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The Gas Turbyne Materials Conference convened at the Naval Ship Engineering Center, Hyattsville,
Md in October 1972 was jointly sponsored by the Naval Ship Engineering Center and the Naval Air
Systems Command. The Conference addressed the life limiting materials and maintenance problems
common to aircraft jet engines and marine gas turbines. Government and industry experts in hot-
section metallurgy, coatings and testing from the United States and the United Kingdom presented
technical papers.

I was most gratified by the technical expertise and cooperative spirit of all persons connected
with the Conference and | commend to you this compilation of the technical papers presented.

Reviewed and approved

A s

F. C. Jones

Rear Admiral, USN
Commander

Naval Ship Engineering Center
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This conference was organized to provide a furum for technically respon-
sible representatives of government and industry to discuss the many facets
of sulfidation corrosion and methods of reducing its effects. 1In his opening
remarks, Rear Admiral F.C. Jones, Commander, Naval Ship Engineering Center,
articulated the Navy'!'s committment to extensive gas turbine use. He also
discussed some new concepts in naval surface ships which will require advanced
gas turbines. Admiral Jones identified the major problem encountered operating
gas turbines in the marine environment as' sulfidation, which limits engine life
and restricts performance improvements. The conference co-host, Captain A.D.
williams, Commanding Officer of the Naval Air Propulsion Test Center, indicated
that sulfidation is also a significant problem with naval aircraft jet engines.
He went on to outline some of the projects related to this problem that the
Naval Air Systems Command is sponsoring. These programs of common interest
with the surface forces including accelerated salt ingestion testing,
non-destructive test techniques and reprocessing of air-cooled blades and vanes.

The opening session was on the mechanism of sulfidation corrosion with
renowned investigators as both authors and discussors. This session produced
the best technical discourse on this topic ever conducted and helped place in
perspective both the commonalty and diverse interpretations of this complex
phenomenon.

After the problem was placed in perspective, speakers intimately involved
with materials development and engine use discussed materials and coatings
which ameliorated engine resistance to the sulfidizing environment. The high
level of success of the conference is directly attributable to the willingness
of the engine manufacturers to discuss the state-of-the art in high temperature
coatings and substrate alloys. The detailed discussions of mutual problems by
the highly knowledgable participants were particularly interesting. The de-
scription of the NAVSEC sponsored program with high-rate sputter deposition
stimulated considerable interest in this new process to coat vanes and blades.

The third session was devoted to various testing techniques to determine
sulfidation resistance and engine life. The non-destructive technique of
microdefect detection was quite interesting. Also, test cell results at NAPTC
were of considerable interest.

On behalf of the Naval Air Propulsion Test Center and the Naval Ship
Engineering (enter, I would like to express the Navy's sincere appreciation of
the outstanding presentations by both authors and discussors. The extensive
willingness and unbounded co-operation of the participants made this meeting
the most meaningful gas turbine conference that I have attended in my sixteen
years in this field. I should like to hoist the "Bravo-Zulu® pennants, which

is the Navy's flag code for 'Well done", for the conference organizer,
John Fairbanks. -

Charles L. Miller
Conference Chairman
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Accelerated Corrosion in Gas Turbine Engines

N. S. Bornstein, M. A. DeCrescente and I, A, Roth
United Aircraft Research Laboratories
Fast Hartford;.Connecticut

ABSTRACT

The relationship between onide jon content of NaySO4 and
the accelerated oxidation phenomenon termed sulfidation attach was
investigated. It was previously shown that oaides such as Cry04
which decrease the oxide ion content of NaySOg, inhibit sulfida-
tion attack, It was found that the oxides MoOj3 and V30g like
Cry03 react with and thereby decrease the oxide ion content of
fused NasS04. It was ako shown that binary nickelvanadium and
nickekmolybdenum alloys like nickelchromium alloys are more
resistant to Na, SO, attack than unalloyed nickel.

The reactions between V205 with metal oxides and the salt
‘Na804 were also investigated. V,05 readily fluxes Al;03 and
slowly reacts with Nay$S0O4. The-relationship between aczelerated
oxidation attack, oxide ion content of the fused melt and fluxing of
the normally protective oxide scale by liquid metal oxides is
dizcussed.

INTRODUCTION

Accelerated oxidation, hot corrosion, or sulfidation
attack of gas turbine alloys occurs when a salt composed
primarily of Na;SOy4 deposits onto turbire components (1).
It has been postulated that the accelerated rates of oxida-
tion are due to the rapid oxidation of sulfide phases (2) or
loss of oxidation inhibition by chromium-depletion through
formation of chromium rich sulfide precipitates (3,4).
Simons, et al (2) postulated a reducing agent in the alloy
which reacts with Na;SO4 to produce sulfides, although
Quets and Dresher (5) indicate that the formation of alkali
compounds, i.e. NaAlO7, NayCrQq4, etc. is the necessary
driving force to release sulfur for sulfide formation.

Bomstein and DeCrescente (6,7,8,9) have shown that
the accelerated rates of oxidation associated with suifida
tion attack are not related to the preferential oxidation of
either the sulfur rich phases or the alloy depleted zonc and
have shown that the accelerated rates of oxidation are due to
the inability of the alloy to form a protective oxide scale
due to the presence of oxide ions in the NaySO4 melt.
Gobel and Pettit (10) confirmed that the products of the
reaction between the normally protective oxide scale and
oxide ions is nonprotective, and then postulated that the
self-sustaining nature of the attack appears to be caused by
alloying elements that are present in the alloy.

The superalloys employed in gas turbine engines are
quite complex, often consisting of five or more alloying
elements. Aluminum, titanium, and chromium are common
alloying elements to almost all of the commercially available

L_._.,.__u ‘ :
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nickel base superalloys. In addition, one or more of the
refractory metals such as molybdenum, tungsten and
vanadium are present in concentrations from less than one
to more than 15 weight percent.

During oxidation the refractory metals present in the
alloy contribute to the formation of the oxide scale. During
sulfidation, the oxides of these refractory metals can inter-
act with the fused salt. The objectives of this study are to
determine the relationship between refractory metal oxides,
oxide ion concentration in fused NapSO4 and sulfidation
attack of some nickel base alloys and nickel aluminide
which is the most commonly employed protective coating
for superalloys.

