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HOT CO RROSION OF HIGH TE MPERATURE ALLOYS

JOHN STRINGER
University of Liverpool , England.

1, Intro duction

This contract  has been used to supplement work in progress
in the Department on the general topic of hot corrosion in
nickel and cobalt-base superal loys unde r condit ions relevan t
to the gas turbine .  In pa r t i cu la r , it has been pos sible to
consider the mechanisms of hot corrosion and to draw together
principles established in d i f f e r e n t  research progr ams fun ded
from other sources. The Second In t e r im  Sc ien t i f i c  Report ,
for example , examined the hot corrosion of Ni-Cr -Al-Mo alloys
us ing the techn ique of presulp hidation foll owed by oxidation ,

- • 
and other papers discussed the role of sul phur in hot corrosion.
A number of papers have made reference to the support of the

• U.S., Air Force , and are listed in the next section .

For the Final Report , the opportunity has been taken to

review the general field of hot corrosion , and this review

forms the main body of the report.

H 
2. Published Papers Acknowledging Partial Support

(i) “Hot Corrosion of Nickel-Base Alloys Containing Al and Mo” ,
J.Stringer , M .E.El-Dahshan and D.P.Whittle , Werkstoffe u-
Korros ion , 25 , (1974) 910—916.

(ii) “Hot Corrosion of Cobal t -Base Alloys ” , J .S t r inger , Ceramika
21 (1974) 2 3 7 — 2 4 5 ) .

(iii) “The Role of Sulphur in Hot Corrosion” , J.Stringer and
M.E.El-Dahshan , Proc. 1974 Conf. on Gas Turbine Materials
in the Marine Environment (J.W.Fairb anks and I.Macklin ,eds.)
Metals and Ceramics Information Center Report MCIC-75-27 ,
pp. 161—182.

(iv) “The Hot Corrosion of Nickel-Bas e Superalloys : The Effect
• ii of Molten S a lt Chemi s try” , J . S t r i n g er  and D.P.Whittle in

“Metal-Slag-Gas Reactions and Processes” (Z.A.Foroulis and ;

• - W .W.Smeltzer , eds.), Electrochemical Society , Princeton
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HOT CORROSION OF HIGH TEMPERATURE ALLOYS

John Stringer

University of Liverpool, England

Abstract

Hot corrosion is a form of accelerated oxidation of
alloys which can occur in combustion gases in the presence
of impurities. The characteristics of the reaction are

‘-
• defined by describing practical examples, and then the

- results of a variety of laboratory experiments are consider—
ed in relation to the practical process. The temperature
dependence and kinetics of the corrosion are briefly
presented , and the effect of alloying elements is discussed ;
high chromium contents are required for good corrosion
resistance , but there is no general agreement on the effect

- of other alloy elements. A number of mechanisms for hot
corrosion are described and discussed in relation to the
practical results.

Li. Introduction •

- - Hot corrosion is a form of accelerated oxIdation which affects
alloys exposed to high—temperature combustion gases containing small
amounts of certain impurities. This definition could , of course,
cover a large number of processes having quite different character ,
and in order to interpret the phenomenon it is necessary to define the
nature of the attack much more t recisely,. This is of particular
importance in relation to the design of laboratory experiments , and the
interpretation of their results.

The term was coined to describe the corrosion of a number of
components in service ; and these share certain common features , both in
the morphology of the corrosion and in the nau.~re of the environment .
It is logical therefore to define hot corrosion in relation to similar •

4 • criteria; and to this end some examples of hot corrosion will be

t_1 . 
C .



2.

briefly examined . 
-

1.2. Some Examples of Hot Corrosion in Practice.

The earliest example was the accelerated wastage of stainless
• steel superheater supports in a marine boiler (1). The cause of this F

was traced to sea water contamination of the fuel , and the corroded
components were covered with a white deposit which proved to be sodium
sulp1~ate. In the 1950’s several examples of accelerated corrosion in
gas turbines were reported : Archdale (2) refers to tests run on a
Proteus engine with Nimonic 90 blades and vanes in 1955 usinz fuel
containing 057 — 0.76% S. Salt was injected into the air intake at
1.07 ppm , and the test ran for 225h: it proved to be necessary to
increase the turbine inlet temperature to maintain the specified power
and this turned out to be due to the deposition of a layer. essentially
of anhydrous sodium sulphate on the stator blades. The deposit
contained approxima tely 5% each of magnesium and calcium suiphates , and
some carbonaceous matter; but no chloride was detected . Several
authors (3) reported corrosion of 7l3C blades and vanes from aircraft
engines used for coastal missions in South East Asia , and from marine

• engines: severe attack was observed after operating times as short as
250h. Corrosion of this alloy was also observed in industrial engines ,
for example in an engine burning natural gas with very low sulphur
located on the Canadian prairie: the turbine inlet temperature was
788°C. (4) Erdös (5) shows an examp le of severe corrosion in a 713C
vane from an engine burning natural gas with 2—4% 112S with Ca and Na
impurities in the intake air after 1 year at turbine inlet
temperatures in the range 700 — 7500C . Wall and Michael (4) also
report corrosion in a turbine burning natural gas in Japan : the alloy
appears to have been Udimet 700, and the turbine inlet temperature was - 

-
only 732°C; but the gas contained 10—13% H2S and the engine was

— . located near the sea coast.

Conde (6) reports failures of Nimonic 90 first stage nozzles in
• Allen 500 kW turbines at a maximum temperature of 735°C attributable

to ingestion of considerable amounts of sea water ; similar severe
attack of the alloy was encountered in a marine Proteus en~~ne in a
Brave Borderer patrol boat.

Several cases of hot corrosion attack , then called “black plague”
were encountered on Nimonic 100 first stage blades from Bristol—
Siddeley Olympus engines (3) : a report by Smith et al (7) appears to
be the first , dated 1957; the attack was observed after 40th running,
and the blade temperature would have been approximately 870~C.
Several cases of corrosion of Nirionic 105 blades in marine~~nd • 

- -

industrial engines are reported in the literature (3). Rolls—Royce
(8) observed severe corrosion of Nimonic 105 blades in a Spey engine
on a test bed after 622h of a planned l000h simulated Trident flight :

4 -L 
~~~~~~~~~~ •~~~. •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the structure of the alloy showed that the metal temperature had not
been significantly above 950°C~. In this case, the source of the
sulphur was believed to be chemical fertilizer used by farmers in
fields adjacent to the test establishment. Page and Taylor (9) report

• cases of hot corrosion of Nimonic 115 in an industrial Avon engine

• after 1900 running hours with a maximum operating temperature of 900°C
with high levels of salt in the fuel.

Udimet 500 is generally very resistant , but Quigg and Schirmer
• • (10) •show a corroded first stage blade from an engine which had

completed lBOOh in domestic air—line service since overhall. Hussey
et al (ll) describe experiences with two Westinghouse W17l gas
turbines installed at the Miraflora station of the Panama Canal
Company, overhauled and put in service in 1965 burning a fuel con—
tam ing less than 10 ppm Na, less than 4 ppm V , less than 10 ppm Ca
and less than 1.8% S. Although some corrosion was expected , even at
the reduced turbine inlet temperature of 7460C, the corrosion after
6375h operation was extensive. The first stage vanes in both engines
were Udinet 700, and showed extensive damage. After treating the
fuel so that the vanadium averaged 2.5 ppm and the sodium 0.5 ppm ,
there was only minor corrosion after 5000h.

Bergman et al (12) notes that in similar aircraft engines Udimet
700 has served most reliably, whereas 7l3C has been subjected to
severe hot corrosion. However , Donachie et al (13) show a first stage
Udimet 700 from a marine engine after llOOh showing severe hot
corrosion , but again they remark that in aircraft engines operated
where sporadic salt ingestion occurs, slight distress due to hot
corrosion of 713C has occurred while Udirnet 700 operated under the
same conditions has been free from hot corrosion attack.

Waspalloy is another alloy regarded as highly resistant , but
Hamilton et al (-14) remark that they have seen isolated cases of hot—
corrosion of Waspalloy after long time service at temperatures which
should have been below 7SOoC ; the same was true of Inco 901, A286 and
16—25—6 alloys. Mtiller (15) has shown an example of very severe
corrosion of Nimonic 80A after 27000h service at 700_7300 in a turbine

• burning blast furnace gas.

This summary of in-service corrosion is not intended to be ex-
haustive, although in fact the literature is not very extensive:

• companies manufacturing gas turbines are not generally very eager to
provide extensive information on hot corrosion failures in their
engines. In the case of the more recent engines , the situation is
further complicated by the fact that few alloys are used in uncoated
condition , and this is particularly true of the less—resistant alloys.

_____ —~~~~~~~~~~~~~~~~ — —
~~~--
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1.2. Morphology of Hot Corrosion.

- Figure 1(a) shows the concave surface of a Ninonic 100 first—
stage turbine blade from an Olympus engine after 401h running at

- • 
approximately 870°C. Figure 1(b) shows a section of a similar blade,

• and Figure 1(c) shows the corrosion product at higher magnification .
There is an outer oxide layer , rather porous; an intermediate layer of
mixed oxide and metal , and finally an inner layer consisting of fine
lighter—grey particles in a metal matrix. This innermost layer is
shown’ in more detail in Figure 1(d). All these figures are taken
from Smith et al (7). The outer oxide layer is essentially NiO , with
some NiCr

2O4 spinel
. The intermediate layer is essentiall y Ni—rich

fragments in a Cr 903 matrix although again there is some spinel. 
The

light grey partic’es are chromium—rich sul phides, and the metal in the
inner layer is depleted in chromium . Very similar pictures of the
corrosion of 713C blades operated in the Pacific for 600h are shown by
Schirmer and Qui gg (16).

The extent of the internal suiphide layer can vary considerably
from being virtuall y absent , through a thin band of fine discrete
suiphide particles through to very heavy interconnec ted suiphide
networks. Figure 2 shows a particularly severe case of internal
sulphidation of a ~;jmonic 105 blade , originally pack aluninised , af ter

- 
operation in a marine Proteus turbine for only 600 hours (6).

A number of investigators at Rolls-Royce pointed out that the
same alloy in the same engine will exhibit a fairly general attack in
marine applications , whereas in industrial applications there is
localised corrosion , with “wart—like growth” in an otherwise un—
corroded surface (see for example Page and Taylor (9)). Roberts (17)
referred to the forme r as “sulphur—assisted oxidation ” and remarked

- that in this case the suiphides appeared to be chromium—rich; whereas
the “crater—flux” attack on industrial turbines appeared to require
the formation of the molten Ni—Ni3S2 

eutectic.

The matter of the composition of the sulphides has been.. the cause
of some controversy. Analyses of the sulphides in corrod~d blades
remove d from serv ice show them to be near ly always chromium-rich:
more than one suiphide nay be present at the same time in complex a1loy.~~
Hancock (18) pointed out that in severely corroded spec imens (such as
that shown in Figure 2) the sulphides had a morphology which he termed
“liquid—like” ; and suggested that the suiphides might have been the
liquid N13S2-Ni at temperature , and had reacted with the chromium in
the alloy on cooling ; some laboratory experiments suggested that this
might be possible. Actually , the blades in an aircraft engine will
cool very rapidly when the flame is turned off , since the compressor
continues to spin blowing cold air through the turbine . Furthermore ,
the morphology of the sulphides formed when the liquid nickel sulphide
is really present looks quite different: this interesting hypothesis
has now been abandoned. Nevertheless , in a small number of casesIs 

. 
-

Li . •
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* significant amounts of nickel sulphides have been observed in severely

- - 
corroded blades; and McKee et al (19) have suggested that a thin layer
of nickel suiphide is usually presen t between the chromium—rich

-, 1. sulphide and the chromium oxide.

• 1.3. Kinetics of Hot Corrosion

Naturally, there is very little information on the detailed
• kinetics of hot corrosion from examination of in-service failures .

However , there is some indication of the existence of an incubation
period , i.e. an initial per iod dur ing wh ich t here is no acce lera ted
oxidation : the attack is then initiated and propagates relatively
rapidly. Beicher et al (20) appear to have been among the first to
remark on the existence of an incubation period fo~ blades in gas
turbines , noting that no case of hot corrosion of Nimonic 100 had been
reported unless they had been operated for at least 100 hours at 900°C.
Others have reported cases where blades had been found to be free of
corrosion during a routine inspection after (for ex~~ ple) 2000 hours ,
but failed because of hot corrosion after a further few hundred hours.
This does not in itself prove the existence of an inherent incubat ion
period , because it might he related to some unspecified change in
operating procedure , or some large influx of impurities. Nevertheless ,

- the balance of the evidence appears to favour the concept of an
incubation period for hot corrosion.

