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Introduction

It Las long been recognised that increasing the temperature of

the turbine inl et gas in aircraft turbines offers attractive advantages

in aircraft performance and econon~’. However, the high t emperature

characteristics of currently available nickel and cobalt—base superalloys

are approaching their limit and continued advancement along conventional

alloying lines are not very attractive. Directionally solidified eutectic

alloys seem to offer the most promising approach towards increased metal

operating temperatures. This class of alloys depends for its high

temperature strength on the precipitation of very strong fibres or

platelets of a second phase in a more ductile matrix; the fibres or

platelets are aligned parallel to the direction of the solidification

enhanc ing the material properties in that direction. Unlike conventional,

precipitation—hardened superalloys, the eutectic alloys should show less

tendency for the hardening phase to re—dissolve after extended heating

at high temperatures. The term “in—situ composites” is now widely used

in referring to alloys of this type to differentiate them from metal/

natrix composite rrnterials prepared by other means.

Three classes of “in—situ” composite alloys have so far received

partioular attention:—

(a) Cobalt—based alloys reinforced by chromium carbide fibres;

(b) Tantaiwn carbide or r1jobjuir carbide-reinforced nickel or

coba.t—based alloys; and

(c) Nickel alloys based on the Ni
3~

b—Ni
3
Al eutectic.

However, a further alloy bae now been developed, based on the

lTi—Cx~-Al—C system, which coneists of Cr
7
C
3 

f ibres reinf orcing &

Ni/Ni
3
A1 (y/y’ ) matrix.
Over the last few years a nuxiber of papers (1—11) and several

conferences (12, 13) have demonstrated the attractive mechanical

properties of these systems in comparison with conventional cast superalloys.

~
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However, surprisingly little ha~ been published on their corrosion and

oxidation resistance. Although in general terms, the chemically less

stable component would expect to preferentially oxidise , depl eting the

alloy of that particular phase, other considerations are also involved.

The possible differences in oxidation rates and volume change. of the two

phases may produce an accommodation problem at the alloy/scale interface,

and the interfaces within the scale; rapid transport along the matrix/

fibre interface in the alloy is aleo a possibility.

The final report examines the oxidation and hot—corrosion

behaviour of both the alloys based on the Ni
3
Nb—Ni

3
A1 (Y/~’— ~) eutectic,

and those based on the carbide strengthened eutectios.

