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FOREWORD

o——————

This Final Report documents the results of the Hot Corrosion
Mechanism Studies performed by the Research and Development Center of the
General Electric Company under Contract No. N-(600){61533)-63219 for the
U.S. Naval Marine Engineering Laboratory, Annapolis, Maryland. The program 32
was managed by R. W. Hardt, and leading technical contributors wevre A. U.
Seybolt, J.R. Gambino, A. Beltcan (Schenectady Materials and Pro::esses
Laboratory), and P. A. Bergman and M. Kaufman (Tnomson Engine :ring
Laboratory, West Lynn, Mass.). The program benefited from continual
consultations with C. T. 3ims (Schenectady Materials and Processes Laboratory), I
who is manager of a complementary program on Ailoy Development, and with
G.J. Danek, K. Zwilsky, and W.Wheatfield, all of the Marine Engineering
Laboratory.

Reproduction of this report in whole or in part is permitted for any
purpose of the United States Government.
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ABSTRACT

The occurrence and nature of "hot corrosion" was investigaied. The
elements nickel and cobalt, their binary alioys with chromium, and simple
ternary alloys composed of third elements added to chromium-~nickel and
chromium-cobalt, were studied. Reacticn kinetics of sulfate-induced oxidation
were studied by thermal balance techniques. Hoi corrosion severity at 1675°,
1750°, and 1900° F was determined for the prepared samples in burner rig tests
that simulate actual engine environments. The nature of the corrosive attack
was studied morphologically, largely by metallographic examinations.

Hot corrosion enhanced oxidation has been shcwn to follow sulfidation
attack after sulfate reduction by the basis metal. The effects of sulfate
concentrations, oxygen pressures, surface oxide film thicknesses, and temper-
atures were determined for elemental nickel, cobalt, and some of their alloys
with chrormium,
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HOT CORROSION MECHANISM STUDIES

I. INTRODUCTION

A. Problem Qccurrence

In the immediate post-war era, the late 1840's and early 1950's, the
proLlem of "hot corrosion" of boiler combustion tubes was extensively studied.
The occurrence of the especially deleterious form of corrosive attack was
shown to correlate with the presence of condensed combustion reaction products,
primarily molten vanadium oxide salts when residual fvel cils were used.
Measures that have been applied in efforts to reduce th corrosive effects are:

1. fuel treatment, including additions to inhibiting (passivating)
materials and removal of potentially corrosive elements by washing and/
or fuel distillation,

2. decreased operating temperatures,
3. incicased maintenance on scheduled shorter operating periods, and
4. improved alloys.

Means to alleviate the problem were found, and hot corrosion studies were, in
large part, discontinued.

More recently, in the period 1960-65, attention has again been drawn
to the "hot corrosion" problem, this time primarily associated with aircraft
and naval gas turbine applications.

There is a paucity of data confirming the cccurrence of catastrophic
hot corrosion in actual operating components. Reasons for this are that most
gas turbine power plants operate in environments nct conducive to hot corro-
sion attack--that is, the combustion products for whatever reasons do not con-
tain significant concentrations of condensable, inorganic, corrosive materials.
Such environments include the high altitudes associated with distiilate fuel-
burning aircraft jet engines. Land-based gas turbines usually use natural gas
or refined petroleum distillate as fuel and are usually not susceptible to hot
corrosion attack.

The inciderce of "hot corrosion" in gas turbines has been especially
insidious. It appears with little visual warning and at sometimes catastrophic
rate. In the past few years it has occurred with increased frequency, and is
now considered a major problem. This coincided with an increase in the
number of marine applications, higher temperatures, and with the utilization of
higher strength nickel-base alloys which generally have relatively low chromium
contents. This correlation cf the appearance of "hot corrosion" to marine envi-
ronments has deterred applications of gas turbine power in naval vessels.

Much effort has contributed to the present and yet incomplete under-
standing of "hot corvosion. " Daaek(i) in a report, "State-of-the-Art Survey on
Hot Corrosion in Marine Gas-Turbine Engines, " has prepared a concise review
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of this work. One of the earlier more definitive studies of hot corrosion, re-
ported in 1955 by Simons et al.(2) related hot corrosion to the reduction of
sodium sulfate anc%aiubsequent sulfidation attack of the basis metal. In later

studies, Bergman\’/ related the corrosive attack to marine environments. Ina
succeeding study in which fuel sulfur concentrations snd air-sea salt concentra-
tions were varied, the dependence of hot corrosion on the coincident presence of
both sea salt and sulfur was demonstrated, and the deposition of sodium sulfate
was confirmed.

B. Investigation Plan

As one of two complementary Navy-supported programs, this Hot
Corrosion Mechanism Study was conducted to determine and document in more
detail the reactions that acccunt for "Hot Corrosion." (The other program was
intended to study the effectiveness of alloying and compositional variations on
hot corrosion behavior.) It was therefore appropriate to direct the major part
of this program in a systematic manner to result in improved understanding,
rather than in an empirical way which might possibly provide an expeditious
solution. Three types of investigations were planned and are reported in the
following sections.

1. Reaction Kinetic Studies, largely by use of tnermal gravimetric
analysis techniques (T.G.A.). Although the T.G. A. Method does not simu-
late actual operating environmental conditions, the method provides rela-
tively precise quantitative data expeditiously and economically.

2. Burner Rig Tests, in which simpl> metals and alloys can be com-
pared under conditions designed to cause ai. accelerated corrosion at vary-
ing temperatures, in an environment that is intended to simulate actual
engine environments in its effect on hot corrosion behavior.

3. Morphological Studies, generally consisting of metallographic
analyses augmented by simple chemical and x-ray diffraction analyses.
In addition to samples prepared in conducting the T. G. A. and Burner Rig
Tests, many specimens prepared in special tests under varying condition
serve to elucidate the nature of the hot salt oxidation attack.

In this program, a major difference from mcst previous studies was
the emphasis upcn simplicity. Especially in the earlier experiments, and
generally during the course of the program, elemental cobalt or nickei speci-
mens or simple, binary and ternary, alloy specimens of cobalt and nickel were

specified.

II. PROGRAM REVIEW
A. Format

Experimental results and data obtained during this program are formally
reported as Appendices to this report, each of which has been prepared by the
orincipal contributors to the specified investigations. This section is therefore
limited to a review of the detailed data adequate to allow comparative and inte-
grated rationalization and interpretation.

-9-




B. Discussion of Results
1.

Nickel

There has existed some doubt that sodium sulfate in itself constituted
a corrcsive medium toward nickel. Sykes and Shirley(4) fcund the salt innocuous
toward heat-resistani steels, and early in this program the lack of intense attack
in the absence of cxyge:: was noted in the thermogravimetric analyses conducted
by Gambino (Appendix A). Seybolt in an independent but related study (Appendix
B) unequivocally demonstrated the corrosive nature of sodium sulfate toward
nickel, however. The corrosion consists cf a sulfidation attack, largely con-
centrated at grain boundaries.

At temperatures high enough and in environments adequately concen-
trated with respect to available sulfur, molten nickel-nickel sulfide eutectic
compositions develop. In the presence of oxygen, the nickel-nickel sulfide
autectic is preferentially oxidized.

As shown in Appendix A, Gambino used thermogravimetric (T.G.A.)
methods to monitor the high-temperature oxidation of nickel in the presence of
scdium sulfate and other salts. In the absence of surface oxide films, nickel
was shown to uxidize initially at rates which were: {1) independent of sodium
sulfate concentrations, (2) dependent upon oxygen pressures, (3) dependent upon
temperature according to the Arrhenius equation, and (4) dependent upon the
moisture content of the oxygen environment.

The high initial rates of oxidation of nickel in the presence of limited
amounts of sodium sulfate shown by the T.G. A. studies {Appendix A) and the
severity of the sulfidation attack of nickel by large excesses of sodium sulfate
with or without oxygen present (as illustrated in Appendix B) indicate that these
reactions do not rely on autocatalytic mechanisrs, such as postulated by
Simons et al.(2) since no accelerating periods are observed. Incubation periods
nave beein cbserved, however, when oxide films were formed on the nickel spec-
imens prior to exposure. In all cases studied, however, vigorous corrosion
ultimately occurred, and no lasting protective quality can be ascribed to the
oxide film on elz:nental nickel.

In the T. G. A. records of sample weight gains vs time, it was found
that initial rates decrease significantly, and appear ultimately to approach rates
for normal nickel oxidation. Moreover, the total amount of initial weight gain
(accelerated oxidation) of sodium suifate-coated nickel snecimeus exposed to a
dry oxygen atmosphere is directly dependent upen the amount of sodium sulfate
oresent (Fig. 3, Appendix A). The limited enhanced oxidation behavior, in con-
trast to that of Seybolt (Appendix B), indicates that the T.G.A. monitored rates
exhibit an equilibrium in the reacuion between sodium sulfate and nickel. This
was proved by addition of sodium oxide to sodium sulfate on a nickel specimen;
the oxidation rate was great’ - diminished.

The correlation between the amount of nickel oxidation and the amount
of sodium sulfate, e.g., the amount of available sulfur, indicates also that the
available sulfur is expended during oxidation. In a dynamic combustion system
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where sulfur-bearing fuels are burned, the "available sulfur" may be almcst
unlimited, however; the basic product of the sulfate corrosion (Na,O), which has
beer)x shown to limit the reaction, is neutralized by c.mbustion products (SOg,
Soa .

2. Cobalt

In the monitoring of tue oxidation rate of cobalt in the presence of
sodium sulfate by T. G. £. methods, it was found that no significant reaction
occurred. In a separat: investigation, reported here as Appendix C, Beltran
and Seybolt studied the hot corrosiocn of cobalt in crucible tests. Except for
differences in temperatures which apparently reflect the higher melting points
of the cobalt sulfides, the attack appeared identical in form to that of nickel.
"he contrasting results of crucible and T.G. A. exposures reflect the differ-
ences in experimental conditions, notably the difference in concentration of
sodium sulfate. It must be concluded that:

(a) the attack of cobalt by sodium sulfate is ccmpletely analogous to
that of nickel, and

(b) the equilibrium conditions are such that insignificant amounts of
available sulfur (sulfide) exist in the T. G. A. samples thinly coated with
the sulfate.

3. Chromium Additions

Seybolt and Beltran report in Appendices B and C on the attack of
nickel-chromium and cobalt-chromium by sodium sulfate. Two important effects
of chromium are suggested:

(2) the development of a contiguous, protecting chromium..rich surface
oxide film, and

(b) the removal of diffused sulfur by formation of relatively stable ard
inert chromium sulfide.

T.G. A. studies (Fig. 27, Appendix A), indicate the large degree of
improvemert in hot corrosion resistance of 204 or higher chromium additions,
but the relative importance of the two ciied effects is not obvious. These kinetic
data exhibit hot corrosion oxidation rales even lower than normal oxidation rates,
resumably reflecting a protective effect of the enveloping molten salt. Chromium
is clearly beneficial in imparting to nickel and cobalt improved hot corroszion re-
sistance, although in environments containing extess sulfate severe attack does
occur.

Similarly, Bergman shows in Appendix D (Figs. 4, 5, and 6) the benefi-
cial effects of chromium additions to nickel in resisting hot corrosion in Burner
Rig Tests. The required chromium content to provide hot corrosicn resistance
is shown to vary from 10# at 1675°F, to 15% at 1750°F, and 25% at 1900°F.

4. Alloying Additives

Several simple nickel and cobalt ternary alloys containing significant
concentrations of chromium were prepared and tested by both T. G. A. methods

-4~
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(Appendix A) and Burner Rig Tests (Appendix D). Large differences of the
several additive elements on hot corrosion resistance were observed. Inthe
T.G. A. tests, the deleterious effects of molybdenum and aluminum in nickel-
chromium alloys are exhibited by high rates of oxidation measured as weight
gain. Inthe Burner Rig Tests, conducted at three different temperatures and
in a simulated application environment designed to accelerate hot corrosion
attack, definitive comparisons of the several additive elements are possible hy
metallographic techniques. Comparison of the results of exposures to the three
temperatures, 1650°, 1750°, and 1900°F, is instructive (Figs. 4,5, and 6 in
Appendix D). Whereas aluminum (erratically) and molybdenum exhibit a dele-
terious effect in nickel-chromium, increasing from slight at 1675°F, and mod-
erate at 1760°F, to severe at 1600°F, tungsten is only slightly detrimental at
1750°F, but extremely so at 1900°F. Of the alloying elements studied, titan-
ium and cobalt appear to degrade nickel-chromium least. Molybdenum and
tungsten affect cobalt-chromium alloys similarly to their effect on nickel-
chrcmium.

A developmental nickel-base alloy, PDRL-163, * was tested at 1675°
and 1900°F for comparative purposes. At 1875°F it appeared to suffer moder-
ately severe attack--as might be exgected ¢f an alloy containing significant
amonunts of alloying additives known to be deleterious--but at 1900°F, there was
very little attack, simple logic to the contrary. Bergman notes the absence cf
spinel in the resulting oxidation products.

C. Conclusions

1. Both nickel- and cobalt-base alloys a-e susceptible to hot corrosion
by direct sulfidation reactions with sodium suliate.

2. Sulfidation attack of pure nickel and cobalt is primarily iniergran-
ular, ¢..d oxidationcccurring subsequently, is preferentially at the sulfide-
rich grain boundaries.

3. Chromium additions to both nickel and cobait greatly improve hot
corrosion resistances of the two metals.

4. Chromium is believed to be a beneficial addition because it is shown
to: (a) allow a more resistant surface film to form, and/or (b) preferen-
tially react with the sulfur present, changing the sulfide morphology and
reducing the concentration of sulfur available for further attack.

5. Additions of other alloving elements to nickel- and cobalt-chromium
alloys may degrade the hot corrosion resistances of the simple binaries.

6. Since ternary additions should not affect significantly the reactivity
of chromium and suifur, their detrimental effects must be related to the
lack of a protective surface film formation.

7. The extent of sulfate~induced enhanced oxidation is governed by the
amount of reactive sulfur present; as a corollary, during enhanced oxidation,
the sulfur is expended, allowing redevelopment of oxidation resistance.

*Internationsl Mi.ckel Corapany.

"
G

Fossfe

Wy e
o
i

a“’iz ﬁfs}z‘

¢
3

b

DS EEA L N e

fey B'shg

FREN SR L U W LT Py

Calc i P

"




o p

G.J. Danek, "State-of-the-Art Survey on Hot Corrosion in Marine Gas-
Turbine Engines, " U.S. Navy Marine Engineering Laboratory Research and
Development Rept. No. 32/65, Assignment 87, 111 (March 1965).

E. L.. Simons, G.V. Browning, and H. A. Liebhafsky, "Sodium Sulfate in
Gas Turbines, " Corrosion, 11 (12), 505 (1955).

P.A. Bergman, "Saline Corrosion of Aircraft Gas Turbine Materials at

Tem§>eratures up to 2000F, " General Electric Rept. No. R64SE10 (April 8,
1964). '

C. Sykes and H.T. Shirley, "Scaling of Heat Resisting Steels, Influence of
Combustible Sulfur and Oil-Fuel Ash Constituent, " Iron Steel Inst. Special
Rept. No. 43, 153 (1951).




_;TI‘,- ——

THE ROLE OF SODIUM SULFATE IN THEACCE LERATED OXIDATION
OF NICKEL ‘ -
by

J.R. Gambino

Ceneral Electric Company
Schenectady, N.Y.

Submitted as a Topical Report
Felated to the
Hot Corrcsicn Mechanism Study
" Contract No. N-(609) (61533)~63219

Conducted for the
U.S. Naval Marine Engineering Labcratory

Annarpolis, Md.

January 1966



b2

L NP LR DAN . S

- - - .
e . . K a - ~ - - e~ - -
~ ot LT B P PEREA S I 4% TS vy --w
‘P.—_-,;&-JM e paEs et b ol Rl e e % AT g

RTINS

APPENDIX A

THE ROLE CF SODIUM SULFATE IN THE ACCELERATED OXIDATION
OF NICKEL

J.R. Gambino

I. INTROCUCTION

Metal components in the hot section of gas turbines operated in a marine
envircenment ar< occasionally severely corroded. (1) The corrosion is typified
by the formation of a voluminous cxide scale and the presence of sulfides at the
corroding front. Salt deposits are invariably associated with this type of attack.
As might be expected from these characteristics, the corrosion phenomena have
been variously referred to as catastrophic oxidation, sulfidation, or hot
corrosion depending on the viewpoint of the investigator. This type of corrosion
has been duplicated 2) when both sodium chloride and sulfur-rich fuels are
introduced in burner rig tests.

The work reported here is part of the "Hot Corrosion" mechanism study
sponsored by the Navel Marine Engineering Laboratory with the expectation that
knowledge of the mechanism would be helpful in designing* ailoys resistant to
hot corrosion. Because of the anticipated complexity of the hot corrosion
process, it was felt that corrosion studies should be conducted on elemental
metals, at least initially, thereby avoiding the superimposed chemical complexity
of commercial alloy compositions. Since nickel-base alloys are reporiod to be
more susceptible to hot corrosion than cobalt-base alioys, nickel was chsoien for
intensive study.

Most investigators agree that the deposition of sodium sulfate on the
metal surface is a normal precursort to hot corrosion. The sodium sulfate
forms because sodium chloride is rot stable in the presence of 30, or SOj3 at
combustion temperatures, and according to Sulzer ) should react exothermicaliy
as follows:

2 NaCl + S0, + 1/2 Oz + H,0 - NazSO4 + 2 HCL + 51 keal/mole. (L)

Therefore, the oxidation of nickel in the presence of thin surface coatings of
sodium sulfate was chosen for initial study.

*A concurrent Navy sponsored program on alloy development, based primarily
on improving sirength characteristics of several corrosion-resistant alloys,
is being conducted at the General Electric Company's Materials and Processes
Laboratory, in Schenectady, and at the Thomson Engineering Laboratory in
West Lynn, Mass.