1.4. Temperature Dependence of Hot Corrosion

Again , the evidence from practice is not very clear and sometimes
contradictory . In the case of the broad—front attack characteristic
of aviation or marine engines , the region of severe at tack on the

• blade seems to coincide with the high—temperature region. On some
blades, however , the maximum attack is not at the point at which the
metal temperature would have been highest , but a little away from this ,
so two notches develop on the leading edge on either side of the mid—
chord position . This implies a tempera ture at which the attack is a

• maximum . However , the “wart—l ike growth” corrosion of industrial
turbine blades appears to follow no such simple pattern (9): some—
tines the area of heav iest corros ion is the blade shroud , where the
temperature would be expec ted to be relat ively low (less than 700°C 1for a maximum blade temperature of 9400C (21). There is a general
belief that below 750°C there is little chanc e ~f attack although
there are some cases of corrosion at lower temperatures than this;
attack seems to diminish above 9000C, and be virtually absent above
950°C, although few engines run with metal temperatures higher than
this anyway. There is an accelerated oxidation which nay take place
at high temperatures , but it appears to be different from hot corrosion ,

-, 
- j and sulphur does not appear to play a part . 

~~~~~~~:~~.•__ •• 
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I 
1.5. Nature of the Corrosive Deposit

F Hot corrosion is associated with the formation of a corrosive
deposit on the hot component. It is widely believed that the deposit
must be molten for corrosion to occur , but this has not been definitely

F established : one or two authors have reported hot corrosion attack
- under solid deposits in laboratory tests. It is perhaps necessary

to subdivide the hot corros ion process a little fur ther , since the
• term is used to describe accelerated attack under two types of depos it :

vanadium rich , an d sodium sul phate rich. However , in mos t gas
turbine practice the latter form of attack is more common , and

— vanadium probabl y acts pr inc ipal ly to modify the sodium sulphate.
- This point will be examined later.

It has already been reported in section 1.1. that in early cases
- • of severe hot corrosion substantial amounts of sodium sulphate were

present. Tschinkel (22) has reported the composition of the deposits
on turbine airfoils from air lines af ter 1000 to 5000 hours operat ion:
the compos iti ons var ied widely , bu t the depos it was essent ially a
mixture of calcium , sodium and magnes ium sulphates : usua ll y the calc ium
was in a slight excess , and the amount of magnesium was relativel y
small. Sometimes a little silicon was present. The amount of the
deposit could be as much as 8 mg/cm2, there being considerably more on

- 
the vanes than on the blades. Hussey et al (11) identified a number
of constituents in the deposit on the (1500 blade after one year ’s

- 
- 

operation using treated fuel (see section 1.1) including oxides , ~
suiphates and vanadates of nickel and cobalt , hema ti te , and Na

2
’ig(S04)~~.

- 4H20, which they comment is the hydrated product of a 50 : 50 mixture
of sod iu”i and magnesium suiphates solidified from the melt. The
melting point of the mixture is 621°C , compared to 884°C for anhydrous
sodium sulphate. The authors believe this to be an important

• corrosive constituent of the deposit ,and several ~Vestinghouse laboratory
tests have used it as the corrodent . In contrast , CaSO4, has l itt le
effect on the melting point of sodium sulphate.

The results of Archdal e (2) have already been mentioned : an
important point is that in that case some carbonaceous mat ter was
detected in the deposit. Bessen and Fryxell (23) have commented that
carbon is deposited on blades in practice , and can markedl y enhance
corrosion.

• Sodium chloride is seldom detected in the deposit , although recent
papers have reported small amounts present in deposits formed in
marine applications.

- 

• - 
1.6. Source of the Corrosive Deposit

- It appears likely that the important constituent of the corrosive 

— —•~~~~~~~~ ——- -~~~ ---—---——--—-——— ---~~~~~~~~~ ~~~~~~~~~~~~~~~~ - __ __~~___. _~~~_~~~ 
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depos it is sodium sulphate , with i ts propert ies perhaps modif ied by
other constituents. The source of the sodium may be either the fuel
or the intake air. Sodium in the fuel can be present either as an
oil-soluble compound or , more commonl y ,  as a result of sea-water
contam ination; sodium in the air is normally presen t as am aerosol of
sea-salt. Sometimes sodium salts can be present in the air above
deserts contain ing salt deposits. In sea water the majority of the

• sod ium is present as sodium chloride , but approximately 11% is present
as sodium sulphate. -

Sulphur is present in the fuel : aviation kerosenes typically may
contain 0.40 weight % sulphur (JP—5), although the average is nearer
0.10 wt.’~; industrial turbines m a y  burn light oils with similar
sulphur contents , heavy distillates which nay contain up to 2 wt.%
sulphur or more (ASTfl 3-GT), crude or residual oiLs which can be much
higher. Industrial gas turbines nay also burn gas: natural gas can
vary from hav ing almost no sulphur (present as H2S) to quite sour
gases containing several per cen t H2S. Sulphur can on occas ion be
introduced in the intake air: the ingestion of sulphur—containing
fertilizers by test—bed engines has been re ferr ed to above , and aircraf t
flying near an ac tive vo lcano in Iceland suffer ed severe hot corros ion
attributed to the ingestion ~f sulphur—containing gases.

On thermod ynam ic grounds , sod ium ch lor ide is unstable in the
presence of quite small concentrations of sulphur in an oxidising en—
vironnent. DeCrescente and Bornstein (24) showed that the reaction

2NaCI + 80
3 

+ ~ 02 
Na2SO4 + Cl

2

• should go v irtually comp letel y to the r ight: more deta iled calculations
have been done by Tsch inkel (22) amongst others for 5 ppm NaCl in the
intake air , 0.5 wt.’~ sul phur in the fuel , showing that the concentrat—
ion of NaC1 is negligible below 1000°C with less than 2% of the sodium
present as the chloride. At 1200°C up to 20% of the sodium will be
present as chlor ide , 60% as NaOH and the remainder as the sulphate.
However , there is considerable doubt of the appl icab lil ity of these

• equilibrium calculations since the residence time is very short:
between entering the flam e and passing-the first stage blades re—
presents about 5 ms, and the secondary air is present for an even
shorter time . Hanby and Beer (25) have shown that the gas phase
sulphatiori of NaCl is quite slow: very little suiphation takes p lace
for the f ir st 8 ms , and this does not depend on the salt concentration-
or the sulphur content of the fuel , and only slig htly on the temper—

• ature.

The same authors have also demonstrated that the rate of evapor—
ation of seal—salt aerosol par ticles is not par t icular l y rap id , and
thus the sod ium chloride nay not be present in the vapour phase. The
sea -salt in the air is removed to some extent by the compressor:
Besson and Fryxell (23) remarked that considerable quantities of salt

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ - ~~~ •?~~~~
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• are condensed out in the compressor , and that it is not known whether
the compressor deposits reach a steady state thickness or not ; these
depos its contain NaC1, but it is not repor ted whether they conta in
Na
2

SO4. -

DeCrescente and Bornstein (24) suggested that sodium sulphate
condensed on the cooler vanes and blades from the relatively hot gas:

• in this case , it should be possible to define a dew—point for a given
salt concentration in the intake air and a given pressure in the

• turbine above which no condensation of salt should take place. Their
calculations showed that for a pressure of 20 atm. , an NaCl concent-
ration of I ppm in the intake air , and assuming complete suiphation ,
the dew point was about 850°C; for 0.1 ppm NaCl it was about 780°C.
However , several cases of condensation and corrosion in operating
engines were observed where the salt concentrations were significantl y
below this. Morgan et al (26) found , in a Pro teus eng i ne at NG TE
using a Nimonic 90 nozzle segment as a corros ion monitor , that with
O.O~ ppm NaC1 with turbine inlet temperatures in the range 660-780°C
the ah oy was corroded after about 1000 hours; with 0.005 ppm NaC1
there was no corrosion after 1400 hours. - 

-

Besson and Fryxell (23) rodetermined the vapour pressure of
Na2SO4 , and found that the va lues used by DeCresc ente ~nd J3ornste in for
their calculations were too high: Figure 3 shows dew points calculated

- using their vapour pressure data for two pressures  and for complete
suiphat ion of the NaCl and ~~ro sulphation (i.e. , all the Na2SO4 was
tha t  alread y present in the original sea salt). These re sul ts are - •
much closer to engine exper ience , but it must be remembered that the

• salt concentration in the gas entering the combustion chamber may not
be simply related to that entering the engine , and tha t much of it may
not eva~ orate into the gas phase anyway. Besson and Fryxell also
point out that if the engine is power cycled , salt ~ay deposit at the
lower temperatures and produce corrosion at the higher temperatures.

- An alternative method of deposition is for the aerosol particles
to deposit directly on the blades. This possibility has beem examined
by Moore and Crane (27) who co nsider a number of dif feren t mec hani sm s ,
and calculate the doposition rate for NaC1 particles. This may be
part icularly important if the salt collected in the compressor period—
icall y breaks off (for example on start—up) and relatively large salt
part icles pass through the eng ine.

In summary, therefore , salt concentrat ions of over 0.01 ppm in the
intake air may give trouble , but the exac t mode of salt depos it ion on

- the metal surfac e is not well-understood. Little sodium chloride is

• 

• 
present in the deposit , but the reasons for this are not clear : it
cannot be deduced that chloride plays no part in the corrosion process.

Nothing has been said of vanadium , because gas turbines are not

U 
run with large vanadium concentrations in the fuel; the vanadium thus

1-  -
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serves mainly to modify the salt chemistry in ways which will be dealt
with later.

1.7. Use of Fuel Add itives.

• The idea of using fuel additives to reduce the corrosion is about
as old as the reali sa tion of the cause of the attack. ~raditionally,

-~ - vanadium attack has been minimised by the use of an additive such as
magnds ium ox ide , which reacts with the vanadium to form a high melting
point magnesium vanadate which does not stick to the blade surfaces.
Young and Hershey presented a thermochemical study of additives as
ear ly as 1957 (28) aimed at increasing the melting point~ of sod ium
sulpha te. More recently, the idea of additives capable- of forming
stable compounds with sodium has been explored , and additives based on
oil-soluble chromium compounds have been tested , with the aim of form-
ing the stabl e sodium chromate. There have been claims that additives
of th i s  type  have been very successfu l  in r e s t r i c t i n g  hot cor ros ion  in
marine environments , but few data have yet been published.

1.8. Effect of Alloy Composition

- It is very difficult to•draw many conclusions concerning the e f fec t
of alloy composition from the practical experience since it is unusual
for different alloys to be used in the same type of engine in similar
applications , and even then circumstances may differ. Nevertheless ,
one can make some general evaluations:

. Bl900 , IN 100, and Ninonic 100 are very poor in hot
corrosion; probably in increasing order of resistance;

- and really cannot be considered for use without coating
— 

~
• even in mildl y corros ive situations.

7l3C is poor , but many engines have run for :‘any hu nd reds

- 
of hours with uncoated 7l3C hardware in circumstances
which night be mildly corrosive.

- - Udimet 700 w ill corrode , but in similar applications is
better than 713C.
Nimonic 105 has suffered hot corrosion on a number of
occasions in marine and industrial turbines: it would
seem to be comparable to Udimet 700.
Nimonic 90 has exhibited severe corrosion in particularl y

• aggressive circumstances.
Udimet 500 is general l y very res is tn t , but some cases
of hot corros ion have been repor ted .

• Waspalloy, Hastellov X and perhaps Nimonic 80A appear to
be very resistan t, alt houg h in each case some examp les

- 
} of hot corrosion have been reported .

i i  •

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — - -~~~~~~~--~~



___________ ~~~~~~~~~~~~~~~~ — -~~~~~~~~~--~~~~: 
-- -.

~~
“.--

~~~~~
-

10.

Examination of the Table of composition of the alloys (Table 1)
shows that this approximate order of merit correlates quite well with
the chromium content of the alloys; and it is a general view that a
minimum of l5~ chromium is required for hot corrosion resistance. No
other conclusions can be drawn from this list. in recent years
several new alloys have been developed with the specific intention of
securing good hot corro s ion res istance with high strength levels ,
examples be ing IN7 38,~ 1ar-~! 432 and Udimet 7l0:all of these contain 15.5%
chromium or more .

There is a view that cobalt—base superalloys are superior to
nickel—base , al though they have lower strength, particularly at inter—
med iate temperatures . When engines are conve rted from aircra ft use
to industr i a l  or mar ine app licat ions , it is coxamon to replace the
relatively lowly stressed nozzle guide vanes with a cobalt—base alloy
such as X—40 or Mar—M 509. Ho’vever , these al loys have signif icantly
higher chromium contents , and it is not possible to conclude fr~om the
in-service experience whether the cobalt matrix in itself confers any
superior corrosion resistance.

2. Hot Corrosion Tests. 
-

The first section has described the characteristics of the
practical failure discribed as hot corrosion. Tests may have two
quite distinct funct ions:

(1) To select alloys which will exhibit superior hot
corrosion resistance in practice , or to ass ist in the
des ign of super ior alloys.

• (2) To investigate the mechanism of hot corrosion.

For the first function it is not absolutely necessary tha t the
corrosion produced in the test should resemble that in the practical
situation. It is onl y necessary to demo ns t r a t e  that there is a clear
correlation between the results of the test and the behaviour of alloys
in practice: thus , if a test can rank the eleven alloys described at
the end of section 1.8 in the order shewn , i t is reasonable to suppose
that another alloy which gives good results in the test will also behave
well in the engine.

