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r NATTONAL GAS TURBINE ESTABLISHMENT

Investigation into the resistanse of
various nigkel and gobalt bage allays
to sea-salt acorrosion at elevated temperaturap

R TS

-by‘-‘ '

A, V, Dean
SDEARY

Gos turbines cperating in salt laden atmospheres (i.e., over the

sea) cocesionally encounter severe corrosion of the turbine 'bla.d‘e‘g:m Tllje
caune of this attaock is attributed to ingested sea-zalt combinix:xé mi.t{:e"_‘l ‘
combuation chamber with the sulphur in the fiiel to form sodium aulphf‘!ge . ‘
whioh ia deposited on the turbins blades and leads to corrosive attao-k‘. A
Laboratory investigutions at N.G.T.B. have involved the passage over

D

heated specimens of the vapours and gasea (e.g., sodium chloride and

1y

sulphur dioxide) that ware thought moni-. likely to cause corrosion,

Tests at 950°Q indicated that nickel-basa aAlloys low in chromium wore very ‘
nuoo}éi’ble to attack, but that a high chromium content albﬁé' v;ﬁa insuffi- -
odent 4o enaure good corraoion reaistanss, Howsver,  the ghosence of

adequate ameunts of aluminium in the alloys appeared to be benefioial, .

B T e L 1
s T

Ths acorrosion resimtanse of dodalt-haspe alloys wns no better than that

of niokel=bose mlloys.

T A vorrouion mechandain is proposed which involves the depletion of

: ohromium {rom the surface of the alloy through sulphide formation so

leeding to a loosely=adherent nickel oxide film., Adequate percentages

of aluminium in nickel-base allcya are thought to have ‘fﬁﬁ?ﬁf{“‘l effect
‘beouuse aluninium does mot form & stable sulphide and is therefore slwys

available in the surface layers of the slloy to form protective aluminium

oxids,
MoXo A5, 2,65
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1.0 Introduction

#lloys vased on iron, nickel or cobuli se we%l xnowvn for their
good resistance to oxidation at temperaturcs of 1200°C or more. However,
in service, corrosive media other than air ave fregquently encountered and
can lead to catastrophic component failuve,

The three types of fuel oommonly used in turbines are ceal , fuel
oil and diessl oil and their combustion products are found to contain par=
ticularly renctive elements such as sulphur, vanadium, chlorine and
sodiunl, Vanadium, as the pentoxide, collects in the ashes resulting
from the ocombustion of fuels such &b residual oil and coal and corrodes
those parts with which it comes into contmct,  Sulphur readily enters
into combination with oxygen and sodium to form sulphur dioxide, sulphur
trioxide and sodium sulphate, Corrosion in bpilers has been encountered
for many years and results from the use of fuels containing relatlively
large percentages of vanadium, sulphur etc, Coal, for example, can con=
tein as-much 88 5 per cent sulphur,

In comparison, fuel oils for gas turbines have sulphur contaents of
1 per cent or 1955 3.nd can be as low as 0,1 per cent for airoraft gas tur-
bine applications®i4, (The specified maximum for aviation kerosine is
0.2 per oent but invariably the content is less +han 0,1 per. gent,) 1In
recent years; howover, severe corrosion of gas turbine rotor and stator
blades has odoasionally been reported and is giving cause fer concern,
This oorrosion hes ocourred on the blades of turbines operating ir salt
laden atmospheres (i,e., oporating over the sea) and appears to be asso=
ciated with salt ingested into the engine,

The N.G.T.E. Matorlals Department became interested in this problem
followingz a report by the United States Navy thet turbine blade corrosion
could be eliminated by the use of cobalt alloys instead of nickel alloys®,
Following discussions between the Admiraliy and the Bureau of Ships in
Washington, it transpired thot this oclaim was not based on any experimen-
tal evidence, Ii was thersfore deoided to exemine the vroLlom ard
determine the leboratory corrosion resistance of blade alloys and of
compoaitions potentially resistant to sea-selt corrosion,

2.0 Review of aoﬁoéign cipericnce in British ensinos

Some of the earliest engine tosts under simuluted sea-nir conditions

were curried out by Bristgl Siddeley Engines Limited in 1955 using their
Marine Proteus engine? 5,6,  This twrbine has wide usayge in vowering fast
Naval oraft and was particularly susceptible to sea-salt ingestion due to
the air intske being positioned near to the level of the szea, Enpgine
testing lasted 225 hr using a diesel fuel containing 0.57 per cent sulphur
and sea water injeotion to give a salt concentration of 1,07 p.pum. in the
intake air, ixamination, after completion of thc tesi, revealed that the
Nimonic 90 nogz2le guide vanes had experienced considerable corrosion,
Laboratory investigations of the deposits on the atutor semments showed
that &,3 par cent was water soluble and was chiefly composed of sodium
sulphate plus & little caloium and mapnesium sulphate, No chloridé was
present, The non-solubles oonsisted of ithe oxides of nickel, oobalt,
titanium, iron, chromium, aluminium end silicon. A small amount of
carbonaceous material (thought to be carbonised fuel) waa alse present,
X-ray diffraction studies showed the outer scorrosicn layer to be largely

nickel oxide (Ni0) with cobalt sulphide (Cos%,) present, The intermediate

e I Y R e e

M T— e =




o N

1
te

-5~ Report'N;:v; R.267

leyer contained nickel and nickel sulphide (Nis3,) and was substantially
metallic and magnetic, 'The magnetic state indicated a loss of chromium
from this layer;

The important {eeture of the test wos the presence of 8 per cen’
sodium sulphate in the deposits found on the nozzle guide vanes, It is
probable that this sulphate was formed in the combustion ohsmber as a
result of interaction of sodium chloride from the sea-salt with sulphur
dioxide (or trioxide) derived from the sulplur in the fuel, ‘The absence
of attacl on the first stage and subssquent rotor Lledes is sigxifioa.n’c.
In the Proteus engine test the stator blades, operating at 900° to 930°C,
were considerably more susceptible to corrosive attack than the subsequent
rotor and stator blades that were operating at least 80°C lower, thus
inuicating the influence that temperature may play.in promotins attack,