& . . . .
'In residual fuel ash corrosion, low melting oxides also present can cause
accelerated oxidation.
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References to other investigation in this system could not be found in the
literature. Simon et al.\4) conducted experimentis that demonstrated that sodium
sulfate alone* could cause accelex.ted oxidation of stainless steels under some
conditions, howevar. From the results of this study, it was conciudad that
sodivm sulfate is reduced iccally to form a iower valent sulfur, which in turn
reacts with the base metal to form 2 metal culfide.

M+S - MS . (2)

it was postulated that this sulfide reacts with sodium sulfate, generating more
sulfur for further reaction with the base metal.

KazSO4 +3 MS =4S +3 MO+ NazO . (3)

Since the suliides sometimes form low melting eutectics, no protective cxide
films form, and the reaction is more rapid than oxidation of the base metal.
This reaction in a large excess of sodium is so rapid and exothermic that a
localized thermal excursion is pcstulated as a significant factor in contributing
to accelerated attack.

Autocatalysis results because more than cne sulfur atom is produced per
mole of sodium sulfate in reaction. Thase investigators were able to demonstrate
that reducing conditions (exposure tc hydrogen or electrolytic reduction) could
initiate the reaction, and suggesicd that the base metal itself could act as the
reducing agent if the {ilm failure allowed contact with sodium sulfate.

Some ubservations on reactions in the nickel-oxygen-sodium sulfate
system were made which might be helpful in further clarifying the rcle of sodium
sulfate in *hot corrosion" reactiocns.

II. EXPERIMENTAL PRCCEDURES

The weight change measurements were performed on two recording
Cheverard thermobalances medified to allow signal readout with linear differential
transformers. Coupons at room temperature were introduced into a heated
furnace that had the desired gas or gases fiowing through at a rate of 250 to 350
ml/min. Coupons, 0.75 by 1.25 inches, were usually sheared from commercial
nickel sheet, 0.020 inch thick. Coupons were hand polished with 400- and 600-grit
paper before coating cr pretreztment.

A saturated solution of the salt to be applied was sprayed on coupons
heated on a hot plate (surface temperature 250°C) using an airbrush. Such
coatings were adherent and appeared uniform in the thicknesses used (up to 30 mg
per coupon). One side of the coupon was coated and weighed; the cppcsite side
was coated tc withi, a few mg.

*In residual fuel ash corrosion, low melting oxides also present can cause
accelerated oxidation.

A-2




When solid particles were added to the salt, brushing or dipping was
used instead of spraying to apply the mixture, with a resultant loss of thickness

and uniformity control.

Two types of nickel were used in this investigation. Spectroscopic
analysis of the commercial nickel, nominally 99. 54 pure, showed the following

elements:
Nickel Major constituent
Manganese 0.14 to 1.0%
Titanium .014 to0.14
Silicon .014 to..1%
Copper .04 to .14
Cobalt .04 to..1%

Magnesium .0i4 to .1%
Chromium .0014 to .014
A higher purity nickel, nominally 99.994, obtained from the Driver-Harris
Company had the following impurities:
Nickel Major constituent
Cobalt 0.014 to 0. 14
Iron .04 to .14
Copper < .01%
The cobalt used had the following analysis:
Cobalt Major constituent
Nickel 0.14 to 1.04
Silver < .0014
Silicon < .001%
Copper < .014

In addition, a nickel - 1% chromium alloy was prepared by vacuum
induction melting. The as-cast material was cut into coupons approximately
the size of the nickel coupons.

OI. RESULTS AND DISCUSSION
A. Oxidation Kinetics

Studies of corrosion kinetics have a well-known value in establishing
mechanisms of corrosion phenomena. Kinetics should be especially useful in the
hot corrosion study, which is likely be more complex than most other corrosion
phenomena because of the several possible alternate and sequential reactions,

A-3
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as well as the possibility of a mollen metallic whase at the interface. Kinetic
studies are useful in distinguishing or enumerating the different stages of the
over-all corrosion process and establishing the boundaries of each stage. The
rates of corrosion can be measured in each stage. Experiments can then be
designed to determine the effect of various experimental parameters on the rates.
The rate behavior itself, i.e., the mathematical equation best fitting the kinetic
data, and their sequence, usually is instructive in verifying the type of reaction
occurring. The rates and temperature behavior can be compared quantitatively
with rates of related reaction and processes.

The weight change kinetics of a polished nickel coupen coated with
sodium sulfate and exposed to dry oxygen at 900°C is shown in Fig. 1. A very
rapid weight gain occurred in the first few minutes of exposure. Compared to
oxidation of uncoated nickel for the same conditions, also shown in Fig. 1,
sodium suifate clearly induces accelerated corrosion.

The temperature dependence of oxidation was investigated. Nickel coated
with sodium sulfate, exposed to dry oxygen at temperatures ranging from 750° to
940°C, changed weight as shown in Fig. 2. The behavior in the experiments
conducted at 200°C above the melting point of sodium sulfate, 883°C, was identical
to that observed at 850°C. At lower temperatures, where the initial weight changes
occurred over a longer time, the initial oxidation rates had the normal dependence
with temperature. Accelerated attack apparently can take place well below the

- melting point of sodium sulfate.

In the above experiments the coa!ing weight was not always held constant.
In another series of experiments the effect of coating weight on oxidation behavior
was investigated. The weight change during exposure io dry oxygen at 825°C is
shown in Fig. 3 for nickel coupons having different weights of sodium sulfate
coating. Coating thickness had no noticeable effect on the initial oxidationrate
as it might if transport through the sulfate were rate limiting. Coating thickness
did have an effect on later oxidation stages. The severity of attack increased with
increased coating thickness in the thickness range studied.

In other experiments the effect of water vapor on oxidation kinetics
was studied. The weight change behavior at 805°C of a coated nickel coupon
exposed to oxygen saturated with water at room temperature is shown in Fig.
4. A significant increase in the initial oxidation rate results from the presence
of water vapor. A marked change in the duration of the initial oxidation behavicr
was caused by the water vapor also. 'This behavior had a curious dependence on
temperature, exhibiting 2 maximum at about 800°C (Fig. 5).

Coated nickel coupens exposed to oxygen-argon gas mixtures at 805°C
changed weight as shown in Fig. 6. At the lower oxygen pressures, wt>re initial
weight gain is obviously linear, the change from linear behavior occurs much
later than at high oxygen pressures. At the high pressures, linear behavior is
restricted to a short initial period and is sometimes difficult to identify. It will
be assumed that all curves are initially linear for convenience in showing the
dependence of these initial raies on oxygen pressure as in Fig. 7. Above 24
oxygen, the rate is more or less independent of oxygen pressure. At lower
oxygen pressures, the rate increases proportionately* to oxygen pressure.

*Actual r PO, 75,
A-4
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Fig. 5 Weight gain of nickel coated with sodium sulfate in wet
oxygen at various temperatures.
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Fig. 6 Weight gain of nickel coated with sodium sulfate at different
partial pressures of dry oxygen at 805°C.

A-T7

Wa.mwmnﬁm y el e o 2
5 o
et




3 AT KU Tosione o

100
8 —0
8
=
€
i o~ /
5 §
Q S 00
: E
W Q o
: =
&
: d
' z
0.0
0.0 0.l ! 10 100
OXYGEN, %
3 Fig. 7 The dependence of initial corrosion rate on oxygen partial
pressure.
10
)
rand
P slY
i OXIDE COATING  COATING WT. SPECIMEN
: ’ (mg/cm?) mg. NO.
s o 0.3 17.6 N203
S a i1 208 N205
: € 6 o i.0 250 N220
3 =
3 s
: — —
; S .
: 8 4
3
—0)
Q..—HJ‘"""
I
|

0 10 20 3 40 50 60 70 8 90 100
' - TIME (MIN.)

Fig. 8 The effects of preoxidizing nickel on corrosion
in dry oxygen at 850°C.

 Sedy- SRS WD

A-8




*These results suggest that transport of oxygen through the sulfate film
is not rate controlling at the higher and usual oxygen pressures, and oxygen is
readily available to the solid-liquid interface.

Some specimens were oxidized prior to coating with sodium sulfate.
Preoxidation in air at 250°, 300°, 500°, and 600°C for 1 hour did not appear to
influence weight gain kinetics in dry oxygen at 850°C. Exposure at 800°C for
several hours did, however. Weight change curves are shown in Fig. 8 for 850°C
exposure. An initial metal oxide film, 4000 } thick (0.3 mg/cm?), produced no
detectable delay in the onset of accelerated oxidation; but increasing the oxide
fiom weight further caused an increase in the incubation period preceding the
initiation of accelerated corrosion. It is noteworthy that the oxide film was also
penetrated at the lowest exposure temperature studied, 740°C.

B. Auxiliary Experiments

1. NiO-NapSO4

Nickel oxide powder was heated with sodium sulfate in an alumina or
platinum crucible in room air at 900°C overnight. The product was analyzed by
x-ray diffraction and nickel cxide was identified. The other peaks present could
be accounted for by one or more of the sodium sulfate phases. It was concluded
that no extensive chemical reaction takes place between nickel oxide and sodium
sulfate under the test conditions used.

Nickel oxide singie crystals C.3 gram) were immersed in liquid sodium
sulfate (1.0 gram) held in a platirum crucible at about 900°C. After 16 hours
exposure the nickel content of the sodium sulfate was 0. 1% to 1.0# (determined
by semiqualitative spectrographic analysis of the melt). This approximate concen-
tration was confirmed by weight loss measurements on crystals. In addition,
the surfaces appeared eiched. The results were about the same when nickel
oxide single crystals were exposed to molten sodium chloride under the same
conditions.

2. Ni-Na»SO4

A number of qualitative experiments were conducted to establish the
products of the reaction between nickel and sodium sulfate. Such information
is necessary to design meaningful kinetic studies in the system.

Nickel powder, mixed with sodium sulfate, in a 3:2 mole ratio, was
heated inanickel boat at 920°C overnight under argon. The major phases indicated
by x-ray diffraction analyses were nickel and sodium suifate. Several minor
peaks could be taken as evidence of nickel oxide. Sulfate determination by the
barium chloride method confirmed the presence of most 980%) of the original
sulfate. The pH measured could be accounted for by a sodium hydroxide
concentration of 0.5%. Areas of the nickel boat, where the boat contacted the
quartz furnace liner, had a golden-molten appearance typical of the nickel-
nickel sulfide eutectic.
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In another experiment in which scdium sulfate and nickel powder ina
7:10 mole ratio were heated in an alumina crucible under argon at 820°C over-
night, the metal powder had coalesced intc a single golden-moiten mass typical
of 2 nickel-nickel sulfide eutectic composition. Both nickesl and sodium sulfate
appeared to be the major phases based on x-ray examination. The experiment
indicates that nickel can react readily with sodium sulfate. One pessible
explanation for the increased reactivity is that the alumina boat reacted with
¢ »vdium oxide formed and hence displaced the normal equilibrium in the
syste m. Chemical analysis showed a slightly higher sodium hydroxide concen-
trati n (14) and less sulfate remaining (80%).

In similar experiments, .t was determined that neither sulfite ionnor
soluble nickel was formed in detectable quantities whexn nickel and sodium
sulfate in a 1:2 mole ratio were mixed and heated overnight at 82C°C in argon.

Polished nickel coupons were coated with sodium siifate and heated
under argon at 805°C for 1 hour. No weight change was observed. The heated
coupons were boiled in water for 5 minutes, and (within experimental error; all
of the sodium sulfate originally present was recovered in the soluble fraction.
The coupon weight, after the soluble fraction was removed, was the samo as the
original couponweight. Evidence of some attack can be detected in the photo-
micrograph shown in Fig. 9. No other phases were found by x-ray examination
of the coupon surface.

A high-purity nickel coupon heated with a sodium salfate ccating at a
higher temperature, 900°C, for a longer time--16 hours--exhibited a golden-
molten phase localized largely at grain boundaries. No x-ray evidence of
phases other than nickel was found at the surface.

The results of these experiments indicate that the probakle reaction
taking place is that suggested by Simon et al. and can be written:

9/2 Ni + Na,SO, - 1/2 NizSz + NasO + 3 NiO . (4)

%
=

The most noteworthy result of these studies, Fowever, is that the reaction rates
were very low. The low rates could result from the {ormation of a coherent oxide

>

"
o ’ . B
.
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A

Fig. 9 Sodium sulfate-co=*ed nickel exposed to argon at 805°C for
¥ 60 minutes (N221). 100X
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film acting as a reaction barrier. This seems unlikely based on the ease with
which nickel oxide films were peneirated by sodium sulfate (see Fig. 8). Aun
alternate explanaticn is that the reaction proceeds until an equilibrium
concentration of sodium oxide is attzined and does not continue until (1) a2 sulfide
phase at the surface is eliminated by sulfur migration intothe interior and

(2) the equilibrium concentration of sodium oxide is lowered. Loss of sodium
oxide from the system can ooccur by corrosion to sedium hydroxide in the
presence of water vapor. This explanation is in accord with the available
thermochemical daiz which indicate a substantially positive free energy

change (AF = + 27 kcal at 800°C) for reaction (4) as written.

Alternate processes for the formation of nickel sulfide can be
envisioned based on reacting impurities. Since manganese is the major
impurity in the commerical nickel used, its possible reactions are considered.
In contrast to the nickel reaction, the free energy change for the reduction
reaction of sodium sulfate by manganese

Na,SO4 +4 Mn~ NagO + MnS + 3 MnO (5)

is quite negative: AF ~ -105 keal.

If in addition the reacticn between the sulfide and sulfate suggested
by Simon et al.(4)

Na,SO4 +3 MnS - Nap,O+3 MnO+4S
4S+Ni - NiS 8)
NaySO¢ +3 MnS+ Ni - NazO+3 MnO + NiS

takes place, nickel sulfidation could occur by this route. The free energy

change for this reaction (6) is quite positive, however: AF s +20. An

aluminum impurity by contrast could be effective in this way since the free energy
charge of this reaction:

NagSO4 + Al,S3 - NazO + A1303 +43 (7)

is nearly zero: AF s+ 7.

When experiments were conducted to establish the phase equilibria
quantitatively and the kinetics of this reaction, several experimental difficulties
were encountered. In differential thermal analysis experiments, originally

roposed to measure kinetics cf this reaction, the nickel sulfide product reacted
with the platinum-rhodium thermocouples. The formation of molten sulfides in
general prevented the use of noble-metal containers. The dense alumina
crucibles (triangle RR-Morganite) used seemed to be attacked by reactants and/
or products, and affected the rate themselves.
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Nickel oxide pcwder :und sodium sunifide (as Na,S.2 Ti,0O) were mixed in
a 1:4 mole ratio and heated in a nickel boat under argon for 1 hour at 8206°C.
Nickel metai with no nickel oxide was detected by x-ray diffraction of the
product. The solubie fraction appeared to be all suifates. The formation of
sodium sulfide, by transient reducing conditiciuis, could result in removal of

nickel oxide films by this reaction.

C. Special Kinetic Experiments

The auxiliary experiments show that the o=ijinally proposed rapid and
violent reaction of nickel and/or nickel suifides with sodium sulfate does not occur
in this system. Experiments were made to establish the reaction rate of sodium
sulfate with nickel under oxidizing conditions. This was done by measuring the
decrease in sodium sulifate during oxidation. In these experiments, nickel
coupons coated with sodium sulfate were exposed to dry oxygen at 820°C for
short times. The weight changes occurring during the exposure are shown ir.

Fig. 10. These curves illustrate the degree of reproducibility obtained with the

5 - <D
- %‘r—c
. —
2 .| o— & EXPOSURE,  COATING  SPECIMEN
© 30 : MIN, WT. mg. NO. —
-
S A a 20.5 N253
S B 14 21.3 N254
c 60 19.5 N255
-—A D 120 19.2 N256
25 ,
|
s 30 45 6 75 9% 105 120
TIME (MIN.)

Fig. 10 Short time ccrrosion of nickel coated with sodium sulfate during
exposure to dry oxygen at 820°C.
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procedures used. The soluble material was renioved from the exposed -
specimens and ihe sulfate content determined as shown below: -

Exposure Time Original Recovered 4 Recovered pE )
No. {min) Na,S04 (mg) Na,SOs (mg) _ (apprex) (50 ml, H,0)
N253 4 20.5 13 65 7.6
N254 14 21.3 14 65 8.4 ,
N255 60 19.5 45 8.5
N2566 120 19.2 45 8.7

The sodium suifaic content decreased and the basicity increased with exposure
time. These resulis established that both nickel and sodium sulfate are availahls
when the initial rapid oxidation ceases. Other experiments were conducted to
further define the rcle of sodium suifate in inducing accelerated oxidation.

In one experiment, a nickel couporn was reacted with a film of sodium
sulfate for 1 hcurat 800°C, and after the removai cf solubie material from the
surface, exposed to oxygen at @00°C. The weight gain vas little, if any, larger
than that obsarved when untreated nickel wes exposed under the same conditions.

in other experiments, specimerns were prerezcted with sodium sulfate
and subsequently exposed to oxygen without removal of the salt. This was
accomglished by preheating coated specimens in an argon atmosphere before
introducing oxygen. The weignt change of two specimens heated for 10 and id
minutes prior to dry cxyZen exposure is shown in I'ig. 11. The weight change
of a coated coupon exposed without pretreatment is included for reference. The
apparent difference caused by preheating in argon is a four- or fivefsld increase
in iniual cerrosion rate.

In another ~xperiment, 2 ccated nickel coupon was exposed to oxygen
for 12 minutes at 85(°C. Before the initial rapid oxidation stopped, the specimen
was removed and washed to remove the scdium sulfate, and re-exposed under
the same conditions. As shown inkFig. 12, oxidation almost ceased during the
secnnd exposure. In another experiment, a coated coupon was cosoled during
the initial oxidation and reheated without any r.oticeable effect on the rate.

