
gest the use of alwsinun compounds &g —..
sulfidﬁtion.iﬁhibitons. The sncceas depende upon achieving suitabtle yeducing
conditiong.under which an *a1-Nacl" moiety can preferentially be formed with the
aluminum supplied by the inhibitors

11. ”The'resultswpresentedwhere aug

to NiAl resulted in ..
sQ¢C. ~With

ed iso-

12. Tue presénce of.cnrbon.codéposited.with Na»@¢), of
1over rates of oxidation-at 200°C and virtually no effect at .10
réspect to the allay Ni=05 vt % Cry, the.thermognaVimétric data sugpest
thermal SCule»brégkagé occurringi.the cause {s not knowu.

1 13. With.resypect to the hot corrosion. of Ni=0% wt.T COr in the abgence of the
sodiun sulfate, the gaseous NaCl deépletes the surface of cggggiggs In.theé presence

of Na S0y, the- role of nacl(g) is uncledx..

14. The precise mechanism involving alxmﬁxnm\trnnsport in both oxidation
and Na S0, -induced hot corrosion processes has teen desceribted i qunlitutivv
terms. Virtndllg_nothingiis‘kn:wn.of e} _her the precise-compcsition ot the
olved in thir transport oycle or the méchanistic.pathﬂays,

specids through othervige dense gonles.  Oimilar.
ton except that the vapor
have bedn ideptivied

&

gagoous species inv
for-diffusidn of the pout inent

ply to the ohiromin formers iv oxidati
tion of Nall with chronmia

comment . also ap
gpegcies rosulting'from.the intorace
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Fig. 3b tiaasou-c.‘oated NiAl oxidized at 900°C in air with l'aCl vapors..
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ORIGINAL PAGE 15
OF POOR QUALITY

L

S Ch MGt stomy e

| _J
10U

o]
(1.22 mg/em”).NiAl oxidized at 1050°C for
ol “hours in air containing 128 ppm HCl(g). Note the shiny
surfices on the voids (arrows).

Fig. b5 .NaQSOu-cOated
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Na_S0,-couted (1.22.mg/en?) NHAL oxidized ut 1950°C for ..
2L“nours in air containing 128 ppm HCl(g). Note the
martensitic structure (A) and possible y' (3).
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OF POOR QUALITY .

ORIGINAL PAGE I&.

apperently open éxide structure.

Fig. 67 Ni-25 Or oxidized at 900°c in air with 2.9 ppm. NaCl(g) shéwing _&_xi_______

o O 4O |/ O X T3 3
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Fig. 84 Cr oxidized in-sir with L9 ppm NaCl(g) &t 900°C for 24 hours.
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B, Oxide scalée adjacent to the atmosphere b
showing finequ2O3”crystals on the
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c. Oxide scale adjacent to the substrate

showing fine Cr203 needles growing from - — .

the compact oxide surfacé:

Fig: 88 Cr oxidized in air with 14.4 ppm Nacl(g) at 1050°C fo¥ 24 hours.
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Fig. 127 Anh enlargeément of the substrate immediately adjacent 1
to the anomalous .oxide found.in. Fig. 126b showing the
v! depletion area (A]. (Normarski Interference Contrast —_
Illumination).
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