Other early experiments were carried out by Metropolitan Vicker52
with their Gatric engine in }MGB, 2009, the first gas turbine-powered seé
oraft, The purpose of these trials was to determine the problems result-
ing through salt ingestion into such engines, Despite air inlet deaign
modifiocation, conasiderable amounts of sen-sslt entered the engine and some
slight corrosion of the nozzle guide vanes (manufactured from Nimonio 80)
wos encountered, Analysis of the corrosion producta showed that they
consisted of approximately 95 per oent nickel sulphate (¥180, 7H,0), L per
cent sodium chloride, and about 1 per cent carbcnaceous matter,

Trinls were also carried out with e Metropoliten Vickers G2 er\mﬂe2
in HL.Y.5, 'Sold Pathfinder!, FParticularly severe conditions were -
encountered in this test, end melting of the nozele puide venes (Nimogic
804) was encountered due to overheating to temperaturas of shout 1450°C
for short periods, Blades thut had not been heated above 850 to 870°C
were unattooked, Elades that had reached temperatures in excess of 850
to 870°C showed very marked corrosion, cherecterised by & green deposit,
Analysig of the deposits rovealed a predominence of sodium sulphate with
traces of niockel and chromium,

More recently (1961), Napier Aero Engines Limited7, oarried out
helicopter trials using their Gazelle 101 ongine, After 150 hr hovering,
of whioh 30 hr was notually over the sea, the Nimonic 108 8lades shovred
nibbled edges and slight greenish soale, Further tests™?’ with ocon-
.trolled sen vater ingestion were also carried out, The initial Funning
used ingestion equivalent to 25.4 pepems Of aalt, but, due to drop in
engine power, the ingestion was subsequently reduced to lesa than 1 p.pumm,
The fuel used had & sulphur content of approximately 1 per cent, After
30 hr, severe corrosion of the Nimonic 100 first stage rotor blodes,
particularly slong the troiling edges, hed ocourred (see Figure 1),
Mieroscopic study revealed that the corroded areas consisted of an outer
loosely-adhering oxide sunle over & metal plus oxide layer, Deneath
this intermediate layer a finely disperscd layer (probably sulphide)
embedded in the matrix could be seen (see ri_ure 2). The few naval
helicopters in ourrent service are powered by Nimbus engines which
apparently have not encountered corrosion, The use of low sulphur
(~0,1 per oent) Aveat fuel, short flying durations and frequent engine
inspection and component replacemont may minimise any corrosion effects.

Similer corrosion was reported by Bristol Siddeley trgines
Limited,"o aftor more recent trials with their Proteus engine installed
in H.M,S. 'Brave Borderer'. Af'ter over 700 hr running, pitting on the
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surface of the Nimoniec 90 rotor blades was detected end led to a full
laboratory examinalion, rigure 3 shows a typical biade removed from the
engine, A section thrcugh a corroded area, sbout 0,93 in, diameter end
0,004 in, deep, is shovn in Figure 4, The outermost layer consisted
entirely of oxide whereas the innermost was found to be chromium sulphide
whioh had & typlcel grey appearance. The intermediate layer was darker
in colowr and wes thought to be a mixture of sulphide and oxide.

The euso with which corrosion attack can unexpectedly occur in ser-
vice is well illustrated in Figures 5 and 6, In this case omission to
replace 8 hatch resulted in substantial amounts of sea water being ingested
into a Proteus engine installed in H.M.S., 'Brave Borderer'®, A segment of
a Tirst stage atotor showing severs corrosion of the Nimonic 90 blades is
illustrated in Figue 5,

The most reocently encountered catactrophic failure occurred in an
Allen turbine alternator instelled in aan Ashantl class frigate“!1 .
Microscopic examination again showed typicel sea-salt corrosion, The
deposits were found to contein sulphur and sodium, Analysis of the scale
is shown in Table I and may be compared with the normal alley composition.
The probability of excessive temperatures being incurred during the opera-
tion of this engine is of perticular significence, again indicating the
effect that high temperatures mny have in assisting corrosive attack,

411 tho cocrosion examples oited above occurred in ges turbine
engines installed in eea oraft which understandubly ingest air heavily
laden with salt, No turbine blade corrosion has been experienced in elr-
oraft engines of the Fleet Air Arm?, Beoasuse deck running time is quite
1imited and sea-salt ccncentration falls off rapidly with height abovo sea
lovel enuine running will be mostly in unpolluted air,

. ¥rom the engine experience certain conclusions can Lo drawn concern-
ing tho nature of this corrosion. Those sre summarised belows~

(=) Muels used in gas turbines instolled in sea=fering craft can
contain as much as 0,6 por cent sulphur but under normal
oonditions (i.e,, no salt ingostion) this does not result in
oorrosion of the turbine blades,

(v) Ingestion of even very small amounts of 3es-selt (.04,
4 p.p.m.) oan result in sovere corrosion of turbine blading.
This has become known as 'sea-gsalt corrosion'. ‘Uypicel
sea-salt may contain as much as 80 per cent sodium ohloride
with emsll quantities of other salts (sce Table 11).