These experiments establish that the presence of sodium sulfste is
required to maintain accelerated ozidation. Also, the reaction product of
sodium sulfate and nickel neither iaduces nor sustains acceleraied oxidation.
The sodiutn sulfate may be simply the source of sulfur for lorming sulfides.
To test this hypothesis the behavicr of sulfided nickel was investigated.

A farh e

Sulfided ccupons (1 mg/cm? sulfur abscrbed*) exposed to oxygen
either coated or uncoated with sodium sulfate had the weight charges shown in
Fig. 13. The sulfided specimens without coating exhibited a weight gaintnot

*Presumably at the surface since {ormed in only 2 few minutes' exposure to
hydrogern sulfide at 700°C.

t The loss of weizht due to SO; =voluticn was not measured, however. =
45\"'13
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Fig. 11 The effect of prereacting sodium sulfate with nickel on its
corrosion in dry oxygen at 805°C.
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Fig. 12 The oxidation of high-purity nickel in dry oxygen at 850°C
before and after sodium sulfate removal.
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s Fig. 13 Oxidation of pre-
sulfidized high-purity nickel
- / in dry oxygen at 900°C with
o and without a sodium sulfate
L. coating.
£
2
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TIME, min

much greater than untreated nickel. The initial oxidation rate of the coated
specimen was somewhat higher than that of an untreated coupon.

In other work, (5) the oxidation of nickel under a molten borate layer
was shown to be accelerated by introducing a noble metal probe extending from
the air through the molten borate to the metal. Apparently, electron transfer
through the borate was rate limiting. These results suggested to the authors (6, 7)
that metal oxide coexisting with molten salts could act as the electron conductor
in producing local cell action during "hot corrosion" of superalloys.

Two types of experiments were conducted to test this hypothesis. The
first involved depositing sodium sulfate on a nickel coupon in a periodic array
(accomplished by spraying through two different size screens). The uncoated
nickel oxide exposed to oxygern and sulfate wouid constitute one-half of the cell
suggested. When such specimens were exposed to dry oxygen at 850°C, weight
gains shown in Fig. 14 were observed. The initial oxidaticn rate decreased,
as might be expected if only a fraction of the surface were coated, however.

In the other experiment, oxides were added as powders to the sodium
sulfate. The powders themselves could act as electronic conductors as well as
increase the electronic conductivity of the melt by centributing ions by solution.
Such additives had little effect on initial rates. The weight change when nickel
oxide powder wasaddedto.film is shown in Fig. 15. If anything, the oxidation is
depressed slightly.
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Fig. 15 Oxidation of high-purity nickel in dry oxygen
at 900°C when coated with sodium sulfate-nickel oxide
mixtures.
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In most of the kinetics studies already described, the nickel used was
commercially availabie sheet of nominal 99. 5 purity. When high-purity nickel,
99.95, was coated and exposed to wet or dry oxygen at various temperatures,
the corrosion was less severe than that observed with commercial nicke] &
shown in Fig. 16. The enhancement of corrosion by water vapor was noted here z
also. These results indicate that the presence of impurities is not essential to
accelerated oxidation, but has a large effect on the rates inveclved.

The cxidation of nickel was studied when the sodium sulfate was replaced
by other salts. The weight change kinetics of nickel coated with sodium chloride
when exposed to wet and dry air at 850°C are shown in Fig. 17. Corrosion is
enhanced by sodium chloride, but is much less severe than that caused by thz
sulfate. Enhanced corrosion was not observed below the melting point. Corrosion
is accelerated by che use of water vapor as in the sulfate system. Other data,
not reported here, indicate that the pre-oxication treatment leads tc an incubation
period similar to that observed with sodium sulfate. These results indicate thal
the sulfate ion is making an important contribution to accelerated oxidation.

The weight change kinetics of cobalt coated with sodium sulfate when
exposed to dry oxygen i< shown in Fig. 18. Normal cxidation of uncoated cobalt
is included for refere « 2. Sodium suifate apparently has little or no effect on
the normal oxidatius: u. .upzlt. The reason for the strikingly different effect of
sodium sulfate in this system is not known. It does not stem from the absence
of a molten eutectic phase, however, since no enhancement was noted at 900°C.

9
8 MATERIAL COATING WT.mg.  ATMOSPHERE  SPECIMEN NO.
O HIGH PURITY NICKEL 19.6 WET 0, NPl
71 A HIGH PURITY NICKEL 207 DRY 0, NP9
_ O COMMERCIAL NICKEL 1.6 WET 0, N9?
i O COMMERCIAL NICKEL 230 DRY 0, NIl
E
z o :
o 0 :
—
x
o
w
=
;%%
1 1 L I T | 1 L J 1 i 1 %
2 40 60 80 100 120 40 160 180 200 220 M0 260 4
TIME (min.) o
Fig. 16 Weight gain of high-purity nickel in wet and dry cxygen at 805°C. -
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IV. MECHANISMIS -
A. General Considerations

The rate limiting step in sulfate-induced oxidation can be any of the —
following:

1. Reactions occurring at the gas-liquid or liquid-solid interface.
2. Transport of a species through a liquid or solid layer. !
3. Electron transfer in the liquid or solid.

Several possibilities can be eliminated based on results on hand. It can be
expected from general consideration that reactions at the gas-liquid interface,
such as gas absorption, bond breaking, etc., would not be rate limiting at

these high temperatures. Electren transfer in the liquid has been shown earlier
not to be rate limiting in the liquid. Transport of any species through the molten
salt layer cannot be rate limited at the lower temperatures since the initial
oxidation rate did no! change with a threefold increase in sulfate thickness
whereas a decrease inversely proportional to the thickness would be expected.

In addition, the observed temperature dependence of initial oxidation is not
consistent with diffusion through liquids.

The quantitative temperature dependence can be obtained if wide latitude
is used in ascribing linearity to the initial oxidation curves. The oxidation rate
constants are plotted against reciprocal temperature in Fig. 13. The activation
energy of the corrosion processes derived from the curves were comparable,
almost 80 kcal/g-mole. In contrast, the oxidation data for commercial nickel at
the two highest temperatures studied appears tc indicate 2 low activation energy
process in operating. The activation energy observed of about 80 kcal is not
unreaconable for diffusion processes through solids such as nickel oxide, however.
The only solids identified by x-ray analysis in this system were nickel oxide and
nickel.

The initial rate of oxidation is approximately linear, i.e., oxygen
absorption is proporticnal to exposure time. In oxidation and corrosion
experience, linear behavior is associated with nonprotective oxide films. At
least three types of phenomena can account for the linear kinetics observed in
initial oxidation.

1. The oxide or products formed by the reaction of nickel and sodium

sulfate could be dissolved by the sulfate thereby preventing the formation
of a protective film.

2. The oxide film formed could become unstable because of physical or
chemical reaction with the sodium sulfate or of the direct or indirect products
of the nickel-sulfate reaction.

3. A metal-sulfide molten layer forms which cculd not be expected to
provide a stable substrate for the development of a coherent-protective
oxide film.
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o= Fig. 19 Temperature dependence of
\ nickel corrosion rates.
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B. Mechanism Models

Enough information is available to make a preliminary attemwpt to
formulate a mechanism rodel for nickel oxidation. The sodium sulfate reacts
with nickel metal according to the following

Na,SOq +9/2 Ni - NayO +3 NiO+ 1/2 NigS, . (9)

A nickel sulfide-nickel eutectic forms at the metal surface. A minor amount,

less than 14, of sodium oxide is formed corresponding to the observed equilibrium

concentration at about the meiting point of sudium sulfate. When the equilibrium
amount of sodium oxide forms, the reaction ceases. Concurrently, oxygen
penetrates the molten salt layer and reacts with the sulfide as shown below:

NisSy +9/2 05 - 3NiO+280; . (10)

The SO; formed by reaction (10) can be expected to react w.th the sodium oxide
formed by reaction (9;.

Na,O + SO3 - N33804 . (11)
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This reduction of the sodium oxide concentration to low levels and removal of
nickel sulfide from the surface allows reaction (@) to proceed again. The
sulfate melt acts as a reservoir. The sulfur content is replenished by the
oxidation reaction so that the melt is maintained in a "reactive" state.

s N S R S S
L]

This sequence of reactions (9), (10), and (11) constitutes a cyclic
procass shown that can persist until sulfur is lost from the system by diffusion
into the interior, for instance. Such losses represent suifur which cannot
contribute to maintaining the sulfate concentration at the surface high or
sodium oxide low and ultimately lead to the cycle's end.

If such a cycle were operating it would be expected thiit the transition
from linear oxidation kinetics would coincide with initiation of a sodium oxide
concentration plateau. The observation of such behavior during oxidation was
reported earlier.

The foregoing does not account explicitly for the observed linear oxidation
kinetics. It can be explained, however, if no coherent oxide or other barrier
. exists and sodium sulfate has free access to the metal surface. The ease with
which sodium sulfate was observed to penetrate nickel oxide films suggests nickel
oxide at least woula not be an effective barrier.

As stated earlier, the high activation energy of the oxidation process at
temperatures below 850°C suggests that diffusion in a solid is the rate limiting
reaction. The value obtained for the activation energy, 80 kcal, is somewhat
closer to that reported for sulfur diffusion in nickel, 90 kcal, than that for
rickel (or oxygen) in nickel oxide, about 45 to 55 kcal. It is not apparent how
sulfur diffusion through nickel zan be ratc limiting for the oxidation reaction
as outlined.

At 850°C or above, the oxidation rate shows little temperature
dependence and therefore the rate limiting transport process* must be different
from that above. Transport through either of the two liquid films, i.e., sodium
sulfate or nickel sulfide, would be a low activation energy process.

The mechanisms presented above are reasonably consistent with the
observed behavior of commercial nickel exposed to dry oxygen. Howevesy
nickel is oxidized more rapidly when exposed to wet cxygen rather than dry
oxygen. The water vapor acts to remove sodium oxide from the sulfate layer
to form a hydroxide and hence should allow thicker sulfide films as observed
to form.

If the sodium sulfate acts to maintain a thin sulfide layer essential to
accelerated oxidation, a discontinuity in oxidation rate should occur when no
sulfide is formed. An experimental check on this possibility can be mac-: by
applying sodium sulfate along with sodium oxide, in amounts exceeding the

) equilibrium concentration. Because of the ease with which sodium oxide reacts
Lo, with water, COg,, etc., it must be introduced as a sodium sait, such as nitrite,

. *Several possible reactions at the air-liquid or liquid-liquid interface could
also have the cbserved temperature dependence.
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which thermally decomposes readily into the oxide. A sodium sulfate-5% sodium
nitrite mixture* was prepared and applied to high-purity nickel coupons. The
oxiaation rate of such a coupon exposed to dry oxygen at 900°C is markedly
reduced as shown in Fig. 20, Complete elimination ¢f accelerated oxidation was
not obtained nor should be expected since sodium sulfate has a corrosion role akin
to that observeu for sodium chloride, a "nonreactive" salt, in addition to that
outlined abovz. 7The observed bebavior is a quantitative indication of the corrosion
s2verity caused by this aspect of the sulfate role.

When the sulfate-nitrate mixture

|or is applied to commercial nickel, about
a fivefold reduction in oxidation rate
,L is noted as shown in Fig. 21 for

exposure to dry oxygen at 906°C.

o The results can be expected since
manganese impurity atoms are

capable of reducing the sulfate even

in the presence of this concentration
of sodium oxide. As discussed earlier,
the oxidation of manganese sulfide

can release suifide and then react

with the nickel.

o
{

WEIGHT GAIN mg/cm?
(2.
{

A / Caution in assizning a definite
fraction of the corrosion to impurities
& o ST must be used since impurities can be
O SO0 SULFATE - SOONN NTRITE fhxpecteq to have influences oﬂther than
oL o SODIM SULFATE-SO0IUM NITRITE e one ;!ust 1nd1ca}ted. One can
distinguish by a simple experiment
between the "internal" contribution
" as sulfide former and "external" one
‘ in which the sulfate-cxide film
“ 3 T — —F % composition, structure, etc., is
TINE, min affectes. If a nickel coupow is
Fig. 20 Oxidation of high-purity coated' with a sulfate-chromium

oxide powder mixture, the oxidation
at 800°C in dry oxygen is sharply
reduced to aimost normal oxidation
(Fig. 22). The effect is nearly the
same when the chromium oxide is
replaced by either iron oxide or
a2luminum oxide. When nickel oxide, cobalt oxide, or magnesium cxide is used
the reduction is minor or negligible. In general, amphoteric oxides seem most
eifective. The specific nature of the cxide activity in the sulfate film is under
investigation.

nickel in dry oxygen at 900°C
winen coated with sodium sulfate-
sodium nitrite mixtures.

*The composition was chosen to form sodium oxide in some excess since complete
decomposition of the nitrite could not be assured.

Y7o form a coating about 3.0 mg/cm? of which one-half is oxide.
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Fig. 21 Oxidation of nickel in dry oxygen at 900°C when
coated with sodium sulfate-sodium nitrite mixtures.
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Fig. 22 Oxidation of nickel in dry oxygen at 800°C when 1
ccated with sodium sulfate-chromium oxide mixtures. E
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Tig. 23 Uxidation of a nickel-14
chromium alloy in dry oxygen atl
900°C wheu coated with sodium
sulfate.

thick from which specimens were cut.

The oxidation behavior of a nickel-14
chromium alloy in dry oxygen at 900°C is
shown in Fig. 23. The rate should inzrease
initially because of the "internal® sulfidation
effect and when the chromium oxide concen-
tration in the sulfate film increases
sufficiently, the "external" effect causes
the reaction to cease prematurely. y
the latter effect is noted.

V. STUDLIES OF NICKEL AND
COBALT ALLOYS

The initial oxidation kinetics of several
simpie and complex alloys were measured
in the presence of thin mciten salt films,
also. The results of these studies are
summarizad in this secticn. Three
catecgories of materials were studied:

1. Binary nickel-chromium and
cobali-chromium alloys.

%. Ternary z2llcys containing either
nickel and chromium or cobalt znd
chromium.

3. Commercial alioys.

Experimental methods remained essentially
the same as for nickel. The nickel-
chremium and cobali-chromium binary
alloys studied were prepared by vacuum
induction melting. The cast materiai was
hot- and cold-rclied into sheets 20 mils
The comurercial alicys studied were cut

into plates from 2C to 40 mils. The ternary alicy specimens were cut from cast

ingots into plates also.

A. Binary Alloys

1. Nickel-Chromium

Three compositions, 10, 20,
studied. Coupons made from the 10%

30 w/o chremium, were prepared and
chromium alloy composition were coated

with socdium sulfate and exposed to dry oxyzen at 900°, 850°, and 800°C. The
weight gains indicate an increasing rate of attack witn increasing exposure
temperature, shown in Fig. 24. The weight change of an uncoated specimen is
included for reference and is somewhat greater than that of the coated specimen

under the same exposure conditions.

The weight change behavior appears to be

approximately parabolic under all conditions (Fig. 2b). A photomicrograph of
the sectioned and polished specimen exposed to 850°C is shown in Fig. 26. At
least one distinct second phase is present, mainly along grain boundaries at the

corroding front.
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Fig. 24 Weight gain of nickel-10% chromium alloy < cated with
scdium sulfate during exposure to dry oxygen.
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TIME, AR, {SQUARE ROCT)

Fig. 256 Weight gain of nickel-10% chromium alioy coated with sodiuvm sulfate
during exposure to dry oxygen.
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Fig. 26 Nickel-104 chromium alloy coated with sodium sulfate exposed to dry
oxygen at 855°C for 16 hours (NC1-2a).

Specimens of 204 chromium alloys, coated with sodium sulfate and
exposed to dry oxygen at 850° and 90C°C, gained less weight trhan the 10%alloy.
The weight change kinetics can be roughly described as parabelic and appear
similar in magnitude to that of an uncoated specimen exposed at 900°C as
indicated in Fig. 27. Nickel {(withcut chromium additions) corrosion data are
included for reference.

The weight change behavior of specimens made from the 104 and 204
chromium alloys and exposed to wet oxygen (saturated at room temperature) was
not significantly different from that observed previously in ¢ry oxygen.

Nickel (104 chromium ailoy) specimens coated with a mixture of 50%
sodium sulfate-504 sodium chloride were also exposed to wet oxygen at 850°
and 900°C. The weight gain of these specimens was essentially the same as that
observed for specimens coated with pure scdium sulfate and exposed under the
came conditions.

Other 10% chromium alloy specimens were ccated with sodium sulfate
and were heated at 900°C under a wet or dry argon atmosphere for 15 minutes .
and subsequently under wet oxygen. No effect on the weight gain behavior was
observed by the pretreatments in argon, despite the fact that specimens reacted
with sodium sulfate under a wet or dry argon atmosphere for 1 hour at 900°C
showed considerable evidence of interactionas illustrated in Fig. 28.
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Fig. 27 Weight gain of nickel, -0$, -10$, -20% chromium alloys
coated with sodium sulfate.

Fig. 28 llickel-10% chromium alloy coated with sodium sulfate pretreated

in wet

argon and exposed to wet oxygen at 900°C for 4 hours (NC1-3).
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Heat treatments of this kind (under argon) were conducted with nickel-204
chromium alloy specimens coated with sodium sulfate containing 1C¢ w/o carbon
as carbon black particles. Subsequent corrosion in oxygen was enhanced as
shown by the weight gain of specimens exposed at 850° and 900°C (Fig. 29). The

e emae ~f ~nl ¢
reversal of the normal temperature dependence in this reaction is not understeed,

but may be due tc spurious effects. The photomicrographs of these specimens
(Fig. 30) indicate that attack was not uniform.