EXPERIMENTAL PROCEDURES

The nickel base superalloy B-1900 and five binary nickel
base alloys were chosen for this study. The nominal com-
positions are presented in Table 1.

Test specimens approximately 1 X 1X 0.090 in. in the
*as cast” condition were polished with 600 grit emery,
washed and rinsed with acetone immediately prior to all
expeniments. The method of inducing sulfidation attack,
i.e. application of Na»;SO4 and subsequent exposure at
elevated temperatures, has been described in detail in a
previous publication (¥). Continuous oxidation studies
were performed using an Ainsworth thermobalance and 2
three zone Marshall furnace all of which have also been de-
scribed elsewhere (8).

The NiAl specimens were prepared by hot pressing finely
divided (-325 mesh) NiAl powders. Consolidation was
achieved by pressing at 1250°C for one hour in argon at an
applied pressure of 5000 psi.

NiAl alloyed with either Cr, Mo, or V was obtained by
mixing the respective metal powders with the NiAl powder
prior to consolidation.

EXPERIMENTAL RESULTS
BINARY NICKEL ALLOYS
Sulfidation attack occurs when oxide ions present in the

melt react with the normally protective oxide scale to form
product(s) which are nonprotective with respect to the

Preceding page hlank
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Table 1
Nomymal Composition of Alloys

Elements w/o !‘
Alloy !
g = ey e
Ni [CriColTilAl|Mo]|Ta]l C| V
b, 20 o — o e SR S - ~ N SR |
B-1900| Bal {8 [ 10,1 6]/ 6 |40l
h i
I NIV | 99 ! |
t
INi-sV | 94.5 . 5.5
 Ni-IOV | 89 ; i
| Ni-#Mo ! 96 , 4
t ]
I NiAl | 67 33

metallic substrate (8). Sulfidation attack is prevented by
reducing the oxide fon ¢concentration of the fused melt so
that this reaction does not occur (8).

It was shown that oxides such as CroO3 and $nO, react
with and sufficiently reduce the oxide ion concentration of
Na, S04 to allow the fused salt and the oxide scale to co-
exist. In a recent publication it was shown that oxides surh
as MoO3 and V10s, like CryO3 react with and decrease
the oxide ion content of NaaSO4 (9). It has been deter-
mined by thermodynamic calculations that the oxides of
tr.gsten, titanjum and silicon can react with and reduce
the oxide ion content of the fused melt. This has not been
veiified by the electrochemical techniques previously used
to measure relative oxide jon concentrations in Na;SO4
(7,15). The extent to which the reactions can occur will be
discussed later in detail.

Ni-V Alloys

It has heen shown that whereas NaaSOy4 significantly
increases the rate of oxidation of unalloyed nickel, the
corrosivity of the fused salt is significantly decieased and
depending upon the Cr content of the alloy the rate of
oxidation of salt free and Na;SO4 coated Ni-Cr alloys are
for all practical purposes identical (7). Since both Cry03
and V405 decreased the oxide ion content of fused Na>S0y4,
it was expected that the behavior of Ni-V alloys would be
similar to Ni-Cr alloys. In order to verify that the behavior
of vanadium is similar to that of chromium, the oxidation
kinetics of uncoated and NaySO4 coated Ni-1V,Ni-5V and
Ni-10V alloys exposed at 900°C were studied.

The cffect of vanadium on the oxidation behavior of nickel
isshown in Fig. 1 where the filled symbols represent the oxi-
dation of Ni-1V, Mi-5V and Ni-10V exposed at 900°C in
flowing oxygen. It is observed that as the vanadium content
of the alloy increases, the rate of oxidation also increases.
These results agree with those of a previous study (11).

- 1
N 4.0 ////:A(cs/cr/«2 Na,$O,
3 -~
9] //
03.0
s "
¢ OXIDATION
4
2.0 "
(L)
T SYM ALLOY
210 g MW
‘; Y Nisv
Y Niaov
0 . e —
0 200 400 600 800

TIME - MIN
Figure 1. Oxidation behavior of uncosted and Na2504 coeted
Ni-V alloys exposed at 900°C in O32.

The open symbols represent.the rates of oxidation of the
Na»SO4 coated (sulfidation) Ni-V alloys. It is observed
that as the vanadium content of the alloy increases the
degree to which the alloy is affected by NuaaSQ4 decreases.
Titus, vanadium inhibits sulfidation in nickel-vanadium
alioys. Although the data zre not shown in Fig. 1, the rate
of oxidation of 1 mg/em? Na;SOy4 coated unalloyed nickel
at 900°C is extremely zapid. After 10 min exposure, the
weight gain is approximately 10 mg/cm?,

The surfaces of the NaySOy4 coated Ni-V alloys were
chemically analyzed after test, to determine the amount of
unreacted NapSO4; and water soluble vanadium formed.
These results are summarized in Table II. Little difference
was found in the amount of sodium present prior to and
after test, although the amount of sulfate found was de-
pendent to some degree upon the vanadium content in the
ailoy. Althcugh it is not possible to establish the identity
of the soluble vanadium compound, the salts present on the
Ni-1V alloy based-upon electro-neutrality, arc Na3SOy4 and
Na3VO4, while those present on the Ni-5V and Ni-10V
alloy are NaVO1 and Na,80;.

Tabl2 11
Quantitative Chemical Analyses of Salt Coated Ni-V Alloys

Salt Applied
(millimoles)

Chemical Analyses

Alloy (millimoles)

Na S04 Na v S04

Ni-1V 1240 | .0618 | .108 0180 .0025
Ni-5V 1305 | 0652 | .1272 |.0712| .0291
Ni-10V | .1285 { .0642 | .1165 |.0628| .0307
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1t was shown in Ref. (7) that when Cr; O3 is codeposited
witin Nap804 »nto nickel or nickel base superalloys, the ac-
celerated rate ol idation associated with sulfidationattack
are attepuated or prevented. Weight gain expernments were
performed in which V205 was codeposited with Na>SO4
onto Ni-V alloys. These results are showa in Fig. 2. It is
seen that when cither V205 (or MoG3 ) are codeposited onto
nickel-vanadium alloys the differences in the rates o oxi-
dation between the salt coated and salt free specimens are
quite small. When 12.5 w/o V2 Og was added to the Na»SO,
coated Ni-1V alloy, the rate of oxidation of the salt coated
specimen was identical for all practical purposes to thdt of
the salt free specimen, Fig. 2. Metallographical examinaticn
of Na>S04 coated and NaySO4 + 12.5 w/o V105 coated
Ni-V revealed in the case of the former the presence of
numerous nickel-vanadium rich sulfide precipitates in the
matrix and a continuous film of a nickel-vanadium sulfur
phase (as identified by electron microbeam studies) directly
beneath the oxide scale and in the adjacent grain boundaries,
Fig. 3. In the case of the latter, the presence of an internal
oxidation zone was noted, however, noticeably lacking
was the sulfur rich phases which were so prominent when
only Na; SOy was present (Fig. 3).