However , the chances of success are clearly much better if the

• test does produce a corrosion morphology as much like that encountered
in hot corros ion fa i lures as poss ible; and mos t engine bui lders feel

• • in add ition that the test environment should bear as close a resemblance
as possible to that encountered in the engine. A turbine simulator
which can approximate to the gas composition , pressure , veloc ity ,  and
temperature of the real engine , using blade—like specimens stacked in
an array resembl ing a wheel , cooled where appropr iate, and per haps

F ,  
-

~
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subjected to stress patterns similar to those experienced in practice ,
is very expensive. Furthermore , it Is expensive to run : and it is
apparent from what has gone before that if it were to simulate the
real situation , alloys may not corrode for 1000 hours or so , yet still
be unsat isfactory. In practice , the more expensive the simulator ,
the shor ter rums can be carr ied out , and in order to get observable
corrosion in the available time the conditions have to be made Un—
typica lly severe. It is arguable that this destroys the validity of
the simulation.

The majority view is that the effect of high pressure is only to
modify the deposition conditions , and that conseciuentlv tests may be
run at atmosp her ic pressure w ith only a modest increase~in the salt
concentration. Gas velocity must also have an effecc on salt

• deposition , but it is usual for rigs to run at velocities rather lower
than those in the engine. Although in some cases airfoil shaped
spec imens are used , in the majority of c~ ses it is felt that the
corrosion can be better characterised with cylindrical pin specimens.
Accord ingly,  there are many atmosp her ic pressure “burne~ rig” test
assemblies in use. Many of these use a combustion chamber from a small
gas turbine , supply i ng air from compressors and burning fuel in the
usual way . Sal t may be added to the fuel , or the aii’~ --or sprayed
into the hot combustion gases. These hot gases may t1~~i be dueted
down a channel , or may issue freely from the nozzle of the combustio~~

• chamber; they then pass over an array of rod samples. In the
majority of case s the rods are in a carouse l mount , which is ro tated
in the gas stream. Since thermal cycling is thought to be important ,
there is often a capab ility of w ithdraw ing the spec im en assembl y from

-~~ the hot gas jet to allow it to cool , then replac ing it.

A still simpler rig is that based on the General Electric small ~~
. I

burner rig. In the original form this burnt fuel in air , but with
a much s imp ler combus tion chamber than that used in the gas turbine:
the hot gases passed down a duct to pass over a carousel of specimens
heated in an auxiliary resistanc e furnace. In the later version , the
specimens are discs with holes cut in them , arranged loosely on pin
supports.

While early invest igators used weight  change measurements  to
characterize the corrosion — either weight gain , or the we ight loss
after descaling — it has been general ly accepted that the important
manifestations of hot corrosion , particularl y dur ing the ear ly stages,
take place beneath the metal surface. Most laboratories now use a• I metallograp hic estimation of damage , follow ing a scheme or iginally
proposed by General Electric (12), in which two quanti4ies are re—
ported : the surface loss , and the maximum penetration.

In early investigations , General Electric used a salt concentrat—
- ~~

• ion of 200 ppm and test periods of the order of 50 hours; but later
changed to a lower salt concentrat ion (5 ppm) and longer times

J EIJ .
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-C (1000 hours) because these gave better correlation wi th  p rac t ice  in
marine environments (12).

- As a result of the accumulation of a great deal of experience with
the small burner rig, General Electr ic believe that it correlates well

:1! with engine experience (29,30). Similar correlations have not so far
been demonstrated for other tests ,although obviously di fferent eng ine

fl manufacturers must have confidence in the methods they are using,

Li presumably based on unpublished correlations with operating experience.
However , it must be remembered that most nanufacturers have experience
with a fairly limited number of alloys in any given engine for anyU given mission ; and this limits the validity of any correlations.

Those concerned with alloy development have used a simpler set of

U laboratory tes ts , aimed at giving comparative infor-~~~ion on a w ide
range of alloys relat ively quickly. The earliest of these was the
half— immersion or crucible test , in which a suitable salt mixture was
melted in a crucible , and a rod of the test al loy immersed up to its
midpoint in the salt. The atmosphere above the salt was usuall y
laboratory air. An early investi gation using this method was that of

ii Lewis and Smi th  (31), and indeed the technique was used by International

[1 Nickel  un t i l  very recently. Another investigation using the crucible
method was that of Gra ham et al ( 3 2 ) ,  who used 99% Na 2 SO 4 , 1% NaCl salt
mixtures in a 30 ml. silica crucible at test temperatures in the range
871—1093°C for times of 1, 2, 5 and 25 hours. They showed the

I correlation between their results and the Pratt and Whitney burner rig
results , and at first sight the correlation curve looks quite good :

-

~~ 

- but in fact this is because the corre lat ion graph is bas ed almos t wholly
on very poor alloys : the correlation for moderate alloys is not

- demonstrated , and their rank ing table shows 7l3C to be worse than IN 100,
which is to say the leas t unlikely. The conditions in the crucible
test are quite unlike those in the real situation , and the fo rm of
attack is generally diss imilar: it can be just if ied t herefore only on
the basis of its correlation with pract ice. One view is that if an al

•1] alloy can stand up to the very severe environment of the crucible test ,
it can cer tainl y stand up to the conditions in an engine; a further
point is that it was used as the principal screening technique by{ J International Nickel in the development of a successful group of a lloys -

•

- inc1udi~ig IN 738. This is perhaps correct: but it may be that alloys
quite acceptable in practice might have been eliminated by the test. •

Recently, International Nickel have replaced the cruc ible test
with the salt—shower test , in which a specimen is oxidised in a
vertical furnace through which sol id salt is showered continuously.

The remaining techniques are concerned with the stud y of the
corrosion mechanism. It is not necessary for these techniques to
rank alloys in the correct order , nor indeed to reproduce hot corros ion 

-
•

morphologies; provided the aspect of the reaction which is being
stud ied is accuratel y modelled. The dange is that success in one

U limited aspect — for example , the morphology of the suiphide distribut-

UI 
-
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ion — may be taken to just ify accep ting all other results of the test ,
even when it was not designed to model those aspects. The reverse
danger is equally real .

A technique which has provided a great deal of informat ion on some
aspects of the reaction mechanism is the salt—coated test , in which a
spec imen is f irst coa ted w ith a suitable sal t mixture , then oxidised in

• an appropriate gas stream . A modification of this is to rep lace the
salt coating periodicall y . The technique is obviousl y ideall y sui ted
to thetmogravimetric methods , so kinet ic curves of corros ion can eas ily
be obtained . The composition and thickness of the salt layer can be
selected to model thos e found in prac tice , and if desired the gas con—
position can also be adjusted to model real combustion atmospheres.

The sulphidation parts of the process can be modelled to some ex-
tent by oxidising specimens in 02 — SO2 mix tures , or by prcsu lphidizing
specimens and oxidizing them . An important- criterion here is probably
the duplication of the sulphide morphology in hot corrosion , and perhaps
also a duplication of the morphology of the developmen t of the rnetal/
oxide mixture layer.

A recent technique which has considerable potential both as a
• mechanisti c resear ch tool and a test tec hni que , is t he mod if ied Dean

rig (33). The rig uses a furnace having two zones whose tempera tures
can be controlled independentl y ,  and between which the temperature
changes smoothly. In one zone the specimen is placed , and in the other
a boat containing a suitable salt. An appropriate gas is passed over
the salt boa t , and salt is evaporated into it. The salt—laden gas
then passes over the specimen : if the spec im en is cooler , the salt will
condense. - Corrosion is usually evaluated metallographicall y, but
recently a grav imetric Dean rig has been developed (34). It will be—
come clear later that one model of hot corrosion is electrochemical ,
and a number of investigations have used fused salt electrolytic cells
to study aspects of the electrode reactions. Shores (35) has de-
veloped an anodic polarization technique for the evaluation of alloys
in reagent grade sod ium sulphate at 9060C m air , using a three elect—
rode cel l. The results are correlated with the results of the small 4

L burner rig and show auite good correspondence over a reasonable range
of alloys. However , while the small burner rig gives virtuall y the
same corrosion resistance for Udirnet 700 and 713C , the anodic polariz-
ation technique shows Udimet 700 appreciabl y worse th an 7 13C: as shown —

• 
- in Section 1 this is the reverse of the practical situation . Never—

theless this is a very interesting develo pm ent , in princip le capable  of
screening materials quickly, and also capable of examining the effect
of possible variations in salt chemistry.

- The problem of assessing the reality of test procedures and the

r—i difficulty of calibrating tests against in practice behaviour is well—
known, and the Hot Corrosion Task Force of the Gas Turbine Panel of

• ASTM organised a Round Robin test of six alloys (7l3C. IN 100. IN 738.

[1 - 
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— - Mar—M 421, lidimet 500 and Udimet 700) dur ing 1969 (36). Results from
• 15 participants were received , 13 using some form of burner rig. The

majority of the tests were at 1650°F (900°C The correlation between
the different investigations , shown in Table 2, do not seem bad at firs~
sight , bu t there are several anomalies. There is little doubt that in
practice 13500 would have the best corrosion resistance; IN 738 and -

•

Mar—M 421 were designed with the criteria of having corrosion resist—
ance equal to 13500 but with superior strength , and perhaps IN 738 came
closer to havi;~g the necessary corrosion resistance; as has been shown
above 13700 is rather better than 713C , and IN 100 is very signi f icantly
worse. Tests ranking U700 the best of t he six al loys , for examp le or
ranking IN 100 above 7l3C, should be regarded with some suspicion .

3. Re sult s from Labor ato ry  Tests

3.1. ]~inet ics of Hot Corrosion

Relatively few of the laboratory exper iments have been greatly
concerned with kinetics, most testing -for a fixed period and then

- • assessing the damage. Because of the non—protective nature of the
corrosion it night be anticipated that the rate of attack would be
constant (linear rate law), but Kaufman (37) determined the rate of
at tack of several n icke l—ba sc -  a l loys  in the GE burner ri g for  t imes
up to 100 hours us ing  200 ppm salt , and found that the m a j o r i t y
corroded accord ing to an approximate parabolic rate law , only a couple
of alloys showing a transition to a linear rate.

A number of investigations concerned with mechanistic studies have’
reported kinetics. Bardt et al (38) oxidised nickel in dry oxygen at 4
900°C with and without a coating of sodium sulphate for times of the
order of 100 minutes. With the salt co~ ting the initial rate of
weight gain was extremel y rapid , but s lowed af ter 10 minutes or so: at
the end of 40 minutes the rate was comparable to that of the uncoated
specimens. If the sodium sulphate was removed from the specimen by
washin g ,  the rate immed iatel y slowed to that of the uncoated alloy.
Several authors have reported similar curves , but Johnson et al (39)
have pointed out that pure cobalt behaves differentl y: at 900°C in
oxygen at 1 atm . pressure cobalt with a - coat ing of sodium sulphate
oxidises rather more slowl y than does pure cobalt , for t ines up to 80
hours (see also Hard t et al (38)). Goebel and Pettit (40) have
reported a similar effect at 1000°C, but found that in some case s an
accelerated attack could be induced at 1o~ cr oxygen pressures.

However, Co—7.5 wt .% W alloys did show an accelerated oxidation
-

- • when coated with sodium sulphate (39); Co-7.5 wt.% Ta did not. These
and similar results will be discussed later.

- 
- Relatively few kinetic data have beer produced from rig tests.

Rolls-Royce (1971) Ltd have reported a number of corrosion rate curves
from their burner rig (3). Nimonic 105 corrodes relatively slowly for
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I .  
- some hours at 870°C, 4 ppm salt; but after SO hours or so the rate

shows a significant increase. 7l3C behaves in a similar manner ,
although corroding much more quickly. The corrosion rate of 7l3C and
Nimonic 115 are rather lower at 1050°C; Ninonic 105 corrodes a little
quicker but there is little or m incubat ion per iod with the rate
decreasing towards the end of the 120 hour test ; at that time it is
perhaps a little slower than at the lower temperature (see also Page
atid Taylor (9)).

3.2. Temperature Dependence of Hot Corrosion

Lewis and Smith (31) used a 1—hour crucible test to study the
corrosion of a number of alloys in the temperature range 700-1000°C ,
determ ining the corrosion in terms of weight loss after descal ing.
The salt was a mixture of sodium sulphate and sod ium chlor ide, and
for some alloys with some salt mixtures , the corrosion showed a maxi—
m um as a junction of temperature . Thus , Ninonic 80A in 25~ NaCl salt
mixtures showed a maximum attack at 900°C, decreas ing very markedly
up to l0000C; Nimomic 105 showed a monotonic increase in corrosion
with temperature.