Oxidation and Hot Corrosion Mechanisms of the !~i7Nb—Nj~Al—based
~~~~~ .1

&~tectio Alloy,

(a) Oxidation

Until recently very few detailed mechanistic studies of the

oxidation behaviour of aligned eutectic alloys have been carried oxt

(14—16). Most of the earlier studies were related to q~xalitative

identification of -the oxide phases formed during high temperature

mechanical testing (17—20). However, non—directionally solidified

alloys have been oxidised at ~e1atively lower temperatures (21).

Thompson (17) found that a Ni—23.l Nb—4.14. Al alloy oxidised

parabolically at l&)0°F; the oxide was not markedly affected by thermal

cycling. A layer denuded in the Ni
3
Nb phase was observed at the alloy

surface, and consequently the oxidatio. rate was insensitive to the

interlamellar spacings produced by different growth rates in the range

0.5 -. 325 cz~/h (18). Lenilcey (19, 20) carried out isothermal oxidation

tests on a Ni—2l .8 Nb—2.6 Al al loy and cont rary to Thompso~ found that

the scales cracked and spalled on cooling to room temperature. Increase

in the oxidation temperature or the length of the exposure tended -to

increase the severity of the spalling. The oxidation rat e was again

I

~

— — - . —
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parabolic. Theri~~l cycling caused further spal ling of the oxide layer.

Arbuzov (21) found that non—directionally solidified alloys were

protected by a double—oxide layer, either NiX), Nb20
5 or NiO, A12O

3~ when

oxidised. at 700—725°C and 800—~5O°c respectively.

Pernary Ni—Nb—Al alloys, then, have little inherent oxidation

resistance, and attempt s have been made to imprc ve the oxidation

resistance by chromium additions (17). Even 1 atomic % Cr adversely

affects the mechanical properties of these alloys. However, the

Y/Y’4 alloy, Ni— 19.7 Nb—6 Cx—2. 5 Al , has received much attention, and

has been shown to have an excellent combination of mechanical strength

and oxidat ion resistance (19).

Smeggil and McConnell (15) have studied the oxidation behaviour

of directionally solidified N 1—22. 1 Nb—4.9 Al eutectia alloy in the

temperature range 600—1155°C , using iriterlamellar spacings of 1.7 and

3.5 ~*m. Very little spalling was observed during oxidation , but this

was considerable on cooling to room temperature, particularly from 990

and. 1155°C. The oxidation rate was dependent on the eutectic lamellar

spacing at ~OO and 990°C but not at 600 and 1155°C. However, at 600°C

considerable oxidation occurred down the interphase boundaries, which

greatly increased the total oxidising surface area. Preferential

oxidation of the Ni
3
Nb phase had occurred but an outer, continuous XiO

layer also formed, which was appa~rently sufficiently protective at this

low temperature. There was no evidence of an outer cont inuoum Al
2
0
3

layer, which is not surprising since the aluzniniun would be unab’e to

laterally diffuse in the alloy at 600°C and interlainellar spacing is not

important in determining the oxidation rate.

At &)00C the alloy with the larger inter—lamellas spacing

oxidised the slowest, which is somewhat surprising if the results are

being interpreted in terms of the ability of the alloys to form a

protective A12
0
3 
layer. However, there is no real evidence that a 

_~~— - _~- ---
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continuous Al203 layer did form. Smeggil points out -that the oxidation

behaviour is complicated by the preferential oxidation of the NI.3Nb phase,

which greatly increases the effective oxidising surface area , and —

probably produces a very irregular alloy/oxide interface. This behaviour

is probably similar to that at 600°C except due to the higher overall

oxidation rate, the fingers of oxidised Ni
3
Nb lamellae protruding into

th, alloy matrix are considerably longer. Furthermore , the smaller the

interlamellae spacing, the larger this oxidising surface area become, ,

and consequently the overall oxidation rate increases. Inward diffusion

of oxygen appears to be involved, eince there are no depleted region,

within the alloy.

At 990°C a more conventional oxidation mechanism seems to

operate, and a planar alloy/oxide interface is formed. Again, preferent ial

oxidation of the ~Ti
3

}Tb lamellae occurred and nickel islands were left

isolated in the outer uxide layer. Outward dif fusion of aiwninium and

niobium had been acre pronounced at this higher temperature and there

was less preferential oxidation down the interphase boundary. In fact

a region deficient in -the ~ and Y’ phases was present adjacent to the

scale layer. Surprisingly, the oxidation rate was snal ler the finer the

interlamellae spacing, preaunnbly because the aluminium has to diffuse

much smaller distances to cover the Ni
3
I~b lamellae and form a continuous

Al
2
0
3 
layer. At 1155°C, a similar process occurred, but the rate was

independent of the inter—lamellae spacing since the lateral diffusion

of the aluminium was sufficient to rapidly form the Al
2
0
3 
layer.

The oxidation mechanism for the Ni—22. l Nb—4. 9 Al alloy at

1155°C has been investigated more thoroughly (16) . Smeggil proposes

that a number of steps occur bofore a sufficiently protective A12O
3

layer forms. The first step preventing catastrophic oxidation of the

Ni3
Nb phase is the formation of a eutectio—freo acne between the initial

oxide structure and. tae base alloy. This region consists of a Ni—Nb—Al

solid solution, and the rate controlling step at this stage of the

,1

-- ~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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oxidation is the outward diffusion of -aluminium and niobium through this

layer. However , oontinuin~; reaction pro luces island s of nickel inc~ u - e i

in the oxide layer , which even tual iy oxidise , fo~~ i.~’ an external layer

of Nit) . Smeggil f urther oug~ests that the voids produced by tne out~ ard

diffusion and subset~uent oxidation of nickel from these islands nay h~ilp

in retarding the overall oxidation rat--i , bLt more import antly, they

apparently cause diffusion parallel to the oxidisiwj interface. As at

990°C , such lateral diffusion rc~u~ts in the eventual formation of a

protective A1
2
0
3 
layer. However, there i3 some metallographic evidence

to indicate that this process can be repeated a nw~ber of times followed

by rupture of the A1903 
layer, before complete protection is achieved.

Pett it ( i~+) investigatu~ the oxidation mechanisms of euteotic

alloys in the I.i—~b-~., Ni—i Th---Or, and ~i—Wb— ~r—Al syeteno~ at

At 700 and 1000°C t~iere was no preferential att.~ck of the str~~~thcnin~

phase — , Ni
3
1Th. At 700°C t~ e oxide morphology consisted of an outer

l~iO ayer separated from the internally oxidised zone by a layer of

virtually pure nickel . The texture and composition of tne intern:d~ y

oxidised zone depends on the alloy composition and which phase has been

internally oxidised. In the Ni—2l.7Nb—2.5A1 alloy, the Ni
3

Nb phase has

been oxidised producing coarse Nb20
5 

particles and nickel , whereas in

the more aluminium—rich alloy, Ni—2).l Nb— 11.. !f Al the Ni
3

A1 has been

attacked producing a fine oxide dispersion of Nb20
5 

ai~d A1NbO 1 .

At 1000°C the oxidised structure consisted of an outer NiO laj e r ,

and tntermed.ia-t e layer of NiN b2O6 and an internal oxidation zone of

nickel , Nb205, and A1NbO4. Unlike at 700°C , tne texture of this zone

is lees dependent on the alloy composition since it is separated from

the bulk alloy by a continuous layer of the v —phase (Ni) .  The outer

NiO layer grows by outward diffusion of nickel , whereas rTb 2O 5 
is formed

by inward oxygen diffusion, the volume fraction of precipitated

aluzniniwn—containing oxide , either AlNb0~ or A1203, is insufficient

_ _ _ _ _ _ _  — . -— ___ -
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to form a continuous layer, and -the overall oxidation r a te  ie~ e.nh~ on

the external NiO layer.

Comparison of the results of Pettit and Sme~~ tl pre3enta

general agreement at 1000°C , but not -at the l ower temperatures , 700

in~ ~00°C. At these latter temperatures, both authors in’lioate that

there is no single phase (Y) region in the alloy adjacent to the scale,

but the alloy/scale interface was irregular in ~3oeggil ’s alloys as

opposed to the relatively p anar interface observed by Pettit. It shoul d

be pointed out that the alloys varied s1i~htly in composition: Pettit

used Ni—2 1.7Nb—2.5A1 and Ni— ?3. lNb.-4.1~.A1 whereas Smeggil used Ni—22. lNb—2-. . 9Al .

Sneggil ~s observations seem perhaps the most understandable , since iri-Nard

diffusion of oxygen seems -to be important and preferential oxidation of

the Ni?b phase might thuo be expected .

The other alloys studied by Pett it  (iz 4 ) (Ni-~lTh—Cr and I~i—Nb—~r—A1)

formed more protective oxide layers than the NiO on the Ni—1 b—A alloys ,

namely CrNbO
4 

and (C r ,Al)NbO~ r A120
3 

re.~pectively. However , as

indicated earlier (15) Nj—iTh—3d alloys can eventually form a protective

Al203 layer at 1155°C , although not at W)°C and 990°C. The h i—N b—C r

and Ni—!~’o—Cr—Al alloys develop ;r o tect ive  la:rers qu i t e  rapidly, arid

these remain stable. The layer forms initially over i~ o matr ix  arid then

grows by lateral diffusion over the stre t’.eri.-~g phase. As the te’nperat-u re

decreaues, the tine for the protective oxide layer to form increases,

since it is a diffusion controlled process. A120
3 lay ers were foun d

to be more protective than either CriThO~ or (Cr,Al) Nb04 layers,

although both these alloys oxidised more slowly than the Nj —Nb—Al al loy.

Again the alloys with larger S —lamellas spac ing oxidised more severely

at both 700 and 1000°C, since the lateral diff’usion requ ired to form t ’- ie

protective layer was greater. However, ‘~.z nhown by Sneggil ( 16) , if

sufficient oxidation of the S —lamellac occurs, the surface area of

the natrix exposed for oxidation i1c~’ü-tm$ , and, this area increases with

decreasing spacing of the laznellae. Such -
~ process c- -~uld cause severe 

— —~~~ — — - - - - -- -- --- ,— ---—- -- - -- — —- - — ______
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Cr and Al depletion of the matrix and a protective CrNbO4 

or A120
3 

layer

would become unstable over the matrix phase.

(b) Hot—Corrosion

There have been few detailed studies of the hot corrosion

behaviour of these Y/-~( I ... 5 alloys. Thompson (ii) found that the

pa’eaenoe of a sodium sul phate (Na2SO
4

) coat ing increased the oxidation

rate of a Ni3
Nb—Ni

3
A1 alloy at 1652°? ( 900°C),  although the increase was

not as great as that observed with low—chromium bearing nickel—base

alloys. The addition of 4 or &5% Cr greatly increased the hot—corrosion

resistance at 1832°? (iooo°c) for the Ni
3

Nb—Ni
3

A1 alloy , which in itself

is far more resistant than the corirnercial nickel—base superal loy B1900

(also an A120
3 former) . Presumably the mixed , complex oxide layers on

‘the eutectic alloys are more resistant to acidic fluxing than Al 203 alone .

Lemkey (19, 20) exposed -the Y/~ ‘— b alloy , Ni—20.2Nb— 9.lCr—1A 1

to a oyclio burner rig test , together with various nickel—base superalloys

(:51900, TRW NASA VI A, IN 738) . The specimens were subjected to cycles

of 954°C for 3 miii. , followed by heating to 1121°C for 2 miii. , and then

cooling to 315°C, whilst rotating in a Macb 0.3 j~t burner using JP—5R

fuel containing 3—5 ppm synthetic sea salt. Subsequent miorostructural

examination indicated that this ‘(/~ ‘— ~ alloy ranked with the best

superalloys in terms of resistance to hot—corrosion.

Oxidation and 1-lot Corrosion Mechanisms of Carbide Streng thened ~~tectio Alloys

(a) Oxidation

(j) ~~~Q5—reunforoed Co—base Alloy~

The only alloy in this group is Co—liiCr—2.4C (73C), which consists

of Cr
7
C
3 
strengthening fibres in a Co.-28. 5Cr matrix. Very few detaile~I

studies of the oxidation behaviour of this alloy have been carried out;

some incidental observations on the behaviour of specimens dur ing h1~~

temperature meohanical testing have been reported. 
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iXLring creep test ing in air at 1000°C , a thin, protec t~ v~

layer was formed, accompanied by s~~ x-ificant c ~r~ i ~u dep etion

near the alloy surfac e at l east ;~~r.Y1e1 to the ~lbros (- ~~. Vandertnousen (~ 2)

found oici1~ r carbide depl etion fol1owix~ stress—rupture tests ~n air at

(~ 
o~ - -for 1483 h. In a more detailed study of tho oxidit~ on behaviour

of both conventional j  cast and directionally solidified o—2~lCr-- 1’.4C

Pritscher et al (23) found that the p~ ra~-o1ic rate constant for oxidation

of the clirec-tionall y solidified ~~teria1 was about haif an order of

‘Tkagnitude l ess than that of the convent~ ox~a 1ly cast ai~ oy in the

temperature range 1000—1200°C. ~)ecar~’uri zation occurred ar~i in rtddi t io~

Lhere was some preferential interna l o~~’lat.ion of he carb i :ies.

}~i si~-io~ et al (2l ~ have stu~ted th~ ~~::L~tion be~a~iiour f a

r,u hl er of Co— Cr— ~ alloys in tu e e~~ t or e  r-t~ge -20 - - --1150°C. C~ rhor a-ad

oni y a snai l effec t on the overall ux~d- -t ~~~ :~ te of ~- --~~~~ --( 0.5 2. \ J ) C

t i  l oys. In some respects -thi s seems 31 pri .~i~~ st~ce the fc ;~ tion nf

.‘r—r ich carbide , !d ~~ -, woul d dLra:. ia~ tL~ clu-o ~~~~~ - ~~~~~~~~ of ti~ atr :
3

and heac e the chromiuiri activity (1 wt. % C ru h i  ~ t:1J2 ~~~~~~~~~~~~~~~~~~~~~~~~~~

of the matr~t by approximately l~ .5 w’t. ~ Cr). I~o~.-ever , t~~ ~. i i ~~t -~o~

in e :iu.~ act ivity  oes not i~~. -ea r to nf ’ :eo . t he a b i l i t - -  ~- !  t h ’~

ails; to fo~t~ .t continuous ~~~~~ l:ç~er. Of ~c~~rce , the -
~ 

-. -‘ ~u:~~~~~:L~ ~~.
“~~ 1

~~s cuch less stable than the oxi~le , or~ there is no d i f ~’icuJ t  in thp

exchange reaction, lmt this does not 0~p l r  thai. t h e r e is t

-~apab~e of raising the chromium activity near t - .~ ir~t er faoc.  ~u ,hor ~~ re.

th e accu~— aila t i on nf carbon h ej o w  the ~~~~ ec ;~ice w i l l  re : .-~~-~ the  ,ro:~~~~ r.

acti’~tty of the alloy sti1~ ther , at le~st - in t i ~ the )L~ de breaks t w ~
at long t imes , or hi.~l: t e :Lper t t ’~ree , .tnd h c a ~- n r17atj 3 r ~ Oar~ OCCLr . ?h , s

~owonst rates that it is the u rnni - .n .  tv~t~ 1~~. 1 i ty  at th~’ a1’~oy /oxide

i:~t e r f -t c r  ~1.icL is important , and not the c1~ro rh ur- -t iv lt y . ~onsoquen~ly,

t he  i b ~ l itj  O f o t -N ~ —~~~-tse alloi to fo r-c. a - r~ .o~t iv : - ~e w-~l

r eser~~~: 1; be less than that ~.i’ sii,~ Le pi-~ao -~ i11o;j  iav’i~.~ i . .o  -~s-~ .e

-vcr- t ’ 1 ~ ur. -e~~t f  the pro t ective ~~
- .~ e—f ~; r~ ~ ;~~~‘ & orient , i’LL ti. - .  u~ z1

- _ _ _ _ _

~~

_

~~~~~~~~~~~~~~
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seem likely that it would depend on the mean spacing between the areas

of the phase rioher in the scale—forming element. If these are large

and widely separated the areas poor in the element will tend to oxidj ee

in a non—protective manner, giving a het erogeneous scale, with the more

protective regions being overgrown and possibly disrupted; the critical

spacing is probably a function of temperature, increasing with increasing

temperature.