(c) Anelysis of deposits found on corroded blades reveals sub-
stantial amounts of sodium sulphate but usually no sodium
chloride. It appears that the sodium chloride present in
the ingested sea-salt combines vwith the sulphur in the fuel
to form sodium sulphate which is finally deposited on the
stator and rotor blades,

(a) Corrosion sppears as a heavy outer oxide scale over an
intermediate layer of oxide plus sulphide, The innermost
layer is comprised of chromium sulphide which is formed
preferenticily to nickel sulphide, The prosence of sul=
phide in the corrosion products indicates the significant
part sodjum sulphate may play in promoting attack,
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(e) Sea=-salt corrosion of blades that do not reech partioularly
high temperatures (b850°C) (1.e., second and subsequent
stages of rotors and stators) has not becn reported, whereas
engines whioh huve overheated of'ten showed very severe cor-
rosion of the nozzle guide veanes and first stage rotors.
Therefore tewperature may have a marked influenco in the
initiation and degree of corrosion. '

(f) Tarbine blades manufactured from a ranye of nickel-base
alloys (i.e., Nimonics 80, BOA, 90 snd 100) have been
corroded in engine trials in salt laden atmospheres, This
supgeats that no ourrent rotor blade olloy possesses out-
standingly good resistance to this type of corrosion,

3.0 Loboratory investigations of sea-salt corrosion

Although sodium sulphate is quite innocuous, the pressnce of
certain impurities, especially sodium chloride, could lead to corrosion
of gos turbine blades., Accesting this hypothesis, many investiga-
tors13, 1415 have studied the corrosive effeots of sodium sulphate/
sodium chloride mixtures on various turbine blede materials, Tésting
has involved the half-immersion 8i‘ oylindrical specimens in salt mix~
tures at temperatures up to 1000 C for durations of 1 to 88 hr, Salt
mixtures ranging in composition from pure scdium eulphate to 50 per oent1 5
by weight scdium ohloride have been used, although it has been su;zested
that salt mixturos containing 0,5 to 1,0 per cent chloride have e corro=-
sive effect similar to the deposits found on blades in service,

The most comprehensive corresion study with salt mixtures was
carried out by Lewis and Smith!5 in which they dotormined the effect of
salt mixtures conteining O to 50 per cent sodium chloride on various
niokel-basc alloys at temperatures from 700 to 1000°C, Results cbtained
with salt mixtures low in chloride bore no relation to rusulis obtained
with mixtures containing high pcercentages of olloride, ‘True alloy oom-
parison wes therofore impossible, This is well illustratod by comparing
the data shown in Figures 6 and 7, Comparison betweon the various inves-
tigators also yiclds widely differing conolusions, It is clear from the
availeble data that the Nimonic type elloys {no data availsble for
Nimonic 115) are vulnerable to attack in saelt mixtures, :

Due to the high volatility of sodium chloride and ite readiness
40 combine with sulphwr from the fuel, its nbsence from analysed deposits
or. blades is not unexpected, It has been rccently su gested that sea-
aalt partioles present in the seoondary air supplied to the oombustion
chember may atill exist as particles upon reaching the first blade stages’,
However, this still remains to be verified, Selt particles successful
in reeching the turbine would also have to penetrate the sulphate deposit
in order to trigszer reaction between blade alloy and sulphate deposit.
Therefore, although sodium chloride readily initiates the corrosion of
nickel alloy speoimens half-immersed in salt imixtures it is far from
conolusive that a similar phenomenon occurs in servioce.

Simple laboratory tests show that carbon, like sodium chloride,
is able Lo initiate corrosion of nickel alloys by sodium sulphate. It is
posaible, therefore, for carbon to have & similar effect in the gms tur-
bine where incardesaont particlezs of carben passing through the engine are
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deposited on the first row stators and ro‘hors"s, and are therefore readily
available to reduce the sodium- sulphate,

4,0 Laboratory investipations at N.G.T.E.

A research programme was initiated to determine the relative reais-
tance of various nickel and cobalt base alloys to sea-salt ocorrosion and
also to shed further light on the mechanism of attack, The ‘half-
immersion! type of test, using mixtures of sodium sulphate end sodium
ohloride, was not considered to be sufficlently realistic and attempts
have been made at N,3.r.E. to produce corrosion conditions in the labora-
tory more similar to those occurring in servics, Tesls have involved the
pessage’ over heated test specimens of gases and vapours thought most
likely to cause corrosion, A suitable rig ves designed and built and is
shovn dlagrarmmatically in Figure 8,

The apparatus consists eseentially of a long alumina tube passing
throu;:h two independently conirolled furnaces with a means for introducing
gaseous sulphur dioxide, sodium chloride vapour, and water vapour into the
airstream, Sodium ohloride was Introduced into the gas stream by pasaing
air through and over lumps of sodium chloride dispersed in alumine, heated
to a knovm temperatuge in the first furnace (Tube A). Reasonable tem=
peraturs cohtrol (+7°C) wes attained over much of the length (14 in.) of
each furncce by usin~ three separately-wound furnace elements. The
second furnace (Tube B) was used for heating tuo oylindrical specimens
(generelly 1 om diameter x 2 om long) to the test temperaturef‘.ﬁ Q).

A gos flow rate of 4 litres/min saturated with water vapour was
used for all testa, By seleocting a suitable temperature, the vapour
pressure of sodium chlorids, &nd therefore the amount of vepour taken up
by the air, could be adjusted to the requisite amouﬁ. A yraph relating
vapour pressure and temporature f{or scd%um chloride'f is shown in
Pigure 9, Temperatures of 618 and 692 C gave selt contents of 5 and
50 p.p.m. in the gas stream, In service the amount of salt ingested into
an engine is yuite veriable, depending on proximity to sea, and severity
of wvind and sea turbulence, Under widely differing conditions the amount
of salt ingested oan vary betwsen 1 and upwarda of 25 p.p.m, For this
reason lsboratory tests have been carried out using salt contents of
5 and 50 p,p.m. in ‘the gas stream,  Analytical checks on the salt oontent
verified these concentrations,

Gaseous sulphur dioxide is introduced into the gns stream between
Tubes A and B as shown in FMgure 8. The loweat flow rate used gave a
sulphur dioxide content of about 0,045 per oent which is equivnlent to

" about ten times that likely to be found in the oombustion chamber of an

aircraft pas turbine, The gas stream contaeining sodium chloride vapour,
sulphur dioxide, and water vapour now passes along Tube I and over the
heated alioy specimens, Using this apparatus corrosion tests have been
carried out at temperatures up to 1000°C for duration of 100 hr or more
and the results obtained are reported below.