Walters (41) used a burner rig with airfoil—shaped specimens ,
120 hours at peak spec imen metal temperatures of 871° and 955°C.
The tempera ture profile was determined over the specimen for each of
these peak temperatures , and the corros ion contours measur ed were then
t r ans formed  to corrosion ver sus t e m p e r a t u r e  con tou r s .  There was
reasonabl e correspondence between the r e s u l t s  fo r  t empera tu res  below
870°C for t he  two t e s t s .  Salt c o n c e n t r a t i o n s  of 4 and 8 ppm were
used . - Th i s tes t showed very clea r upper and lower threshold
temperatures: outside these bounds there was no corrosion . This
agrees with the observations reported in Section 1.4. The threshold
temperatures differed significantly for different alloys: for exam ple ,
the thre shold tempera tu res were 780° and 950°C in the case of 51900
for  8 ppm salt; 890°C and grea ter than 955°C in the  case of Ud imet
700. It would appear therefore that they do not correspond .~th the
melting point of the salt and the dew point respectivel y, wlucn would
be the simp lest explanation. The General Electric small burner rig
results appa ren tly show a similar temperature dependence (42): both
upper and lower threshold temperatures shift to lower values as the
salt concentration is decreased and the test tine increased.

However , Ryan et al (43), us ing a rather different te st , found
a nonotonic increase in corrosion over the temperature range 927 —

I
-
~ 

1093°C. Their test consisted of heating 16 specimens of the same

[j shape as a T56 t u r b i n e  b lade  in a fu rnace , the spec imen assembl y
rotating at 1800 rpm . After 1.5 minutes heating, the specinmnas were
lowered into a cooling chamber for 0.5 minutes, where they were
sprayed with a sodium sulphate solut ion. The combustion gas in the

Li 
- 
furnace contained from 10% to less than 1% excess oxygen , depending
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on the test temperature. A complete test was 500 cycles. Eight
alloys were tes ted , but all showed the same general temperature
dependence.

Page and Taylor (9) remark that 870°C seems to be close to the
peak “sulphidation” temperature  for mos t metals , but that Nimonic 105
has a peak temperature lower than this. However , graphs of
temperature dependence of penetra tion are shown for the tempera ture
range 870 — 1050°C, and these show a monotonic increase for X—40,
l it t l e  change for IN 738 and N imon ic 105 , and marked minima at 950°C
or so for IN 100, Udimet 700 and M432. This is because another high—
temperature process becomes impor tant at 1000°C or so.

3.3. Effect of Salt Composition

Many of the early investigators reported that molten sodium
sulphate by itself was not very corrosive. Sinons et al (44)
reported that crucible tests using sodium sul phate were very
irreproduc ible , and where ~~rrosion was experienced they attributed
it to the presence of carbon or the contamination of the specimen by
hand l ing .  Sykes and Shir ley (45) a lso found that pure sodium
sulph a t e  had l i t t l e  e f f e c t , but the addi t ion of as l i t t l e  as 0. c~ ~ aC1
produced a rap id  inc rease  in s ca l i n -~ r a t e .  l addams et al (4 6)  also
found t h at  m i x t u r e s  of P9~ Na SO — 1’ - NaCl were t .u~ h —more corrosive
than  the  pure s u l p h a t e ;  pure ~aC~ also produced heavy cor ros ion  in
the i r  c r u c i b l e  exper iments .  Lewis and Smith (31 ) p e r f o r i -~ed a series
of crucible tests on a range of superalloys in the temperature range
700 — 1000°C. Aga in , pur e sodium sul phate was not very aggressive ,
but the addition of NaCI increased the rate: the mixture giving maximum

4 corrosion varied from l~ NaC1 with Incoloy DS to a li t t l e  over 25~
NaCl with Nirnonic 80A.

Archdale (2) also reported that sodium sulphate alone fa iled to
corrode Nimonic 90 in a crucible test , but that mixtures of sodium
sulphate and sodium chloride gave tumour—like corrosion products which
were visually and mietallographically similar to those found after the

• 
- engine run . Similarly, it was observed that mixtures of sodium

sulphate and carbon would also give this form of attack. Archdale
also found a similar ferm of attack in a crucible test using 95~ flgSO4,
5% carbon at 9000 for 72 hours.

It is possible that , since the  ea rl y ir-vestigators generally used
the crucible test with very short exposure times , they were look in g
for a much too rapid rate of attack. In salt—coated tests , several
investiga tors includ ing Hardt et al (38) , Goebel and Pettit (47),
Bornstein and DeCresc~ nte  (48) ,  and Johnson et al (39) have shown that
the rate of attack of a number of alloys is greatly enhanced by a
coating of sod ium sulphate.

Li - - -



Bornstein et al (49) have examined the effec t of other additives
to the salt on the corrosion of a number of alloys. The addition of
5.5 wt.% V205 to the sod ium sulphate resulted in an ox idation rate of
a Ni—l% V alloy at 900°C which was virtually the sane as the uncoated
alloy. The accelerating effect of the sulphate coating was also
greatly reduced by the addition of 5.5 wt .% ?

~o
O3. A coating of

1 mg/cm2 of sodium sulphate produced a considerable enhancement in the
oxidation of B 1900, but the enhancement wa s v irtua lly eliminated by
the add ition of 1 mg/cm2 Cr203 to the coating. Conversely, the
addition of 1 mg/cm2 of MOO3 increased the attack still further .

Goebel and Pettit (40) reported that 1 mg/cm2 Na2 SO4 had little
effect on the oxidation of Co—25 Al— 12 W at l0000C, cer ta inly for the
first 1000 minutes , but if the system was annealed in argon first ,the
oxidation was enormousl y enhanced .

The rate of oxidation of the ah oy was also greatl y enhanced if
the specimen was coated w it h 1 mg/cm2 Na2WO4 , in the absence o~ any
sulphur: a similar result was obtained with a Co—25 Cr-l2 W alloy , .- 

-

although the effect was less spectacular ; the corrosion rate of
Co—35% Cr was not greatly affected by the tungstate coating .

Johnson et al (39) showed that , while the ox idat ion of coba lt at
900°C was not increased by a coa tin g of Na2SO4,it was cons iderab l y
enhanced by a coating of Na2SO4 -

~
- Na2SO4, and the enhancement appeared

to increase as the tungstate content of the salt mixture increased .

Bornstein and DeCrescente (48) showed that B 1900 also suffered
accelerated oxidation when coated with sodium nitrate , al thoug h the
alloy of course did not then contain any sulphates . Johnson et al
(39) found that specimens of Co—7.5 wt.~ W coated w i t h  Na 9CO 3 oxidised
initiall y at about the ~nme rate as the uncoated spec imens , bu t tha t
after about 40 hours at 900°C the rate accelerated to a value comparable
with that of the sulphate coated specimen .

3.4. Effect of Alloy Composition

The laboratory tests agree with practical experience that chrom-
ium content is the most important factor. There is considerable dis—

• agreement about the effect of other alloy elements , perhaps because of
interact ive effects. Most alloys of this type depend for their
oxidation resistance on the formation of either a Cr203 scale or an ‘ -

A1203 scale. Generally, for a nickel—base alloy to form a chromia
scale it requ ires 15~ Cr or more , and less than 5 wt.% Al; an alloy

• with ovc: 5 at % Al and more than about 5, Cr will generally form an
A1203 scale. Thus, B 1900 should be an alum ina former , and IN 100;
713C w ill probably also form alumina. Nimonic 105 is a borderline
case , and probably could form either Al203 or Cr203 externally 
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depend ing on the condition . Udimet 500, Ud imet 700 and 1~ 738, on
the other hand , should be chromnia forrners. It night be anticipated
that alloys forming these two oxides would behave differentl y, and
that for example the role of molybdenum might be different in each
class.

Lewis and Smith (31) appear to have been the first to attempt a
systematic stud y of the effec t of alloying elements on the per formance
of a group of superalloys in a crucible test. They expressed their
results in terms of a chromium equivalent ,

= % Cr + 0.7 (% Al + 1.5% Ti)

so that both alum inium and titanium were regarded as beneficial . The
alloys they examined included alumina and chromia formers .

Rentz , quoted by Donachie et al (13), used a more complicated
expression:

% Cr + 3.8 (%Al - 5 )  + 2.0 (%W) — 12 .5 (%C) — 1.4 (%Mo-l)

from which it would appear that aluminium is beneficial at the higher
levels;  tungs ten  is bene f i c i a l , carbon is d e l e t e r i o u s, presum abl y by
ty ing  up chromium as carbide , and molybdenum above very low levels is
also ha rmfu l .

Ryan et al (43) used a regression anal ysis  to co r r e l a t e  the volume
loss due to corrosion in their  cyclic test w i t h  a l loy  content  and
tempera ture : -

log
10 

(volume loss) = 5 . 8 5  x ~~~~ T
3 

— 1.34 x lO~~ T
2

- + 6.33 x io
_2 

(% W) + 8.64 x 10 2 (% Mo)

— 6.78 x 10 2 
(% Cr)-  8.98 x 10 2 (% Al)

+ 11.28 
-

f rom which i t  appears t ha t  both mol ybdenum and tungsten are harmful ,
and both chromium and ~lumin ium are benef ic ia l .

Felix (50) s tudied the corros ion of a range of n i cke l -base  a l loys
In a combus tor rig at 850°C fo r  300 hours  with 15 ppm Na and 5 ppm V
in the fuel , conclud ing that A l was harmful , while T i and Cr were
beneficial. The corrosion rate increased linearl y with the function

% A l

(% Ti) (% Cr)~ 
-

kti L
_ _ _
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Xaufman (37) concluded , as a result of his burner rig tests
described in Section 3.1, that for Ni—l5 Cr base alloys , alum inium

• increased the corrosion resistance greatl y,  titanium and cobalt
increased it slightly, tantalum had no effect, and tungsten decreased
it slightly.

Bergman et al (12) , discuss ing the effect of alloy chemis t ry  on
the hot corrosion of alloys in the G.E. Small Burner rig, remar ked
that for nickel—base alloys increasing chromium is beneficial;
incrbas ing co balt may increase the corros ion res i stance somew hat ;
mol y bdenum a d d i t i o n s  are increasingl y d e t r i m e n t a l  as the tempera ture
increases ;  t ung s t en  has no e f f e c t  at 955°C but is de t r imen tal  at 1038° C;
tantalum seems to improve the r e s i s t a n c e ;  t i t a n i u m  is not harmful and
may even be beneficial ; aluminium additions are increasingly
detr imental  as a func t ion of tempera ture in simple al loys , but may be
benef icial in complex alloys; rhenium and yttr ium have no effect .

Walters (41) showed that chromium was beneficial , but commented
that a high chromium content alone was not enough to g u a r a n t e e
corrosion res is tance, a point  tha t  has been made b y others. He did
not discuss the effect of other alloy elements in any detail , but
suggested t ha t  tungs ten  and a lumin ium nay be hel pful at hig~i enough
chromium con t en t s , and mol y bdenum h a r m f u l .

Viswanathan (51) used a burner r i g to examine the  corrosion of a
nun’ber of nickel—base superalloys using a diesel fuel with G-~ sulphur
added . Specimens were coated w i t h  50~1 Na 2 SO 4, 5O~ Mg SO4 and hung  in
the combust ion  appa ra tu s  for  t ime s rang ing f rom 10 to 200 hours  at

• ~1G°C . In this test , Udim et  700 was worse  than 713C . V iswana than
added from 0.1 to 0.3% lanthanum and yttrium to ‘Jimet 700, producing
a cons iderable improvement in corr osion res istance : lanthanum was
r at h e r  more e f f e c t i v e  than  y t t r i u m , and 0 .2% La appeared to be ~n
optimum . Seybolt  (52) produced a cons ide rab le  improvement  in the 

A
corros ion res istance of Ud imet 500 by the add i t ion  of 0.59 cer ium ;
the tes t used was a G.E. sma ll burner r ig at 955°C for 1000 hours.
The principal effect appeared to be a reduction in the degree of
internal sulphidation . 

-

4 Hamilton et al (14) re-moved 20 713C blades showing gross
oxid at ion and 20 show ing on ly slight oxidation from a sing le ro tor ,
and found there was a better correlation of the attack with the

• chrom ium plus  a l um i n i u m  content  than  w i t h  the chromium content  alone .

Stetson and Moore (53) used the Solar gas turbine environmental
simulator with JP—5 fuel (0.04 — O.l2~ S) and 35 ppm synthetic sea
salt injected into the combustion gases to stud y the corro sion of a
range of supera lloys at 899° and 983°C. They used a chromium

- 

;-~ 
I - i  

equivalent : -

:I
LI 

--
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= (% Cr +~~~ % A l — % M o )

but the ccrrelation was not very good at the higher temperature.

Clark and Hulsizer (54) conducted 2-1 or 100 hour cyclic tests at
1600°C to d e t e r m i n e  the  e f fe c t  of water  vapour on the oxidation of a
range of su’~e ra l lo y s :  the  t o t a]  d u r a t i o n  of the  t e s t s  was 400 to
1000 hours , and the  wa te r  vapour c o n t e n t s  were 0.1 , 5 and l0~~. For
some a l loys  the  presence of water  vapour  had a s i g n i f i c a n t  de lete r ious
ef fec t , and the  a u t h o r s  suggested tha t  thi s mi ght be related to the

- l r e f r a c t o ry  m~e t a l  c o n t e n t :  the hig her the con ten t , the  g r e a t e r  the
effect.