(ii) TaC or NbC-.reinforoed Co and Ni all~~~
The main alloy in this group, Co—l5Cr—l3PaC, consists of TaO

fibres in a Co—].5Cr matrix. However, a more recent development has been

to increase the matrix chromium content to 20% and to add 10% Ni:

Co—lONi—2OCr—l3TeC. This modification is intended to improve the

oxidation resistance.

Benz et a]. (7) oxidised a series of directionally solidified

alloys based on the Co—TaO system, but containing additions of Cr , Mo ,

V, Al , Hf , Si , W , Pa, Ti , and Nb. Additions of Ni , Cr , Fe and Ti were

beneficial and reduced the oxidation rate in static air at 2000°? (1093°C) ,

whereas Nb, Y, Mo and W bad an adverse effect; Al , Hf and Si additions

had little effect. The best compromise between oxidation resistance and

stress rupture behaviour was achieved with a Co—l5C r—9.5Ni—3W— 13PaC

alloy, which showed a weight gain of around 12—18 mg.om. 2 aft er 100 h

exposure, in comparison to the conventional nickel—base superalloy

Rena 80 of 6 mg.cm. 2
. The alloy was also slightly less oxidation

resistant than Ren6 80 under d~tiaamic thermal cycling conditions.

Lemkey and Thompson (2) compared the behaviour of PD—nickel and

a conventionally cast Ni—NbC eutectic at 700°C and 900°C. The eutectic

alloy did not form a protective oxide layer and cont inuous decarburization

took pl ace. They suggested that a protective coating, or the addition

of up to 25—30% Cr to the matrix, would be required for high t empera ture

service. Boilcs and Moroz (25) also reported that nickel containing

carbide dispersions were less oxidation resistant at 100000 than pure nickel . 

_ _
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Bibring et al (26) measured the oxidat ion resistance of a number

of directionally solidified eutectic alloys strengthened by NbC and

TaO at 1000°C in still air. The weight gains after 20 h were approximately

5, 2 and 1 mg.cm.
2 for Co—2OCr .-lONi—13NbC, Co—l 5C r—l3TaC and Co—200r—

lONi—l3TaC respectively. The presenc e of as little as 1% Al decreased

the rate further. Alloys containing TaO rather than WoO are more

oxidation resistant. In thermal cycling tests (5 h cycles in air at

1000°C followed by rapid cooling to room temperature) only the Co—l5 ’~r—i 3TaC

alloy suffered significant spalla-tion. The presence of Nb in conventionally

cast Co—Cr alloys ha8 been found to increase the oxidation rate quite

considerably, whereas Ta bad lit t l e  effect (27),  which may well explain

the generally better oxidation resistance of alloys containing TaC as

opposed to NbC .

Felten and Pettit (hf) observed preferential oxidation of TaC

from a directionally solidified Co—TaO eutectic alloy at te~aperatures

below 90000, but more uniform oxidation at higher temperatures; cyclic

oxidation above 900°C also produced prc~erentia1 oxidation ci’ the carbide

phase. The oxidation resistance of a conventionaijy ca~t Ni—Co-~Cr—PaC

alloy was poor in the temperature range 1200—1200°C (2~~, with rapid

oxidation of the TaC phase causing fragmentation of the alloy.