Comperetive leboratory half-immersion tests (using a 75 per cent
sodium sulphste, 25 per cent sodium chioride mixture) were also carried
out on verious niockel and cobalt bgse alloys in the form of cylindrioal
specimens immersed for 1 hr at 950°C. . .
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5.0 Laboratory test results

A vreliminery series of tests were cerried out at 950°C using a
sodium chloride concentration of 5 p,p.m, and a sulphur dioxide concen-
tration of 0.04L5 per cent. °These concenirations are approximately ten
times those likely to be encountered in a gas turbine operating in normal
conditions just above the sea, Thease initial tests on gsome typlcal tur-
bine blade alloys resulted in negligible corrosion, Cerbon was therefore
introduced into the experiment to determine whether its presence hud a
triggering eoffact on the corrosion reasction, Cylindrical specimens were
given dip coabings of graphitic carbon suspended in athyl a.loohgl ('Dag')
and then exposed to the gus stream. Prolonged exposure at 950 C rosulted
in substantial attack on the same alloys,

Metallographio examination revealed that alloy specimens oorroded
in these laboratory tests had experienced corrosion very similer in
appearance toe that oncountered in service on similar alloys, This 1is
well illustrated by comparing IFigures 10 and 11 with Figure 2. Beneath
the outer loosely-adherent oxide scale a layer consisting of a mixture of
block oxide and grey sulphide can he clearly seen, "Fingers" of grey
sulphido penetrating intc the underlying alloy matrix form the innermost
layer, 'The presence of sulphate in the outermost ecelc was chemically
idontified.

oThe rosults obtained for a number of nickel and cobalt base alloys
at 950°C for durations up to 100 hr or more are summarised in Teble III,
Typival oompositions of the various alloys tested are given in.Appendix I,
Nimonics 75, B0A end 90 were found to have good rosistence to attack under
the test conditions. Nimonic 100 with a clhromium contont of 10 to 12 per
cent (compared with about.20 per cent for Nimonics 75, 80A and 90) has
partioularly poor resistance, Thu casting alloy, Nimooast 258, of simi-
lar composition to Nimoniec 100, was also found to hove poor resistance to
corrosion. Evidently the hiph nluminium content (5 to 6 por cent) of
Nimonic 100 and Nimeocast 258 does not compensute for low chromium content,
In comparison, Nimonica 105 and 115, having intermediate chromium contents
(~5 per oents but similar aluminium contents (~5 per cent), showed very
good corroaion resistance,

Severa) other nickel-base alloys (i,e,, C26, Alloy C, E47i4,.EFD13
and ohromiwr-nickel (60/40)), wore inoluded in the tests although they ere
unlikely to be considered for turbine blade mpplications becauge of thelir
brittleness or inadequate strength, 0f these alloys, C26 has the lowest
chromium content (10 per cent) but posaesses an unusuelly high aluminium
content (11 per cent) which mey account for its extremely geod resistance
to attack, In comparison, alloys 'C' and Ei7., possessing high chromium
contents {17 and 27 per cent respectively) but no aluminium, show only
fair corrosion resistance. Similerly the simple £0 per cent chromium
4O per cent nickel alloy had very poor resistance and was characieristed
by a loosely-adherent scale, - However, EPD13 having similar cemposition
%0 Nimonic 80A but with additional chromium (30 per cent total) generally
ned good corrosion resistencé, The first batch (A) of EPD13 alloy sup-
plicd by the manufacturer (Henry Wiggin and Company Limited) was found to
have inferior corrosion resistance to material subsequently suppliod
{Batoh B), However analysis indicated that both batches were from the
same melt. .
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Aoporently a hiyh chromium content e¢lone is insuificient o ensure
sood resistance to sea-salt corrosion, Alloys with lov chromium cortents
are very susceptible to attack {e,z., iiimonic 1C0 and Nimocast 258), It
may be inferred that alloys low in chromium (e.g., Alloy C26) require
higher aluminium contents than that present in Nimonic 100 to enswe equi-
valent corrosion resistance to those containing mederate or high chromium
contents (e.g., 15 to 20 per cent in Wimonics 75, 804, 99, 105 and 115),

Nimonio 75 contains negligible aluminium or titanium Lut the absence
of molybdenum and tungsten which ars found in substantial amounts in
several of the alloys tested may cocount l'or its good corrosion resistance,
The presence of 6 per cent molybdenum and 7 per oentetungsten respectively
in the cobalt-base alloys 422/19 and X40 may sccount for their poor resis-
tance to corrosion attack, In comparison, another cobalt alloy Umco 50,
which contains no molybdenum or tungsten, showed good resistance, Under
normel oxidising oonditions, however, moderate additions of tungsten ard
molybdenum are-not generally considercd to huve an adverse effect on the
oxidation roesistance of either nickel or cogalt alloys, Howevor, their
ability at elevated temperatures (above 8CO C) to promote cetmstrophie
oxidation is well lmown,

Two theories have been proposoed to account for this effect yith
alloys oontonining at least L per cent of molybdenum, One theor'-y1 pro=
roses the formation og low melting point oxide euteotics, itolybdenum
trioxide moelts at 790 C and the omolybdenum trioxide/iron oxide euteotio,
for example, melis at about 730°C, The presencs of a liquid phase on the
surfoce of an slloy has a moat deleterigus effeot on oxidation res*stance.
Sevore oxidation in still air abovo 800 C has also been attributed’” to
the possible dissooiation of molybdenum trioxide into molybdenum dioxide
and very roactive naecont oxygon (¥oO; % MoOp + 10'), The large amount
of oxygen available in moving unir effoctively provonts the formation of
the lowor molybdenum oxide, Any insbility or difficulty to form a truly
proteotive soanle in aimulated sea-salt conditions might woll beo nccentu-
ated by tho formation of, for inatance, molybdenum trio::ide,

A serios of tests vas carried out at a higher testing bemporature
viz. 1000°C using similexr salt and sulphur dioxide contents (i.04,
5 pop.m. and 0,045 per cent respectively). A slight increusc in the
corrosion rote was apparent (see Table IV) but no alteration in the order
of merit resulted for the limited number of alloys svailable for
comparison, :