Considerable reaction enhancement resulted from presulﬁdatlon treatments
also. Specimens reacted with hydrog :n sulfide (about 5 mg per cm? absorption)
were exposed to oxygen at 900°C either when uncoated or coated with sodium
suifate. The weight gain behavior of these specimens, along with a coated specimen

without pretreatment, during oxygen expcsure is shown in Fig. 31. The weight
gain of the uncoated specimen was greater than that observed for the coated

specimen. This apparent depression of the oxidation rate by the sulfate film
was real. A corroding specimen was removed from the furnace during initial
oxidation, washed free of sulfate and re-exposed; the ate increased to the
higher level associated with the uncoated spescimens.

4
___+___.__+-—-+

3 /4,/
- . COATING COATING
% e COMPOQSITION WT. (mg) TEMP.C
g +/ + NA;SCy+10 w/o € 32 860
Z / O NA,;SO4+10 w/o C 13 900
3, A NA,SO, I9 905
eI

i
2 4 6 8 10 12 4 16 I8 20 22 24 26
TIME, HR.

Fig. 29 Weight gain of nickel-20% chromium alloy prereacted with sodium
sulfate-carbon mixtures and exposed to dry oxygen.
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Fig. 30 Nickel-204 chromium alloy coated with sodium sulfate + 104 carbon
pretreated in dry argon and exposed to dry oxygen at 900°C for € hours

(NC2-12). 500X
! |
’ |
" e
16 /
4 OATING
PRETREATMENT ar W {mg) TEMPC
12

O

WT. GAIN mg./cm?

"0 PRESULFIDIZED NONE 60 :
O PRESULFIDIZED 23 895
a HONE 19 900
¥
0 12 14 6 18 20 22 24 26
TIME, HR.

Fig. 31 The weight gain of presulfidized sodium sulfate coated and

uncoated nickel-20¢ chromium alloy exposed to dry oxygen at 900°C.
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g 2. Cobalt=-Chromium

Three compositions of cobalt-chromium alloys (10%, 20%, and 30%
chiromium) were prepared. Coupons made from the 10§ chromium alloy were
coated with sodium sulfate and exposed to dry oxygen at 850° and 900°C. The
weight change, shown in Fig. 32, appeared L0 be parabolic and 10 be about the
same magnitude as that found for uncoated alloys exposed under the same condition.
A nearly parabolic time law was also obeyed during corresion of a coupon
coated with sodium sulfate-~-504 sodium chloride mixture and exposed to dry
oxygen at 850°C, shown in Fig. 33. The weight change cf a specimen coated
with pure sodiumn sulfate is somewhat less and is included for comparison. A
photomicrograph of a specimen coated with 504 sodium chloride-504 sodium
sulfate and exposed at 900°C is shown in Fig. 34. Sulfidation along grain
boundaries can be noted.

ORI R M s s e

; The weight gain of the 204 chromium alloy also was larger when some
of the sodium sulfate was replaced by sodium chloride. Curves are shown in
Fig. 35 for the weight change of uncoated and coated coupons exposed tn dry
oxygen at 900°C.
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COATING, WT. {mg)  TEMPC

4 o} NONE 900
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a 18 850
2
i 1 | i 1 ] i 1 J
2 4 6 8 I 12 14 16 I8 20 22 24 26
TIME, HR.

Fig. 32 Weight gain of cobalt-10% chromium alloy coated ard uncoated with
sodium sulfate during exposure to dry oxygen.
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Fig. 34 Cobalt-10% chromium alloy coated with sodium sulfate and exposed
to dry oxygen at 905°C for 25 hours (CC1-2). 500X

i oS T

A-32




4 .
(>}
O
3 o
t /G/O)/O’D—,
£
>
€ COATING COATING
Z2r COMPOSITIOM WT (mg) TEMPSC
S 0 NONE 0 905
i a No, S0, + NaC{ (50 w/oj 337 895
= a Na, S04 309 890
:
_—‘ __A ‘M
A Y A il
//?/51, L I ] I 1 ) 1 1
2 4

| l
10 12 14 16 18 20 22 24 26
TIME, HR.

Fig. 35 Weight gain of cobalt-20% chromium alloy uncoated and coated with
sodium sulfate during expousure to dry oxygen.
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B. Commercial Alloys

A few commercial alloys were studied. Specimens were cut into plates
20 to 50 mils thick using a cutoff wheel. Other specimen preparation was identical
to that used in the pure metal and binary studies.

1. 713C Alloy

Specimens made from a 713C alloy were coated and exposed to dry
oxygen at 800°, 850°, and 900°C. The resulting corrosion behavior is illustrated
in Fig. 36. The corrosion rate appears nearly linear initially, but apparently
is more complex. The rate appears to be progressively but slowly increasing
with time from initiation. A photomicrograph of the coated specimen exposed
to dry oxygen at 900°C, shown in Fig. 37, demonstrates the sulfidation attack
normally associated with hot corrosion.

Specimens corroded the same in wet oxygen as in dry oxygen. Specimens
coated with sodium sulfate-sodium chloride mixtures (504) gained weight initially
somewhat more rapidly than those coated with pure sodium sulfate. A specimen
pre-oxidized for 21 hours at 800°C in air underwent normal corrosion after an
initial short incubation period when exposed to sodium sulfate in dry oxygen at
900°C.
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Fig. 36 Weight gain of sodiura sulfate coatedInco 713C exposed to dry oxygen
at various temperatures.
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Fig. 37 Commercial alloy 713 coated with sodium sulfate and exposed
to dry oxygen at 300°C for 33 hours (713-2). 500X
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2. SEL Alloy_
The other nickel-base alloy testec, SEI, was coated with pure sodium

sulfate and a sulfate-chloride mixture. Although the weighi change kinctics of the

specimen appear to be complex and nonreproducible when exposed tc oxygen at

900° 2, the sulfate-chloride mixture apparently caused a more severe corrosion

than the pure culfate. The photomicrograph of the specimen exposed to sodium
sulfate (Fig. 38) shows considerable sulfidation.

Fig. 38 Commercial alloy SEL coated with sodium sulfate and exposed
to dry oxygen at 800°C for 70 hours {SEL-1). 500X

3. 509 Alloy

Only one ccmmercial cobalt-based alloy has been tested. A specimen
coated with sodium sulfate and with sodium sulfate-sodium chloride mixtures
were exposed at 900°C. The weight change behavior is shown in Fig. 39.

4_,—-—-—-__—0
et —
o
COAYING CO-POSITION ~ WT. (mg)

0 NopS04 +NoCl(50wh) 22

0 Ne, S04 12
| 1 1 S T H
30 40 50 60 0

TINE, HR.

Fig. 39 Weight gain of coated 509 in dry oxygen at 900°C.
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C. Ternary Alloys

1. Nickel-Chromivm Base

The effects of several singly added additives on the corrosion rates or

a nickel-154 chromium alloy were investigated. Coupons of four different
compositions were coated with sodium sulfate and exposed to dry oxygen at 900°C.
Weight gains are shown in Fig. 40. The composition containing 64 molybdenum
was most severely attacked; the initial, linear oxi” n rate appeared to increase
after 10 hours' exposure. Repid oxidation continued ..itil the specimen was
completely consumed. The oxidation cf the alloy containing 8% aluminum
appeared to be increasing in the initial period, but after about 20 hours the rate

decreased. Alloys containing 84 tungsten or 5 titanium oxidized slowly.

In another experiment, the molybdenum composition was exposed to
oxygen at 900°C without a sodium sulfate coating. Although the rates were lower,
the behavior was similar to that observed with sulfate present. As shown in
Fig. 41, the oxidation acceleration occurred later at about 20 hours, and then
continued at the accelerated rate until all the alloy was consumed.

The alloys in this series were also presulfidized by treatment with H,S.
The sulfidation resistance based on total weiglit gains increased with additives

14~ ALLOY ‘(
O Ni-15Cr -6Mo
O Ni-I5Cr-8AL

12 © Ni 15Cr-5T7i
a Ni—-I15Cr-8W o

WEIGHT GAIN, mg/cm?
® =
| I

ol
1

1
10 20
TIME, HR.

Fig. 40 The weight gain of several nickel-base alloys coated with sodium sulfate
and exposed to dry oxygen at 300°C.
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Fig. 41 The weight gain of a nickel-15 chromiuvm-6f molybdenum alloy with
and without a sodium sulfate coating during exposure to dry oxygen at 900°C.

in the order: molybdenum, tungsten, titanium, aluminum. This crder does not
correlate with sulfate~induced oxidation behavior because of the changing position
of aluminum in the two ranked orders. In the oxidation studies, aluminum
appeared to degrade the oxidation resistance of the nickel-chromium glloy. One
alloy, with 8% titanium, was presulfidized to the extent of 3.5 mg/cm®, hefore
being exposed to oxygen at 900°C, and oxidized as shown in Fig. 42. The initial
rapid weignt gain rate changed in about 1 hour to what appears tc be normal
parabolic behavior.

2. Cobalt-Chiromium Alloys

Several additive alloys based on the cobalt-25% chromium composition
were studied. An alloy containing 64 molybdenum, whether coated with Na;SO,
or uncoated, oxidized mildly. The oxidation rates in both cases appearad to be
parabolic, at 900°C in dry oxygen. The oxidation rates of a coupon coated with
a sodiun sulfate-sodium chloride mixture (504) and exposed to the same conditions
were significantly higher.* The weight change curve shown in Fig. 43 indicates

St

*Cobalt metal was also appreciably attacked when sodium sulfate-chloride mixtures
were used. OSodium chloride alone, in contrast to sodium sulfate, enhanced

oxidacion.
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Fig. 43 The weight gain of 5 cobalt-25 chromium-g¢
molybdenum alloy exposed t¢ dry oxygen at 900°C with
either a sodium sulfate or g sodium sulfate-chloride
coating,
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that three stages of oxidation can be distinguished. A rapid, initial oxidation in
the first hour is follcwed by a period of decreasing rate of oxidation. After -
several hours, the oxidation rate increases gradually until the metal is consumed.

The "first stage" rapid initial oxidation was also observed with coupons
having tungsten or tantalum additives (8%) exposed to dry oxygen at 900°C. As
illustrated in Fig. 44 (for the tungsten additive), no "third stage" rapid oxidation
occurred comparable to that cbcerved when molybdenum was the additive.

7 —
6 -
o © SODIUM SULFATE—CHLORIDE MIXTURE
g O SODIUM SULFATE
-
E4f
= o .
Z L o
g —0—
- —O—
x 3 pr
]
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n — e aum s @
' /
i i
10 20

TIME, HR.

Fig. 44 The weight gain of a cobalt-25€ chromium-8% tungsten alloy exposed to
dry oxygen at 300°C with either a sodium sulfate or a sodium sulfate-chloride
coating.

VI. SUMMARY AND CONCLUSIONS

Sodium sulfate was found to penetrate nickel oxide films on nickel at
temperatures well below the melting peint of sodium sulfate. When the sulfate
contacted the metal accelerated oxidaticn of nickel was induced, but the rapid-
initial oxidation ceased beiore either sulfate or nickel was cousumed.

The initial oxidetion kinetics of nickel ccated with a thin {ilm of sodium
sulfate are determined using continuous wzight change measuremenis. Based on
the results of these studies and of experiments on related reactions, mechanisms
for initial oxidation are proposed for several conditicrs. The prim:ry rcle of
sodium sulfate in the reaction appears to be a reservoir that maintained a
sulfide-rich film at ithe metal surface through the cyclic reactions:

MazSO4 +9/2 Ni - NagO+ = NigS; + 3 NIO (12) .
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Ni3S; +9/2 O -+ 3 NiO + 250, (13)

Na,O + 803 - Na,SO, . (14)

At 825°C and below, the oxidation rate and probably mechanism differ, probably

depending on the sulhde film thickness. RBoth water vapor in the oxygen and
impurities in the metal can cause appreciable increase in rates. A high activation
energy process such as diffusion of sulfur into the metal or cxygen or metal jons
in nickel pxide is probably rate limiting in these reactiors. At 850°C and above,
diffusion through the sulfate or sulfide film is probably rate controlling.

The dual role of impurities in these reactions is demonstrated.
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OBSERVATIONS ON THE HIGH-TEMPERATURE SULFUR-OXYGEN CORROSION
OF NICKEL

A.U. Seybpoit

INTRODUCTION

The work reported here was carried out independently, but in collabora-
tion with a program on ti ¢ "Hot-Corrosion" of gas turbine alloys conducted for
the Naval Marine Engineering Laboratory of Annapolis, Md. by the GE Advanced
Technology Laboratories (now a part of the GE Research and Develcpment Center),
the Materials and Processes Laboratory in Schenectady, and the Thomson
Engineering Laboratory in Lynn, Mass. "Hot-Corrosion" in the meaning used
here refers to a rather specific phenomenon encountered wher gas turbines are
used in salt water environments and with fuel that contains around 0. 25¢ sulfur.
Under these conditions sodium sulfate is formed, and the presence of this salt
leads to a severe corrosion at nigh temperatures on the nickel base, or to a some-
what lesser extent on cobalt-base alloys. What is generally observed is a com-~
bination of sulfide and cxide formation that can often penetrate rapidly into the
structure, thus cavsing rapid engine deterioration. It appears that sulfides are
formed first, and these become converted rapidly to oxides, because the sulfides
cannct form a protective oxide layer. Presumably, some of the sulfur released
by oxidation forms additional sulfides, but some of it probably escapes as SO,.

One aspect of the investigation for the Navy was to attempt to learn about
the details of the mechanism involved, and therefore to be in a better position to
design materials that would resist the corrosive mechanism.

The observations recorded here were made as supplemental to those
being carried out under the Navy contract.

PREVIOUS WORK

Several irxvestigators(1‘5) have examined facets of this problem, and
one of the earliest and most .nformative is the contribution of Simons, Browning,
and Liebhafsky. (1) Curiously enough, most of the subsequent investigators
appeared to have ignored the very instructive findings of Simons gt_a_l_.,(l) and have
generally been satisfied to perform ampirical corrosion tests without making
any real attempt to understand the corrosive mechanism.

Simons et al. (1) show a generalized reaction to explain the formation of
N21,804 as tollows:

9NaCl + (5) + 2 (H) + 20,= NapSOs + 2 HCL (1)

There is no question about the formation of Na;SOy; it has been found in
a wide variety of circumstances whenever a salt atmosphere and a sulfur-
containing fucl combine in a combustion process. All investigators appear to be
in agreement on this point, and evidently the formation of Na;SO4 is a necessary
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precursor for most cases of hot corresion. In a sense, reaction (1) serves to
concentrate the sulfur sufficiently in the gas turbine for the subsequent corro-
sion to occur. What happens next is a subject about which there is no unanimity
of opinion. There has been some doubt, for example, that NaySO4 alone can
react with metals like nickel or super alloys to cause a corrosive attack with=
out some other (reducing) agent being present.

In an attempt to learn something about the mechanism of a simple
case, a series of experiments has been carried out with pure nickel. Later,
a few observations were made on two binary nickel alioys.

EXPERIMENTAL

The experimentis were carried out using three graues ¢f nickel:
ordinary commercial *A" nickel which is about 99.5% Ni; a grade of reportedly
99.994 Ni from Driver-Harris; and finally a zone-melted Johnson and Matthey
grade which was probably 99.99% to 08.999% Ni. Two alloys were used--

Ni-24 Mn made from approximately 29.99% materials, and Ni-20% Cr which was

in the vicinity of 99.9% pure. The Ni-2 Mn alloy was prepared to test the effect

of a comparatively small concentration of a strong sulfide former, while the
i-204 Cr allo, was intended to more nearly approximate a gas turbine alloy

that generally contains 104 to 204 Cr. Chromium is also a strong sulfide former.

For purpcses of ready reference, some pertinent facts about the high metal

end of a few binary metal-sulfide phase diagrams are listed in Table 1.

TABLE I

Summary of Some Phase Diagram Data
for Metal-Sulfide Systems

Ni“"u_:
Ni3S,-Ni eutectic, melts at 645°C.
Ni;S; melts at about 810°C.

Co-S:
Co4S3-Co eutectic, melts at 877°C.

C04S3 melts at ~930°C.
CoS melts at ~1182°C.

Cr-S:

CrS-Cr eutectic, melts at 1350°C.
CrS melts at ~1565°C.

Mn-S:

MnS-Mn monotectic, melts at 1580°C.
MnS melts at ~1610°C.

It has been observed that cobailt alloys are more resistant to sulfide
attack than nickel, and that high chromium contents in nickel- or cobalt-base
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materials improve resistance to sulfur attack. These cbservations are what
one would expect from the approximate phase relationships summarized above.
Displacement reactions of the type 2 Cr + NizS; -2 CrS + 3 Ni are known to
occur, and an illustraiion wiil be provided iater. Granted this possibility, it is
obvious that if a limited amount of sulfur is present in a Ni-Cr alloy, only the
more stable higher melting sulfice will be formed, thus offering the likelihood
of removing a molten phase from the structure (if the temperature is above
645°C), and hence reducing the violence of oxidation attack. However, replace-
ment of less stable sulfides by more stable ones is only a detail in the hot-
corrosion problem,

Attention was first turned to examiue the possibility of a reaction be-
tween N2,S0O4 and nickel. To exclude the influence ¢ external agents such as
gaseous atmosphere, for example, the three grades of nickel were tested by
completely immersing them in NaySO4 in an evacuated capsule. The test was
carried out as follows: a few grams of C. P. Nap;SO4 was melted in a highly
dense, high-purity (Morganite) Al,03 crucible. To remove possible dissolved
oxygen and moisture, the salt was heated to about 900°C (mp ~880°C) under
vacuurn for about an hour, at which time the original high pressure fcll to about
10p. The salt was allowed to freeze under vacuum. When the salt was cold,
freshly abraded (600 SiC paper) and degreased samples were laid on top of the
salt, and the crucible containing salt and sampie was encapsulated in a fused
silica envelope. The envelope was baked out at 300°C under a vacuum of 10-$mm
and sealed off. The crucible and contents were next heated to about 900°C to
melt the salt and to allow the nickel samples to sink to the bottom. The tem-
perature was now adjusted to that desired for the metal-salt reaction.