Smeggil ( 29) in a comprehensive study of the oxidatisr , of a

Co—l 5Cr— 8.5Ni—6W—2OTaC alloy between 600 and 1155°C found contrastinr

behaviour to that reported above. Between 600°C and &)0°C the ~
-t ’i icy

showed simple parabolic oxidation kinetics and the TaO fibres apparently

oxidised at a much slower rat e -than the matrix causing the unoxidised

fibres to protrude int o the soale. In the temperature range ~50—900°C

an oxide subscale penetrated into the alloy along the matrix/f ibre

interface produc ing a depletion in chromiux ; the kinetics were ini t ial ly

parabolio but subsequently changed to a linear rate law. At higher

temperatures still, 1080 and 1155°C, a rapi~i, non—parabolic oxidation

rate occurred with substantial oxidation of the fibres, particularly

- ~~~. -
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when the matrix had been depleted in chromium. Smeggil explained the

difference in behaviour in terms of a competition between chromium in

the matrix and the TaO fibres for the available oxygen. At low temperatures,

where the oxidation rate is slow, there was l i t t le  chromi um depletion,

and consequently the oxygen activity is not sufficient to oxidise the

TaO fibres. A~ the temperature was increased , the extent of the chromium

depletion in the matrix was also increased, and oxidation of the fibres

proceeded, initially only along the interface with the matrix. However,

eventually at 1060°C and 1155°C , a more general degradation of the TaO

fibres occurred.

The orientation of the TaC fibres was al so found to significantly

affect the oxidation rate. When t he TaC fibres and their oxidised remnant s

were perpendicular to the surface they prevented crack propagation by pore

coalescence in the oxide scal e, thus maintaining prot ection of the

underlying alloy substrate. However , in the case of TaC fibres parallel

to the oxidising interface, both the fibres and their oxidised remnants

lie parallel both to the oxidising interface, and, more importantly, to

the propagating cracks. Cons equently, there is no barrier against crack

propagat ion, and the oxide scales were non—protective , particularly at

high t emperatures. due to pore coalescence.

Smeggil (30) has also investigated the effect of thermal cycling

on the oxidation behaviour of the same alloy at 800°C and 1000°C .

Parabolic behaviour was observed at 100000, but not at the lower

temperature. Rather strikingly, at 800°C, the scale layers showed very

irregular morphologies, unl ike those formed under isothermal conditions ,

and it was suggested that the chemical heterogeneities in the neigbbou~rhood.

of the TaC fibres, caused by the thermal cycling, was largely responsible.

(iii) Cr
7
C~—reinforced Ni—base alloys

The math alloy in this group is Ni—12.3Cz’—6.9A1—1.&), which

consists of Cr7C
3 

fibres in a Ni(Ni 3
A1(y/” ( ’)  matrix. However , its
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oxidation b ehaviour does not appear to have been studied.

(b) Hot—corrosion

(i) Cr
7
C
3
—reinforced Co—base alloys

There have been few detailed studies of the hot—corrosion of this

alloy. Staub and 1~~d~a (31) observed preferential attack of the carbides

(Cr
7

C
3

) in preliminary studies using a combuster rig. Nevertheless, the

alloy was considered to be more resistant to attack than the highly rateö

commerc ial superahloy IN 738 ( 8) .  According to Sahxn (8) , the rat e of

corrosion was determined initially only by the matrix, which is very resistant

since it represents the nearly ideal Co : Cr ratio of 70 : 30; however, as

soon as the surface has been depleted in chromium the carbides are

preferentially attacked.

El l~ hshan et al (32—35) have studied the hot—corrosion behaviour

of various conventionally cast Co—2 5Cr— (0. 5—2.0 )C al loys at tempera t ures in

the range 800 — 1000°C. As in the oxidation of these alloys (24) , carbon

has only a small effect on the overall hot—corrosion rate , ~ue to it not

af fecting the ability of the alloy to form a protective 0r 20
3 layer.

However , the carbide network does provide an easy diffusion path for the

ingression of sulphur and oxygen into the alloy.

(ii ) Co—Cr—PaC

Benz (7) subjected various Co—Cr--TaO , Co—C r--Ni—TaC, and C o—Cr—Ni—

W—TaC alloys to burner rig tests under the following conditions:

temperature 1700°F (927 °C) ; time 310—348 h with a cooling cycle every 24 li;

fuel JP—5; air/fuel ratio 30 : 1; sal t 5 p.p .m. as sea water (ASTM 665—&)),

atomjsecj and injected into the combustion zone. Little accelerated attack

occurred , although there was a little preferential oxidation of the TaC

fib res; penetration depths ranged from 6—9 mils with the Co— Cr—raC and Co— C r—Ni—

TaO al loys to about 1 mil with the C o— Cr—Ni—W—TaC alloy. These values

compare favourably with those obtained under similar exposure conditions

with “Afl—M 509 (1 m u ) ,  X—40 (i mu ) ,  and Renê ~0 (7— 8 nils).

.1 
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Bibring (26) exposed a Co— 200r—lONi—13PaC alloy to a combustion

gas atmosphere containing 0.12% S with 100 p.p .m. NaCl at 1000°C, with

thermal shocks being introduced every 8 h. %~eight losses of around

6 xng.cm. 2 were noted after 200 h exposure , comparing favourably with

19 mg.cm. 2 
for IN 100 after a similar test.

(ui~) Ni—Cr --Al—C

There have been no previous reported studies of the hot—

corrosion behaviour of this alloy system.

Present Investigation

Ni~Nb—N~~Al Based Eu-teotio Alloys

Following the three oxidation mechanistic studies (14— 16)

discussed in detail, it is clear that the oxidat ion of these eutectic alloys

is a. very complex process, and two alloys were chosen for furi-~ er study

in the present investigation: Ni—23.11~b—4.4Al and Ni—19.7Nb—6Cr—2.5A1.

The former represents the basic Ni
3

Nb—Ni
3
A1 eutectic system containing a

high volume fraction of the ~ —phase (o. L14) , and the latter is modified by
cluomium (0.33) to improve its oxidation resistance. No detailed studies

of the mechanisms of hot—corrosion of these alloys have previously been

reported.

As cast, slc- ly cooled and directionally solidified alloys of

each composition were examined in order to study the effects of various

degrees of alignment of the ~ —lamellae. There is virtually no alignment

in the as—cast Ni—23.1Nb--4.Ml alloy (Figure la), whereas slow cooling

produces a relatively ooarse grathed structure with good alignment in each

grain (?igure lb). The miorostruotur• of the directionally solidified

alloy i~e shown in Figure lo, revealing good alignment of the lainellae.

The corresponding microstructures for the Ni—19.7Nb—6Cr--2.5A1 alloy are

shown in Figure 2 ; essentially similar features to the ternary alloy are

apparent .

I
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Carbide—Based Eutectic Alloys

It seems likely then , that decarburization or oxidation of ~he car~-~~ e

network may well occur during oxidation and hot—corrosion, and consequent1y

a detailed study has been carried out. Samples of each of the various

alloys in three different conditions wore again used: as cast, slow l y coo led ,

and directionally solidified. In addition the carbide spacing in the

direct iona lly  solidified Co—4 lC r—2 .4C material was varied by varying the

cooling rates: 3.4, 10.6 and 31.5 cny’h. Also both the basic and modified

alloys in the Co—TaO system, Co—l5C r—13TaC and Co—200r--lONi— 13PaC respectively

were included. The ndcrostructures of all the various samples arc shown in

~igures 3—6; as the cooling rate decreases , the carbide particle~’ increase

in size, and their alignment improves.

Experiment al

The alloys were prepared from high pur±t~ elements by vaouuri induction

mel ting and casting into 25 ron square sectioned moulds. The slowly cooled

alloys were left in the cylindrical alumina crucibles and allowed to cool in

the induction furnace, producing cylindrical alloy bars . The directionally

solidified alloys were first cast into c;~J indricai bars in a conventional

way and subseQuently directionally solidified. Acknowledgement is due to

Dr. ~~. ~lcClean , I-~.P .L . ,  Teddington , !~iddlesex (Co—Cr—C); Pr. II. Bibring,

0J . E .R. A ., Chatillon, France (Co— T aO) ; and iJr. P. Cowley, N.G.T.E.,
Pyestook, Farnborough, Hampshir e (Ni—Cr—Al—C and Ni

3
Nb—Ni

3
Al) for supplying

the various directionally solidified samples.

Specimens of approximately 10 x 10 x 1 mm. were then out from

the alloy samples using a carborundum cutting machine. Each specimen was

ground on metallographic silicon carbide papers through 600 grit ,

degreased and cleaned using carbon tetraohloride.

Oxidation experiments were carried out at 900, 1000 and 1100°C

in static air, the samples being supported in recrystallized alumina boats.

These temperatures were chosen since they represent the current turbine

— -- -- - — -- —s _ ~~~~~~~~~~~~~~~~~~ ~~~~~— ~~- -~-—--~~
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operating temperatures (900—1000°C), and the proposed increased

t emperature (1100°C) with the use of eutectic alloys. Oxidation was

commenced by pushing the cleaned samples quickly into the hot muffl e

furnace. Af ter oxidation the samples were removed slowly f rom the furnace

in an attempt to minimize spalling . Oxidation kinet ics were measured by

suspending the specimen in a conventional therrnobalance.

As will be described lat er, the formation of a ~ —free zone at

the alloy/ oxide interface is decisive in determining which type of

oxidation occurs with the Ni
3

Nb—Ni3Al alloys, and it seemed appropriate

to assess the likely rate of format ion of this zone under more closely

defined conditions. To this end diffusion couples consisting of pure

nickel and the ~i—23.lNb—4 .4Al alloy were prepared and subjected to

diff usion anneals in an inert atmosphere at various temperatures. L~ating

surfaces of the couples were polished to 6 ~a m diamond and bound together by

wrapping with platinum wire. The couples were then sealed into evacuated

quartz capsules and annealed in a vacuum furnace for appropriat e t imes.

Subsequently, the couples were sectioned, metallographically prepared and etched

allowing the width of the s —free zone to be measured in the microscope.

Three types of hot—corrosion tests were carried out on the various

alloys:—

(j ) A Na
2

SO
4
—coating was applied to the sample surface by spraying

with a saturated aqueous solution. The exact details of the coat ing application

have be en described previously (36). The coated sampl e was then oxidised,

either suspended in a conventional therrnobal ance , or placed in an alumina

boat in a horizontal muffle furnace.

(ii) The corrosion of the samples ir5 the Dean rig has also been studied.

In the Dean test, the contaminating salt (Na2304 
or Na2SO4/NaCl mixture)

• is introduced into the atmosphere by passing the gas stream over the heated

salt in an auxilliary furnace before passing it over the samples; the

• temperature conditions are arranged such that the salt oondenaea onto the

samples. The exact details of the apparatus have been described previously (37).

_ _ _ _
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(iii) Samples were given a brief pre—suiphidation treatment in

H2/H2S (90:10) mixtures prior to oxidation in a conventional therroobalance.

Oxidised samples were prepared for r etal lographic examinat ion,

electron probe microanalysis, and X—ray diffraction in the usual way.

~When necessary, etching was carried out using a mixture consisting of

equal part s of glacial acet ic acid, cone, nitric acid, and water.

Results

~~~~~~~~~~ —I~j

3

AI Based Eutectic Alloys

(a) Oxidation

Ni— 23. Thb—1 .~ ~~~

Samples ci’ the as—cast , slowly cooled , and directionally

so1id~fied alloys were oxidised for various times at 900, 1000, and 1100°C.

A typical cross—section of the us—cast alloy oxidised for 50h . at 900°C

is shown in Figure 7 (a) . There is an outer NiO layer overlying a region

containing oxidised and unoxidized metal, essentially pure nickel. The

etching process has removed ncs~ of the nickel in the mixed layer, since it

reveals the eutectic structure by dissolving the nickel (Y) phase away.

The oxides in the intermediate layer were i dentified as ~Th 20
5 

and A1NbO
4.

Al20
3 

was also identified as a discontinuous layer at the alloy/scale

interface. At the surface of the alloy, there is a single phase region

of 1’ —phase (nickel—rich) . The distribution of the nickel islands in the

inner oxide layer does not bear any obvious relationship to the structure of

the eutectic . The morphology of the scal e after l68h is very similar , and

it is clear that no protective A1203 
layer has formed since there are still

islands of metallic nickel in the scale.

The slowly cooled alloy oxidised in a similar manner to the

as—cast sample in regions where the lainellae were not aligned. However,

in contrast , where there was appreciable alignment normal to the surface,

the Ni
3

Nb( 6) lamellae were oxidtsed preferentially: Figure 7 (b).

Furthermore, in these aligned regions no singl e phase ~4’-.zone is furr ed at

the interface. Aligned lamellae which are parallel to the alloy curfac e

- - • - . .  ~ ••• -- . •~~ — ~~~~~~ •• —— -s • •~~~~ ~~~~~~~~~
• - - - - - -
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are not preferentially oxidized direct fro m the aurface unless oxygen can

gain access via the normal lamellae, see Figure 7 (b).

Rather surprisingly the directionally solidified alloy did not

show any preferential attack of the b —lamellae , and a more or less

planar alloy/scale interface was observed, Figure 7 (o). Again a zone

of ‘
~
‘ —phase denuded in aluminium and niobium was present at the alloy/scale

interface, and the surface soale composition was similar to that shown in

Figure 7 (a).