Perhaps of more significance were the results of tests carried out
at 950°C with o considerably inoressed sodium chloride and sulphur dioxide
contents viz, 50 p.p.m, and 0,45 per cent respectively, rhese councenirn-
tions are about x100 greater than those likely to be enccuntered by air-
craft gss Yurbines cperuting over the zsea, Inspecticn of the results
given in Table V, where comparison can also be made with aimiler lubora-
tory tests at lower vapour concentrations, immediately reveals a very
scvore increase in corrosion for most alloys, Under such extreme condi-
tions even the most resistant alloy, EFD13, experienced significant
attack (weight loss of 6.9 mg/cm?).  Even more ncteworthy is the poor
resistance to corrosion exhibited by alloys such as Nimonic 105,

Nimonio 115 and C2€ which had shown up very favourably in the cerlier
tests with lower salt and sulphur dioxide consentrations, :
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The results of half-imrersion tests using a salt mixture of 75 per
cent sodium sulphute, and Z5 per cent sod%um chloride are given in
Table VI, Alloys tested for 1 hr at 950 C were either unattacked or
severely corroded, The results bear little relationship to those
obtained in the simulated laboratory tests at the same temperutures, as
seen by the markedly different orders of merit (see 'fable VI),

Considering the %ong durations of testing (up to 100 hr or more),
results obteined at 950°C with 5 p,p.m. concentration show reascnable
reproducibility for specimens axperiencing relatively small emounts of
oorrosion (i.e., less than about 5 mg/cm® weight loss after descaling).
However alloys experiencing quite severe attack i,e., EL74 and chromium/
nickel (60/40) showed fairly large scetter in the few tests carried out,
Generally only & few samplen of each alloy were tested and acourate
ussessment oi the rcproducibility of this type of teat can only be
achieved by testing, say, 10 samplces of each alloy at a given test tem-
perature and vapour concentration,

6.0 Discussion of mechaniam of attack

Both laboratory and cngine testa have shewn that the presence of
sodium sulphate in the :as turbine resulting from sea=-salt ingestion can
lend to a characterietio uttuck known as 'sea~selt' oorrosion, It has
been demonstrated at N,u.T.E., and by other investigators, that sodlum
sulphate alone is quite unreactive when in contact with nickel alloy
specimens, but, the proesence of a suitablo triggering agent can result in
sovere corroa%on of alloy speoimens, A mechanism has been proposed by
Simons ct al“” for the corrosion of alloy steels in the presence of sodium
sulphate, It 1= thought thut & aimilar mechanism of attack may apply in
the corrvsion of rotor and stetor blades of gas turbines operating over
the sca and is developud below,

Internction botween sodium chloride (from the sea-zalt) end sulphur
(from the fuel) ccoura in the combustion chamber of the gos turbine, and
can be written in the following simplified form.

2NaCt + 'St + 2'H' + 204

-Hlag 30, + 2HCL eeee (1)

The sulphur and hydrogen are available from the combusting fuel either in
the nascent form @s in Bquation (1) or in corbination with oxyien as sul-
phur dioxide and vater vapour, Free cnergy (&3) considerations predict
that this reaction is thermedynamically possible but, of course, do not
give any rcal indicetion of the reaction kincties.

The combustion products containing sodium sulphate vapour, hydro-
chloric acid va.our, water vapour, sulphur c¢ioxide, sulphur trioxide, and
incandescent carbon particles pass from the combustion chamber into the
first stages of the turbine where some of the sodium sulphate and cerbon
are deposited on the relutively cool vlade surfaces. The initial
triggering action involves reduction of ths scdium sulphate by a reduc—
ing agent, such as carbon, precent in the depoalt and muy be represented
as followst =~

I




-12 - Report No, R,267

2Hag S0, + 60 + 30,-2He,0 + €CO, + 2'S! eene (2)

At o blade temperature of about 1000°C thermodynamic oonsiderations
show that this reaction should reedily occur, The free energy ochange
(&3) is about -80 Keal/mole,

The sulphur produet formed in Equation (2) is immediately fres to
combine with the uni=rlying tledo alloy to form metal sulphides, thusi-

2 C0r + 3 g —'CI'QSQ XXX (3)

and pousibly Ni + 'S!' N1 8

Chr:nivn sulphide forms more readily than nickel sulphide because of
the oonalderably preater roactivity of chromium (end therefore greater free
energy of reaotion), However, if the chromium content of the alloy is low
the abundence of nickel available for reaction enables nickel sulphide to
r-rm (Law of Mass Action), A similar situation may also arise where ohro-
mium may be depleted at the surface layer by oxidation or at grain boun-
jaries by omrbide precipitation, or during severe ocrrosion where looally
the chromivs content may be resduced to & low level due to excessive chro-
mium sulphide formation, Howevor, loss of ohromium from the alloy meirix
through sulphide formation produces a concentration gradient between the
corroded gone and the bulk of the alloy. Because of this, chromium
diffusion into the aress denuded of chromium ocours and becomes available
for further sulpkide formaticn. [y nickel sulphide so formed is there-
fore likely to be reduced by nowly available chromiumi-

3 A5 + 2 Cr = CrgSy + 3 N4 eree ()

This explanation of sulphide attack is borne out in sorvice where
niokel sulphids is not usually found in the corrosion products,

The metal s:lphide formed in the above vmy is now available io com~
bine with either frse sodium sulphate or free oxygen in the combustion
products of the gas turbine, Tho rcaction between chromium sulphide and
sodium sulphate,

NogSo, + CrgSy =~ Crg0y + Nag0 + 4S cers (5)

has been proposed by other investigatorszz. However, free energy con-
siderations give no support to this theury aince the reaction would
involve a lerge and positive energy change (+4G), More correctly,
Equation (5) should be written with reactants and products reversed, A
similar situstion occurs vith niockel substituted for ohromium,

It is mere likely thnt the relatively asimple reaction tetwaen chro-
mium sulphide and oxygen -
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20rSy + 90; -» 20r, 0 + 630, )

will occur,

This reaction 1s strongly poasible f‘rgm thermodynamic consideration
and has also been reported in the literature 1. 'he formation of chro-
mium sulphate is also possible, However, a limited supply of oxygen may
be essential for sulphate formation,