Norman and H a rct o n  (55) used the salt shower test to study the
hot corros ion of a number of commercial  h i g h — c h r o m i u m  n i c k e l — b a s e
a l loys .  The sal t  used was 75% Na 2 SG4 ,  25% NaC1 ; tes ts  were run  up to
500 hours , and t e m p e r a t u r e s  were in the range 700 — 900°C. The
r e su l t s  c o nf i r m e d  the b e n e f i c i a l  e f f e c t  of c h r o m i u m .  W i t h  low
chromium a l loys  ( l 2 — l 6 ~~) i t  appeared t h a t  levels  of up to 6%
a l u m i n i um  did not si g n i f i c a n t ly decrease the  propensi t y of t he al loys
to c a t a s t r o p h i c  hot cor ros ion  a t t a c k .  One a l loy  w i t h  s ig n t f i c aa t
q u a n t i t i e s  of moly bdenum present was i n f e r i o r  to the other high
chromium alloys.

Billingham et al (56) studied the effect of varying the Ti/Al
ratio in an alloy which was basicall y Nimonic 115. The corros ion
resistance was determined in the ~~nge 800 - ~)50°C us ing  a s imp le
labora to ry  s a l t — s p r a y  t e s t .  The results showed some improvement

- 

I 
in corrosion res is tance  as the Ti/A l ratio increased .

- Morrow et al (57) studied a range of carefull y homogL-nized
nickel—base alloys , attempting to determine th~ relative roles of
aluminiu::, and mol ybdenum. The chromium content was in the  r ange
12.56 — 14.20 , the aluminium contciit in the range 1.02 — 5.95% , and
the molvL icm un content in the range 2.0  — 8 .Gl - . Four a l l o y s  also
conta ined  a l i t t l e  over 3% t i t a n i u m .  The specimens  were t e s t e d  in
the G.E. smal l burner at Lynn using a 1% S diesel fuel , 5 ppnm salt ,
870°C and 980°C test temperatures , test durations up to 1000 hours ,
cycling to room temperature every 50 hours. The results showed that
for the 4~ and 6% Al alloys at 870°C, the corrosion decreased
progress ive ly as the mol ybdenum content increased from to ~~ %.

There was a max imum corros ion at 2~ Mo fo r  beth the 3~ Al and 1% Al —

3~% Ti alloys , but thereafter the rates again diminished with
increas ing mo lybdenum content.

For a given molybdenum content , the attack increased with - 
-

- increasing aluminium content.

-~~ 
- 
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The very marked difference between these results and those of the
earlier investigations reported above are thought by the  au tho r s  to
be due in part to the very severe conditions used in the early studies ,
and it is c e r t a i n ly true that the more severe the conditions , the
worse all the refractory metals behave in hot corrosion; and in part
to the use by the ear 1~- i n v e s t i g a t o r s  of a s — c a s t  specimens , w h i c h
would c o n t a i n  s i g n i f i c a n t  i n h om o g en e i t i e s .  Local enr ichment  ( fo r
example , m o ly b d e n u m — r i c h  c a r b i de s)  are  known to have a bad e f f e c t .
The use of a r a th e r b o r d o r l i ne  ch rom ium content  may well have some

— beaiing on th e  r e s u l t s  as wel l .

As m e n t i o n e d  in Sec t i on  3. 3., l3ornstein et al (49) have shown that
in c e r t a i n  cases  the  o dh i t i o n  of ~ o03 to  an Na 2SO 4 c o a t i n g  can de-
crease the  corr( Is ion— and t hey  a lso  showed t ha t  a Ni—5 % No a l loy
coated w i t h  sod ium c 1 ohat c  oxidised more slowl y than pur e n icke l
similarl y coated .

Goebel et al used t h e  s a l t — c o a t i n g  t e s t  to s t u d y  the hot
corros ion  of ~i number of a l l oys , n o t i n g  Borast e in  and Uc-Crescente ’s
s u g g e s t i o n  (58) t ha t  n i c k e l— b a s e  a l l ow s  containin g alum inium might be
more  s u s c e p t i b l e  to hot corrosion b ecause  t h e  f o r m a t i o n  ot sodium
aluminat . e p ron o tes  the fo~-m~~t i o n  of ox ide  ions .  The a l loy s  s tud ied
inc luded  B 1PUD , and t h e  sane a l lay  ~vithoul a l u m i n i u m ,  w i t h o u t
t i t a n i um , v;i t h n u t  mol ybdem un , w i th o u t  ei t h e r  moiybdenum or tantalum ,
and without molybdenum , tantalum or titanium . At 1000°C, the allo s
w i t h o u t  alun - i n i un  and - - i t h o u t  t i t a n i um  o x i d is c~J more  r a p i d ly  t han t h e
base c omp o s i t i on  : all the  o the ro  ox i d i se d  much  less rap idly; a
simple N i — S  C r — 6  Al a l l o y  was the slo-~es t of all. Goebel ct al
d i s t i n g u i s h  two types  of r e a c t i o n :  N a~-SO 1— i n d u c - c- d acce le ra t ed
o x i d a t i o n , and Na 2SO 4— i n d u c e d  c a t a s m , rop hic  o x i d a ti o n .  There is l i t t l e
doubt t ha t  the  ca t a s t rophic  c o r r o sio n  of 13 i~~ O can  be a t t r i b u t e d  to
the r e f r a c t o ry  m e t a l s .  The n e t a l l og i -ap h i c  exa:.~in a t i on  of t he  a l l o y s
c o n t a i ni n g  no moly bdenu m , w h i c h  un der - -;eat a c c e l e r a t e d  a t t a c k , show ed

- 

- a morp hology l i ke  t ha t  observed in p r a c t i c e :  b e n e a t h  a l ay e r  of oxide ,
a l ayer  of mix e d  m e t a l  and oxide , and then  a l a y e r  c o n t a i n i n g  ch romium
su iph ides  in the  m e t a l , a l t h o u g h  the s t r u c t u r e  was r a t h e r  coarse r  than
tha t observed in p r a c t i c e .  In th e  c a t a s t r o p h i c  o x i d a t i o n  a t h i c k
layer of porous  ox idc  developed , w i t h  a f a i r l y u n i f o r m  met al i n t e r —

-- I f ace :  no m ix e d  o x i d e/m e t a l  l ayer  ~-as f o rm e d , and there  ~v i ~ l i t t l e  or
no sulphur  p e ne t r a t i o n .  Tungs ten  or vanad ium a d d i t i o n s  ~- ere also
abl e to induce  c a t a s t o p h i c  ox ida t ion  of N i — A l  a l l o y s .

Under some c i r c um s tan c e s , mol ybdenu m a d d i t i o n s  can result in ca t—
astrophic oxidation in the absence of any e x ter n a l  c o n t a n i r ~~t i on ;
Leslie and Fontana(59), for exam;-1e , studied the oxidation of 1 e—25
N i — i S  Cr-6 No s tee l s  in a i r  at 000°C. In f l ow i n g  a i r  the  o x i d a t i o n
r e s i s t ance  was good , but  in s t a t i c  a i r  a t t a c k  was c a t a s t r op i c ,
sugges t i ng  tha t a c c u m u l a t i o n  of gaseous  MoO3 over the metal may be
importan t. Several other authors have reported similar effects. 

- 
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Many i n v e s t i g a t o r s  regard the poss ible  fo rma t ion  pf liquid oxides as
important , and several compound oxides have r e l a t ive ly low m e l t i n g
p o i n t s :  ~!o0 3. Fe 903 - 900°C ; MoO 3. Cr 203 — 1000°C and MoO 3. Nb —

1330 °C; but lower m e l t i n g  po in t s  are possible: there is a eutcctic in
the sys tem Mo0 3— F e—Fe 203 at 713°C , and t h i s  is f u r t h e r  lowered to 705°C
by an MOO 2 addi t ion .

Johnson et al (60) used a s a l t — c o a t e d  tes t  to s tud y the corrosion
of Co—Cr—Mo alloys. Co—Cr—4% Mo unde rwen t  acce le ra ted  ox ida t ion  at
900°C if the  chromium conten t  was below 2O~~, but a Co-25 Cr-4 Mo al loy

• was r e l a t i v e l y  u n a f f e c t e d . However , a Co—25 Cr—l0 No a l loy underwent
ca t a s t roph i c  cor ros ion , the scale c o n s i s t i n g  of an outer  porous l aye r
of CoO , Cr 903 and MOO 3 and a ::olvbd eaur . -i- i ch  l aye r  a p p a r e n t l y  c o n t a i n —
ing both  MoO 3 and N a2 MoO 4 at the a l l oy/ s ca l e  i n t e r f a c e .  On ly small
amounts of f i n e  sul ph ides  were p resen t  in the  a l l o y .

Peters  et al (61) have examined the hot corrosion of a range  of
nickel—base alloys , the majority based on Ni—1 5 Cr , using the salt
coa t ing  m e t h o d  at 900°C. Ternary  a l l o y s  c o n t a i n i n g  1, 3, 4 , 6 and
10% Mo and q u a ter n a r y  a l l o y s  c o n t a i n i n g  Al and No were studied for
times up to lOOh . In simp le o x i d a t i o n  tc - s t s  in flowing oxygen all
the molybdeaun —co ntainimig alloys oxidisc’d at ess et i a l l y t l.e same r a t e
as the N i — l 5  Cr b i n a r y ;  but in s t a t i c  ox - - g en  the  n o i ’ : b d c m u n — c o n t a ~~~ing
a l loys  e x h i b i t e d  breakawa y o x i d a t i o n , t h e  r a t e  ac c ’- l e r at i i ;g  a f t e r  a
few hours .  The s o d i u m — n u l p h at e  caa~ cd s n ec i mo n s  c o n ta i n in g  0 , 1 and
3% Mo corroded at about  the  same r a t e :  t h e  c o a t i n g  had l i t t l e  e f f e c t .
The a l l oy s  c o n t a i n i n g  4~ No and more un- :~c r w en t  a b r e a l - a w a v , t he  r a t e
a c c e l e r a t i n g  v e r y  c o n s i d e r a b l y  a f t c - r a f e -v k—u: r s .  h o - ever , a l t h o ugh
the r e a c t i o n  was undoub ted l y c a t a s t r o ph i c , t h e r e  was ex t e n s i v e  in t e r n a l
su lph id at i o n  and f r a gm e n t a t i o n  of t he  m et a l  s u r f a c e , the  morp ho logy
(shown in F ig u r e  4)  res emblin g q u i t e  c lose ly  th a t  of t h e  corroded
N i m o n i c  103 b lade  shown in F igure  2. The corrosion r a t e  fo r  th e
Na 2SO 4 coated sample  was ho- -ever a lmos t  the  same fo r  the sane a l l o y  in
s ta t i c  oxygen , so tha t  ( a p a r t  f r o m  the  obvious  su l p h i d a t i o n)  the ro le
of the sa l t  coa t  m i gh t  have been norclv to p r e v e n t  t he  escape of MoO 3.
Tlie q u a t e r n a r y  a l loys  c o n t a i n i n g  a l u m i n i u m  corroded in a - s i m i l a r
manner  to the  t e r n a r y  N i — C r -  No a l l o y s :  if anything , the  presence  of up

- _ 
- to 8~ Al increased the  r a t e  s t i l l  f u r t h e r .  Ho --ever , the mor~~ho 1ogy

of the  a t t a c k  was si gn i f ican tly d i f fe r e n t :  for  a N i — l 5  Cr—S Al—S Mo
al loy  the  m e t a l  i n t e r f a c e  was r e l a t i ve l y sm oo th  and the  in te rna l
sui p h i d a t i o n  r e l a t i v e l y  r e s t r i c t e d  (F igure  5) .

It  has been suggested tha t  the  ro le  of molybdenum n i g h t  be to
react with the sodium s u lph a t e , f o r m i n g  sodium rnol yh d a t e  and m a k i n g
the sa l t  S03— r i c h  ( a c i d i c ) .  However , P e t e r s  showed t h a t  a N i — l 5  Cr
alloy could be severel y corroded by a mixture of Na2SO4 and Na2-!o04,
in which the acidity of the salt should presumably be unaffected.
This point will be discussed later.
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Nagarajan and Stringer (62) have studied the effect of up to 10%
Mo on the hot corrosion of Co—25% Cr base alloys in a Dean apparatus
at 900°C in a i r .  Increas ing  mol y bdenum increased the corrosion rate ,
and there  was clear evidence of a break—away process: with pure
Na2SO4 there was little attack of any of the a l loys  for the f i r s t  120
hours , but the alloys containing 5% Mo and above were-heavil y
corroded after 170 hours. The addition of Na2CO3 to the salt , which
should have made the  condensate on the specimen Na20—rich , greatly
enN anced the a t t a c k .  Later , t h i s  work was extended to lower chromium
—c ont~ent a l loys , amd in th is  case the add it ion of Na 20 did not appear
to accelera te  the a t tack.