4.5 e e —
/

~ 40 1 MG/CM2 Nags0,4
b 3
2 2

<1 MG/CM2 No2504
g 3.01 \{\S,S w/e Mo O3
-z- < 1 MG/CM? Nag$04.
« 20 \IMG/(M2 Na504 #12.5 vijo V90
o +5.5 w/o V20 !
S i
) |
= 10
3

o] PR . — z R .
0 100 200 300 400 506 600
TIME - MIN

Figure 2. Effect of decressing the [0™] on the oxidation behavior
of NazS04 coated Ni-1V at 900°C.

Ni-4Mo

Since MoO3 was shown to behave similar to Crp03 and
V105 with respect to lowering the oxide-ion content of
Na3 S04, the oxidation behavior of the binary alloy Ni-4Mo
was also studied. A comparison of the oxidation behavior
at 825°C of Nap S04 couted Ni and NapSO4 coated Ni-4Mo
is shown in ig. 4. In the absence of Mo, the rate of oxida-
tion of the n, ‘kel is very rapid, however, similar accelerated
rates of oxidation are not noted with the salt coated Ni-4Mo
alloy specimen.

g Ni PLATE

OXIDE SCALE

-~ CONTINUOU>S
FILM OF
Ni-V-SULFIDE

Ni PLATE
OXIDE SCALE

g

¢ 1 MG/CM2 NapSO4 +
12.5W/0 Vo053

Figure 3. Microstructure of ssit coated Ni-1V alioy exposed st
900°C,

A" NICKEL

N_ W & o O N o® 9

WEIGHT GAIN - MG/CM?2

—

0 80 160 240 320 400 480
TIME - MIN
Figure 4. Oxidation of Na2SO4 costed alloys at 825°C in O2.

NiAl

Oxidation—The introduction of Cr, Mo, or V to NiAlin
almost all cases adverseiy affected the oxidation behavior
of the intermetallic compound. However, whereas the
effect of Cr (1 and 5 w/o) was minimal, significantly large
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in-reases in the rates of oxidation were noted for vanadium
or molybdenum additions, Fig. 5.

Na>804-Accelerated Oxudation - The intermetallic com-
pound NiAl, like the nickel base superalloys, undergoes ac-
celerated rates of oxidation when coated with Na;SOy.
The companson between uncoated and NajSO4-coated
NiIA! at 1000°C is shown in Fig. 6. Again, the effect of Cr
is beneficial with respect to sulfidation attack. These re-
sults are shown in Fig. 6. 1t is observed that as the Cr contemt

°i",io 1297 MG/CM2 AT 900 MIN Tt

4 R

WEIGHT GAIN-MG/CM?2

*Ni Al + Sv/0 Mo
®Ni Al + 10w /0 Mo
NiAl+1Tw/oV
"NiAl +Sw/o V
0

. ~ Ni Al

! oN: Al 1 lw/o Ct

} Ni Al +5w /0 Cr

i Ni Al +10w /o Cr
0.2

I+

JU—

200 ‘400 600 ~ 800
TIME-MIN

Figure 5. Oxidation of 1 mg/cm? NazSO4 coated NiAl at 1000°C,

8§ e e = e
Ni Al
~ 4
5 Nl
o .
O 3
%
. NiAl+1w/oCr «
2« i
1 ; Al (SIMPLE ..
.IS:ID(A'IION) ‘:IA| +S5w/oCr A
» -3 oy NiAl+10w/0 Cr y
[4 -
% 200 400 600 800 1000
TIME - MIN

Figurs 6, Comparison of the oxidation behavior of 1 mg/em?
Ns2S04 coated in NiAl st 1000°C.

of the NiAl is increased the difference in magnitude of
the weight gains between that of Na; SO accelerated oxida-
tion and simple oxidation decreases, and at 10 w/o Cr, a
continual weight loss is noted. The latter behavior had previ-
ovsly been observed during sulfidation of Ni-17Cr alloys
(7,8) and is attributed to the loss of SO, and evaporation
oi-the more volatile salt, NayCrO,.

It was demonstrated earlier in this report that additions
of vanadium and molybdenum to nicl.el decreased the rate
of oxidation of Na;SOy4-coated specimens and in effect
these elements performed like chromium. Their behavior
is in agreement with the predicted behavior based upon the
electrochemical stadies whick showed that the oxides of
Cr, V, and Mo react with and d~crease the oxide ;on cortent
of fused Na;SO4. However, when Na; SO4 was appliedonto
the NiAl + Mo or NiAl + V specimens, inhibition was not
observed. On the conirary the rate of sulfidation of NiAl
was significantly increased when these ciements were
present, Fig. 7.

After test, the salts present on the surface of the Na;SOy4-
coated NiAl-10 w/o Mo specimen were analyzed by wet
chemical techniques. The results are presented in Table 1.

Initially, 45u moles of Na* and 22.5u moles of SO4™ (as
Na;S804) were applied onto the NiAl + 10 w/o Mo speci-
men. After exposure for approximately 30 min at 1000°C
the specimen was cooled and immersed into water. The
solution was analyzed and found to contain 43.5u moles
of Na* and 20.6u moles of S04~ in.good agreement with
the original amount applied. In addition to soluble sodium
and sulfate, ~ significant quantity of soluble molybdenum,
15.72p moles, was noted. The fact that no .gnificant
quantity of sulfate was consumed during the experiment

Ni Al-SV

12

WEIGHT GAIN - MG /CM2

i
H

|

1 e i
[ 1] 100 120

o i i 3
[+] 0 60
TIME- MIN
Figure 7. Oxidstion of NiAl st 1000°C in flowing O2.
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Table 111
Quantitative Chemical Analyses of
Na;804 Coated NiAl - 10 w/o Mo

Initial Amount of Salt Applied,

Na* (u moles) S04~ (u moles)

45 2258

—_— —— —d

Initial Molar Ratio anSOf‘ 2/1

After Test
Na* (u moles) | S04~ (umoles) | Mo* (u moles)
435 20.6 15.72

Final Molar Ratio Na/S04~ 2/1

indicates that the reaction S04~ + MoO3 ~> Mo0O4~ + 8O3
had not occurred. Instead, the presence of soluble molyb-
denum-in the wash solution after test is due to the dissolu-

‘tion of MoO3, a water soluble oxide.