Two experiments weremade. In one, a sample of "A" nickel was
exposed at 950°C for 48 hours in liquid salt. At the end of this time, the salt
was washed away in hot water, exposing a sample which appeared to show NiO
on the surface; a section through this sample is seen in Fig. 1. X-ray diifrac-
tion confirmed the presence of NiO. Most of the metallographic samples were
etched in a glycerine-nitric acid-acetic acid solution. The proportions varied
somewhat, but a frequently used solution contained (in relative volumes) 40
glycerine, 40 nitric acid, and 20 acetic acid. The analogous test with the two
purer nickel samples, 99.994 Ni strip and the zone-melted nickei, are shown
in Figs. 2 and 3, respectively; in this instance, the exposure was to solid salt
at 850°C for 88 hours. Some NiO was noted in these cases as well, but the
extent of oxidation was not as great as in the case of the "A" nickel. However,
sulfur penetration of the structure is completely through the 0.020-inch-thick
strip for the 99.994 Ni strip, and the penetration on one side of the thicker
zone-11elted sample is about the same. The zone-melted sample was cold-
worked prior to insertion into the capsule to ensure the presence of some grain
houndaries.

These pictures prove at least two things: that pure nickel can react
with NaySO4, and that the reaction can proceed in the case of solid salt. There
was a liquid eutectic present, however, in the 850°C experiment as can be seen
from the shape of the sulfide-nickel interface, and 25 would be anticipated from
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Fig. 1 "A® nickel heated 48 hours at 950°C in NazS8Oy, evacuated capsule.
. 100X
E
f
- Fig. 2 99.99% Nickel strip heated €8 hours at 850°C in Na;304, evacuated
150X
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Fig. 3 Zone-melted nickel given same treatment as in Fig., 2. 150X

the known temperature of the Ni-NizS, eutectic (645°C). Simons et al. (1)
suggest the following reactions between Na;SO4 and sorge unspecified reducing
agent:

NaSO4 + 2R = NaaO + 3RO + 5 (2)

and
M+ S = MS 3)

where M in reaction {3) is some metallic component of a gas turbine alloy. The
products of the reaction demonstrated in Figs. 1 through 3 were examined by
x-ray diffraction with the result that NiO and Ni3S,; were identified, along with
some Nap304 which had not been washed away. However, a pH paper test on the
water solution of some of the salt at the end of the runs showed very clear evidence
of a strong basic solution--presumably NaOH.,

In view of the above, it seems possible to rewrite reactions (2) and (3)
as foilows:

Na,SOg + %Ni = Na,0O + 3 NiO +-§- NisS, (4)

in which nickel is the reducing agent requirec.,

Figure 4 shows a typical result of N25S0, attack on *A* nickel when
heating in air; the nickel strip was half in and half out of solidified salt for 6 hours
at 840°C. It shows very clearly the sequence: oxide, sulfide eutectic, metal, with
sultide penetration down grain boundaries.

In Fig. 5, suliur diffusion is shown along grain hourdaries and even
twin boundaries all the way through a 10-mil-thick sheet after 1/2 hour at 950°C
iz liquid Na,SO4 in air. The particies observed are probably irainly MnS, and
hence the sample shows internal sulfidation completely analogous to internal
oxidation.
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Fig. 5 ®A" nickel heated 1/2 hour at 950°C, partially immersad in Na,304 in
air, 900X

A few tests were made with HpS/H, mixtures, using the gas ratio
correspondir.g to the reaction

2] 1
HzS + 5 Ni = — NigS; + H. (5

Such erperiments were conducted by preparing some NizS,, and by passing a
slow stream of Ha over the suli-de in the bottom of an A1,0; crucible containing
the sample to be sulfided. It was observed that the same grain boundary penetra-
tion of the suliide eutectic occurred as was observed for the salt atcack, except
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of course that no NiO was formed. Figure 6 shows a typical example, Experi-
ments of this type showed that there was nothing unique about the type of sulfur
attack encountered with Na,SO4; the phenomenology is just the same as for H,S
attack.

Figure 7 shows a good example of the NizS,-Ni eutectic; this was an
"A" nickel sample held for 4 hours at 950°C in Na,SO4, where H, was bubbled
through the salt. H,S was generated by some hydrogen reduction of the salt.

- Fig. 6 "A™ nickel heated 4 hours
at 850°C in H,S/H, mixture.

- 100X
sannEaRRS S GRAIN
_~ BOUNDARY
)" - PENETRATION
. a ’ - o .
14 . R ’ - .
Q® o® '
. ‘ v
o
o N

Fig. 7 "A" nickel heated 4 hours at 950°C in Na,;SO4, Hz bubtled through melt.
500X
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EFFECT OF NICKEL PURITY ON SALT ATTACK

It was mentioned earlier that the purer grades of nickel did not reac’ as
much with the evacuated salt as did the less pure "A" nickel. This trend was
noted also in NaSO4 partial immersion tests conducted in air. For example,
see Fig. 8. This shows the 99.99% Ni heated partially submerged in Na,SO4 for
two hours at 850°C. Some surface scaling occurred, and some grain boundary
sulfiding is evident. Contrast this with Fig. 9 (at only 100X) where severe
attack and opening up of the grain structure have occurred to about one-third the
thickness of the strip. This sample had only half the exposure of the high-purity
sample of Fig. 8.

Fig 8 99.99% Nickel
heated 2 hours at
850°C in NazSO4,
in air. 500X

Fig. 9 "A"™ nickel heated one
hour at 850°C in NapSOy, in
air. 100X
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EFFECT OF TEMPERATURE

) A series of "A" nickel samples was heated for 1 hour each partly sub-
merged in Nay304 in air at temperatures of 800°, 850°, 900°, and 950°C.
Figure: 8 noted just above gave the structure at 850°C just below the melting point
of Nz,8Q4, and Fig. 10 shows the results at 900°C, somewhat above the melting
roint of the salt. It is clear that the attack was considerably accelerated at 900°
compared to 850°C,andat 950°C it is somewhat more advanced, particularly as
regards oxidation of the broken-up structure. There was not a large difference
between the attack at 800° and 850°C.

Fig. 10 ®A" nickel heated 1 hour
at 900°C in Na,S04, in air.
100X

EFFECT OF PRE-SULFIDATION ON OXIDATION RATE

To test the idea that oxidation occurs preferentially in sulfided areas, the
following experiment was conducted. A sample of *A" nickel was sulfidized using
the NiyS;~Hj, procedure as outlired ahove; the sample was heated close to NizS,
in a hydrogen atmosphere for 4 hours at 850°C. That this treatment preferentially
sulfidizes the grain boundaries has already been shown (Fig. 6). The sulfided
sample was then heated in air at 850°C for 4 hours, and a section is shown in
Fig. J1. The dark NiO scale is seen to form cusps at the grain boundaries where
the Ni3S, eutectic had teen located. Figure 12 shows an unetched section of the
same sample which shows the entrance of oxide into the grain boundaries particu-
larly clearly.
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Fig. 11 "A" nickel sulfidized 4 hours at £50°C, then oxidized 4 hours at 850°C
in air. 900X

Note oxidation follows suifide
in grair boundary.

Fig. 12 Same as Fig. 11, but unetched. 500X

BEHAVIOR OF Ni-2 Mn, Ni-20 Cr

These two alloys were exposed to NaySO4 and Hp3S/H;, in the same
manner as the pure nickel samples. Figure 13 shows the Ni-2 Mn alloy after
exposure to HpS/H, whose ratio corresponds to NizS,/Ni equilibrium. At the
surface is the NigSz-Ni eutectic that has penetrated grain bcundaries, forming
MnS during the sulfur penetraticn. Evidence of interaction between MnS particles
and liquid may be seen at the surface frozen liquid layer, where the boundary
between MnS and nickel sulfide-ricxkel euteclic is not very sharp. Internal sulfida-
tion is shown by the presence of MuS at some distance from the liquid-solid
boundaries. Also, as is characteristic of internal oxidation, the MnS particles
are smaller when farther from the surface where the suifur diffusion distance is
at a maximurm.
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Fig. 13 Ni + 24 Mn alloy heated 4 hours at 950°C in H,S/Hj,. 250X

The same alloy was subjected to the same time and temperature partially
immersed in liquid Na,SC4, and shows an appearance (Fig. 14) more like unalloyed
nickel since there is less evidence of MnS. A few particles of MnS may be seen,
but apparently most of the manganese must have been preferentially oxidized, and
hence has been incorporated into the scale. Manganese would be expected to
oxidize preferentially to nickel since AF°®yp o =~ - 70 cal at 950°C, while
AF°Nio = ~-32 kcal.

The Ni-20 Cr 20-mil strip was heated for & hours at 850°C in a crucible
containing molten Ni3S; using a slow stream of hydrogen gas. The molten sulfide
wet the sample and flowed up to about two-thirds of the iength of the Ni-20 Cr strip.
A metaliographic section revealed the structure shown in Fig. 15. The coarser
structure et the left was the area that was originally NiaS,, but now contains a
large volume fraction of CrS. Some Ni3S,~Ni eutectic, however, may be seen at
many places, and appears to be a light gray color. Farther to the right is the
location of the original Ni-20 Cr strip, now largely converted to Ni + CrS. In this
region there is no sign of the Ni3S,-Ni eutectic, since the chromium has robkted
the eutectic of all sulfur. However, with longer exposure, the region of eutectic
would become extended, since when all the chromium is converted tc CrS, the
liquid NigS,-Ni eutectic becomes stable again. Figure 16 shows the junction be-
tween the liquid eutectic contact and the gas phase contact with the alloy. When
the gas phase was solely present, the extent of the attack was very limited, since
here sulfur penetration occurs by solid state diffusion, which is much slower than
diffusion in the liquid. It will be noted that in this case there is no evidence of
preferential attack at grain boundaries. On the contrary, the sulfide "subscale®
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is quite uniform in depth and CrS appears to have nucleated in a more or less

random pattern, possibly at the sites of nonmetallic inclusion or at cther discon-
tinuities in the solid solution structure.

Experiments with partial submersion of the freshly abraded Ni-20 Cr
samples in Na,S0O4 in an air atmosphere at temperatures from 850° to ~100C°C
have in general shown no clear-cut evidence of attack, except for superficial
oxidation. This behavior is probably due to the protective nature of the Cr,0;
oxide film which forms immediately upon placing the sample into the molten sait.
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Fig. 16 Same as Fig. 15 but shows limit reached by liquid NizS,-Ni eutectic. 2,
500X é“’
To test this point, an arrangement was prepared to allow the strip sample to be
flexed repeatedly while under the salt or when brought up into the air above the
salt. Deformaticr by bending breaks up the protective film, and attack in certain

spots where the fiim continuity was broken was noticed; see Fig. 17. The attack

here is practically identical in nature with that observed for the sample alloy
subjected to HaS/H; gas (Fig. 16).

PRI

B3

poms a2y

Fig. 17 Ni-20 Cr alloy, heated 1 hour at 950°C in Na;SO4 in air; sample flexed
at temperature to break oxide film. 1000X
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RESULTS OF 4

iIEATING SAMPLES IN SO GAS

All of the samples used in the various experiments cited above were
given a 2-hour treatment at 850°C in flowing SO, gas. This proved to be the most
drastic treatment of all as regards pure nickel, since both the "A" nickel and the
99.994 nickel were completely converted to the NizS,~Ni eutectic except for the
heavy oxide scale at the surface; see Fig. 18. The Ni-20 Cr (Fig. 19) alloy
suffered about the same degree of attack as in the HpS/H, case (Fig. 1€), and the
nature of the attack was the same.

SCALE

Fig. 18 99.99¢ Nickel, heaied 2 hours at 850°C in SO, gas; complete conversion
tc sulfide eutectic. 150X

Fig. 19 Ni-20 Cr alloy heated 2 hours at 850°C in3C, gas. 1000X
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ND DISCUSSICON
The results of this investigation have shown that nickel and nickel alloys
can react directly with either solid or liquid NaySO4 without the need for any
extraneous reducing agent. The attack in the case of nearly pure nickel is par-
ticularly drastic, probably because of the presence of the liquid NizS;-Ni
eutectic which has a rather low freezing point,~845°C. The liquid readily
penetrates down nickel grain beundaries; and because of rapid diffusion in the
liquid, sulfur is quickly transported large distances into the structure. It has
been shown that the nickel sulfide-rich areas oxidize more rapidly than the
metallic structure. The details of the oridation reaction are not as yet under-
stood, Il)ut it 1s possible that for a eutectic it proceeds as suggested by Simons
et al.:

M- MS (eutectic) + 1/2 0, = MO + MS. €

This reacticn indicates that the sulfur is always combined as a suliide, and that
only the excess metal part of the eutectic becomes oxidized. Anotner possibility
would be to generate SC, during oxidation, which i turn forms oxide and sulfide

as already demonstrated. In the case of Ni-20 Cr and apparently aiso in nickel-
base jet engine alloys, a eutectic liquid is not created, and only isolated but

ciosely packed sulfide particles such as CrS are formed. In this case, cne must
suppose that the CrS oxidizes directly to Cr;0; since one sees clear evidence for
oxide taking the place of sulfides by observing the precise similarity in size and
shape of the sulfide and oxide particles. See Fig. 20. In this case (more applicable
to what is experienced in practice), the reactions may be

2 CrS + -g- Oz = CryOs + 28 (7

28+2Cr= 2Crs . (8)

The structure shown in Fig. 20 is a Udimet 500* engine blaae which had suffered
considerable hot corrosion owing to simultaneous presence of NaCl and sulfur

in the combusting gases. It is quite clear from this that the oxide particles just
above the sulfur particles had been sulfide particles originally. It is not clear
why there exists a comparatively clean metailic layer between the external scale
and the internal oxidized zone. A few unaffected sulfides may be seen in this
area, apparently bypassed by the oxygen that had perhaps penetrated this region
by passing aiong cracks or easy paths of some kind. Several oxidized paths may
be seen cutting from left to right.

The details of the corrosion behavior is apparently greatly affected by
the effectiveness of the oxide blocking layer on the surface. This layer is quite

*Nominally: i9 Cr; 18 Co; 4 Mo; 3 Ti; 2.9 Al; small amounts of Fe, B, C;
bal. Ni,
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Fig. 20 Udimet 50C gas turbine blade in test 342 hours at 1600°C in atmosphere
causing het corrosion. 500X
Note: This photograph was obtained thrcugh courtesy of tne *Marinization
Program® Contract No. B.S. 88423, Proj=ct SS 501-C00, Task 3900.

protective in the case of Ni-20 Cr as shown above. This inay also account for the
slower kinetics of Na;SCy4 attack on the higher purity nickel, whick: may have a
more perfect protective layer of NiO than the less pure *A™ nickel. Certainly

the NapSO4 attack in the evacuated capsules was essentially as severe as regards
sulfide penetration for both grades of nickel, although again the oxidation resistance
of the purer nickel grades was better.

CONCIUSIONS

There is no douhbt that nickel and nickel 2lloys can react directly with
Na,SO4 to form sulfides without the need of any extraneous reducing agent. In
conformance with well-established chemical principles, the most stable sulfides
form at the expense of less stable sulfides. Thersfore, in gas-turbine alloys
containing substantial amounts of chromium, Crg is a principal sulfide formed.
Also, no appreciable quantity of iow melting (645°C) Ni S;-Ni eutectic or C04S;-
Co eutectic (mp 877°C) will be formed as long as there is unreacted chromium
present. This in turn means that the alloy is more subject to oxidaticn if in some
surface areas much of the chromium is present as CrS. This acts in a double
manner: (1) by impoverishing the base metal in chromium and {2) by the fact that
CrS is more susceptible to oxidation than the base metal.

If all the sulfur formed from Na,SQ4 remzined in the structure, one
would expect an autocatalytic reaction between sulfur and uxygen, thus greatly
speeding up the destructive process. This does not, in guuerzl, appear to hagpen.
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- The reas n for the reaction remaining moderately rapid, obut not catastropnic,
may te that a apprec1ab1e fraction of the lfur leaves the gas turbinre part s
SO,, w*uch is swept out of the system,

Some remaining questions are tnose of rate control in the sulfication-
oxidation process, the deiails cf the oxidalion process of the suliides, and what
factors determine the shape and distribution of the sulfide particies. It is not at
presernt clearly demonstrated that suifur penetration into alloy structures occurs
primarily by volume diffusion, although citen metallographic evidence seems t¢
suggest this. On th2 other hand, in some cases there is evidence of a fine-grained
matrix structure around the sulfides, which may indicate short-circuiting sulfur

. diffusion pzths since the grain boundaries seem to link up the sulfide particles.
Finaily, the degree of protection from hot corrosion offered hy various oxide

films needs investigation, as well as the question of the mechanism of film break-
down in the presence of Na,SO0,.
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THE BEHAVIOR OF COBALT
IN HIGH-TEMPERATURE SULFUR-OXVGEN ENVIRONMENTS

A. Beltran* and A. U. Seybolt?

INTRODUCTION

In an earlier report, (1) one of us described the results of combined
sulfidation-oxidation attack on nickel and some nickel alloys. These experi-
ments were mainly concerned with "crucible tests" where imetal samples were
heated in Na,SQ4, but in some experiments H2S and SO, were used as corrosive
media. In this earlier work, one of the main results was the finding that nickel
and nickel alloys react directly with Na;SO4 to form nickel sulfides that then
preferentially oxidize to NiO. In the presence of chromium, CrS is formed
and theu »xidizes to Crz0O3. The rate of oxidation of alloys containing CrS is
considerably less than that of Ni3S,, partly because CrS is a solid while Ni-
NijzZ; forms a low-melting eutectic, and partly because of the morphology of
the formation of CrS which occurs as isolated small particles.

The objective of the present work was to find out if the behavior of Co
or Co-Cr was the same as that of Ni or Ni-Cr.