CI‘QS; + 609 - CI‘Q (804 )a

Nickel oxide, with chromic oxide in the outer loosely-ndherent
scale moy bo readlly formed by combination of nickel from the blade alloy
(which hes been heavily impoverished of protective chromium) with oxygen
in the following wayi~

2N & Op = 2N10

This proposed mechanism, based on thermodynamioc considerations haa
not inoluded the many side reactions which are quite likely teo ocour,
It does, however, give a reasonable outline of' the corrosion attack
invelving formation of a reactive sulphur species through réduotion of
sodium sulphatc deposits on the blade surfamce, It is this sulphur
species which readily combines with the underlying Llade alloy to form
sulphide fingers that penetratc into the matrix and eventually become
avoilable for enhanced oxidation, )

The formation of nickgl/nickel sulphide euteotic with a particu=
lorly low melting point (644 C) has bﬁgn Bropoaed by investigalors as
being the cause of enhanced oxidation 220, e throry suggests that
metal dissolved in the eutestic mixture would be highly reactive to¥ards
oxygen espociully as & truly protective £ilm seldom forms on a liquid,
The two stage oxidation process may be written as followsi-

(1) Solution of metal Ni + NiS - Ni/NiS euteotic
(11)  Oxidation N/ANLS + 20, - Ni0 + NiS

This mechanism postulates oxidation of the nickel dissolved in the
eutectin vather thon the nickél sulphide,

Generally, nc evidense 'is found Shat a liquid phase has formed
during ocorrosion in service at say, 850 C. This is not unreasonable if -
chromiuwn sulphide is formed preferentially to nickel sulphide, Chromium
sulphide (melting point 1550°C) does form a metal/metal sulphide eutectio
which melts at 155000, a temperature considerably higher than that :
encountered by rotor or stator blades in service. The formation of a
low melting nickel/nickel sulphide phase {644 C) is of'ten identified
in laboratory half-immersion tests using sodium sulphate/sodium chicrids
mixturesms%, and especially when attack is severe,

o Ao
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Experimental data indicates that the aluminium content of typical
nickel~base alloys appears to have a significant influence on resistance
to sea-salt corrosion, especially with alloys lcw in chromium, The
oxidation resistance of typicel nickel-base alloys (i.e., the Nimonio
series) is known to be accounted for by the physical characteristios of
the chromic oxide/nickel oxide layer formed on the alley surface. ith
chromium contents of 10 per cent or more 2 'spinel! type structure is
formed between the nickel oxide and chromic oxide which is extremely
impervious to oxygen and is tenaciously held {o the alloy swrface. Addi-
tions of aluminium to nickel-chromium alloys result in a further spinel
baing formed between the niockel oxide and aluminium oxide which is consi-
dered to give even greater protection to the underlying ulloy. A non—~
spinel type structure is also formed between the chromic oxide and alu-
minium oxide which ie less protective,

Alloys of low or zero sluminium content depond entirely on the
nickel oxide/chromic oxide spinel for protection of the substrate against
oxidation, Dumage to this protective spinel does nct result in rapid
oxidetion of the alloy beosuse fresh imporvicue spinel is immediately
formed through oxidation of the alloy surface, However, the absence of
chromium in the surface layors of the alloy through sulphide formatien
reaults in the nickel mutrix being exposed to sevepo oxidation, because
niockel oxido alone affords no protection above 800 C.

Laboratory tests have indicated that adequate percentages of alumi-
nium have a benefioial effoct on the resistance of nickel alloys to sea=
salt corrosion, It 15 suyested thaot aluminium may do this by being
unable to form a stable sulphide under the prevailing conditions, Alumi-
nium would, therefore, olways be available in the surfuce layoers of the
alloy to form aluminium oxide vhich salone, or in combination with nickel
oxide as a spinel, would act as a protcctive barrier against the corrosive
environment. Evidence as to thc ability of aluminium to fomn a stable
sulphide is rather scanty and there is certainly no useful thermodynamic
date availeble, Several investigator322 have reported that aluminium
sulphide readily decomposes in eir and is reduced by iron and copper,

It appears therefore that aluminium sulphide is unlikely to be found in
corrosion products but mey breek down to form protective sluminium oxids,
Several investigators have experimented with aluminised and chromised
coatings on typical gas turbine rotor blade alloyr (@eg., Nimonic 90 and
Nimonic 115) in both full scale rig?3 and laboratory hulf-immersion
testsil 2k,  Pack cementation techniques are preforred for applying the
coating. In half-immersion tests using the most reactive salt mixture
(75 per cent sodium sulphate, 25 por cent sodium chloride) coatings
generally had lives of from 1 to 16 hr at 900°c, In rig tests, aluminised
coatings remained protective for up to 20 hr, 4 single laboratory test
at N.G.T,E, using a pack alunminised Niwonic 90 specimen under simuleted
conditions with a salt concentration of 25 P.P.m, (sulphur dioxide

0,225 per cent) indicated that the coating gave satisfactory protection at
950°C for the test duration (160 hr),

7.0 Further work

Investigatory work at N.G.T.E. into the resistance of high tempera-
ture alloys to sea=sell corrosion was promptod by tho need to substantiabe
the claim of the United States Navy that cobalt alloys-had suporior rosis-
tanco to nickel ailoys, Rescarch has gone further than this and atiompts
have been made to shod further light on the mechanism of attack and the
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factors influencing the corrosion resistance of the various alloys tcsted,
Three lines of further research are possible,

(a) Yors acourate determination of the influence of alloy com=
position on corrosion resiatance using alloys with con-
trolled additions,

(b) More comprehensive research into the influence of atmosphere
composition and concentration in promoting corrosion at
elevoted temperatures in similated laboratory tests,

() The development and evaluation of coatings that are resist-
’ ant to sea~salt corrosion.