SUPERALLOYS

A comparison of the oxidation behavior of uncozted and
1 mg/em? Na;S04.coated B-190C at 900°C is shown in Fig.
8a. When CrpO3; or SnQj are codeposited with Na;SO4,
no accelerated rates of oxidation are observed, Fig. 8b.
However when MoO3 or V05 are codeposited with
Na;S0g4, the inhibition previously observed with CryO3
and SnOj is not observed, and the alloy oxidizes at an
accelerated rate, Fig. 9.

When the oxide Si0; is codeposited with NaySO4 onto
B-1900, the rate of oxidation of the alloy is comparable to
that of simple oxidation, i.e. as observed with the Cr,03
or Sn0Oy additions, Fig. 10. However, if the specimen is
thermally shocked (removal and then reinsertion into the
hot zone of the furnace), rapid rates of oxidation ensue.
This is also shown in Fig. 10.

Specimens coated w..h 1 mgfem? each of SiO; and
Na;S04 were after 1000 min exposure at 1000°C washed
and the solutions quantitatively chemically znalyzed. Only
trace quantities of Na;SO4 were found. The surface of the
specimen was coated with a glassy scale.

Specimens similarly coated and exposed for 300 min at
900°C were also immersed in water and the solutions were
quaZ.atively analyzed. The solutions were found to contain
soluble sodium and silicon. The silicon was inferred to
be present as Na,Si;Os, which is water soluble. This is
based on quantitaiive chemical analyses of the reaction
products present on Si3Ny4 after sulfidation.

WEIGHT GAIN -

WEIGHT GAIN -

WEIGHT GAIN mg/cm?2

-
o

1 MG/CM2 Nay$04

o

TIME MINUTES
Figure 9, Cxidation of salt costed B-1900 at 900°C.
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0 — .
0 200 400 600 800
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Figure 8. Oxidation of B-1900 alioy at 900°C.
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Figure 10, Oxidation of sit costed B-1900 st 900°C.

FUSED SALT EXPERIMENTS
Ai03 Dissolution

In order to determine the relative rate of dissolution of
Al 03 in fused salts, a series of experiments was performed
in which coupons of high purity Al;03, approximately 1/2
in. X 1/2 in. X 0.10 in., were immersed into Na;SOy, and
into Na;S8O4 containing various concentrations of either
Na;0, V205 or MoO3. The experimental procedure con-
sisted of heating the salt(s) in Pt crucibles to 900°C + 10°C
and allowing the fused melt to equilibrate for 45 minutes.
During this time the Al,03 specimen, suspended from a
platinum wire, was then immersed into the fused melt and
held for a predetermined period, removed and then stripped
of retained melt by immersion into boiling water.

The experimental results are presented in Table IVA.
Itis noted that no m.asurable weight changes were detected
when the Al;03 was immersed into the pure salt. With
either V505 or Na;O contained in the Na3 S04, dissolution
of Al,03 occurred. The amount of Al;O3 which dissolved
in the V705-Nap804 (.5-1 m/o) melts was small, whereas
significant losses were observed when Na;O was present.
The experiment was repeated with the following changes
in the experimental procedure. The platinum crucible con-
taining the May SO4 was heated to 900°C and then a smaller
platinum crucible containing either MoO3 or V205 which
was already at 900°C was lowered intc the NaySO4-filled
crucible. At the same time, the Al,O3 specimen which was
maintained at 900°C was also lowered into the NaySO4-
filled crucible. Thus, the Al,03 specimen could at no time
directly contact the V,05 (M0oO3) and yet due to sub-
sequent chemical reactions, the effect of these oxides on the
dissolution of Al,03 in NaySC4 could be evaluated. The

results of this experiment are summarized in Table IVB. It

is seen that no weight loss of Al;03 occurred when either
V,05 or MoO3 were added to the Na;SOy in such a way
that direct contact was prevented even though the amount
of V105 present was more than 5 times greater thun that
in the previous experiment. Based upon subsequent chemi-
cal analysis of the fused melt, the concentration of vanadium
in the melt was at least 2 mol percent which indicates that
mixing and reaction of the two fused salts did occur.

When Al;03; was immersed into either pure V05 or

MoOj; the rate of dissolution is extremely rapid as shown in
Table IVB.

V205-NazSO,4 Reaction Studies

According to the phase diagram published in Ref. 12,
there exists in the V205-Nay$O4 system only one com-
pound containing 25 m/o Na;SO4 which melt congruently
at 700°C and is separated from the terminal phases by two
eutectics which occur at 10 m/o Na;SO4 (630°C) and 80
m/o Na;SO4 (650°C). The melting point of NaySOy is
884°C and that for V705 is 672°C. In order to determine
if the rate of the reaction between V,04 and NaySOy is
rapid or proceeds slowly, an experiment was performed in
which V205 and Na;SO4 mixture was melted in a quartz
tube.

The powders, 90 m/o NaySO4 and 10 mfo V205, were
mixed and then placed into a quartz tube open on one end
which was heated for 1 hr at 900°C in air.

After heating for 1 hr, the quartz tube was quickly re-
moved from the furnace, chilled and then broken. It was
observed that the “cap,” that portion of the melt in contact
with the bottom of the quartz tube, was yellow in appear-
ance and the rest of the melt steel gray in color. The cap
is shown in Fig. 11. A cross section through the cap is
shown in Fig. 11b and the microstructure of the salt mixture
is shown in Fig. 11c. The large grains are alloyed Na2SO4
and the bright yellow grains (which aprear white in the
photomicrograph) are a vanadium rich compound whose
identity was not established. In the interstices of the
grains lies a purple phase. The concentration of this purple
phase is significanily greater at the.bottom (i.c. cap) than
in the center and quite sparse at the top, in agreement with
the relative densities of V205 and Na;SOy, i.e. the more
dense V,Og tended to separate from the less dense Na3SO4.