At 1000°C there is little difference in oxidation behaviour

between the as—cast, slowly cooled and directionally solidified alloys.

Figure ~ shows a typical cross—section. The outer layer is again NiO ,

overlying an intermediate layer in which Nil1b206, N~k1204 and Al}fl~~

have been identified. The inner layer has N’b205, AlNbO
4 and nickel—rich

islands , suggesting that this layer is being oxidised to form the mixed

oxide layer, and the metal/oxide phase propagates into the alloy at a more

or less constant thiobiess.

The three alloys behave similarly at llOO~C also arid moat of the

oxide structure is similar to that at 100000. However , in some areas around

the cross—section a continuous Al 20
3 

layer has developed at the base of the

scale, isolating the nickel—rich islands, Figure 9 (a). In other areas,

Figure 9 (b), there are short lengths of Al20
3 

but ozidation has been able

to proceed around these. The format ion of the continuous A120
3 

layer does

not appear to be related to the microstruoture of the alloy, since the

directionally solidified alloy also produces an A120
3 

layer at the base of

the scal e, Figure 9 (c).

However , both at 1000°C and. 1100°C the V —phase zone (or ‘
~~ —free

zone) is again present at the alloy/oxide interface, and its thickness

increases with increasing temperature.

With these heterogeneous alloys the initial stages of oxidation

are perhaps even more important than with conventional alloys in det ermining

- • _ _~~~~~ ——~~~~~~~~~S-- ~~~~~~~ - . _____
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subsequent oxidation behaviour. Thus , samples of the direct ionally

solidified alloy Ni—23.lrrb—4.4Al were oxidised for 1, 2 and 5 Ii in the

temperature range 800—1100
0
0; representative cross—sections are s~iowri in

Figures 10—13.

At 800°C preferential attack of the Ni
3

Nb fibres occurs, (Figure ~c)
and this cont inues even after long exposure times, as was shown in the

earlier reports ( i ) .  Presumably, the ratio of scale growth rat e to alloy

interdiffusion rate is sufficiently high that there are virtually no local

compositional changes in the alloy, and a heterogeneous scale results;

there is preferential attack of the Ni
3
!~b—fibres, in comparison to the more

oxidation—resistant Ni/Ni
3

Al matrix phase.

Initial behaviour is similar at 900°C (Figure lla). However,

diffusion in the underlying alloy must start to be involved since a IJi
3
lTh—

free zone does form after an exposure of 211 (Figure llb). The scal e formed

during these early stages is quite heterogeneous and remains at the scale!

atmosphere interface. However , once the Ni
3

Nb— free zo:ie has been established,

it acts as a ‘randomiser ’ and the subsequent oxide layers which develop are

more uniform in composition , particularly in a direction parallel to the

alloy/scal e int erface.

The Ni
3

I~b—f ree zone formo more rapidly at 1000°C and 110000 , with

no int ernal attack of the Ni
3Nb fibres. The overall ert ent of corrosion

during these initial stages also increases as the temperature increases witL

thicker surface scales , and also a greater thickening of the Ni3Nb—free

zone (Figures 12 and 13) .

With this Ni—Nb—Al alloy, prot ection is only going to be afforded

by the development of a cont inuous Al 20
3 layer. Obviously, t}~~s is F~~~rw~ to

involve al uminium diffusing from the Ni/Ni3
AI phase. and spreading ateral ly

along the alloy/scale interface as rapidly as possible, thus preventir~

excessive oxidation of the alloy. Increasing the temperature will  favour

this process , arid indeed cont inuous A120
3 formation only occurs at llJ(

I 

______ ______________________________________________________________ __________________________________________L ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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as shown in Figure 14, which illustrates the aluminium profil es across

samples oxidised at 900, 1000 and 1100°C. However, the Al203 
layer does not

form rapidly even at 1100°C, and quite extensive oxidation does occur

beforehand.

Ni— 19.71Th—60x’—2.5A 1

A typical cross—section of this alloy in the as—cast condition

oxid.ised for 50b at 900°C is shown in Figure 15 (a). The oxide is very

thin all around the section and there are no obvious signs of any preferential

attack of the niobium-rich ~ —phase. However, there is a single phase

region in the alloy at the scale interface. In the directional ly solidified

alloy preferential attack of the % —phase does occur before a cont inuous,

protective layer of A120
3 

developed, Figure 15 (b). The preferential attack

seems to be the more extensive the wi der the ~ —laniel lae. The electron

image and. X—ray distribution pictures for the directionally solidified alloy

are shown in Figure 16; the outer discontinuous layer is niobium—rich

(Nb 20
5

) which is associated, with chromium (CrNbO
4

) above the ~ —latnellae ,

whilst at the alloy surface is a continuous aluminium-rich layer (Al
2
0
3
)

which affords protection to the alloy. There is little change in the

morphological features after oxidat ion for longer times except presumably

for a thickening of the A1203 
layer. Cert a inly there is no noticeable

increase in the amount of niobium-rich oxide outside the alumina.

The directionally solidified alloy behaved similarly at 1000°C,

with slight thickening of the outer oxide layer. However, continuous,

less protective oxides were formed on the as—cast and slowly cooled alloys,

and some internal precipitation of’ A120
3 
has taken place, as shown in Figure 17.

At 1100°C the directionally solidified alloy suffered more severe

internal oxidation, as shown in Figure 18, and as a consequence Cr203
formed the cain external oxide. There is no evidence of niobium—rich