8,0 vonolusion

A laboratory test in which air, sodiuwm chloride vapour, etc., are
passed over various high temperature alloys has been shown to reproduce
corrosion in the laboratory similar tc that vhioch occurs in gas turbines
operating over the sea. The results obtained do not substantiate the
original United States Navy contention that cobalt-base alloys have
superior corrosion resistance to nickel~base elloys, The susceptibility
of nickel alloys to corrosion under simulated laboratory conditions
generally appears to be influenced by the aluminium and chromium contents
of the alloys and is in agreement with the ocorrosion mechanism proposed,
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TASLE 1

Chemical analysis of sosle on
Ashanti turbine blades

Per oent by weight of clements in scale

Firat-stage
stator blades
(Nimooast 90)

Woolwich spootrographic analyses

o

Report lio, R,267

HI

i Pirst-stage
: rotor blades
i|  (Nimonic 90)

Typicel
Composltion
of Nimonic 90

and
Nimocast 90

s

ir
Cu
Fe
¥n
Ni

Ti

Si

10,0
1,0
SLIGHT
6,0
20,0
1.5
10,0
<0.5
25.0
1.5

8,0
1.0

bad
15.5
1.0
8.0
Q.5
24,0
1.0
<i,0 <1,0
0.5 0.5

{
i 11,5
105
!I TRACE
'i 3.5
B 9.0
I 1.5
[ 25.0
R
15
2.5
2,5
0‘5
JHE ¢

3.0
7.5
1.5
19.5
<0.5
145

another firat-stage stator

blede (No, 6)

1.2

J
16,0 i
20,0 ;

0.5 ;

5.0 li

0.3 :
BAL [
- |
2.4 ;
- 1
Ouk |

o
e S R T S K S N

N.B, *From analyais of a portion of scale taken from
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TABLE 1I

Report No, R,267

Chemical analyses of samples of sea water

e

;

i

: Constituent

|

i .

i Sodium
Chlorine

il Magnesium

; Caleium

; Potassium

é Sulphate, So,

; Sromine

i Iron

| Carbonate, CO,
pil

at two localities

Concentration in parts per million

Locality of sampling

Kure ueaoh25

North Carolina

10,590

19,200

1,292

40U

LO3

2,66h

67
negligible
negligible
7.7

North Pacifie

10,722
19,337
1,207
M7
382
2,705
66

7

26
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TABLE IIT

Results of simulated loberatory sea-sali
corrosion tests at 950YC with

5 p.p.n, salt goncentration

CaraRrTEs [OSTITTTYI

Gas flow rates and conditions:-

Air saturated with ! -
water vapour 4 litres/min
Sulphur dioxide 0.045 per cent by volume '
Sodium chloride 5 p.p.m. by weight ; i

A grophite coating wes applied to all speoimens prior to testing,

R TN A TS T < LT PR L . ST e .l . - . n= .._'L]
. ‘Test duration : Voight loss” i
All°y/ hours mg/om” I

| Nisbase : i

ROEN VYT £ 1 LLERERLED

. Nimonic 75 : 72 37
i : 100 2,5 i
| Nimonic G0A 5 72 6.9 l «
; ' 100 6.0 i \_
| : 250 8.1 i
i Nimonic 90 ; g’g L:g !: :
i : De i :
‘, 100 hobe i
| Nimonio 100 72 36,3 :
| Ninontc 105 j 100 1.6 d g
l - 100 1.7 X )
i : 150 1.3 }
Kimonic 115 100 1,6 ; .
. Nickel/Chromium (80/20) 100 1.1 '
H ! 100 2' 9 i !
Nimocast 258 72 : 101.0 | ;-
EPD43 (Batch A) : 72 , 8.7 '
; : : i
' EPD13 (Batch B) : 100 ; 5.7 I
; 116 ; 3.6 [
Eb7h i 100 ' 49 ]
: 100 29,1 f
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TABLE III (cont'd)

! Test duration . eight loss* |

Alloy]( : hours : mg/cm® it

Kloy G 7 : 8.5 I

Chromium/Nickel (60/40) - 76 20,8 !

: 100 : 8.5 !

100 : 22,7 i
: 100 : 51,0
Alloy C26 76 : 0,0
: 100 0.3

Co~-base E % i
Umoo 50 (oast) 100 0.0
Umco 50 {forged) : 100 é 2,3
X0 (cast) 24 4.5
: 72 . 16,3

: 100 174 ,

L22/19 ? 2L 3.3 |

:

100 : 17.6

4 Sce Appendix I for compositions used

®Soe Appendix II for methods for scale
removal after testing
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TALBLE IV H
J«
Results of simulated loboratory sea-salt e
corrosion tests at 1000°C with H
5 p.v.m, salt concentration

Gas flow rates and conditions:..

e

Air saturated with

water vapour 4 litres/min -
Sulphur dioxide 0,045 per cent by volume
Sodium chloride 5 p.p.m, by weight

4 graphite coating was applicd to all specimens prior to testing,

Test duration | leight loss
Alloy : hours mg/on®

W T L I S Sl oo S e

"_““‘mﬂ' T

Nickel-base i
. Nimonic 75 : 100 b2 i
| ’ : : i
it Nimonic 145 : 100 2.6 I| ¥
' EPD13 (Baetch B) 2 2,7 },
| ‘ 100 : 5.5 |
§  Cobolt-baso i'
] . . K
! . Umoo 50 (forged} 2l 6.0 I 3
| o 100 9.0 f H
| a0 | 100 F L0 i i

|
|




LR,

. Cobalt/Chromium (80/20) : k0
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TEBLE V

Report No, R,267

Comparetive performance of various nickel and

cobalt alloys in simulated laboratory corrosion tests
at 950 and 1000°C

Gas flow rates and conditions:-

Alr ssturated with
water vapour

Sulphur dioxide
Sodium chloride

Test duration

..........................................................................................