Current complex carbide-sirengthened cobalt-base superalloys in gas
turbine service contain a minimum of 20 w/o chromium for oxidation/corrosion
resistance, and in fact, recent work at the GE Materials and Processes Labora-
tory haizsietermined the optimum chromium level to be 30 w/o in X-45 type
alloys.

Therefore, experiiments were performed using pure cobalt and cobalt
binary alioys containing 20 or 30 w/o chromium with the impurity levels listed
in Table 1 for pure ccbalt and the 30 w/o chromium allcy.

TABLE I
Elements Co Co/30 Cr

Ni 0.08 ¢ 0.1 %
Cu .03 .04

Fe .002 .006
Si . 006 .001
Al . 002 .002
Mg .001 .001

*General Electric Materials and Processes Laboratory, Schenectady.
tGeneral Electric Research and Development Center, Schenectady.
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Some melting temperatures pertinent to this investigation are iisted
in Table II.

TABLE I
Compound Melting Point CC)
NijzS, 810
Ni.S5z-Ni eutectic 645
Co048S3 930
Co04S3-Co eutectic 877
CrS 1565
CrS-Cr eutectic 1350
Na S04 883
724 Na,S0,/28% NaCl 750

EXPERIMENTAL

In general, the tests were conducted by partially immersing the strip
specimens in the salt contained in a high-purity, high-density Al;O3 crucible.
The specimens were first prepared by metallographically polishing through 600-
grit SiC paper and then rising in toluene and acetone. After testing, the speci-
mens wererinsedin hot water to remove the salt, aind then nickel plated to retain
the reaction products. In some cases, a conductive silver paint (DuPont #4817)
was first sprayed on to prepare the oxide for plating. Standard metaliograpiic
procedures were used, followed by etching with alcohol/HC1/3% H,0; in 50:50:10
proportions.

BEHAVIOR OF PURE COBALT IN Na,;504

Ti. » effect of Na,S(C4 on pure cobalt in an air environment was studied
at temperatures that ranged from 850° to 1050°C. The lowest temperature
(850°C) is below the melting point both of the salt and the Co-Co4S3 eutectic. In
this case, the salt was first heated to 900°C to produce the liquid, the sample
was inserted, and the salt cooled rapidly to 850°C and held for 2 hours. All of
these tests showed much the same type of attack; hence only some results from
the 950° and'1000°C tests are shown in the following photomicrographs.

Figure 1 shows the corroded surface layer of pure cobalt after immersion
for 2 hours at 350°C in molten Na;SO4. This picture shows two sulfide-rich
layers between the dark cobalt oxide and the cobalt matrix. The darker sulfide
layer next to the oxide is the cobalt-cobalt sulfide eutectic, but the smooth-
appearing sulfide next to the metal is probably a homogeneous sulfide phase.

The latter has formed cusps protruding into the base metal, which in Fig. 2
appear as oxide cusps, indicating the replacement of sulfide by oxide. Figure
2 shows the air-exposed ha'” of the sample, which was similarly but less
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Fig. 1 Cobalt immiersed 2 hours at 950°C in NaySO,. 500X

Scale

;o Co

Sulfide stringers

Fig. 2 Cobalt heated 2 hours at 850°C in Na,SO4, exposed to air. 500X

severely sttacked, evidently caused by wetting of the surface by the salt. In

addition, the higher partial pressure of oxygen has nearly completely oxidized .
the sulfide leaving a barely visible sulfide layer at the interface. Figure 2 also

shows sulfide stringers in the grain boundaries.

The sample tested for 2 hours at i000°C was severely attacked.
Figures 3 and 4 clearly reveal the panetraticn of tie sulfide eutectic along the
grain boundaries with subsequent formation of massive oxides. These figures
prcvide confirmation that preferential oxidation of the eutectic sulfide is an
integral feature of the hot corrosion attack of cobalt. The more broken-up or
. granular appeararnce of tire oxide in Fig. 4 may have Leen caused by more
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Fig. 3 Cobalt heated 2 hours at 1000°C in NazSO4, in air. 500X

P

<« Cgbalt oxide
(altered by
salt ?)

Fig. 4 Cobalt heated 2 hours at 1000°C inNa3SO4, in air. 500X

direct contact between sait and oxide in this sample. The Na,SO, appears to
cause a disintegration of the oxide structure, thus preventing the formation of
a protective oxide scale.

These tests have shown that cobalt, the same as nickel, displays the
ability to reduce Na,SO4 that results in the formation of Co4S;. Indeed, a
liquid Co-Co4Sa eutectic was found over the entire range of test temperatures,
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including the case of solid salt at 850°C, which indicates the eutectic melts some-
what below the accepted value of 877°C when oxygen is present. Severe attack

of the base metal occurs by penetration of the liquid eutectic along grain bouna-
aries. The eutectic in turn is preferentially oxidized, resulting in rapid degra-
dation of base metal integrity.

BEHAVIOR OF Co0-204 AND 304 Cr IN Na,SO,

Two exposures of Co-20 w/o Cr in Na;SO4/air for 2 hours at 850°C
produced only oxidation of the base metal. As in the case of pure cobalt, raising
the temperature to 950°C and above caused a large increase in rate of attack,
but as in the case of Ni-Cr alloys, the rate of attack was considerably less com-
pared to the base metal. Two hours at 950°C was sufficient to develop tiny
particles of sulfide (CrS) just below the metal/oxide interface, but due to the
sign‘ficant reduction of attack in the presence of chromium, the Co-30 w/o Cr
specimen was tested for 48 hours at 950°C in order to obtain well-defined
corrosive attack. The immersedhalfofthe 5/32-inch-thick specimen was com-
petely traversed by networks of CrS (light gray, Fig. 5). The preferential
oxidation of CrS is again obvious from the overlay of dark oxide. From a
thermodynamic standpcint, the formation of the more stable CrS would be ex~
pected to proceed until the chromium is used up. Once this occurs, the less
stable Co4S3 can appear. This forms the liquid Co-Co04S; eutectic, at témpera-

tures above ~877°C, and this has be2nobserved to happen in portions of this same
sample.

Fig. 5 Co-30 w/o Cr
heated 48 hours at
950°C in NazSOy,
in air. 750X
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This sequence of experiments has shown that chromium concentrations
approaching the levels found in commerical cobalt-base superalloys significantly
reduce the severity of hot corrosion attack. Penetration of the alloy proceeds
by formation of CrS networks with subsequent preferential oxidation of the
sulfide.

BEHAVIOR OF Co AND Co-20% Cr IN A Na,SO4/NaCl MIXTURE

The thermogravimetri.: analysis phase of the mechanism study
indicated a greater susceptibility of cobalt to attack in mixtures cf NaCl and
NazSO0q4. (8) Tests were therefore conducted in a mixture of 72 w/0 NazSO,
plus 28 w/o NaCl, which has an approximate melting point of 750°C. However,
careful examination of a series of cobalt and Co~Cr samples in the salt mix-
ture bet veen 800° and 900°C showed the same microstructural behavior as in
Na;SO4. Figure 6 shows the CrS formation near iue surface of the Co-20% Cr
alloy after 4 hours at 900°C. No obvious difference in rate of attack or type
of attack was noted, although tests of this kind are essentially qualitative or at
least only semiquantitative.

3
4

Ni-plate

Co

Fig. 8 Co-20 w/o Lr heated 4 hours at 900°C in 72 w/o Na,SO4 + 28 w/o NaCl,
in air. 500X

EFFECT OF PRE-OXIDATION ON Co-20$ Cr

A sample of Co-208 Cr was first oxidized for 4 hours at 980°C in
static air, then tested for 4 hcurs at 800°C in the mixed salts. Ailihough this
corrosion exposure was not very severe, pre-oxidizing did prevent the
formation of sulfides for 4 hours.
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- EFFECT OF SO, ON Co

. As in the case of nickel, the attack produced by a SOz atmosphere was
the most severe of the conditions investigated. Figure 7 shows the brcad front
of sulfide and oxide occurring afier one-half hour at 950°C. Figures 8 and 9
show in detail the cusp-like nature of the interface. Also evident are the
spheroidal oxide particles resembling in appearance a subscale. The precise
mechanism for the formation of this structure is not known. Qualitatively, the
results produced by SO, and the salts are the same. Although Co-20%4 Cr was

ng; tested in SO, it would be expected to behave identically to the case of Ni-
20% Cr.

< Ni - plate

<« Spheroidal oxides

~

Fig. 7 Cobalt heated 0. 5 hour at 950°C in SO,. 100X
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< Sulfide eutactic

Fig. 8 Cobalt heated 0. 5 hour at 850°C in 802. 500X

Massive sulfide
eutectic,
partially oxidized

: o ~
; S-" \ :
- twmy ‘

Fig. 9 Cobalt heated 0. & hour at 95C°C in SC». 500X

DISC USSION

While no kinetic studies were made during this part of the investigation,
it would appear from metallegraphic evidence that there is comparatively little
difference in susceptibility to hot corrosion ~ttack between the rickel-base and
cobalt-base materials. Certainly ithe same corrosion mechanism (1) is oper-

ating in both cases. While there are no x-ray diffraction results available on
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the cobalt materials to confirm the metallographic identification as yet, the
very close similarity in morphology between the two classes of alloys leaves
no real doubt about the nature of the attack.

It is interesting that the addition of NaCl to Na,SO4 appeared to make
no difference in the type of attack, statements in the literature to the contrary.

While it was mentioned above that, in oenerz., there was little
difference in behavior between the cobait- and nickel-base materials, there was
& noticeable difference in susceptibility to Na;SO,4 attack between pure cobalt
and pure rnickel. Perhaps because the Co-Co4S;3 eutectic melis at a higher
temperature than the Ni-Ni3S, eutectic, the attack on cobalt was somewhat less
severe than on nickel at identical test teiaperatures, but at 200°C above the
respective eutectic melting points the attack on cobalt was more severe. This
may possibly be due to the higher diffusion rate of sulfur at the higher temperature
used for testing ccohalt, but it may a2lso point to a less protective oxide film. It
is well established thal at comparable temperatures, nickel oxidizes less
rapidly than cobalt.

Chromiun plays the same important role in the corrosion cf cobait
binary alloys as it does in nickel binary alloys. That is, CrS forms in preference
to the solvent metal suifide. This eliminates the possibility of liquid sulfide
formation initiclly, and subsequent rapid transfer of sulfur over great distances.
Regardless of ‘he actual sulfide present, metallographic evidence has been
given for the preferential oxidation of the sulfide. Although the exact mechanisms
of oxide film penetration and breakdown are currently unresolved, thz formation
of Crz203 on the cobalt binary alloys may be more effective in blocking sulfide
formation that the corresponding CoO film on pure cobalt. However, the more
favorable morphology of the CrS as compared to that of the cobailt sulfide
eutectiz mauy be a more imyportant factor in reducing the severity of hot corrosion.

CONCLUSIONS

It has been shown that the behavior of cobalt and cobalt/chromium alloys
in NaSO4 under an oxidizing atmosphere is essentially identical to that of nickel
and nickel alloys. Reduction of the salt is followed by sulfide formation~~-liquid
Co-Co04S3 eutectic (above 877°C) in the case of pure cobalt--and CrS when
chromium is present. Rapid attack of the structure then occurs by preferential
oxidation of tne sulfide. Thus, optiraum levels of zhromium are required in
commerical gas turbine ccbzalt-base superalloys for two reasons:

1. To promote the formation of an adherent Cr,G; surface oxide, which
assists in blocking sulfur penetration.

2. To prevent the formation of liquid sulfide eutactic.
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APPENDIX D

HOT CORROSICN BEHAVIOR

OF NICKEL AND COBALT BINARY AND TERNARY ALLOYS

P. A. Bergman

I. INTRODUCTION

In January 1965, the U.S. Navy awarded two contracts to General
Electric Company relative to the hot corrosion problem of gas turbine engines
operating in marine environments. One program is the Hot Corrosion Mechan-
ism Study,and the other program is Development of Alloys Resistant to Hot
Corrosion. The ultimate purpose of both programs is the develcpment of high-
temperature alloys for gas turbine engine application in naval vessels--
specifically a nickel-base alloy for turbine bucket application at 1600°F with the
strength capacity of Inco 713, and a cobalt-base alloy for 1300°F with a strength
equivalent to WI 52.

This investigation was part of the mechanism program, entailing a
study of the effects of alloying elements on hot corrosion behavior. Binary and
. ternary alloys were chosen to avoid the synergistic effects of alloying elements
. in the complex compositions. It is expected that this type of approach would

" provide information for the development of complex alloys and would eventually
dovetail into the alloy development program.

Nickel and ccbalt and their binary and ternary alloys were evaluated.
All of them were vacuum cast of high-purity metals and nominal compositions
are shown below:

Pure nickel;
Three binary nickel alloys (108, 154, and 25% Cr);

Five ternary nickel alloys (15% Cr plus one of the following elements: 8%
W, 254 Co, 5% Ti, and 8% Alj;

. Pure cobalt;
' One binary cobalt alioy (25% Cr);

Four ternary cobalt alloys (25% Cr plus one of the following elements: 8%
2 W, 64 Mo, 8% Ta, and 109 Ni).

s The ternary nickel-base alloys contained 15% chromium since it is con-
7 sidered a borderline amount for corrosion resistance. The cobalt-base alloys
=TT were designed with 25% chromium since most of the app:icable commercial
cobalt-base alloys contain 20% to 254 chromium. For comparative purposes,
R PDRL-1€3, SEL, and X40 were tested. * The chemical compositions of all

N alloys are shown in Table I.

s *PDRL-163--an International Nickel Company development alloy, nickel base.
et L. SEL--2 nickel~brse alloy developed at the Thomson Enginezring Laboratory,
) Censral fiectric Company, West Lynn, Mass.

X40--2 cobait-base allcy .
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Tests were conducted in the MEL Hot Corrosion Test Rig, whnich pro-
motes the type of hot corrosion encountered in gas turbiae engineﬁ. Specimens
were exposed to the products of combustion of suifur-enriched (1%) diesei fuel
and a high concentration of sea salt (200 ppm) for 100 hours at 1675°, 1750°,
and 1900°F. Afterwards, the specimens were metallographically evaluated for
the type and the amount of attack, and comparisons were drawn. The results
demonstrate that some alloying elements have a pronounced effect on hot cor-
rosion behavior.

In addition, for specimens tested at 1675° and 1900°F, the surface
oxides were identified by x-ray diffraction analyses. The corrosion behavicr
of a metal is, of course, directly related to its oxides. The identification of
the oxade.s and their behavior can lead to a greater understanding of the hot cor-
rosion mechanism. The enclosed data are a beginning in this field of endeavor.
Although the information is not extensive, there are some interesting and
noteworthy observations made.

II. PROCEDURES

A. Testing

A hot corrosion test stand was designed and built for burning diesel and
distillate fuels at relatively low pr-ssures and velocities. A cross-sectional

view and photograph of the MEL Hot Corrosion Test Rig are shown 1n Figs. 1
and 2.

Fuel is metered through a hypodermic needle and is atomized by a
stream of a:r passing over the needle and burned 1n the forward zone of a 2 3/4-
inch-diameter ceramic tube. Sea water is atomized and introduced into the
combustion zone. Secondary air enters tangential slots in the ceramic tube
into the combustion zone for cooling of the tube, for mixing purposes, and for
adding the desired quantity of bulk air. The products of combustion and sea
water pass through the remainder of the tube into the test chamber and out the
exhaust tube. The ceramic tube and test chamber are surrounded by electrical

resistance windings that are used to aid in msaintaining constant and uniform
temperatures.

The furnace abcve the test specimens can be opened while the test rig
1S in operation. This feature allows thc {ixture with specimens to be put into
or taken cut of test withou® disrupting the operation of the rig. Thus, fuel-rich
conditions during firing of the rig are avoided.

Monitoring of temperatures is accomplished with an optical pyrometer
ter calibration and spot checking with a thermocouple. The temperature
variation is between + 10° and + 15°F,

Standard test conditions include an excess of air at a 30:1 air-to-fuel
ratio. The diesel fuel (MIL-F-16884) that is used has a 625°F end point, 0.840
g/cc density, and 0.69% sulfur. Ditertiary butyl disulfide is added to increase
the sulfur to 1.08. Artificial sea water* is used in concentration of 200 parts

sea salt per million parts of air (ppm). All tests were scheduled for 100 hours #
S hours.

*ASTM designation D865-60, ASTM standards 1961, part 7, page 312.
D-2
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For each test temperature in this program, all specimens (20) were
tested at the same time in a rotating fixture at about 25 rpm. The specimens
were in the cast condition with no prior heat treatment; they were centerless
ground to 0.130-inch diameters and cut to 0.750-inch lengths. The test fixtures

were made of Hastelloy X, which has a relatively good resistance to hot corrosion.

Specimens were measursd with micrometers and cleaned in acetene and
trichloroethylene prior tc testing.

B. Specimen Evaluation

It is felt that metallographic measurements are the most pertinent and
representative rating system ior registering the degree of attack. For this
method, two cross-sectional areas of each specimen are mounted for metallo-
graphic examination. Cne represents a zone of maximum visual attack, and the
other one represents a zone of average visual attack. For a specimen corroded
over half or less of its length, the sections are taken in a corroded zone and a
noncorroded zone. Each of the cross-sectional areas is meastured for hot cor-
rosion effects across two diameters approximately 90° apart; thus, each speci-
men is measured in four places. Two types o’ hot corrosion effects are deter-
mined, namely, gross (massive) attack and maximum attack, which are illus-
trated in Fig. 3. All values are reportzd as losses in diameter (mils).

Gross attack is a measurement of complete material loss pius massive
oxidation and sulfidation and does not factor in other types of subsurface attack;
e.g., intergranular attack. For each specimen, four measuremenis are re-
ported to show the consistency of attack. The measurements were averaged
together and this new value is reported and plotted as the gross attack. Basic-
ally, this is a modification of the weight~-change type method except the depth
of massive oxides and sulfides is factored in, ard more emphasis is placed on
localized attack.