oxides forming during the initial stages of oxidation, unless they have

spalled from the surface; however, there is a depletion of the ~—lane11ae

~~~~~~~~--~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
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near to the interface. The other two alloys behaved similarly at this

temperatur e, except that int ernal penetration of A1203 
was not as great .

To investigate the role of miobium, the alloy under investiRation

was cast without the niobium: a ternary Ni— 6C r—2.5A1 alloy. A cross—section

of this alloy oxidi zed at 900°C is ahow~ in Figure 19, and clearly there

has been extensive oxidation. There is a discontinuous, non—protective

layer of £120
3 and int ernal oxide particles of both Cr203 and £1203;

spal l ing of the outer NiO layer seems to have occurred. This type of

behaviour agrees wi th tha t reported previously, and as shown in Figure 20.

It seems , therefore , ~nat at these fairly low chromium and aluminium levels,

there is no development of a protective oxide layer.

However , the addition of only 5% !1’ to the ternary N i—6Cr—2 .5Al

alloy improves its oxidation resistance at 900°C , as shown in Figure 21;

the depth of internal oxidat ion is considerably reduced; 10% Nb decreases

the oxidation rate further, and it has been shown earlier that 19.7 ~b

greatly improves the oxidation resistance primarily due to encouraging the

format ion of Al20
3.

However , niobium is not beneficial in improving the oxidation

resistance of Ni and Ni—Al alloys, as shown in Figures 22 and 23

respectively. In pure nickel, the presenc e of niobium causes internal

oxidation and Nb 20
5 

platelets form in the alloy; in addition an intermediate

layer of the spinel (NiNb 2O6) forms beneath the outer NiO layer. Equally

in the Ni—Nb—4,,4A1 alloys, no protective oxide forms, at 5% Nb the

intermediat e spinel layer contains AlNb0~ and there is no internal

oxidation , whilst at 15% Nb there are in addition to the spinel layer

internal oxides containing AlNbO
4 

arid A1203. The eutectic alloy containing

23.1% Nb also does not form a protective oxide layer , except at high

temperatures, as has been shown earlier.

(b) Formation of the S—free ‘lone

The formation of a zone depleted in the b —phase at the surface

of the alloy by the selective removal of niobium during high temperature

‘I

~ 
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oxidation is clearly important. This was studied under :~ore closely

defined conditions using the diffusion couples referred to earlier.

Clearly, the rate of growth of the ~ —free layer is governed bj diffusion ar,r~

thus the ratio of (thickness)2/time represents a rate constant of growth .

This is shown as a function of temperature in Table I.

TABLE I • Growth of the S —free Zone

Terr~perature Thickness Time Rate Constant
o 2 ,C. pm h. c m / s

900 11 138 2. Z~ x l0~~
2

1000 42 150 3.3 x 10 11

1100 102 136.5 2.1 x 10~~~

The activation ener~~r for the diffusion—controlled process has

been calculated from Figure 24 as 300 Id /mole.

However, this does not accurately simulate the process which occurs

during oxidat ion, where niobium loss to ti~e external oxide scal e produces

the depl etion zone. Thus electron probe microanalysis was used to measure

the Ni
3

Nb— free zone thickness, of alloys which had been oxidised at 900,

1000 and 1100°C. Again, the rate of growt h of the depletion zone showed

an Arrhenius—type dependence on temperature as showu in Figure 25, giving

an apparent activation energy of approximately 345 kJ/mole. This woul d

suggest that the formation of the depletion zone is a diffusion—controlled

process , at l east ir the very early stages. Thin g  the later stages of

oxidation , if a proteLtive oxide layer of Al20
3 

develops , then no further

Nb is lost to the oxide and the growth of the depletion zone ceases;

Lemkey (19) in fact has shown that the thickness of the depletion zone reaches

a l imit ing value after long exposures , particularly at the higher t emperatures.

(c) Hot—Corrosion

Ni—23.l Nb—4..4A1

After coating with Na2SO4 the as—cast and slowly cooled samples

behaved very similarly at 900 and 1000°C, both materials oxidising at a

—~~~~~~ -~~~~— —V — -  —. —— -— — — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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faster rate thar . uncoateci samples. :“i~~re 26 (a )  shows a t~’pical cross—

section. The re is on j oter l i ~ ~,‘er j- .e r  ~~~ a r..~xe i  :..eti~1/ ox i- ~e re~ ior .

in which ~ iNL ,U~ md A ~ bCi~ ::~ive been LJeot ~iL e c.1~ the ::.et t . ~a oo .ls are

essent ial i~ pur e nickel. A f urther featur e of the carro oe structure

evident in Figure 26 (b )  is t~~ ;r e-.~e~.c~ of i~ 
V
~artic es ir the al l oy

w~o~r~ it has been depleted of the ~~ — t ;~~~~~ i~~~ . These sulphide~ have a

simitar - 1 i s t r i h ut i on  t the r~~~ ioa l b — l aud I w , and co~o3eluent~y the

mixed oxide/metal reg :-. r  ouo ve t~ie ~~~~~~~ es also has a oim~litr appearance

to the original alloy utructure ; it pr~~~ o.t~ areas where th~ nial~el o u h ~ ~e

L:~o been preferentially o~:i i i o ed.

~~h~r rioi~~ l~;, acceiermt ed ~t t ack  of the directionally

solidified wo~ confi rel  to a few i. oo) ol  Sri areas as .;i.owr ir Figure 77;

th e  ~c-aie in these areas had a similar ear ~.- e  to that -leocribe- h

However, sulJ)h ~ -~e~ were for oe I in the  a . b y  her L~~ both types of sc - . i e ,

al though they had different  ~~s t ribut ion s  in the two cases ~~~ also were

present in a hir -L er  ooncentr t or . u t.~ c ~or e h er . ’i’ y a t tacked areas.

Ihere heavy corro s ~ had tal- en ;- ce. ‘ :8 sul n : los connected the

~ _ lan e 1 lao with the oxide scole , whereas .r. ~~or.s of  slo~Lt corrosion

this was ~iot so , :tsrI a 1e:.~ 18 zone rr .;i~ oer seI-arut 1r ~ the  i- :ellao , -ud

the suiphides, fron the external scale. As r : t e i  in the previous section ,

the 1reaer.c o of a b —fr ’~e zone assists A120, fornation. At 1000°C o m e

areas of heavy ott ~ ck on the  directional ly solidified alloy hah healed ,

presumably -lu c to th ~ for ~mnti- ) r. of a denu ded :cne beneath the nodule.

F’ i ure 17 (b) nnow~ such a nodule in wh ich th e outer nc~~tj ) J  is ty ni ca l

of a rort l~~i formed scale and the inner portion is s~~n:’-or to that formed

In t I e  S lj r ~h t b J  :i t t -~~k o b  a r oa~- .

All three al loys behave sirtl  ar ly ot  1100°C and thc sc-~]e is

sj ~~i~~~r to ~~nt formed jr the ab n’r’.c: of l i ~~31I, es- ’r lbe~ Tre\-icusl’rr

to  outer NI0 1 :;‘er . an inter~ e htt e o~er C-  -. ti in i r .g  1-

and il~d~; • and an inner ~, -er f A ] ’ , hh: • .b.h ,~, ard r~~cke ’— rlch set i - lic1~ -

- V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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islands underneath wbioh is an A1203 
layer. There are no sulphides in

the ~ —free zone.

The kinetics of the oxidation of the directionally solidified alloy,

with and without a Na 2SO4 coat ing, are shown in Figure 28 at 900°C , and

in Figure 29 at 1000°C. The presence of the salt only slightly increases

the oxidation rate at 900°C , whereas the increase is greater at 100000.

However , the oxidation rat e is lower at 1000 °C than at 900°C , since

protective A1203 
layers are more easily formed at the higher t emperatures (16) .

Kinet ic rneasurer enta were also carried out at 87000 with arid

without a salt coat ing , and are shown in Figure 30. The presence of the

Na2~04 
coating significantly reduces the oxidation rate. The reason for

this becomes apparent on examining the scales formed in cross—section. as

showr~t in l igure 31. The uncoated alloy shows preferential attack of the

~ —lamellae producing fingers of oxide (~b205 
and AlNbO

4
) penetratin, into

the alloy. However , in the presence of the salt a & —free zone is forced
which results in a lower oxidation rate; sulpkiides are present beneath the

~ —f ree zone , but since they do not bridge the zone they have no eff ect

as shown earlier.

Samples of each material were also corroded in the Dean apparatus

wit} the Na2SO
4 

maintained at 1050°C and the sa m ples at ~5O
0C , conditions

which previously had given good correlation with practical experience for more

conventional alloys (37). Little heavy corrosion was observed in any of

the samples and the oxide morpholo~ r strongly resembled that formed in

uncontaminated atmospheres. Figure 32 (a) shows a typical crose_ sect or.,

aid apart from the surfaoe scale, sul phide fo ri~~t ion (Nis) has occurred

below the S —free zone, again the sulphides r-e ir€ assooiated with the

~ — lan e 1 lae.

~amp1es were also exposed in toe Dean apparatus to a salt mixture

of Na 2SO4 
+ l0~ NaCl and in some cases this produced complete attack of

the 1 on, thick coupons after :68h exposure ( samples were therual ly

cycled to room temperature every 30h. approzirr~ tely) . This result was not
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entirely reproduc ible , and Figure 32 (b) shows a heavily attacked area

of a similar sample but where sosie under lying al loy remains . The outer

oxide layer is similar to that foroe o 1urir ~ ordinary ox idation , aod the

i —phase is depleted at the alloy surface with both in leroal  oxides

(1aA12o4
) arid sulphides present in the ~ —free zone .

To examine the influence of tho sulphides on the oxidation

behaviour, samples of the directionally sol i li f ied  alloys were pr e—

sui phidised in a H 2~H nS (90:10) mixture for 6 ::in. prior to oxidation

at 900 and 1000°C; the kinetics are inc luded in Figures 12 and 13.

Pre—sui phidation produced a very rapid initial oxidation rate , which after