NazS0,4-MxOy Nickel Base Superalioys

A mixture of the salt, NapSO4 and one of the following
oxides Cr,03, MoO3, V705, and WO3 were applied onto
one face of a B-1900 alloy specimen and exposed for up to
6 hrs at £ 900°C in static air. The amount of salt applied
was approximately 1 mg/cm? of Na;SO4 and a comparable
amount of metal oxide. After test, the specimens were re-
moved from the furnace, washed and examined. The
specimens coated with Najy80y4, N2;S0O4 + MoOj3, and
Na;SO4 + V305 exhibited the typical sulfidation
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Table IV
Stability of Al,03 in-Na;SO4 Melts at 900°C + 10°C
A. Series I (Salts and Oxides in Physical Contact)
Salt Composition
Weight Loss (mg) afte
Run No. (mole percent) gh (mg) after
NayS04 | V205 Nay0 30min | 60 min 6 hrs 10 hrs 24 hrs 65 hrs

1 100 0 0 0 0

2 99.5 5 6 7 7.5

3 99 1. 45 8.5 8.5

4 95 5 105

B. Series Il (V205 and MoO; Physically Separated from Al,03)
Salt Composition .
Run No. (mole percent) Weight Loss (mg) after
Na;SO4 | V205 MoO3 2 min 5 min 1S min 25 min 45 min

5 100 0 0 0
6 97 3 0 0 0
7 100 7.25 89 216
8 100 50

morphology, i.e. loose non-adhesing oxide scale. The speci-
mens coated with Na;SO, + Cr;03 or NaySO4 + WO;3
exhibit a tight, adherent oxide scale, similar to that expected
for simple oxidation. No visual evidence of sulfidation
attack or accelerated oxidation was noted. Photographs of
the specimens are shown in Fig. 12.

DISCUSSION

Sulfidation attack can occur when a salt composed
primarily of Na; SOy is deposited onto superalloy gas turbine
components. It has been shown that oxide ions present in
the melt react with the normally protective oxide scale
rendering 1t nonprotective. The normally protective oxide
scale formed on the high strength nickel base superalloys is
composed chiefly of alumina. The subsequent reaction
between the salt and the substrate results in the formation
of the sulfur rich precipitates which are associated with sul-
fidation attack. The decrease in sulfur potential as a result
of sulfide formation is synonymous with an increase in the
oxide ion concentration in the melt thereby preventing re-
formation of a protective oxide scale.

Chromium oxide has been shown to preferentially react
with oxide ions present in the melt (7). The reaction

product is NapCrO4. The lowering of the oxide ion con-
centration allows the fused melt to coexist with the normally
protective oxide scale,

Vanadium pentoxide and MoO3 have also been shown by
electrochemical techniques to decrease the oxide ion con-
tent of sodium sulfate (8). Awailable thermodynamic data
indicate that the oxides of tungsten, titanium and silicon
would also react with and therefore decrease the oxide ion
concentration of N2;S04. The relative ranking order of
oxides capable of reducing the oxide ion content of Na;SO4
can be determined by electrochemical cell studies as
described in Ref. 15 or calculated if the necessary thermo-
dynamic data are available. The ranking of the oxides
Al,03,Cr,03,M00,,V,05, 8i02, WO3 and TiO; based on
the thermodynamic calculations are listed in Table V.

When mixtures of V,05 or MoO3 and NaySO4 are ap-
plied onto nickel base superalloys or onto NiAl + V or
NiAl + Mo alloys, sulfidation inhibition is not observed and
the apparent corrosivity of the fused salt is enhanced.

It has been proposed by Goebel, et al (13) that the addi-
tions of MoOj or V205 reduce the oxide jon content of the
fused melt to a low enough level so that the activity of
oxygen ions in the melt is less than that required for the
protective oxide scale to be stable in the melt. The oxide
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Table V
Relative Ranking Order of Oxides which Lower O Content of Na;SO4

All Calculations are at 1200°K

Pso, for Pg,
Oxide Reaction equal to 0.2 atm
Ref.!
Al,03 Na;S04 + Al,03 = 2NaAlO; + SO; + 1/20; 10722
Cr203 2NayS04 + Cr203 + 1/20, = 2NayCrO4 + 2 S0, 10-6-12
Si0, Na;SO; + 28i02 % NaySiaOs + SOz + 1/20; 10-3.36
MoO3 Na;SO4 + MoO3 = NayMoO,4 + SO; + 1/20, 10-3.29
WwO; Na,804 + W03 = Na,WO4 + SO, + 1/20, 10228
V,0s Na;S04 + V305 = 2NaVO3 + SOy + 1/20, 10-2.28
TiO, Na;S04 + 3TiOy = NayTi307 + SO, + 120, 10%13.13

IReferences appear in Appendix

scale would then be thermodynamically unstable and de-
compose by ionic dissoh:tion into the melt, thereby allow-
ing the salt to come in contact with and react with the
metal alloy substrate.

The stability of Na»SO4 as a function of the partial pres-
sures of Oy and SO, at 1200K, constructed from the data
referenced in Appendix 1 is shown in Fig. 13. Oxides such
as Al 03, Cry03, MoO3 and V05 can react with Na; SO4
to form alkali compounds such as NaAlOj, etc. or acidic
compounds such as Al7(S§04)3. The stability fields of
AlO;™ - AlH03, Cr04™ - Cry03, MoO4™ - Mo0O3, VO3~ -
V205, and Al,03 - Al;(SO4);3 are also shown in Fig, 13,
If the metallic ion is defined as the basic salt, then the field
of stability of the basic salt lies to the left of the reaction
line. The acidic salts (only Aly(SO4);3 is shown) lies to the
right of tne oxide-sulfate line as shown for the Al,04 -
Al3(804)3 reaction line,

As shown in Fig. 13, for all Pg, pressures greater than
10-5 atm, Cr,03 will preferentially react with [0°] to
form chromates thereby inhibiting the formation of alkali
aJuminates. In a similar fashion V,05 and MoO3 should
preferentially react with oxide ions to the exclusion of
Al O3 as well as NiO. The phase boundary line for NaNiO,
is not shown since the necessary free energy of formation
data is not available, However, it is expected that the reac-
tion line for NaNiC7/NiO lies to the left of that shown for
NaAlO, /Al 03.