Maximum attack is a measurement which includes gross attack plus
the depth of penetration of all sulfides and oxides which may be scattered or in
local conzentrations; e. g., grain bourdaries. A measurement for each cross-
sectional area is reported to indicate tke ceonsistency of attack, but oniy the
greatest value is considered the maximum attack for the ailoy.

The main disadvantages of the metallographic technique are the lack of
a quantitative method to locate representative areas for examination and the
juagment required in measuring the degree of attack.

A photomicrograph was taken in a representative area for each allcy.
Descriptions cf the type of attack and typical photomicrographs are included.
The gray globular phases and the golden phases (characteristic cclor during
metailographic examinations but not in photomicrographs) were presumed to
be chromium-rich sulfides (M,S33) and the nickel-nickel sulfide eutectic (M:M;S3!,
respectively, based on metallographic similarities to specimens subjected to
eiectron microprobe analyses in a Company-sponsored program.

C. Z-ray Diffraction Analyses

After test, the specimens werse rinsed in hot water to remove the salt
since most of them were stuck in the test fixture, cspecially atter testing at
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the low temperature. The surface oxides were scraped off and submitted to
powder pattern x-ray diffraction analyses.

III. RESULTS
A. Amount and Type of Attack

The amounts of gross attack and maximum attack are shown in Tables
I, II, and IV and plotted in Figs. 4 through 9. Effects of elements in the
ternary alloys are established by comparison to binary alloys with equivalent
chromium contents.

1. Nickel Alloys Tested at 1675°F (Fig. 4)

Nickel. The entire specimen (RL-1) was affected and it was converted
to an oxide and the nickel-nickel sulfide eutectic (Fig. 10).

Binaries. Additions of 108 chromium (RL-2), 156 chromium (RL-3),
and 254 chromium (RL-4) resulted in a marked improvement in the corrosion
resistance. There was a small amount of gross attack and some maximuni
attack as evidenced by the small chromium-rich sulfides in the grain boundaries
(Fig. 11). The sulfides were not quite as deep in the 2564 chromium alloy.

Ternaries. The 2lloy with 8% tungsten (RL-4) showed the same amount
of attack as the binary. Microstructural examination revealed a similar type of
attack except for small localized oxidation sites (Fig. 12;. Some of these were
narrower at the surface and wider at the bottom, but they were not deep enough
to register as a significant measurement.

The 254 cobalt addition (RL.-6) did not influence the degree or type of
attack except that the small chromium-rich suifides were not quite as deep.
Alloys with 6% molybdenum (RL-7) and 5% titanium (RL-8) had the same degree
and type of attack as the binary except that the two alloys appeared to have

slightly more surface oxidation. This was not deep enough to influence the
measured amounts of attack.

The addition of 8% aluminum {RI-9) caused an increase in the gross
attack and a slight increase in the maximum attack. About half of the specimen
was corroded in random areas. There was a band of small chromium-rich
sulfides below the surface and paraliel to it. In some areas near the surface,
the nickel-nickel sulfide was seen and Ni3S; was identified by x-ray diffraction
analyses (Table V). These phases are characteristic of alloys susceptible to se-
vere hot corrosion effects. There were no subsurface oxides or sulfides de-
tected in the cther half of the specimen which was virtually unaffected.

Commercial Alloys. PDRL-163 and SEL contained large but localized
zones of subsurface oxides and a band of small chromium-rich sulfides plus
larger ones 1n the SEL specimen (Fig. 13). There were extensive areas of the

PDRL-163 specimen that appesared to be unaffected by the hot corrosion environ-
ment.

2. Nickel Alloys Tested at 1750°F (Fig. 5)

Nickel (RL-1) was subject to a severe attack resulting in the formation
of large quantities of an oxide and the nickel-nickel sulfide eutectic. A small
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core of the nickel was intact but the grain boundaries were completely pene-
trated by the eutectic,

Binaries. Additicn of 104 chromium (RL-2) improved the corrosion
resistance of nickel but the alloy was subject to some gross attack and con-
siderable maximum attack. The microstructure containe” large chromium-
rich sulfides (Fig. 14). Higher levels of chromium, 154 (RI.-3) and 25% (RL-4),
made a marked improvement in the ccrrosion resistance. There was a small
gross attack and some maximum attack as shown by the small subsurface
chromium-rich sulfides (Fig. 15).

Ternaries. The 8% tungsten alloy (RL-5), had an amount and type of
attack equivalent to the binary, except in one area where there was a large
oxide blister (Fig. 16). It was similar in shape but much larger than the ones
in the 1875°F test (Fig. 12). The oxide blister did not register as a significant
gross attack since this is an average value.

An addition of £5¢ cobalt (RL-86) resulted in the same degree and type »
of attack as the binary except that it was not quite as deer. A 6# molybdenum '
addition (RL-7) promoted an increase in the attack which was in the form of

massive oxidation and a deep subsurface penetration of small chromium-rich
sulfides (Fig. 17).

There was a slight increase in attack in the alloy containing 5% titanium
(RL-8). The micrestructure showed small subsurface oxides and chromium-
rich sulfides (Fig. 18). The alloy with 84 aluminum (RL-9) had an appreciable
increase in corrosicn. The type of attack varied; in some areas, there were
large chrominm-rich sulfides (Fig. 19), other areas had complete oxidation with
no visible subsurface effects (Fig. 20), and other zores showed an intergranular
attack.

Commercial Allgys. SEL was subject to about the same amount cf
attack as RL.-9. The microstructure was similar to the 1675°F SEL micro-
structure (Fig. 13) except the chromium-rich sulfides were larger in the 1750°F
specimen. '

3. Nickel Alloys Tested at 1200°F (Fig. 8)

Nickel (RL-1) was attacked throughout the specimen comparable to the
one tested at 1675°%. The products of corrosion were an oxide and the nickel-
nickel sulfide eutectic (F1g. 21). Nickel sulfide (Ni3Sz) was identified by x-ray
diffraction analyses (Table V).

Binames. Alioys with 104 chromium (XL-2), i5%chromium (RL-3),
and 256 chromium (RL-4) were all subject to some gross attack and considerable
maximum attack. The higher chromium ailoy was better than the other two
that were comparable to each other. The 104 chromium alloy showed large
chremium-rich sulfides ar i soine nickel-nickei sulfide sutectic (Fig. 22). In
the 154 chromium ailoy there were numerous small chromiunm-rich sulfides
that peretrated deeply into grain boundary areas (Fig. 23); the attack in the
26% chromium alloy was similar but not as deep.
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Tarnaries. The addition of 84 tungsten (RL-5) resulted in an increase in
corrosion, espec1a11y the gross attack. The type of subburface attack was
simiiar to that of the binary alioy. The 25% cobalt ailoy (RL,-6) had a bunuar
type of attack (Fig. 24), but somewhat less extensive.

The addition of 64 molybdenum (RL-7) had a catastrophic effect. The
specimen was remacved from the test after cily 12 hours since there was only a
small portion »f it left. The microstructure showed a massive oxidation with no
visible subsurtace effects (Fig. 25). The 5% titanium alloy (RL-8) showed an
improved corrosion behavior in terms of depth of attack; in fact, it was equivalent
to the 25% chromium binary. However, there was a different type of attack that
was a denser corcentration of medium-size chromium-rich sulfides (Fig. 26) and
an unidentified gray angular-shaped phase (Fig. 27).

The alloy with 84 aluminum (RL-9) had an appreciable increase in attack.
There was a band of small chromium-rich sulfides beicw the surface and parallel

to it. Near the surface were large chromium-rich sulfides and large quantities
of the nickel-nickel sulfide eutectic (Fig. 28).

Commercial Alloys. SEL had less corrosion that the 84 aluminum ter-
nary alloy. The type of attack was similar to that in the SEL specir °n tested at
1750°F. The PDRI~163 specimen showed less attack than any other nickel alloy.
There was a subsurface attack of a fine network of oxides and chromium-rich
sulfides.

4, Cobalt Alloys Tested at 1675°F (Fig. 7)

Cobalt (RL~11) was subject to a catastrophic attack that consumed all
of the specimen.

Binary. The addition of 2564 chromium (RL-10) achieved a marked
improvement in corrosion behavior. There was practically no gross attack and
a very small amount of maximum attack consisting cf a few small subsurface
chromium-rich sulfides (Fig. 29) and occasionally a few small oxides.

Ternaries. The alloys with 8% tungsten (RL-12), 6% molybdenum ‘RL-
13), 84 tantalum (RL-14), and 104 nickel {(RL-15) had an amount and type of attack
equivalent to the binary.

Commercial Alloy. X40 showed a corrosion behavior similar to tre
binary and ternary alloys.

5. Cobalt Alloys Tested at 1750°F (Fig. 8)

Cobalt (RL-11) was attacked through the entire specimen. The products

of corrosion were an oxide and a phase that was probably the cobalt-cobalt sulfide
eutectic (Fig. 30).

Binary. An addition of 254 chromium to the cobalt conferred good re-

sistance to corrosion. The degree and type of attack were similar to the speci-
men tested at 1675°F.
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Ternaries. The alloys with 84 tungsten (RL-12) and 84 tantalum (RL- ,
14) had a corrosion behavior similar to the binary, but the alloy with 64 molyb- -
denum {RL-13) showed a severe attack. There was a shallow subsuriace attack
shown by a fine network of chromium-rich sulfides and oxides (Fig. 31).

The 10% nickel (RL-15) did not cause much of an effect except that the
subsurface attack was slightly deeper (Fig. 32).

Commercial Alloy. X40 had a corrosion behavior equivalent to the

binary.
8. Cobalt Alioys Tested at 1900°F (Fig. 9)

Cobalt {RL-11) was subject to considerable corrosion. There were no
visible subsurface effects, but at the surface there was a phase similar in ap-
pearance to the one in Fig. 30 which was probably the cobalt-cobalt sulfide
eutectic.

Binary. The alloy with 25% chromium (RL-10) was ccnsiderably better 3
and had a small amount of gross attack and scme maximum attack. There were
small subsurface chromium-rich sulfides (Fig. 33) and a few small oxides in
some areas.

The addition of 8% tungsten (RL-12) caused an increase in corrosion
and the subsurface phases were similar but deeper than the binary. The alloy
with 68 molybdenum (RL-13) was cdestroyed.

The 8% tungsten alloy (RL-14) and 10% nickel alloy (RL-15) showed
about the same corrosion behavior as the binary except that there was slightly
Jess gross attack. The microstructures contained cmall subsurface chromium-
rich sulfides and oxides.

B. X-ray Diffraction Anzlysis of Surface Products

The results of x-ray diffraction analyses of the surface products on all
alloys tested at 1675° and 1300°F =re shown in Tables V and VL

1. Nickel Alloys i

Spinels in relatively small amounts were found on 13 out of 16 speci- f
mens of the binary and ternary alloys and one of tiie commercial alloys. Most
of their lattice parameters were between 8.31 ! and 8.33K. The aluminum-
containing alloys showed larger amounts of the spinels, and three out of four
had the lowest lattice parameters, 8.164, 8.22R, and 8.28A. However, one of
the high-aluminum containing alioys (PDRL 163) had no spinel.

. -

[T

Although the spinels were not analyzed, their chemical compositions
are suggested by the chemical composition of the alloys and by comparison to
known spinels. Those with parameters of 8.281 to 8.331 are almest certainly
NiCrz04 an for the high-cobalt-containing alloys, (Ni, Co)CrzO4 or CoCrz04.
The high-aluminum alloys generate spineis with lower lattice parzmeters due
to aluminum in solid solution.
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NiQ was detected on 20 ocut of 25 epecimens in relatively large amounts
This wes the only oxide on *he nickel specimens.

Co-(Cr, Ni)C formed on the ccha't-containing alloys tested ot 1600°F in-
stead of on NiO.

gucgg was found on eight ovt o: 21 specimens, including three alloys
tested at 1875° and 1900°F (this acccunied for six of Lhe eight specimens). There
were relativcly : mall amounts of the Tr: 3 2xcept on PDRL 1683 (tested a't
1900°F) which hzd a medium amount.

(5% ﬁQ_I;_),_LP_l}LQ_; was presant cu the :ghe<i titanium <ontairniag alloy, Ri.-8
tanium

Jthers. Nickel suiriae (MizSz) was cetected on iv,v alleys, both >f which
showed the nickel-nickel sulfide suteciic (tnetauiographic exammatlon,

Na.S0O4 was found on several of tiie spe~imens =nd appeared related tc
the high amounts o1r NiQ.

2. Cobalt Alloys

inels were found on eight out of 11 specimens of the wicys, in small
to medium amounts with lattice parameters of 8.275k to 8.33A Trese are
alnlost certainly CoCrz04. The tliree specimens withcut soinels were the er-
nary alloys containing tungsten or molybdenum.

Crz; 03 was cetected on eight out of 11 specimens in -elatively small
amounts except for RL-13 (1875°F) which had a medium smount.

CoO-(Cr, Mi)O fcrrned on several of the specimens, including the cobalt
specimens, in retatively large amounts.

Others. NaTaO3 was detected on the tantalum-containi-,, ailoy, and
Naz504 was found ou only nne specimen.

IV. DISCUSSION AND SUMMARY
A. Efiect of Alloying Elements

Nickel and cobalt were subject to catastrophic atiack at 1675, 750°,
and 1900°F

1. Nickel Alloys (Figs. 4, 5, and 6)

Chromium

This element conferred 2 marked improvement in corr:-ion resistance
that was dependent on the amournt of chresnium und the test tswperature.

_Rzlative Corrosion Resistance

Temp (°T) 6 Zr R Cr 25% Cr
175 Coos Goud Good
1750 Poor J00a 3004
190C Poor Faor Wair

Chromium becomes jess effective as a functich of temperctiure.
D-8




ot ’- S - Sy . T IR I e i S oo S WPt ¢ o e rer A P T—— st - “’“‘:‘"‘”“Z\W

Tungsten (88)

F although therc was a Susp

-~ ~—

NTn ffmmd -t 10PE0 _
No zffect at 1875° an
e

Detrimental at 900°;‘.
Covalt {25%)

No effect or slightly beneficial at 1675, 1750”, and 1900°F.
Molybdenum {6%)

No effect at 1675° .
Detrimental at 17£Q° F.
Catastrophic at 1900°F,

Titamum (5%)

No effect at 1875°F,
Slightly detrimental at 1750°F.
Beneficial at 1900°F.

Aluminum (8%)

Slightly detrimental at 1675°F.
Detrimental at 1760°F.
Zeverely detrimenta! at :900°F.

ic1o0us oxidation.

Com.pl=x Alloys

At 1675°F, SEL 4.4% Al) and PDRI.-183 (C.s% A1) shuwed som:e hot
corrosion effects. The ouly ternary showing much of an effect was the
aiuminum-contzining alloy (6% Al in BL-9).

2t 1750°T", SEL was attacked swmilar to RL-9.

At 1900°F, SEL showed more resistance to aitack tron RL~9 and
PDRL-163 was considerably better; in fact, it was the best micke!
alloy tested.

Compariscus ¢f the binary and ternsry alioys to complex alloys f~estzd
1n this program and others)sicow many equivaient effects of alloving elements
and one roteworthy variation. At low ‘emperatures, aluminuym is dacrimencal
in the ternary and complex allgys; but at 18007 F 1t is dsirimentdl in the werzary,
anc may even be benaficial in a complex alivy. Anciner interesting recuit shows
that althougl: aluiiinam is detré~:ental at 1675°F, ha:f of t.e sucoimeus have &
superior corrosion resistarce. Since aluminura and titmnium are c3sential for
strength considereaticns, a heavier vmphasis is recommend2@ for establishing
the corrosion behavior »i alloys containing these elemernts.

2. Cotalt Aleys (Figs. 7, 8. and 3)
Chromivm (25§)
Bereficic) at 1375°%, 1750°, and 1800°F.
Tungsien (8%)

No effect at 1675° und 1750°F.
Detrimentzal at 1300°F.

L3
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Molybdenum (6%)

No effect at 1675° F,
Severe effect at 1750°F.
Catastrophic effect at 1900°F.

Tantalum (8%)

No effezt at 1675°, 1750°, and 1800°7.
Nickel (10%)

No effect at 1675°, 1750°, and 1900°F.

At 1900°F, tungsten promoted a severe attack in nickel and cobalt
alloys. It is suggested that a tungstate compound was responsiktle for the attack,
although nore was found in x-ray Jdiffraction analysis of surface products.
Molybdenum caused s catastrophic attack in bouh types of alleys. “.ais was
probably due to the formation of the higniy voiatile molybdenum tricxide.

B. Cobalt vs Nickei Alloys (Figs. 4 *arough 9)

A comparison of the mcst corrosion resistant < obait and nickel alloys
is as follows:

1875 “F--cobalt alloyz were slightly batter.
1750° F--cehalt slioys were slightly better.
1900°F--cobalt siioys were considerably better.

Part of these effects may be due to the high chromium contents of the
cobalt allnys, However, the high chromium-containing nickel alloy (25% Cr)
was subject to deeper subsurface attack than the cobalt alloys containing an
equivalent amount of chromium.

e

C. Effect of Temperature (Figs. 4 througn Y)

The effect of temperature on the most corrosion resistant glioys is as
fcllows:

Nickel--same Jegree of attack at 1675° and 1750°F and a large increase at
attack at 1900°F.

Cobalt--same degree of attack at 1875° and 1750°F and a slight incresse at
1900°F.

D. Oxides

1. Nickel Alloys

The oxides appeared characteristic of particular compositicnz and
independent of test temperature since most of the alloys formed the same oxides
at 1675° and 1900°F.