In summary, it is clear that it is impossible to make simp le
statements of t he  form “mol y bdenum is bad for  hot corrosion’ because
it depends what as pect of hot corros ion one is discuss ing — the
initiation of the at t a c k , or i ts  p ropaga t ion , m i l d l y cbrros ive  or
severely corrosive c o n d i t i o n s ;  c h romia- fo rming  or a l u m i n a - f o rm i n g
al loys ; and so f o r t h .  The same is t rue  fo r  the e f f e c t  of a lu : : in ium .
The e f f e c t s  of most other e lements  seem by Compar ison  to be
i n s i g n i f i c a n t, a l though p a r t i c u l a r  c i rcumstances  may ar i se  v h e r e  other
f ac to r s  may become critical.

4. Thermochemistry of Hot Corrosion

- - 

I Sinons et al (44) we re the f irs t to a t tempt  to descr ibe  the
chemistry of the process. They suggested that thci -u were two distinct
s tages :  a “ t r i g g e r i n g ” s tage associated w i t h  t he  i n i ti a l  r e d u ct i o n  of
sodium sul pha te , i n v o l v i n g  an u n s p e c if i ed  reducing  agen t  R :

+ 3R Na20 + 3R0 + 5 ,

+ S = MS

where N i s  the m e t a l  f o r m i n g  the  s ing le sui ph i d e  MS , for simplicity;
and a rap id  “a u t o cat a l y t ic  dest ruc t ion ’ - stage :

Na2 SO4 + 3MS = 4S + 3M0 + Na20,

H 4M + 4S 4MS

1)eCrc-scente and Bornstcin (24) were the first to consider the

~i -  
thermochemistry of sodium sul phate for mati on and po inted out that --
since sodium sulphate was a very stable species the sulphur actirity
in the vapour ph ase would be too small to have any effect and that
consequently it was necessary for the salt to condense on the  metal .

Quets and Dresher (63) were the first to suggest the use of pre—
dominant phase diagrams, often referred to as Pour baix-Elling ham

‘ I
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diagrams , to descr ibe the possibl e course of t h e  r e a c t i o n , and t h i s
has been a most useful development. A similar anal ysis was presented
by Gulbransen  and Jansson (64 ) .  The r e l e v a n t  d i ag rams  have r e ce n t l y
been collected by Stringer (3) .  These d i a g r a m s  can be p r e s e nt e d
ei ther  w i t h  the two axes represen t ing  the  sul phur and oxygen a c t i v i t i e s
respec tivel y; or with the vertical axis representing the oxygen
partial pressure and the horizontal axis the SO3 partial pressure.
The latter method has the advantage that the horizontal axis is then
also the oxygen ion activit y in the molten sodium sulphate; but the

• - disadvantage is that it implies a particular model for the corrosion
process , and it is difficult to translate the information to (for
exam ple) the not—dissim ilar corrosion of alloys in gas mixtures. The
two representations arc of course exactl y equivalent: it is i - e - s s i b l e
to draw l ines  of cons tan t  sulp hur a c t i v i t y  on the  l a t t e r , or l ines  of
constant  SO3 a c t i v i t y  on the  form er .

Figure 6 shows the  N i — 0 — g  system at 1200K p l o t t e d  according to
the first convention (63 ) ,  and Fi gure -7 shows the phaces in the
Al—O—S system thai ar~ in equilibrium w~~ b Ya 2SO ,1 a t  10000C ( 6 5 ) .
All those  d i ag rams  arc c a l c u l a t e d  mal-:ing a number  of assump t i o n s ,
most impo rt an t  t h a t  the- phases are d i s t i l c t  and at Unit a c t iv i t .
A c t u a l ly , t h i s  is f a r  f r o m  t h e  t r u t h :  t h u s , Figure- C sho”:s the
Na—O-S d i a g r am  at 1000°C , but  in f a c t  in t h e  l i q u id  t he r e  is a
continuous solution between Na 20 , Na2 S Na2SO4, so tha t  these
boundaries are very a p p r o x i m a t e .

Hard t et al (38) suggested that the overall corrosion reaction
could ho written

- 
Na2SO4 + 

~/2 
Ni = Na 20 + 3NiO + ~ Ni 3S~

and Quets and Dreshc-r (63) claimed that consideration of the diagram s
shown in Figure~ 6 and S proved t ha t  t h i s  cr ~u a t i on  ~- -as i nco r rec t ,
because there was no poss ib le  oxygen  and n u ip h u r  a c t i v i t y  at which
the phas es Na 20, MO and N i3S2 could c o e x i s t .  However , this
criticism is onl y valid if the phases are c o n s i d e r e d  to be at u n i t
a c t i v i ty :  in practice , of course , the ~h:-~) -;ould be in solution in
the liquid Na2SO4 and thus at an activity anpreciabl y less than unity.

Fur ther more , in considering the overall corrosion situations it
should be recognised that the sulphur and oxYgen activities vary
cont inuously throug h the whole system : high oxygen , low sulphur in
the gas; a gradient perhaps within the salt layer producing hig h
sulphur , low oxygen at the salt/oxide irt -~rface; Lo low sulphur , low
oxygen deep w i t h i n  t h e  m e t a l .  Stringer and Whittle (66) have

• suggested that a “reaction path” could he construct-ed on the stability
d iagr ams , thus showing the  sequence of p :lases  in the  d i f f e r e n t  l ayers  - -

-

- 
( of the reaction systems.

I
-i 

-

-J
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5. Hot Corrosion Nechanisrns

5.1. The Ro le  of ~~~u 1p hur

In much of t he earl y literature , grea t importance was at tach ed to
the sul p h i d e s  p re sen t  ahead of the  o x i d a t i o n  front ; indeed the re—
ac t ion  was o f t e n  r e f e r r e d  to as ‘ su lp h i d a t i o n ” , a l t h o u g h t h i s  is a
mi s l e a d in g  term whose use should be d i s cou raged . Danek (67) re—
viewed the  ea r ly  l i te r a t u r e , q u o t i n g  t h r e e  schools of t hough t  f o r  the
mechan i sm of t he  corrosion:

(a) Sul phur reacts with the chromium to form lavender—
grey globules of Cr2S3. As a r e su l t , t h e  m a t r i x  ox i d i s e s  r a p i d l y  and
f lakes o f f , carrying sulphide globules with it.

(b) Cr2S3 is formed , but when oxygen is  ava i l ab l e as a
resu l t  of the  advance of t he  m et  a l/ ox ide  m t  erface , t h e  sul ph ide
oxidises  t o g e t h e r  v - i t h  the  m a t r i x  r e l e a s i n g  sul phur  f o r  f u r t h e r  at t a c k .

(c) The g lobules  t ha t  are oi l :~erved to be Cr 9 S3 at room
- 
temperature have in fact beeii Ni3S2 at tc: perature , forming a liquid
phase which oxidises readily.

Seybolt and Peltran (68) co n d uct c d  c- :- :~~o r i m en t s on the reaction
between n i ck e l  and sodium s ulp h a t e  in ‘.-ac-uuu , finding consideraile
su lphur  p e n e t i -a t  i on ;  the  rema ining sa l t  gave  a highl y ali:al inc
aqueous solution , suggest ing an excess o f ~\a 20. On the  bas i s  of
these and other  r e s u l t s , t hey  concluded t h a t  in hot co r ros ion  the m e t a l
reacted -ith the sulphate to form a l i q u i d  sulphide phase vhich was
preferentially oxidised , releasing sulphur f o r  f u r t h e r  r e a c t i o n .
Howeve r , a Ni—20 Cr alloy did not form nickel sul phide until virtuall y
all the chromium had reacted to form chromium sulphidc.

Tednon and Seybolt (69) tested the hypothesis that chromium
sulphides mi ght ox id i se more rap idl y than the matrix , but found that
a Cr7S8 specimen oxidised at about the same rate as pure chro:: i um at
1050CC , forming a protective Ci- 203 coa t , and a similar result was
repor t ed by Goe hel an d Pet tit (47 ) ,  who su lphidized a Ni—Cr alloy to
form a continuous external layer of “CrS and then oxidized it: the
oxidation rate was again the same as for the unsulphidised material .

Borrstein and DeCrescente (48) studied the oxidation at 900°C of
three superalloys (B 1900, Udimet 700 and \Vaspaloy) after impregnating
them with as much su lphur as is presen t in a 1mg/c m2 coat ing of

- - Na2SO4. The impregnation v-as carried out by heating the specimen
with sulphur in an evacuated quartz capsule for 16 hours at 900°C,

[ forming a layer some 10 pm thick with fire suiphide particles dis—

L persed in it. The presuiphidation had virtually no effec t on the

-.

H 
- - - 

- 

- -
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subsequent  ox ida t ion , and t h e  authors concluded that the formation of
sulphides in hot corros i on was i n c i d e n t a l , and did not play an import—

‘ ant par t in the reaction.

Speng ler and Viswanathan (69), on the oth er hand , pre su lp h id ized
Ni—l 5 Cr specimens in 0.2’; 802—N 2 mixture at 871°C for 1, 6, 30 and
50 hours , and th en  oxid i sed  them at  the same t e mp er a t u r e .  The

— oxidation of the iresuluiiidized specimens was much f a s t e r  : h a n  t ha t  of
the un sul p hid i zed , and a morphology q u i t e  s i m i l a r  to t h at  o b se r v e d  in
hot corrosion developed . Erdbs (5) r emarked  t h a t  whi le  i t  was
possible to reproduce the corrosion morphology q u i te  well b y o x i d i z i n g
presulphidized 713C, the oxide formed ~as different .

4
El—Dahshan et al (70) s tudied the  o x i d a t i o n  a ft e r  p r e su l r - h i d a t i o n

of a number of Co—Cr and Co—Cr—C a l loys  in the  t e mp e r a t u r e  r m m g e  800—
1000°C us ing  sul p hur pressures  above and below the  d i s s o ci a : i o m
pressure of cobalt sulphide . When a thick continuous 5Ui~ h i d e  layer
was formed , t he  o x i d a t i o n  r a t e  was e s s e n t i a l ly u n a f f e c t e d , re~~’ nb1 in g
that  of the pu re  me ta l . However , if the  i n i t i a l  nu i phide l a~~cr was
th in , i t  speedi l y becam e d i sc o n t in u o -as , and then  a aot corr :.:cn-like - 

-

morphology  doveloped d u r in g  subsequent  o x i d a t i on . Even In c a r e s  where . 
-

onl y chromium ‘-u lphide had be e-u forrc- -i in i t i a l  l y ,  It ‘--as p 1 h ie  for
the subsequent o x i d a t i o n  to push  t I - c sul phur activity beneath t;~e ox ’d e
su r face  h igh  enough t h a t  coba l t  s uip h i d e  for:.v’ d . The ro lc  of s u l p h u r
in hot cor ros ion  has been d iscussed at length by ~tri rger El—
Dah shan (71) wh o conc ludo  t ha t  the  cicv~ t c I p m c ~-n t  of the Ciia m.( :Istic
hot corrosion morpholo gy can he wholl c-mplaine-d in t e r e s  c-~
sui p h i d a t i o n  m o d e l s .  In th e case of c - h r m a i a  for : -arn , t he  s : i phid~~s
formed in most  cases are chromium rich , and arc noL liqui d at
t e m p e r a t u r e ;  they are p r e f e r e n t i a l l y  ~x id i s ed , 1c:cvi rg t h e  :- :-~~~am
dep le ted m e t a l  i s l ands  e - U ~ LId e d lxi chi-omium o x i d e .  It  is ~~ sr ~~hle

• that small amounts of nichel sulph id e arc- for ecli at the  ox:~~e- ca r e m m  ~~
- 

-

su ip h i d e  interf ace , as suggested bi’ ~ -lh et ml (19), since chrom ium
• s ulp h i d e  d i ssolvc-s  an appreciable a:-ount of nic1-~ -1 but chrr ~~~ ox ide

does n o t ;  how ever , if i t  is p resen t , i t  does not  appear  1 (1 p lay an
impor t an t  p a r t  in the  co r ros ion .  The sulp hur iilcra tcd l -  the
oxidation does i~ot in general oscane L i - o u g h  t h e  o :-:ide , b-i t maves
inwards , s u i ph i d iz i n g  more  ch romium . - As a r e s u l t , the  r~~act ~~on is
s e l f— m a i n t a i n i n g .  In some cases , it is p o s s i bl e  f o r  t h e  s i i r h u r
activity to rise high enough fo r  l a rg e  amount s  of n i cke l  F i l r h l d e  to
be f o r m e d .  This is t h e n  l i q u i d :  t h e r e  is r a p i d  d e g r a d a t i c n  of the
a l loy ,  but t he  suip h i d e  morp hology  i s  q u i t e  d i f f e r e n t ,  to t h a t
customarily seen in hot cor roded  sp e c im e n s .  N i c k e l  s u l ph i d e s  are
incorpora ted i n t o  the  oxide scale .  T her e  is  no ev i denc e ci a rap id
exchange r e a c t i o n  c o n v e r t i n g  the  n i ck e l  sul phide  to  chr om ia :- - su l p hide

• 
- 

dur ing cooling.
- -4

In the ease of alumina lormers , a different mechanism is possible.
Again , chromium suiphides are formed but this dep le tes th e s u r f a c e
layers in chrom ium , which appears to destroy the abil’ty of the alloy

- a



27 .

to form an external A1
2
0
3 

scale; the aluminium oxidizes internally. In
th is  case , the sulphur resulting from the oxidation of the suiphides
does escape through the scale as sulphur oxides; and the reaction is
not self—maintaining . The development of the microstructure is not due

r I - to the oxici~ tion of the suiphides, as in the former case , but due to
the continuing internal  oxidation of the reactive elements. Stringer
and El-D~ hshan show cross—sections of specimens of Nimonic 105 (a)

F prc~ ulwhidized and oxidized , and (b) oxidized with a sodium sulphate
coating : the morphologies are very similar indeed , and both closely

- 

I reremble hot corrosion morphologies encountered in practice.