It is possible to dissolve an Al203 scale if the sulfur
potential in the fused melt is sufficiently increased such
that sulfate formation occurs, i.e,

11

Al,O3 + SO, + —;-oz > AL(SOg)s. (1)

In teems of oxide jon concentration, if the oxide ion content
of the melt can be reduced to a sufficiently low level,
Al O3 can become thermodynamically unstable and ioni-
cally dissolve to give Al*3 and O=.

Al O3 dissolution occurs if the presence of SOg) pro-
duced by the reaction

V205(g) + 504~ - 2VO03” +—;—02 +80yg,

is greater than the pressure required for reaction (1). The
calculated partial pressures of SO, corresponding to a wide
range of oxygen conditions are presented in Table VI and
indicate that magnitude of Pgo, necessary for ionic dissolu-
tion of Al,03 to occur.

These results indicate that even at the very low oxygen
pressures, the equilibrium pressure of SOy(g) in the melt
of NaySO4 which contains V105 will not be high enough
to promote the ionic dissociation of Al;03.

The aforementioned calculations are valid only if the
activity of 804~ in the melt does not vary significantly from
unity.

If it is assumed that the activity of SO4™ departs appre-
ciably from unity, then the oxide ion content of the melt
can be further decreased from the calculated value, How-
ever, this infers the V20¢ very rapidly reacts with NaSO4
liberating SO, from the melt. But this is not in agreement
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Table VI
Calculated Psq, Pressures Over MxOy-NapSO4 Melts at Various Pg,, Pressures
Pso, for Po, Equal to
Compound Reaction
0.2 atm 1071375 atm
Al(S04)3 Alx(SO4)3 = Al3O3 + SO2 + 120, 104 3.49 X 108
( V705 V205 + NaySO4 -+ 2NaVO3 + SOy + 1/20; 9.13X 10~ 32 X103
s w"‘—""\',/‘ ‘\,' T T readily reacts with alumina, it is not surprising that when
’6':3\, mixtures of NayS04-V30s are applied onto nickel base
o "\\ ;'u Noyso, superalloys, no sulfidation inhibition is noted since the
. .,'V;\ V205 can react with the normally protective alumina rich
-3 "l ?ko\o\ . o scale and allow the Na;SO4 to contact the sulfidation prone
ol S X\ M alloys.
: Naz O ';‘«..° \ \ /,'\1\5 The addition of WO3 to a NapSO4 coated superalloy
" (Y A
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Figure 13. Stability fislds for Na2S04. Na20 and Nag$ st 1200°K.

with the results of the melt experiments described previously
in which a mixture of NaySO4 and V,05 were liquefied
in a quartz tube. Based upon the results of the melt experi-
ments, after 1 hrat 900°C, the 10 m/o V05 in the Na;SO4
melt had not completely reacted. Of particular importance
is the uneven distribution of V,Cs observed in the inter-
stices of the cellular microstructure (see Fig. 11). The
concentration of this phase is more pronounced at the bot-
tom of the melt than at the top as if the more dense V05
liquid tended to separate from the less dense Na;SOy
liquid. Thus, it is not surprising that when an Al,03 speci-
men was immersed in a Na2804-V20g mixture in which no
special precautions were taken to separate the V105 from
the Na;S0y4, some dissolution of the Al;03 was observed,
However, when the V,05 was physically separated from the
Na;804, and although mixing of the two compounds did
occur (and subsequent lowering of the oxide content of the
Na;804), no measurable weight losses of the Al,03 speci-
men were observed.

This does not imply that ionic dissolution of protective
oxide scales in acidic NagSOy4 solution cannot occur; only
that, based upon the experimental results reported herein,
the addition of V205 to NaySO4 -did not result in com-
plete reaction of the metal oxide with the fused salt and as
such unreacted V205 was aiways present. Since V705

specimen did not resuit in sulfidation attack. Sodium sul-
fate, Na;SO4 + MoO3 and Na3S0O4 + V205 coated speci-
mens underwent severe sulfidation attack when exposed at
900°C. However, the specimens coated with Na;SO4 +
Cry03 or NapS04 + WO3 exposed at 900°C did not exhibit
sulfidation attack.

Tungsten trioxide is like Cr03, MoO3 and V;0s, in
that it can react with and decrease the oxide ion concentra-
tion of NaySQ4. In this respect WO3 is an acidic oxide.
Based upon the available thermodynamic data the relative
position of WOj3 is between MoO3 and V,05 as skown in
Table V. Thus, WOj3 is more acidic than Cro03 and MoO3.
However, whereas the addition of MoO3 to Na; SO4 coated
superalloys resulted in sulfidation attack, the addition of
W03 to the NaySO4 proved to be beneficial. In terms of
relative melting points, the oxides of both molybdenum and
vanadium are molten at the test temperature whereas the
oxides of chromium and tungsten are solids.

Oxides such as V05 and MoO3 were shown to be sulfi-
dation inhibitors for alloys which do not form alumina-rich
scales, This behavior is most likely related to the formation
of refractory and protective vanadates and molybdates,
(Ni3(VO4); 1220°C and NiMoO4 1350°C) the latter shown
to be protective by Imai (14). The compound AIVOQy is not
refractory and reportedly melts at 650°C.

The addition of SiO, to Na,SO, coated B-1900 specimens
prevented sulfidation attack from occurring provided that
the specimen was not thermally shocked. When thermally
shocked, the specimen rapidly oxidized. Visual examina-
tion of Na;SO4 + SiOy coated B-1900 alloy specimen: re-
moved after exposure for more than 10 hrs at 1000°C
revealed the presence of a glassy scale on the surface. The
“glass” was insoluble in water. Based upon the Al;03-
Si0,-Na;O phase diagram (12), it is believed that the glassy
scale is a sodium-a;uminum silicate, the soda obtained from
the NasSOy, the silica applied with the Na;SO4 and the
alumina from the oxide scale formed on the superalloy
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surface. When thermally shocked, the glassy phase most
probably cracks; the cracking due to the large stresses which
result from the differences in coefficients of thermal ex-
pansion between the glass and the substrate. When rein-
serted into the furnace, the liquid NazSOy4 is in direct con-
tact with the substrate, hence sulfidation attack follows.