Most of the alloys had relatively smati amcunts of spinels and large
amounts of NiO. The spinels wer2 NiCrp0¢ ana for the cobalt-containing alloys,
most likely {Ni, Co) Cr2C4 or CoCrz:Q4. Two of the alioys witl. aluminum had
spineis with lower lattice parameters dus to aluminu:s in 20lid solution in the
structure.

D-10
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The NiO did rot provide any degree of corrosion resistance judging -
. from the severe attack of nickel. Tbo addition of smail amounts of spinels i

trnd PR halk 3 TROT and 1 £
conferred & marked improvement in corrosion behavior at 16756°F and less of

an improvement at 1900°F. The spinels with alurcinum were present in greaier
amounts hut were nct as aifective.

At 1900°F the cobalt-containing alloys formed CoO:(Cr, Ni)O in preier- B
ence to NiQ, but this did aot influence corrosicn vebavior. -

The Cr,03 was detected ou 8 few alloys 1 small amounts. Thare was
& tcndenty for either CraOj or 2 spiuel {6 form. Higher chromium contents
("m) supuressed the formation ot Cr,Cs, but the high cotalt alloys “ended to
focst both oxides. *

Cver-all the Cr,O3 and nickel, cobalt, and chromium spinels showed
the =ame dsyree of corrosion protectinsn. In fact, at times there were more
variations in corrosion behavior for alloys containing similar oxides as showrn

below: N
iG00°F :
Oxide
Allow Cr;03 Spinel Attack Maximum (mils)
% Cr W -- 46.0
15% Cr -- VW (1=8.33) 41.5
254 Cp - W (4=8.33) 17.6

As a barrier to corrosion, the Cr,0O; cn the 108 chromium alloy was
equivalent to the spinel on the 184 chromium alloy, but they were not as effec-
tive as a similar spinel on a 25% chromium alicy. The difference in behavior
was probably due to subsurface diffusion in the alloy and/or mechanica: charac-
teristics of the oxides (adherence, coherency, vacancies, etc. ).

PDRL~163 showed 2 very unusual behavior. Although it ceataired h.gh
aluminum (6.3%; and high chromium (17%), there were no spinels. At 1900°F,
it had the greatest arrount 5f CrpO3 and was the only ailloy wit hcat NiO or
CoQO-(Cw, M), 2rd it had a better corrosior. hehavior tnan any other nickel ‘

gl 17, :

The (Cr, T1),C3 wes detecieC on the high titanivm (5%) ternary bevides o
a smanel and NiO. This alloy showed less depth of atlack at 190C°F than otier
184 chromium alloys.

2. Cobalt Alloys 5
Most of the alloys developed small amounts or Cr;03, small 0 mzdum &
amounts of Co Crz04, and in several, CoO-(Cr, Ni)C. The latter oxide did not &
previde any degree of protection judging from the severe attack of cobalit speci- ;53?
merns, but Cr;03 and CoCrz04 conferred a marked improvement in corrosion _:3
) resistance. 3
%
D-11 f‘i
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It appeared ihat molybdenum and tungsten suppresscd the formation of
a spinel at 1675°F, but there werz no changes in corrosion behavior of the alloys.
At 1000°F {he molvbdenum-containing alloy did not have CrzQ;

oni
ALd W WALLIALL Vel

fR o natl
" A 4\4‘6 \* L S A oy“‘\&.

Apperently, the corrosion reaction was 30 rapic, these cxides did not form.
This was probably a moiybdznum trioxide probler:.

Three of the alloys (25% chromium binary, and 8% tantalum and 10%
mckel ternaries) had a similar combination of oxides and shrnwed an equivalent
zorrosior behavio: at each temperature.

In comparing the oxides on cobalt and nickel alloys, it is noted that the
cobalt £1'oys have more of a tendency to form Cr;O3 besides a svinel.

Tvan
the nickel alloys with high cobalt content developed both oxides.

-~

None of the oxides provided complete protection since at least smali,
staitered, subsurface chromium-rich sulfides were found in all alloys.

V. CONCLUSIONS

1. Chromium additions to nickel and cobalt were beneficial.

2. Cobalt and titanium in nickel alloys, and nickel and tantalum in
cobalt alloys, had small or no effects.

Lal

3. Tungsten, molybdenum, and aluminum in nickel alloys ard tungsien
and molybdenum in cobalt alloys were detrimental; the effects became more
pronouncerd at high temperatures.

4. The best cobalit alloys were more rssistant to attack than the best
aickel ailoys.

5. Ii appeared that nickel, cobalt, chromium-rich spinels corferred

as much protection as Cr03. None of the oxides provided complete re-
sistance to attack.
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3

RL-4

RL-5

RL-6

RL-7

RL-8

RL-9

SEL
PDRL-163

RL-11

RL-10

RL-12

RL-13

RL-14

RL-15

X-40

TABLE I
Chemical Compositions

Composition (w/o)

Iype C Cr N Co W Mo Ta A T &

Nominal >0.05 100

Actual ,01

Nomina! .05 100 Bal.

Actual .02 10.2 Bal.

Nominal .05 15.0 Bal.

Actual .01 15.0 Bal.

Nominal .05 25.0 Bal.

Actual .02 25.5 Ral.

Nominal .05 15.0 Bai. 8.0

Actual .01 15.1 Bal. 6.05

Nominal .05 15.0 Bal. 25.0

Actual .02 154 Bal. 24.0

Nominal .00 15.0 Bal. 6.0

Actual .01 15.0 Bal. 6.05

Nominal .05 15.0 Bal. 5.0

Actual .01 15.4 Bal. 4.06

Nominal .05 15.0 Bal. 8.0

Actual .04 15.4 Bal. 8.03

Nominal .08 15.0 Bal. 28.0 4.5 4.4 2.3

Nominal .05 17.0 Bal. 20 16 1.9 863 0.1 1

Nominal .05 100

Actual .02

Nominal .05 25.0 Bal.

Actual .01 25.8 Bal.

Nominal .05 25.0 Bal. 8.0

Actual .03 25.7 Bal. 17.88

Nominal .05 25.0 Bal. 6.0

Actual .01 286.2 Bal. 6.04

Nominai .05 25.0 Bal. 8.0

Actual .02 25.0 Bal. 7.08 o

Nominal .05 25.0 10 Bal. '

Actual .02 26.4 10.2 Bal. i

Nominal .45 25.0 10.5 PRal. 7.5 .
D-13
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TABLE I
1875°F Hot Corrosion Data*

Loss in Diam, (mils)
Composition (w/c) Gross Attack Maximum Attack

Alloy Ni Co Cr Others Sect. 1 Sect. 2 Avg Sect. 1 Sect. 2
RL-1 100 - - - 130.0 130.0 130.0 130.0 130.0
RL-2 Bal. -- 10 -- 0.13,0.8 0.3,1.1 0.6 9.7 10.5
RL-3 Bal. -- 15 -- 4, 6 4,1.6 .8 9.6 10.6
RL-4 Bal. -- 25 -- 3, 1 .5,0.7 .6 6.3 5.5
RL-5 Bal. -- 15 8 W 4,10 .6,1.2 .8 9.2 10.0
RL-6 Bal. 25 15 -- +.1,40.3 +.3,0.5 .0 4.1 4.9
RL-7 Bal. -- 15 6 Mo .4,0.6 1.2,1.2 .9 8.0 7.6
RL-8 Bal. -- 15 5Ti .9,1.1 0.9,1.1 1.0 7.1 8.5
RL-8 Bal. -- 15 8 Al .1,0.3 8.5,9.3 4.6 0.3 13.7
SEL Bal. 26 15 45Mo .4, .4 24,44 1.9 3.2 15.2
4.4 Al
2.3 Ti
PDRL-163 Bal. -- 17 1l.€Mo +.1, .5 21.1,23.1 11.2 1.1 26.7
2.0W
6.3 Al
1.0Cb
RL-11 -~ 100 -- -- 130.0 130.0 130.0 130.0 130.0
RL-10 -- Bal. 25 -- 0.2,0.2 0.2,0.6 0.3 3.2 3.6
RL-12 -- Bal. 25 8W .6, .6 1.2,1.4 1.0 1.8 3.8
RL-13 -- Bal. 25 6Mo .6, .8 1.0,1.2 0.9 3.0 5.4
RL-14 -- Bal. 2% 8Ta .7, .9 0.7,1.3 .9 4.1 4.7
RL-15 10 Bal. 26 -~ 4,1.0 .6,1.0 .8 5.6 6.4
X-40 10.5 Bal. 25 7.5W 1,05 .1,0.3 .3 2.7 3.5
0.45 C
*Time: 100 hours
Fuel: diesel (1% sulfur)
Air/fuel: 30/1
Sea salt: 200 ppm
Specimen size: 0.130-in. diam.
D-14




TABLE III
ot Corrosicn Data*

Loss in Diam. (mils)

Composition (w/o) Gross Attack Maximum Attack
Alioy  Ni Co Cr Others Sect. 1 Sect. 2 Avg Sect. 1 Sect. 2
RL-1 100 -- -- -- 47.8,81.0 59.8,89.8 69.6 130.0 130.Q
RL-2 Bal. -- 10 -- 2.0, 3.8 20.2,256.8 13.0 25.0 51.4
RL-3 Bal. -- 15 -- +0.4, 0.2 +0.4, 0.2 0.0 e.0 9.2
RL4 Bal. -- 25 .. 1.0, 1.4 1.2 14 1.3 9.0 10.8
RL-5 Ral. -- i5 8W 0.2, 0.8 1.2 34 14 8.8 10.4
RL-6 Bal. 25 15 -- 0.3, .3 1.1, 1.3 0.8 5.9 5.7
RL-7 Bal. -- 15 6 Mo 4.2, 5.6 8.2, 7.0 0.8 25.0 14.0
RL-8 Bal. -- 15 5Ti 1.8, 20 1.6, 24 2.0 13.8 11.2
EL-9 Bal. -- 15 8 Al 11.2,18.6 17.2,19.2 16.8 21.2 21.6 .
SEL Bal. 26 15 45Mo 1.4, 2.0 23.6,23.6 12.7 8.0 20.4 :
4.4Al ‘
2.37,
SEL «2.2,14.0 22.4,24.8 18.4 20.4 27.6
RL-11 -- 160 -- .- 130.0 130.0 130.0 130.0 130.0
RL-10 -- Bal. 25 -- 0.0, 0.8 0.4, 04 0.4 3.2 3.8
RL-12 -- Bal. 25 8W v .4, +.4 .0, 0.0 0.0 4.6 3.8
RL-13 -- Bal. 25 6 Mo .8, 1.0 61.2,62.0 31.3 4.4 65.0
RL-14 -- Bal. 25 8Ta .8, 0.8 1.0, 1.2 1.0 5.2 5.4
RL-15 10 Bal. 26 -- .6, 1.0 1.0, 1.0 0.9 9.0 9.0
X-40 10.5 Bal. 256 7.5W + .4, 0.6 04, 0.6 0.3 3.0 3.2
0.45C
*Time: 100 hours
Fuel: diesel (14 sulfur)
Air/fuel: 30/1
Sea salt: 200 ppm
Specimen size: 0.130-in. diam.
»
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1900°F BEot Corrosicon Data*

TABLE IV

Composition (w/o)

Loss in Diam. (mils)

Gross Attack

Maximum Attac . _

Alloy Ni Co Cr Others Sect. 1 Sect. 2 Avg Sect. 1 Sect. 2
RI.-1 100 -- -- - 130.0 130.0 130.0 130.0 130.0
RL-2 Bal. -- 10 -- 10,3.0 6.2,11.8 £.5 41.4 45.8
RL-3 Bal. -- 15 -- 1.6, 6.8 2.2, 6.6 4.3 30.6 41.4
RI.-4 Bal -- 25 -- 0.9, 1.5 0.9, 2.5 1.5 i7.3 17.9
RL-5 Bal. -- 15 8W 14.1,20.1 16.3, 16.9 18.9 52.1 54.5
RL.-6 Bal. 25 15 -- 1.1, 19 1.3, 2.9 1.8 24.7 34.3
RL-7' Bal. -- 15 6 Mo 40.8,66.2 130.0 91.8 66.2 130.0
RL-8 Bal. -- 15 5Ti 1.2, 1.8 18, 4.2 2.3 18.8 20.2
' RL-9 Bal. -- 15 8 Al 26.6,35.4 =«9C.0 80.5 47.8 ~90.0
SELL Bal. 26 15 4.5Mo 12.6,17.4 16.2,25.4 17.9 27.0 33.2
4.4 Al
2.3Ti
SEL Bal. 12.9,13.7 14.5,15.1 14.1 26.5 25.3
PDRL-163 Bal. -- 17 1.6Mo 0.9, 0.9 1.7, 2.1 1.4 7.7 11.7
2.0W
6.3 Al
1.0Cb
RL-11 -- 100 .- -- 59.8,65.0 62.6,68.6 64.C €7.0 68.6
RL-10 -- Bal. 25 -- 2.5, 2.9 2.9, 3.3 2.9 9.5 10.5
RL-12 -~ Bal. 25 8W 2.0, 3.8 29.8,34.0 17.4 16.6 42.0
RL-13 -- Bal. 25 6 Mo 130.0 130.0 130.0 130.0 130.0
RL-14 -- Bal. 25 8Ta 0.6, 1.0 1.0, 1.6 1.1 9.8 9.8
RL-15 10 BRal. 25 -- 1.3, 1.8 2.1, 2.3 1.9 12.9 12.9
*Time: 100 hours
Fuel: diesel (14 sulfur)
Air/fuel: 30/1
Sea salt: 200 ppm
Specimen size: 0.130-in. diam.

1'Specimen removed from test after 12 hours.
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A = Original diameter, measured with a micrometer.
A, = Diameter of structurally useful metal, measured at 100X.
A, = Diameter of metal unaffected by oxildes and sulfides,
measured at 100X.
Gross artack: A-A; averaged loss in diameter due to massive
oxides and sulfides.
Maximum attack: A-A, loss in diameter due to all forms of
¢ridation and sulfidation.
Fig.3 Method of measuring hot corrosion attack.
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Fig.10 (RL-1, 1675°F) This micro- Fig.11 (RL-3, 1675°F) The sur-

y structure contains considerable surface phase is the chromium-rich
arnounts of the nickel-nickel sulfide sulfide. Unetched, 250X
eutectic (light gray). The lighter
areas are probably nickel.

Unetched, 250X

Fig.12 (RL-5 1675°F) Note the un- Fig.13 (SEL, 1€75°F) The micro-
usual shape of the oxides (dark gray). structure shows a large amount of
Unetched, 250X internal cxidatioi: and medium size

chromium-rich sulfides (medium
gray). Unetched, 250X
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Fig.14 (RL-2, 1750°F) This micro-
structure has numerous chromium-
rich sulfides, including some large

Fig.16 (RL-5, 1750°F) This is an
oxide blister with numerous small
chromium-rich sulfidss in adjacent
areas. Unetched, 250X rich sulfides. Unetched, 250X

Fig.15 (RL-3, 175C°F) Note the
stringers of long and narrow
chromium-rich sulfides (medium

ones. Unetched, 250X gray). Unetched, 250X

2

¥ig.17 (RL-7, 1750°F) The micro-
structure shows a massive oxidation
and small subsurface chromium-
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Fig.18 (RL-8, 1750°F) The subsurface
. constituents are oxides (dark gray)
and chromiuni-rich sulfides {medium
gray). Unetched, 280X

Fig.19 (RL-9, 1750°F) The medium Fig.20 (RL-9, 175C°F) A massive
gray areas are chromium-rich oxidation attack with no visible sub-
sulfides. Unetched, 250X surface phases. Unetched, 250X

D-27

g = R N T IR T s
- N e mmwe gy b § G IR B A




¥ig.21 (RL-1, 1900°F) The micro- Fig.22 (RL-2, 1900°F) There are some

structure is predominantly nickel- oxides (dark gray) and chromium-rich.
nickel sulfide eutectic. The large sulfides (medium gray). Betweenthe
outlined area is probably nickel. large chromium-rich sulfide and the
Etchant: glycerine, nitric, acetic. oxides there is a stringer of the

500X chromium-rich sulfides and nickel-

nickel sulfide eutectic (light gray).
Unetched, 250X

(RL-B) 1900°F\) (RL"'S’ ].QOOOF) s
Figs. 23 and 24 Note the localized penetration of the small chromium-rich sulfides
(medium gray). Unetched, 250X
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Fig.25 (RL-7, 1900°F) There is 2 sur- Fig.26 (RL-8, 1900°F) A dense con- >
' face oxidation with no visible sub- centration of chromium-rich sulfides
surface phases. Unetched, 250X (medium gray). Unetched, 250X

Fig.27 (RL-8, 1900°F) Two large areas Fig.28 (RL-9, 1900°F) There .s azone
of an unidentified subsurface angular of smail- nium-rich sulfides near
phase (medium gray). Unetched, 250X the bottor. ’the photomicrograpn.

Close to tne surface there are large P
. chromium-rich sulfides surrounded

by the nickel-nickel sulfide eutectic
. (iight gray). Ur.etched, 250X
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Fig.29 (RL-10, 1875°F) Small sub-
surface chromium-rich sulfides.
Unetched, 250X most likely is the cobalt-cobalt sulfide
eutectic. Unetched, 25CX

Fig.30 (RL-11, 1750°F) Microstiructure
shows an oxide and a constituent that

Fig.31 (RL-13, 1750°F) A very fine
subsurface network of oxides and
chromium-rich sulfides.

Unetched, 250X

Fig.32 (RL-15, 1750°F) Subsurface
oxides (dark gray) and chromium-ricia
~ sulfides {(medium gray).
Unetched, 250X
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] i Fig.33 (RL-10, 1200°F) The small subsurface phases are the subsurface
chromium-rich sulfides. Unetched, 250X

Fig.34 (RL-14, 1900°F) This microstructure has small subsurface oxides
(dark gray) and chromium-rich sulfides {medium gray). Unetched, 250X
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