Mloy ¢ 50 p.p.m.
¢ salt concens
¢ tration 950°C
Ni~baue :
Nimonic 75 5 12,2
Nimonic 90 ) o59. b4
Nimoniec 105 91. 4
Nimonic 115 106.0;214, 7
D13 (Datoh B) 6.9
ELy7L : L2.3
Aloy C 111.1
Chromium/ANickel (60/40) : Ly 3
Kloy C26 9543
. Co=base '
Umeo 50 (cast) : 26,0
Umco 50 (forged) 3,0
422/19 : 5.0

*Results trom Teble III

4 litres/min
0.45 per cent by volume
50 p.pem, by weight

100 hours

A graphite coating was opplied to all specimens prior to testing,

R A K :-:":"f':‘_-—‘""-.'q\

Weizht loas mg/onm®

5 p.p.m, ) E’P-P-m-
salt” concen- ! salt” ooncen=

tration 950°C © tration 1000°C

2,5 L2
308;14-’4- : -
1-6;10.{' -

: 16543 1 2,6
L 3710, 9556 5.5
£ 8.5;22,7;5140 . -

0.3 :

0.0;2.. -

3.5 9.0

17.6 ? -

*Results from Table IV
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‘TABLE VI

Results of leboratory half-immersion corrosion

____..___17..._.

Test conditions

Test temporsature

Duration

Alloy

Nicbpse
' Nimonio 90

ELT7h

i Alloy C
Mloy C26

| Umoo %0 (cast)

i Umeo 50 (forged)

|

|

i

|

I Co~bage
|

| 0

I 422/19

tests in sulphate/chloride mixtures

i
!
i
|
|
|
I
|
|

|

|

1 Chromium/Nickel (60/40) 0.6
il

Comppsition of salt mixture
“sodium sulphate 75 per cent
sodium chloride 25 nor cent
950°C

1 hour

Weight loes mg/om®

: Helf=-immersion test% test 100 hr/950°C

o S i = ——t LT e SR IR e
i

214 3,85k

iokel/Clwomium (80/20) : O:l 11529

0.7 4.9;29,1
12,8 - : é - . »8,5
8.5;22,7;51.0
126 0.3

1453155 L a3

Za2;5,1 3.5
<.0 17.4
.0 17,6

*Results from Teble III

. . . 14 |
! Simulated laboratgry“

.

o
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APPENDIX II

Methods applied f'or descaling of nickel
cobalt alloys after corrosion testing

Electrolytic desoalingcin molten sodium hydroxide, sodium carbonate
mixture (50/50) at 450°C, The corroded specimen was made the
cathode, ond its nickel container used as the anode, Reduction
of the metal oxides to the metal by sodium ions cccurred, the
r~duced metol beiny removed by brushing, Metal sulphides were
similarly reduced,

- + =
NaOH =& Na  + (OH)

At cathode Ni0 + 2Na® - Ni + Na,0

(v)

(e)

Nag0 + Hz 0 — 2NaOH

However this method was not found entirely satisfactory for cobalt
alloys as they were susgeptible to pgreater uncorroded moianl loas,
Other techniques were thereforo used for these alloys,

Imversion in a warm (60/70°C) mcidified sodium Cluoride solution,
made by diseolving 4 grums of sodium fluoride in o mixture of
10 mls cone, HNO; and 86 mly :ater,

'This technique vas very effective for cobalt Umco 50 alloy but
additional abrasion was necessmy with other cobalt nlloys.

Electrolytic descaling in diluted 5 per cent sulpimuric acld
solution was found to be quite cffective for scale removal with
most specimens corroded in sulphate-chloride sult mixtures. The
spceimen ig made the cathode and tho presence of on inhibitor,
diortho~thiotolylurea, further minimised uncorroded metsl loss
through acid attock, Scele removal results from the prising
effect of hydrogen evolved at the metal/scale interface,

RESTRICTED
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FIGS. | & 2

FIG. |

CORRODED NIMONIC 100 ROTOR BLADE
REMOVED FROM GAZELLE ' |01 -ENGINE
AFTER SALT WATER INGESTION TRIALS.

FIG. 2

o INTERMEDIATE PARTLY
OXIDISED LAYER.

«—FINELY DISPERSED
'AHEAD’ LAYER

SECTION THROUGH CORRODED AREA
ON NIMONIC 100 BLADE.
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FIGS. 3 & 4
FIG. 3 ST

VIEW OF NIMONIC 90 ROTOR BLADE
REMOVED FROM BRISTOL PROTEUS ENGINE
AFTER OVER 700 HRS OPERATION
IN HMS BRAVE BORDERER.

FIG. 4

SECTION THROUGH SURFACE PITTING
ON NIMONIC 90 BLADE CLEARLY REVEALING
SULPHIDE. PENETRATION INTO THE ALLOY.
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REP

FIRST STAGE NIMONIC 90 STATOR SEGMENT
REMOVED FROM MARINE PROTEUS ENGINE
AFTER SEVERE SEA - WATER INGESTION
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FIG. 7
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5 Nimonic 80A *
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E 0
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‘ 80A
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T et 00
z :.fff;::rl_i_i,-.-::" “108
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Temperature o

(BROKEN LINES SHOW OXIDATION IN AR

- EFFECT OF TEMPERATURE ON THE CORROSION RESISTANCE

| OF VARIOUS NICKEL BASE ALLOYS TO SODIUM SULPHATE,

' 25 PER CENT SODIUM CHLORIDE MIXTURES
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FIG. 10 |
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' «— QUTER CORROSION 4

a LAYER CONSISTING i
OF OXIDE » SULPHIOIt
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) x 800 \
NICKEL EPD 13 ALLOY (BATCH A)
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OUTER - CORROSION g.
LAYER CONSISTING |3
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FIG. 10 (cont) E

=— METAL STRIP
SUPPORTING
SPECIMEN SURFACE

A

SULPHIDE + OXIDE
PENETRATION INTO
ALLOY

COBALT UMCO 50 ALLOY (FORGED)
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FIG. |
\Q
9
]
o
o i QUTER OXIDE
w 4 LAYER
x INTERMEDIATE
OXIDE + SULPHIDE &
LAYER ,‘
o a, %
~ ¢ ‘ B
LN (’) ;
x 280
NIMONIC .. 115  ALLOY. ‘
|

A .

NICKEL C26 ALLOY
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