5.2 The Salt-Fluxing Models.

However , although several investigators have been able to reproduce
hot corrosion morphologies in the absence of salt, a number of other
investigators  have been able to reproduce some aspects of the reaction
wi t hou t  the presence of sulphur. Thus, Bornstein and DeCrescente in a
nraaber of the publicat ions referred to above have shown that specimens
coated wi th  .a~ O3 

or Na
2
C0~ underwono rapid oxidation in a manner very

si.:ilar to specimens coa ted with Na
2

SO4 , and observations of this kind
led them to rostulate  the sa l t—fluxing  model , an-i th is  has been

• developed fu r the r  both by these authors and by Goebel and co~-workers.
The fo l lowing account is drawn from Goebel et al (47 ,65) .

Consider f i r s t  the oxidation of pure nickel covered with a coating
of molten sod ium sulphate. Inittally,ar. adherent layer of NiO fomri.s
on the metal surface , raising the sulphur activity in the salt
adjacent to the oxide surface; sulphur then penetrates through the
oxide from the sodium sulphase forming a layer of nickel suiphide
immediately below the oxide. The removal of this sulphur has the
e f f ec t  of disp lacing the stoichiometry of the sodium sulphate to the
Na 0—rich side (that is , the salt becomes basic) and the oxide ion
ac~ ivity rises. Eventually, it is postulated , it rises high enough

• to oxidise the nickel oxide accordinc to the reaction

N i O + 0  Ni02
This nickelate ion migratee through the salt , u n t i l  near the

salt/oxygen interface, where the salt is more nearl y stoichiometric and
the oxygen ion activity is lower , the reaction goes to the lef t ,
precipi t a tin g  nickel oxide. This clearly resul ts  in the development
of a porous , non—protective oxide layer. Ilo\-’cver , as Goebel and Pettit
point out (47)  this reaction is not self—sustaining , since the high
oxide ion activity required to form the nickelate  ion can only be

F - 
established in the eai-ly part of the reaction , since with a f ixed
amount of sodium sul phate only a l imited amount of sulphur can be
removed . So the reaction slows down , and a continuous protect ive NiO
layer is re—established at the metal surface.  This model,
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which the oxide is dissolved by its being oxidised by a basic salt to

- - form an anionic species , is called the basic fluxing model. Clearly,
basic fluxing can be inhibited by the presence of a species vh ich will
reac t w ith the excess Na20 to form a stable compound (or, to put it
another way , react with the excess oxide ions to form a more stable
anion) , and a good exampl e is Cr203. Thus , coating nickel with a
mixture of sod ium sulph ate and Cr203 does not produce acce erated
oxidation , and a Ni-5 Cr alloy coated with Na2SO4 does not unuergo

- - accelerated attack .

As mentioned before , Goebel et al (65) now distinguish two types
of Na 2 SO4  — accelera ted  cor ros ion  of n i ck e l  base alloys: a cata-
strophi c form , where the morphology of the reaction product is such
that the oxidizing env i ronmen t  has virtually free access to the alloy
surface , and an a cce l e r a t ed  fo r m  where  t he  p r o d u c t s  01 o x i d a t i o n  do
inhibit the reaction but not to the extent that they would in the
absence of sodium sulphate.

In principle , it might appear that a Cr203 sca le could also  be
fluxed by t he  r oochanis ax , and indeed i t  can : ~c-hil€- fluxing NiO r equ i re s
sul p h u r  removal to increase  the ox ide  ion a c t i v i t y  to the  p o in t  where
the niclzelate ion is s t ab le , the  chroin ste  ion is  s t a bl e  in r e a g ent
grade sodium sulphate ; as a result , there is no precipitation of a
porous oxido , no internal suiph idation ; as soon as the oxide ion
activity has been lowered sufficiently in the salt a protective oxide
layer is established . These nechanisne- can be interpreted in terms
of the pease stability diagram shown in F igu re  7 , the  cross s h o v i n g
the oxide  ion a c t i v i t y  in reagent  grade ~o0S04, and the dashed lines
showing t h e  pos tu l a t ed  changes r e s u l t i n g  e v e n t u a l l y  in the b a s i c
fluxing o f A 1203.

The catastrophic oxidation appeared to be related to the presence
of molybdenum , a l t h o u g h  o ther  e x p e r im e nt s  showed that tungsten and
v a n a d i u m  cou ld  p roduce  s i m i l a r  e f f e c ts .  The oxide ion a c t i ’- i t ie s  in
a molten sodium sulphate/potassium sul phate- /lithium sulp hate eutectic
m i x t u r e  were  d e t e r m i n e d  e l e c t x- o c h cm i c a l l y ,  and t he  e f f e c t  of a d d i n g
Na 203, Cr 203, W0 3, MoO 3 and V205. The f i r s t  i nc reased  i t , as would
be expected , but al l  the  res t  decreased it , produci ng in other words
more acidic salt . Examination of Figure 7 show s that if the o~:ide
ion activity falls far enough , a different fluxing mechanism , in
which the metal ion enters the salt as a cation , is possible: this is
called acidic fluxing. Note here that it isn ’ t necess ary for any
sodium sulphate to be present , if the activity of (for exa~ ?lc) MoO3
we re_hi~~h enough to remove oxide ions from Cr203 or A1 903 to f o r m a
MoO4 ion , then acidic fluxing of the chromia or alumina will take

- - place. However , the observa tion th at sod ium mo lybdate/sodium
sulphate mixtures can produce a similar form of attack is difficult
to explain on thi s model . 

- 

- 

-

Goebel et al consider that the chemistry of the salt is first V

Li

_ _ _ _  
_ _  
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I. modified by the solution of (for example) rnol~’bdenum—rich second phase
particles above which , perhaps , the protective oxide is not continuous.
The locally acidic salt then fluxes the nearby oxide , and the reaction
spreads over the metal surface . L~ecause MoO3 is con tinually formed in

I - the Na2SO 1 nex t to the alloy sur face as the alloy corrodes , acidic
• fluxing is self-sustaining.

There is no doubt that catastro ph ic des truc tion of a l loys can
occur by the acidic fluxing mechanism suggested by Gochel et al , but
it is wor th ask ing  whe ther  or not the proce ss occurs in ac tual hot
corrosion. The morphology of the reaction is significantl y d if f e r en t
from that -normally encountered , but on the other hand the form of the
scale and th e  genera l  p a t t e r n  of s u s c e p t i b i l i t y  does r e s em b l e  t h a t  in a
pract ice . Do es bas ic flux in g occur in prac tice? The d i f f ic u l t y  of
sustain ing the  reac tion nay seem to be a pro bl em , but it is possible
that in practice the salt is contiiiually removed and rep laced , and in
that case it would be possible to  sus ta in  the  reac t ion . Both m e chan—
isrn requires an oxide ion gradient to be established across the salt
layer . This implies that diffusion in the salt layer is relativeJy
slow : a l ayer  of 1 mg/en 2 of sod ium sul phate wo u ld be only 4~ r~ t h i c k
or so. flut in t h a t  case the establishment of the necessary gradient
should al;-~ be rela ti ve ly slow , t a k i n g  pe rhap s  a few m i n u t e s ;  and i t
is not c lea r  t h a t  the  t i ne  of r e s idence  of t ins sal t  on the su r face  

j
will be that long. If the surface is covered with a porous oxide ,
there is good evidence that the salt perneates the oxide , extending
close to the metal  s u r f a c e .  This  would  have the  e f fe c t  of s ta b i l i s i n g
the salt- layer , and i n c r e a s i n g  its effective thickness : as will be
seen l a t e r , it is poss ib le  t h a t  o th e r  processes  e f f e c t i v e ly sh i e ld ing
the sal t iron removal can take place rapidl y. - -

,

H The effect of carbon on sodium sulphate is to reduce it: traces
of Nri2S can be detected in sodium sulphate/carbon mixtures after
cooling I i-nm the m elt. The sulp hur potential is tium; greatly
increased , and t h i s  p robab ly  ‘~~~~~~t not n e c L - s s ar i ly )  imp l ies  a~~~ac id ic
s h i f t  in t h e  s a i t .  The prob a bl e m a j o r  e f f ec t  of the  carbon would
appear to be an increase in suiphidation , ra ther th an a change in
fluxing ru-chanisms . -

Sod ium chlor ide would also appear to have l it t l e  e f f e c t  on the
basicity of the salt. It has been suggested that it lowers the
viscosity of the salt , naking it easier to permeate the porous oxide ,
and in discussion to the paper by Sinons et al (44), Dravn ieks
suggested that the sodium c h l o r i de  could help in t r i g g e r i n g  the  re—
action elec trol yticall y due to surface inh-arsogeneities setting up
local c e l l s .  However , i t  seems l ikel y i hat the  fl texing  model cannot
easily explain the role of sodium ch lor ide .  —

_ i t - 
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5.3. Hot Corrosion as a Two-Stage Process

Several au thor s  have sugges ted  t h a t  hot  c o r ro s io n  is a t - . c i—stage
process , w i t h  an i n c u b a t i o n  period during which nothing nu:h happens ,
fol lowed by an initiation of the reaction , after ~;iiich the corrosion
propagates ru~ id1y. There is some r o n  to believ e- that ~~~
practical re~ ction has this Loris , although as explained at- :-.e it has
not d e f i n i t e l y teen established . The first suggestion of a
stage process  was t h a t  of Sim on s et al (-1-1 ) de sc r ibed  in S~ o t i  4:
they ‘termed the incubation period the 1rig~ ering stage , and the
propagation stage that of autocatalytic destruction .

Stringer and Whittle (72) remark that the initiation of the re—
action is a s s o c i a t e d  \--l th the destruction of an initial prr~~ec~ ive
oxide l a y e r , and that several different mechanisms appear t o  be pos s ib l e .
These include the fluxing of the scale Lv one of the mechaoi s s
descr ibed above , or the mc- chirt nical fr~-ctu r ing of the scale by z :-: - a r r - a l
cycling or the mechanical strsining of the substrate. Stm~ moc-r et al
(73) have sho- -.a a dr a m a t i c  e:- :unp le of th e  i n it i a t i o n  of hot o~~: rosion
on 7 1PC by t herma l  c y c l i n g  in a Dean r i g t es t , and Hancock ( 7 4 )  has
also been able to initiate hot corrosion both by tlio;-oal cvctimr and
mechanical straining.

On several alloys the failure of the scale appears to be quite
local , and the  sa l t  then pene t r a t e s  beneath the  s c a l e , e x te a d :r :
rap idl y a long  the  i n t e r f a c e  u n t i l  the w L o l e  scale Ja :e r  has  ~e:~~r m t c d .
Goebel and Pottit have made a f i l m  shoving t h i s  sort of b e h a v i o s m
us ing  a b o t — s t a e  mic roscope .  C lea r l y ,  th e  sa l t  has  then  cm —; l im i t e d
access to the  air , and i t  wou ld be expec ted  tha t t h e  s u l phu r  p o t en t i a l
would risc rapidly , leading to suiphidation of tL~ e s s e n t ia ll y  bare
metal surface. 

- 

-

The acidic fluxing of scale resulting iron the  so lu t i ca  of 
-

r e f r a c t o r y  m e t a l — r i c h  phases is another  mechan i sm capable  o~ p roduc ing  - - -

local breakdown .

Hurst et al (75) have been able to show tha t the prescore of
sod ium chloride vapour can induce mechanical failure of the scale , and
the a u t h o r s  sugges t  t h a t  t h i s  is caused b t he  c h l o r i d e  r e a ch i n c  the
meta l  s u r f a c e  and r eac t ing  there  to form a volatile oxychloride.

The second s tage  is the p ropaga t ion  of the a t t a c k , and i t  is I
dur ing this stage that the characteristic hot—corrosion morrhoiogy
develops. The propagation may occur either by the sulphick.:ion/
oxidation mechanism described in Section 5.1 , or one of the salt—
fluxing processes descr ibed in Section 5.2. Notice that the salt
flux ing may not involve the oxide at all , but direct fluxir.z otT the
metal as a c a t i o n  (ac id ic  f l u x i n g ) .  Since the  impor tan t  criterion
for the  p r o p a g a t i o n  s tage must  be the  morp holog ical  deve lopm ent , the
evidence is rather stronger for the sul phidation model; but t h e  sal t—

• 

—
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flux ing model probabl y g ives a be t te r  explanat ion of t he e f f e ct of
alloy elements. Part of the  problem is that  many laboratory tests
are r e a l l y u n r e p r e s e n t a t i v e  of the de t a i l ed  r eac t ion , and i t  must  be
remembered that one is looking for  i sechanisms fo r  hot corros ion  in
the gas t u r b i n e  an d not fo r  the  mechanism of co r ros ion  in sonic
p a r t i c u l a r  l a b o r a t o r y  tes t .