The initial reaction product between SiO; and NaSO4
is, based upon the results of the Na;SOy4 coated SizNyg
specimens, NasSi20s5. Bused upon the available thermo-
dynamic data, SiO5 is an acidic oxide lying slightly above
MoOj3 in its ability to reduce the oxide ion concentration
of Na;S0,, (Table V).

Although no direct experiments were performed with
Nu1,S04 and TiO,. thermodynamically the oxide TiO, is ex-
tremely acidic, i.c. the partial pressures of S0, over TiO,-
Na,804 mixtures is greater than 1 atm, (Table V). Since
the partial pressure of SO over MoO3 or V205-NuaSO4
mixtures is less than one atm, it is concluded that TiO» is
more acidic with respect to NapSO4 than either MoO3 or
V10s. Hcwever, titanium has generally been regarded as
either innocuous or a beneficial alloying clement with
respect to sulfidation attack. In fact the newer high strength
nickel base superalloys such as In 792, which exhibit superior
sulfidation resistance than the alloys such as Inco 713 and
B-1900 contain appreciably more titanium and significantly
less molybdenum. It should also be noted that the alkali
titanates are solids in the temperature range of interest.
The formation of an adherent alkali titanate can prevent
complete reaction between TiO> and NajySO4 from oc-
curring, i.e. just as an adherent AlyO3 film prevents oxida-
tion of aluminum and its alloys. The product of the reaction
between Crp03 and NaySOy4 is NapCrO4 which is a liquid
completely miscible in Na; SO4.

The addition of molybdenum or vanadium to NiAl
markedly increased the rate of oxidation of this refractory
intermetallic compound. The increase in rate is due to the
preseice of the corrosive liquid formed during oxidation of
the insoluble second phase (molybdenum or vanadium).
When vanadium was present, the liquid phase V,05 was
formed. When molybdenum was the alloying element, the
corsosive liquid MoO3 was formed but since this oxide is
quite volatile, significant losses of MoO3 occurred. It was
observed during oxidation of NiAl-10 w/o Mo specimens that
material evaporating from the surface of the specimen had
condensed on the cooler platinum chain used to support
the specimer in the furnace. This material was soluble
in water and the only metallic ion identified by qualitative
chemical analyses was molybdenum.

When Na; S04 was applied onto the molybdenum alloyed
NiAl specimens, no sulfidution inhibition was observed but
the rate of oxidation was significantly faster then that ob-
served for NayS0O4 coated NiAl. When the salts present
on the surface of the salt-coated NiAl + 10 w/o Mo specimen
were chemically analyzed it was found that the quantity of
sodium applied was in good agreement with that found
and likewise with respect to sulfate. However, in addition
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to sodium and sulfate, soluble molybdenum was also found.
Since the ratio of sodium to sulfate has not changed and
since MoQO3 is sparingly soluble in water, it is concluded that
the fused salt present on the surface of the ailoyed aluminide
specimen consisted of a mixture of Na;SO4 and MoO3.

CONCLUSIONS

1. Sulfidation attack can occur when an atkali salt con-
denses onto turbine components

2. Initially the fused salt is insulated from the alloy sub-
stratc by a pretective oxide scale.

3. Oxide ions present i the melt react with the normally
protective oxide scale; the product of the reaction is non-
protective with respect to the alloy substrate.

4. Asaresult of sulfide formation, the oxide ion content
of the fused melt is increased to a sufficiently high level so
that reformation of a protective oxide cannot occur.

5. The initiation of sulfidation attack can be prevented
by reducing the oxide ion content of the fused melt below
that necessary for reaction between oxide ions and the
alumina rich protective oxide scale.

6. Oxides such as Cry03, SnO,, SiO,, MoO3, V504,
WO;. and TiO, can react with and reduce the oxide ion
content of Na»2SOy.

7. During oxidation of superalloys, molybdenum trioxide
which forms when molybdenum rich precipitates are
exposed to free surfaces, rapidly evaporates.

8. When covered by a film of Na3SOy, the rate of evap-
ordtion of MoO3 is significantly decreased. Mixtures of
N12SO4 and MoQO3 occur on the surface of the superallny.

9. Oxides such as MoO3 and V205 are liquids at current
metal gas turbine temperatures and are corrosive liquids
readily capable of fluxing the alumina rich protective oxide
scale formed on superalloys.

10. Oxides such as SiO can react with oxide ions to
form alkali silicates. However, alkali silicates can react with
many oxides to form “glasses.” The formation of these
“glasses™ can increase the rate of oxidation of the substrate
by consumption of the normally protective oxide scale. If asa
result of differences in coefficients of thermal expansion, the
glassis cracked, any NaaSO4 present on the surface will react
with the substrate and sulfidation attack wiil occur.

11. Oxides such as TiOa are very reactive with respect
to reducing the oxide jon content of Na;S04. However the
formation of adhcrent alkali titanates may prevent the reac-
tion between NasSO4 and TiO3 from going to completion,

12. Sulifidation attack can be prevented by lowering the
oxide ion content of the fused melt. However, the sulfida-
tion inhibitor must not in itself be corrosive, e.g. V205
and MoO3. In addition the products of the reaction be-
tween the sulfidation inhibitor and the fused melt should
not be corrosive, e.g, SiO; alkali silicates. Oxides such as
Crp03 appear particularly beneficial in that it (a) reduces
the oxide ion content of NaSOy4, (b) is innocuous with
respect to Al,O3, and (c) the product of the reaction
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between Cry03 and NaySOy4 is completely miscible in the
fused melt. In this respect Cr,03 might be more effective
than TiO; which although capable of readily reducing the
oxide ion content of Naz 804, can form an alkali compound
which separates the TiQ; from the NaySO4.
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APPENDIX

All Calculations at 1200°K

Na,504-Nay O
Na3S04 = Nay0 +S0> +1/2 0,
AFRy =495.2 Kcal
aNas0 = aNayS04 =~ )
PS02‘,021/2 = 1071725
Na;S04-NayS
Na;S04 = Na:S +2 0,
AFRy =+151.6 Kcal
N2,504 = dNa,s = |
Po, = 1071375
NajO-Nas$
Na2S+3/207 % Nay0+50;
AFgpx = -56.4 Kcal
Pso2poz3lz = 10*10:02
Na;504-A15(S04)3