approximately 4h. decreased to a level similar to il:ot of u.n—presulphidii~ed

samples , Surprisin.~1y, the weight gain was lhrjer at ~)0°c than at 1000°C.

Typical crocs—sections of the sar pl es corroded at 90000 and 1000°C

are compared in Figure 33. Severe corrosion has occurred on:i the surface

scale is typical of that described earl ier: an outer h1C~ layer , an

intermediate layer of 
~~

-
~~2°6’ ~iAl 2O4 

and AlNb 0~ , and an inner layer

containing 1J.’bO~ , ~~205 and nickel— rich islands. l anh ~jS particles

are present across the ~ —free zone connect in~ the outer oxide layer to

the ~ — 1amellae in a manner similar to sor:pIes coated with before

oxidation.

Ni—l 9.~~Th— 6Cr—2.5A 1

The influence of a Na 2S0~ coating is not very marked at 900°h ,

and, all three alloys behave very similarly. In each case cost of the

alloy is relatively unattacked., Figure 34 (a) . The outer layer mainly

consists of Jh~b,,0 , and underneath this , there is a cont inuous A1~ 0~

layer protecti~~ the alloy. In the ~ —free zone t~iere are acne internal

0r 20
3 

and Al 20
3 

particles, and n l c .:el sulphides next to the

1-anel oe. There are, however, a ~~mr random areas ~‘thero severe oxidation

has taken ~ ace, presumably by breakdown of the protective , Al 203 l ayer .

A cross—oection of this nodular o t t~ c’i~ is shown in Figure 31~ (b ’s . The

nodules consist of 1ItNb .~06 and l Ir)~ and - etal h o  islands of virtually
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pure nickel , the distribut ion of the phases refl ecting the original

eutectia structure; a semi—continuous A120
3 layer is present at the base

of the nodules. As observed earlier, in the alloy behind the nodules

NiB has been formed , bridging across the i —free zone; behind the

protective scale the suiphide precipitates lie behind, the % —free zone.

At 1000 and 1100°C oxidation of the Na2Soçcoated alloys is

more uniform as shown in Figure 35. The outer oxide layer is mainly

NiCr2O4, whilst underneath there is a layer of Cr203, containing particles

of N’bCrO4. Internal oxides of A1203 are also present , together with nickel—

rich suiphidee on the inside of the S —free zone , ad~aoent to the Ni
3

lTb

lamellae. However, chromium—rich suj .phides have also been formed deeper

in the alloy. Surprisingly similar aulphides are observed in the samples

0oxidised at 1100 C.

The oxidation kinetics of this alloy oxidised with and without

a Na2SO
4 

coating at 900 and 1000°C are shown in Figures 36 and 37: The

coating has produced only a marginal increase in the overall ozid.ation

rate.

Samples were ozidised in the Dean apparatus under similar

conditions to the ternary eutectic alloys. Vihen the condensing salt was

Na2SO4, there was no evidence of suiphide formation and the oxide morpbolo~~r

was identical to that produced by direct oxidation. However, on addition

of 10% NaCl to the salt mixture, as with the ternary alloys, the severity

of the attack was considerably increased and some samples were completely

oxidised after 168h . Figure 38 shows a typical cross—section with

(AlCr)Nb0
4 

formed int ernally and copious amount s of sui phide (NiS).

Presuiphidation at 900°C had little effect on the oxidation

kinetics of this ~uaternary alloy, as shown in Figure 36. However, at

1000°C a similar treatment had a catastrophic effect: Figure 37.

Figure 39 shows a typical cross—section of the scale: an outer h O

layer, an intermediate layer of NtNb2O6, NiAl2O4, and lThCrO4, and an
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inner layer oontaining nickel—rich metallic islands , AlNbO4, Nb 2 )
5 

and

~‘bCr0 4. There is heavy internal sulphidation with the suiphidea bridging

the ~~—frae zone.

Carbide—Based Euteotic Allo~ys

(a) Oxidation

(i) Co—Cr—C

Four main types of oxide morphology are produced, and Table I

sunsnarises the detailed observations.

TABLE I

SUl-~dARY OF THE OXIDE SCAL E STRUCTUR~B FORL~ED ON Co—L~jCr-2.~C ALLOYS

Ty~e of Scale

Condition ci’ Alloy 90000 1000°C 1100°C

As cast I II III

Slowly cooled I + III II + III III

3.4 cr~~h ~ III III iv
Directionally

10.6 cub/h ) III III Iv
solidified

31.5 cWh ) III III IV

I — Surface scale consisting l argely of Cr203, a zone

Jepi~eted in carbide, and no internal oxidation.

II — Surface scale consisting largely of Cr203, with a

zone depleted in carbide containing internal oxide

part icles of Cr203.

III — Surface scale consisting largely of Cr2
03, and internal

attack of the carbide network to form Cr
2
0
3
.

IV — Curi’aoe scale containing both chromium and cobalt—

rich oxl ’Oq , and heavy attack of the carbide network ,

again forming largely chromium-rich oxides.

Scale of types I—Ill usually occur at the lower temperatures and

with the least al igned structures , whereas type IV occur s more e~tensive1y

at the higher temperatures and with the more sli~’ned structures. )epresentat ive

cross—sections are shown in Figure 40 , and it  is clear that types 1—lIT are

-- . , - ,- -- ~~~~- -—~ -~~~ —~~~~
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the more oxidation—resistant ,

The oxidation kinetics of the three directionally solidified euteotio

alloys at 900°C and. 1000°C are shown in figures 41 and. 142. There is no

systemat io variation in the oxidation rates with the alloy cooling rat e

( eut eotic spacing) or with temperature. The alloy with the slowest cooling

rat e (most widely spaced carbide fibres) oxidises faster at 900°C than at

1000°C. Furthermore, the alloy of intermediate carbide spacing oxidises

at the fastest rate at both temperatures. Table II summar izes the

approximate parabolic rate constants. However, the depth of penetration

of the carbide network is probably the more critioal factor, arid these

values are shown in Table III . Increasing both the fibre alignment and

the temperature generally causes a greater depth of attack.

TABLE II

PARABOLIC RAT1~ CONETANT S FOR THE OXIDATION OF THE

VARIOUS DIR~~TIOI)ALLY SOLI~~FIED EUT~~TIC ALLOYS

Parabolic Rat e Constant

Al lpy 
___________

900°C 1000°C

C o—4lCr—2. 14.C (3. 2k) 0.002 0.022

Co—410r—2.4C (10.6) 0.091 0.111

Co—4l Cr—2.4.C (31.5) 0.061 0.011

Co—l5Cr—13TaC 0.112k 0.059

Co—2OCr--lONi— 13PaC 0,001 0.0114.

Ni—l2 .3Cr--6.9Al—1.8C 0.142 0.036

_____ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _
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TABLE III

DEI’BllS 0? OXIDE PEINETNATION FOR THE OXIDATION

OF THE VAFIOUS EUTECTIC ALlOYS

Depth of Penetration (isa)

Al loy 900°C 1000°C 1100°C

Co—!4Cr—2.4C (as cast) 17 33 30

Co—4lCr—2,4C (slow cool) 27 43 60

Co—4lCr—2.4C (D.S. 3.4) 20 70

Co—4lCr—2.4C (D.C. 10.6) 33 110 l~~T

Co—4lCr—2.4C (D.C. 31.5) 23 60 120

Co—l5Cr—l3TaC (as cast) 17 13 50

C~ —l5Cr—l3PaC (slow cool) 20 17 53
Co— l5Cr—l3TaC (p.s.) 13 33 33

Co—2OCr-.lONi—l3TaC (as cast) 0 17 40

Co—2OCr—1ONj—l3TaC (slow cool ) 10 40 100

Co—2OCr—lONj—l3TaC (D .S.) 10 27

Ni— 12,3Cr.-6.9Al—1.8C (as cact) 0 0 0

Ni—l2.3Cr--6.9Al—1.8C (slow cool) 0 0 0

Ni—l2.3Cr—6.9A1—l,8C (D.S.) 0 33 113

(ii) Co—Cr—TaC

~ach of the three Co—l5Cr—13TaC alloys behaves quite similarly

at 900°C; the scale consists of an outer CoO layer and underneath th is

is a spinel layer containing CoCr2O4 
and CoTa2O6; at 

the alloy interface

there are areas rich in Pa205 
and Cr203, and there is only slight interna l

oxidation of the TaC carbide network forming Ta205. lmproving the al ignment

of the TaC fibres only has a small effect , causing a slight increase in the

overall outer oxide thickness , the Cr 20
3

—r ich areas. and the amount of

int ernal oxidation of the fibres themselves. The CoTa2O6 
particles within

the spinel layer tend to resemble the or i~~na1 shape of the TaC fibres.

Similar features are aloo evident at 1000°C , except that there is a

tendency for the outer oxide layer to ~pal 1, particularly with the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
_ _ _
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directionally solidified alloy; there is also more internal oxidation

of the TaC fibre network. At 1100°C the outer oxide layer (CoO + spinel)

is very thick in each case , and. prone to apallirig , particularly with the

directionally solidified alloy. A Cr20
3 

layer attempts to form at the

alloy interface, beneath which is a zone depleted in the TaC fibres ,

and containing internal Cr 20
3 

and Ta20
5 

partioles.

Representative cross—sections of the various oxidised structures ,

at each of these three temperatures, for the ternary alloy are shown in

Figur e 43, i1 ~strating the features which have been described in detail

above.

The quaternary alloys (Co—2OCr—lONi—l3TaC ) are more oxidation

resistant than the t ernary alloy; the as—cast alloy rapidly forms a

protective Cr 20
3 

layer at 900°C , and. there is virtually no attack of

the fibres. However , as the alignment of the TaO fibres improves , the

alloy apparently has more difficulty in forming a protective Cr203 
layer;

internal oxidation of the TaO fibres occurs producing internal Ta205
oxides. In some areas there is considerable oxidation of the matrix

producln~ scale nodules containing CoO and CoCr2O4, NiCr2O4, CoPa2O 6,

al t hough eientually an underlying protective Cr203 
protect ive Cr203

layer develops.

Similar behaviour is also seen at 1000°C, but the overal l attack

is more extensive. Again the as—cast alloy rapidly forms a protective

Cr,03 layer, 
but adjacent to the alloy/oxide interface there is a zone

depleted in the TaO fibres and. containing Cr20
3 

and Ta20
5 

internal oxides.

The furnace cooled and directionally solidified alloys show similar features

as at 900°C , except that the oxide nodules are larger and. internal

oxidation of the TaC fibres is more extensive, The nodules also t end