5. 4. E l e c t r o c he mi c al  Models  of Hot Corros ion

The idea that hot corrosion invo lves an el cc t rochemical  nec-han—
ism is as old as the subject. Simons et al (4-1) in their early 

- 

-

e x p e ri me n t s  used e l e c t r o ly s i s  as a m e a n s  of tri ggering the reaction:
the ca thode  was much more heavi l y a t t a ck e d  than  the  anode.  As has
been r em a r k e d , in d i scuss ion  Dravnieks sugges ted  tha t  in the p r a c t i c a l
s i t u a t i o n  the tri ggering involved the establishment of local cells on
the surface. Several workers ba~e used electrochemical me~ surenients 

- -

for  assess ing  hot corrosion r e s i s t a n c e :  the won : of Shores has been
r e f e r r e d  to above (35) and C u t l e r  and Gran t  (76) have made similar
studies. Cutler and Grant note  the p r e se n c e  of chloride- ions
can have a si gn i f i c a n t  e f f e c t  on the  a c t i v i ty  of t r a n s i t i o n  s e m i ions
in molten alkali sulphate sO l-u tions. flabmel (77) has examined some
a s p e c t s  of corrosion in fused  s a l t s  f rom th i s p o i n t  of view and May
et ci (78) have uacd linea r polarization method to stud y corros ion  in
a variety of melts c on t a in )  og vanadiun . Jlecentiv , Vasani a~-rec and
Hock-isp (79) have discussed the el e c t r o ch ca i cc l  i nt c ’p r e t ~~t o n  of
hot co r ros ion , and have p o in t e d  out  t h a t  because of t h e  hi gh
temperatures at ~—hi ch thoy conic molten , the molten salt could provide
rapid diffusion n~ ths for  the  r e a c t a n t  ~:)eci es ~- ) t h o u t  the  s a l t s
tbc-:.:selves taPing part in anionic or o xy a n i o n i c  r e a c t i o n s , and t h a t
molten salts a:-c thus capable of hct!~ che ical and ion associated
reac tions.

It is oh’ iou s  t h a t  the acidic  and basic fluxing reactions 4
described in F e c t i o n  5.2 could e q u a l ly  wel l  be expressed in
e lec t rochemica l  t erms , and the displacements on the thermodynamic
equi liho ium diagram s referi-erl to potentials , as i n Pourb a ix  d ia ~ rams .
For t h 1~ app ro a ’- l .  to be useful , it would be necessary to ideal ify
loca l  c-a ] is on he corroding surface , and of course crack s or holes
in t h e  s c a l e  tjs ourh which no) t~-n sa l t  could  come in contact  ~Ith
the m e t a l  n i g h t  a c t  in t h i s  w a y .  However , i t  mus t  be r e i ter a t e d
that the na)c,r d am a g e  in hot corrosion is associated w i t h  the
mor; 1 - - l o g ical (J -anlopin ent of the two—p hase oxide/metal layer , and it

~-ou]d l:e neccs~ n a y  for an electroclicinical model to address this
probl em as well.

Several l a b o r a t o r i e s  are now e x a m i n i n g  e lec t roch emical  approaches
to , and model s o f , hot corros ion; and this work may be most helpful
in evaluating some of the part processes in the reaction.

~~~~~ Ii
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6. Summ ary

h o t corrosion is a process of accelerated oxidation of particular
concer n in gas turbines , and is related to the presence of certain
impur iti es in the fuel or on the  meta l  su r f ace , but i t  is not clear
whether this layer arrives as a result of condensation or impaction.
The most important constituent of the molten salt layer appears to be
sodium sulphate , but sodium chloride , heavy metal cations , a~ d carbon
may also be important . The characteristic of hot corrosion is the
morphology of the reac tion produc ts , in which there is a r e l a t i v e l y
th in  outer  oxide layer , a t h i c k  mixed  ox ide/meta l  l ayer , a~~d a t h i n
layer  in the me ta l  insmedia telv  ahead of t he  mixed  la - o r con-tam ing
sulphides .  In the large  m a j o r i t y  of cases  these  sui p hides are
c h r o m i u m — r i c h , but in some cases in exceptionall y seve re con diti ons
l iqu id  n i c k e l — r i c h  sulphide  nay deve lop,  l ead in g  to  very  rapid  de-
generat ion of the me tal . Hot corrosion occurs  on ly  above a threshold
temperature of the order of 750°C and below a terminal temoe -rature of
the order of 9~ 0°C , al t hou g h both these t empera tu res  dop c-n~ on the
alloy composition and the detai led corros ive  c o n d i t i o n s .

Corrosion resistance is related to chromium c o n t e n t :  in nickel—
base alloys at least 15- Cr is r emu i r e d  fo r  good ho t , cor ros ion  - -

-

resistance , a l t h o u g h h i gh chromium content does not of itself
guarantee good corrosion resistance. There is no general agreement
on the  e f f e c t  of o ther  a l l oy  e l emen t s , a l t hough  the  m a j o r i t y  view is
that moi\-bdenum is harmful .

Hot corrosion probabl y requires initiation , and this :-ay be L

related to the break—down of the p r o t e c t i v e  scale , h i ch  c n n  be j -
-

m e c h a n i c a l  or c h em i c a l .  A f t e r  t h i s  the r eac t ion  p ropaga te s , and a
model  in which  t h e  alloy is sui phidised and the chr om ium—ric h suiphide
oxidised seems capable of exp l a i n in g  the  morp ho lo g ica l  d e v c lop a e n t s .
Salt  f l u x i n g  m e c h an i s m s  ma also be invo lved , but not all  the
ex p e r i ment a l  obse rva t ions  have yet been s a t i s f a c t o r i l y  i n t e r p r e t e d .
E lec t roch emicaJ  models  of th e corros ion hav e been o f f e red , hct are as
yet in an earl y s tage of devclopznent .  -
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TABLE 1 APPROXIMATE COMPOSITIONS OF ALLO~ S M ENTIONED TM T!iE TEXT

— Alloy Ni Co Cr Al Ti Mo W Ta Other

B1900 bal 10 8 6 1 6 - 4.3

Jlas ’ c)loy X bal 1.5 22 — — 9 — — 18 Fe

IN 100 bal 15 10 5.5 4.7 3 — — 1 V

713C bal — 12.5 6.1 0.8 4.2 — — 2 Nb

IN 738 bal 8 .5 16 3.4 3.4 1. 8 2.6 1.8 1 Nb

Mar— H 421 hal 9 .5  l5. g 4 . 2  l- .8 2 3.8 — 2 Nb

Mar-H 432 bal 20 15.5 2.8 4.3 — 3 2 2 Nb

M ar— H 509 10 hal 2-1 — 0 .2  — 7 3.5 0.6C

N imonic COA bal — 20 1 2 .2 — — — -

N imon ic  90 bal 18 20 1, 4 2 .4 — — —
Ni nonic 100 bal 20 1]. 5 1. 5 5 —

Nimonic 105 ba] . 20 15 4 , 5 1.2 5 — —
N ii on ic  115 hal 15 15 5 4 3. 5 —

Udi mo t  ~oo[ h a] . 18 19 2 , 9 2 . 9 -~ — — I
‘ 1Jdi~~ct 700 1 bal 18 . 5 15 4 .2 3.5 5,2  — —

U d in o t  710 hal 15 18 2 .5 ~~~ —

Waspa loy bal 13,5 19.5 1.4 3 4,3 — —

X-40 i O j ~~ba 1 25, 5 - - f _- 
_ _  

[o.5c
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- 
TABLE 2 RF:SULTS OF ASTM ROUND ROBIN TEST (36)

Ranking of Alloy by Par tic ipant

Alloy ’ A B C D E F U H I J K L H N b

U 500 1 2 2 2 1 3 1 1 3 3 3 3 1 3 1

1N 738 2 1 1 _~J 3  2 3 2 2 2 1 2 3 1 1 1 2

Mar:M421 
_ _

713 C 5 6 5 5 1 6  5 5 5 5 6 6 5

IN lOO 6 5 6 6 J 5  6 6 6 6 4 5 6 6 6~~~G

U is a static rig, sp ec imens coated w ith 5O~ Na2SO4, 5~~ N aC 1 and
exposed to simulated combustio :I atmosphere.

H is a h ig h pressure ri g, 15 atm.

K is a crucible test w i t h  90% Na2504 10% NaC1.

N is a hig h-ve loc i ty  r i g,  Mach 1.

The rema inder are a variety of burner rigs. In most cases the test

temper ature was 899°C and the test duration -1 - as 100 hours.
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— Figure 1(a) The corrosion on the concave surface of a Nimonic 100
first—stage turbine blade from an Olympus engine after
401 hours runn ing .

1(b) An unetched section of a similar blade in a badly
affected region.

1(c) The corrosion product morphology: an outer layer of
porous ox ide , a th ick layer of mixed metal  and oxide ,
an inner layer of fine sulphide particles in a metal

- I 
- matrix. (x 250)

1(4) The innermost layer , showing the suiphides . It is clear
that the oxide particles have been formed by the oxidation

- of the suiphides . (x 1050) All these figures are from
Smith et al (7 ) ,

Figure 2 Heavy in ternal  sul p h ida t ion  at the  t r a i l i n g  ed ge of an
— o r i g i n a l ly pack alumin ised  N i m on i c  105 t u r b i n e  bl ade

from a Proteus engine . From Cond~ (6) (Crown Copyr ight
Reserved). .

Figure 3 Condensation temperatures for Na2SO4 as a f u n c t i o n  of
conccntration and pressure. From Bc~sscn and Fryxell (23). 

‘
~ —

Figur e 4 Heavy in t e rma 1 suip h i d a t i o n  of a ~i—15Cr— d !~o a l l o y
coated w i t h  2.07 ng/ gm 2 2~ O 4 and o x i d i ci f o r  22 hours
at 900°C. Note the general similarity to Figure 2.
From Peters et al (61).

~~ Figure 5 Cross—section of a Ni—l5 Cr—C Mo—S Al alloy coated ~.itL
2,68 mg/~m

2 Na 0SO4 and ox id i  no d for  7 hours  at 9- .iJ~ C .
There is a t hj c i s  porous oxidc coat , hut a r e1at iv~~1y

- smooth metal surface and very little internal su~~ - hidation.
From Peters et al (61) .

Figure 6 The phase s t a b i l i t y  d i anr aa  for  the  sy n t e n  N i — O — S  at
927°C. From Qua-t o and Drcsher (63), - 

-

Figure_7 A phase stahil ’v d5agram -cprcr -entin~ the p h an $; in the
Al—O— S system at arc staijil - in Na~~S0 j at 1000°C .
From Goebel et al (65).

• Figure 8 The phase stab ili ty diagram for the system Na—O—S at
927°C. From Quets and Dresher (63).
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I Figure 1(b) An unetched section of a
simi lar blade in a badly

- affected region.
- Figure 1(a)

The corrosion on the
concave surface of a
N i n o n i c  100 f i r s t — s t a g e
turb ine blade from an
Olympus eng ine after
401 hours running.
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Figure_1(c) Figure 1(d)

The corrosion product morphology: The innermost layer ,showing
an outer l a y e r  of  porous oxide , the suiphides. It is clear
a thick layer of mix ed metal and that the oxide particles

- ox ide ,an i n n e r  l a y e r  of fine sulphide have been formed by the
- 

f 
- particles in a metal matrix. (x 250) oxidation of the sulphides.

(x 1050) All these figures
are from Smith et al (7).
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I Figure 2 Heavy internal suip hidation at the trailing
edge of an originally pack aluminised Nimonic 105 turbine blade from
a Proteus engine. From Condé (6) (Crown Copyrig ht Reserved).
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Fi~ ure 3 Condensation temperatures for Na2SO4 as a function of
concentration and pressure. From Bessen and Fryxell (23).
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I Figure 4 Heavy internal suiphidation of a Ni—l5Cr—6
Mo alloy coated with 2.07 mgJgm2 Na2 SO4 and oxidised

I for 22 hours at 900°C. Note the general similarity
to Figure 2. From Peters et al (61).
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F1~gure 5 Cross—section of a 111-15 Cr-6 Mo—8 Al alloy

~ 1 
coated with 2.68 mg/cm2 Na2SO4 and oxidised for 7 hours1. at 900°C. There is a thick prous oxide coat , but a
relatively smooth metal surface and very little internal
aul phidatjr,n . From Peters et al (61).
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~~jure 6 The phase stability diagram for the system Ni—O—S

at 927°C . From Quets and Dresher (63).
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Figure 7 A phase stability diagram representing the phases in

I 
Al-O-S system that are stable in Na2SO4 at 1000°C.
From Goebel et al (65).
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. Figure 8 The phase stability diagram for the sys tem Na—0-S

at 927°C. From Quets and Dresher (63).
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