3 NayS04 + Al,03 + 3 S0; = Al3(S04)3
+3Nay$+9/20,

AFRpyx = +482.5 Kcal
Poglzf’sof = 107872
Na3S04-NaAlO;
Nay504 + Al;03 = 2 NaAlO; + S0, + 1/2 0,
AFpx = +41.8 Kcal

12

Pso,Poy” = 107+

Na3504-V,05
V205 + NaS04 % 2 NaVO3 + S0 + 1/2 0,
AFpy = +14.5 Kcal

Pso,Pol/? = 10-2.62

15

7. Na3S04-Mo0O3
MoO3 + Na3S04 = NagMo0O4 +S0; + 1/2 0,
AFRy = +20.1 Kcal

112 -3.62
P502P02[ = 10 3.62

8.  Na2S04<Cr0;
2 Nay804 +Cra03 + 1/2 07 5 2 NayCiOy4 + SO,
AFRy = +45.3 Kcal

PSO;,,POEI 2 = 10-8.21

References

NayS04 W. J. Cooper and D. A. Scarpullo, Final Report,
NuaMoO4 > SC-RR-64-67, Calleny Chemical Co. to Sandia Corp.
Na (104 j  (Jan. 1964).

TiO,

::;g Thermochemistry for Steelmaking, Addison-Wesley
Cry04 (1960).

W04

SO, Janaf Therimomechanical Tables. The Dow Chemical
NaaWO4 | Co., Midland, Michigan.

NaAlO, J. P. Coughlin, J. Am. Chem. Soc., 79, 2397 (1957).
High Tempceraturc Properties and Decomposition of

Alp(SO4)3 Inorganic Salts—Part 1, US., Dept. of Commerce,
National Burzau of Standards, NSRDS-NBS-7 (1966).

V3054 A. D. Mah, Report of Investigations 6727, Bureau of
NavO; Mines, U.S. Dept. of Interior (1966).

L. A. Zharkova and Y. Gerasimov, Zhur. Fiz. Khim,

Na2Cr0s 3592916 (1961).

Si0 M. A. Matveey, B. N, Frenkel and G, M, Matveey, Izv.
2, Akad. Nauk. SSSR, Neorg. Mater., Vol. 1, No. 8,

Na38iy 05

1426-36 (1965).

A.M, Bobrova, A. A. Foticvy and M. Kh, Karapet’yants,
NayTizO7  Russian Journal of Physical Chem., Vol, 40, No. 8,
986 (1966).

i e e A A A A Ak A o

B




Ly

R ha g ol

The Mechanism

of Hot Corrosion in Marine Gas Turbines

J. F. G. Condé

Admiralty Materials Laboratory
Holton Heath, Poole

Dorset, UK

SUMMARY

The origins of corrosive contaminants are discussed and the
conditions existing in the gas turbine are examined. The chemistry
of contaminants in the combustion environment is introduced and
evidence is cited to show that in the short residence times available,
gas phase sulphation of chloride is not significant. The mechanism of
salt deposition in the gas turbine on nozzles and blades is considered
briefly and the role of the obvious contaminants, sulphur, sodium
and chloride is examined in relation to sulphidation and accelerated
oxidation. A model is suggested in which periodically extremely
local non-equilibrium conditions arise on the surfaces of nozzles
and turbine blades due to impaction of sea-salt particles, It is sug-
gested that such conditions may permit chloride to destroy the
integrity of protective scale layers under low oxygen pressuse con-
ditions existing beneath liquid sulphate deposits. Additional reac-
tions between scale constituents and sulphate Jead to sulphidation
accompanied by accelerated oxidation but the precise mechanism of
this latter is not defined although several possible explanations exist.
It is suggested that carbon and water vapour are additional con-
taminants which should be considered in the corrosion process,
Finally certain areas are indicated where definitive information is
lacking and further data are required. It is proposed that in the
future attention should be paid to the influence of vanadium on hot
corrosion if there is economic pressure or logistic argument to employ
other than Jow vanadium distillate fuel in the gas turbine for marine
or land based applications.

INTRODUCTION

Hot corrasion of metals is characterised by sulphidation
of surface layers accompanied by accelerated oxidation and
is associated with contaminants prescnt in combustion en-
vironments and a film of condensed alkali metal sulphates
on the surface of hot components (see Fig. 1). The phe-
nomenon has been recognised in gas turbines since about
1950 and is most commonly found in marine gas turbines
employed for the propulsive machinery and auxiliaries in
ships but aircraft flying low over the sea or in a marine en-
vironment may also be affected.

During the past 10 years hot corrosion has been the sub-
ject of extensive investigation and there are several review
articles (1-5) as well as numerous papers dealing with operat-
ing and test bed experience on engines, test data on mate-
rials, theoretical aspects and basic investigations aimed at
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establishing the mechanism. This paper seeks to review
briefly what is known of the mechanism of hot corrosion
and with the aid of some recent data to propose a model of
the process.

3ENERAL CONSIDERATIONS

Aviation kerosine is employed in the aero gas turbine
and the cheaper dieso fuel or gas oil in marine engines.
Specification limits for sulphur in gas oil are normally about
1% by weight and typical analyses are around 0.45%. Fuels
for marine gas turbines are usually contaminated with sea-
water which contains not only sodium chloride but also
significant amounts of sulphur in the form of sulphate (ca.
2,650 ppm).

Sea-salt or seawater aerosol will be present in the air ana
the concentration at turbine intakes in ships may range from
0.01 ppm in good weather to several ppm in bad weather.
The concentration and particle size will be dependent on
factors such as ships speed, height of intakes, etc. as well
as weather conditions. Aircraft flyitg low over the sea may
experience salt levels of up to 0.1 ppm at 100 ft.

Sea-salt contamination levels of fuel and air can be re-
duced significantly by filtration and practical levels achieved
in RN ships are about 0.3 ppm sodium (0.76 ppm NaCl) in
the fuel and 0.01 NaCl in the air. Filtration of air cannot be
applied in aircraft engines but aviation fuel must be water-
free for safety and NaCl is not soluble in kerosine.

Fuels for marine gas turbines may also contain vanadium
depending on the grade of fuel employed but current RN
fuels contain less than 0.01 ppm.

In general, 