to be larger on the directionally solidified alloy substrate.

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~
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At 1100°C each of the alloys is 3ubjec t to scal e spallation,

at least on cooline from the reaction t emperature. The as—cast alloy

has a fairly thin out er oxide layer , consisting of the N i— and Co—

containing spinels based on Cr and Ta(CoCr
2
O4, NiOr2O4, CoTa2O6, NiTa7O 6) .

There is also a layer depleted in the TaC fibres containing internal

oxides (Cr203 
and Ta20

5
) . In some areas these internal oxides are

inter—connected, thus isolating metal particles within the outer oxide

scale. The thick outer coo layer has spalled on cooling. Similar

behaviour occurs with the furnace cooled alloy, except that the internal

oxidation is more extensive, and also with the directionally solidified alloy,

where again the cuter CoO layer has spalled after cooling, but there is less

internal oxidation. Microstructures illustrating these various features

at each of the three temperatures are shown in Figure 44.

V/eight gain/tine curves for the ternary and quaternary directionally

solidif ied alloys at 900°C and 1000°C are shown in Figures 45 and 46

• respectively. Approximately parabolic behaviour is observed in each case,

with the parabolic rate constants being shown in Table II. The depth of

• oxide penetration is shown in Table III, indicat ing that as the alignment

of the fibres and temperature increases so does the anount of attack.

(iii) Ni—Cr—Al—C

At 90000 all of the alloys rapidly form a protective A1203 
layer,

and there is virtually no attack of the carbide network. With the as—cast

and. slowly cooled alloys at l0000C internal oxidation of the carbide network

is not apparent , although slight blistering of the protective A12O
3 

is

evident, suggesting some oxidation of the carbides has occurred, but

insufficient for complete scale failure. However, with the directionally

solidified alloy significant oxidation of the Cr
7
C
3 
fibres occurs,

forms internally, and a non—protective scale of Cr2O3 forms externally.

hach of the three alloys has considerably more difficulty in

forming a protective oxide layer at 1100°C. The as—cast and slowly cooled

alloys form a convoluted outer A1203 
layer. Pre~waibly formation of gaseous

--  - .  
— --
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oxides of carbon have some diarupting influence on the protective oxide

layer, although there is no obvious evidence of gross—oxidation of the

carbides in the cross—sections ; possibly spalling has occurred on cooling .

The directionally solidified alloy does not form a protective Al20
3 layer ,

and suffers severe internal oxidation . The structure consists of an outer

discontinuous Cr2
0
3 

layer, beneath which is an internal dispersion of

particles and Al20
3 
platelets in a (Ni, Cr) matrix, and &elow which

is the unaffected Ni
3
A1/Cr

7
0
3 
matrix. Figure 47 illustrates each of these

morphological features.

The oxidation kinetics at 900°C and 1000°C are shown in Figures

4~ and 49, indicating parabolic behaviour, with the parabolic rat e constants

being shown in Table II. The depth of oxide penetration is shown in Table

III, again demonstrating that both improved fibre alignment and temperature

accelerate the oxidation rate.

(b) Hot—corrosion

Ci) Co—Cr—C

Generally, the presence of a N~2SO4 
coat ing barely affects the

• oxidation behaviour at 9000C of the various Co—4lCr—2.14C alloys. A

protective Cr2O3 
scale develops on the as—cast and slowly cooled alloys,

as well as those which have been directionally solidified, and there is

no evidence of a zone depleted in carbides beneath the scale. The carbide

network suffers some internal oxidation, and. chromiun -rich suiphides (CrS)

are precipitated within the matrix ahead of the internal oxidation zone.

Similar behaviour also occurs at 1000°C, although the extent of

surface scal ing and penetration of the carbide network is greater. The

oxidation kinetics of the directionally solidified alloy cooled at 10.6 cn/h,

with and without a Na2304 
coating are presented in Figures 41 and 42 for

900°C and 1000°C respectively; the ~~esence of the salt coat ing has

apparently decreased the rate at both temperatures.

At 1100°C no outer , cobalt—rich oxides are formed as in the

absence of the Na2SO
4 coating, which suggests that again the coating

—- • • •~~~•- -- - - ~~~~~~~~~ •—~~~ - •~~~~~~~~~
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assists in the rapid establishment of a Cr203 

layer. ~eprosontative

cross—sections of these various coated specimens are shown in ~‘igUre 50,

for each of the three temperatures.

Presulphidation increaseo the subsequent oxidation rate at both

900°C and 1000°C, as shown in Figures 41 and 42. However , the rate tends

to decrease after about three hour~. to a level similar to that of direct

oxidation. Furthermore, the increase in rate is greater at 900°C than at

1000°C, as in the initial oxidation rate without any pre—sulphidation.

Table IV compares the approxiante parabolic rate constants for oxidation

with and without a Na2SO
4 
coating and following pre—sulphidation, for the

directionally solidified alloy cooled at 10.6 crxVh. There is no real

systematic variations in the rate constants with either the type of test

or temperature. However, the depth of penetration of the carbide network

F is probably the critical factor. Figure 51 (a) shows a typical cross—

section for an alloy pre—suiphidised prior to oxidation at 1000°C; the

total depth of internal oxidation is greater than that for alloys not

given a pre—sulphid.ation treatment.

TABLE IV

APPROXIMATE PARA~ 0LIC BkI’E CONSTAIIP S ~ )l1 THE DIREX)TIOHPiLLY

SOLIDIFIED EUTECTIC ALtOY Cs-41Cr-2.4~C COOLED AT 10.6 cnVh.

Approxin~ te Rate Constant
.. 2 —4 —l~~g. m. a. ±

Test 900°C 1000°C

Oxidation 0.09 0.11

Na2SO4 coating 0.003 0.01

(1 mg.om. 2)

SulphidatioWoxidation 0. 1+7 O. 2~

Since sodium sulphate has l i t t le  effect on these alloys a

Na
2

SO
4
/lO% NaCl mixture was used in the Dean Test . However , the salt

L 

condensing onto the samples is richer in NaC1 because of its higher 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - -
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volatility. After 24 h exposu.re in the Dean Test, all the directionally

solidified alloys have a rather loose , outer , non—protective oxide layer

consisting of CoO , CoCr2O4, and Cr203, as shown in Figure 51 (b).

Internal voids are observed within the alloy and also chromium—rich

particles at even deeper locations. The presence of the voids suggest

participation of a volatile species at the reaction temperature.

Catastrophic oxidation of the al loys occurs under similar exposure

conditions, but after 4 x 24 h cycles, as shown in Figure 51 (c). A

thick, porous scal e is formed and the carbide network within the alloy

has been severely attacked.

(ii) Co—Cr—TaO

The main effect of the presence of a Na2504 
coating on the

oxidation of the Co—l5Cr—TaC alloys is to increase the extent of internal

oxidation of the TaG fibres at each of the three temperatures, resulting

in internal oxides containing Cr203 
and Ta205, a~~ad of which are CrS

particles associated with unaffected TaO fibres. The only effect of the

degree of alignment of the fibres is in the appearance of the internal oxides~
which they resen~ble. At 1000°C — 1100°C the outer oxide is more porous ,

which ooincid.es with the formation of sodium chromate. Furthermore at

1100°C, the internal oxides formed within the directional ly solidified

alloy coalesce and leave metal islands (virtually pure cobalt) isolated

in the outer oxide scale. Representative morphologies are shown in

Figure 52.

The ~:inetics at 900°C and 1000 °C (~?igures 45 and 46) indicate

that the presence of a Na2SO
4 
coating initially increases the oxidation

rate, although during the later stages it decreases to that of ordinary

oxidation, with the overall weight gain being slightly less.

Pre—sulphidation also increases the oxidation rate , both at 9000c

and 10000C, as shown in the kinetics (Figures 1+5 and 4~). This coincides

with severe internal oxidation of the TaC fibre network, as illustrated in

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Figure 53 (a) , with sui phides (CrS) again being present ahead of the

oxides associated with the TaC fibres.

F~ posure in the Dean Rig causes even more extensive internal

oxidation and suJ.phidation of the TaG fibres, and also the fors~.tion of

an outer porous, non—protective oxide layer containing CoO , CoCr2O4,

Cr203, and. Na2CrO
4 
(Figure 53 (b)).

The presence of a Na2SO4 
coating has a similar effect on the

quaternary alloy (Co—200r—1ONi—TaC) as with the ternary alloy;

representative cross—sections are shown in Figure 54.

Oxidation kinetics with and without a sal t ooat ing are shown in

Figures 45 and 46 at 900°C and 1000°C respectively, indicating that the

Na2504 
layer has a similar effect as with the ternary alloy.

The effect of pre—suiphidation again increases the oxidation rate

at both temperatures as shown in Figures 45 and 46, but not as greatly as

does the salt coatir~g . However, extensive internal oxidation, accompanied

by suj.phidation, occurs as seen in i?igure 55 (a). Approximate parabolic

rate constants for the various kinetics curves shown for each directionally

solidified alloy are given in Table V.

TABLE V

APPROXII~ATE PARABOLIC 1IATE C0PSTA1-T~ FOR THE DIRECTIONALLY

SOLIDIF1ED EIJTECTIC ALLOYS Co—l5Cr— ’L’aC AITD Co— 2OCr—lONi—l3TaC

(Figures for quaterriary alloy in brackets)

~pprcximate Rat e Constant
2 —4 —l( g. m. a. )

Test 900°C 1000°C

Oxidat ion 0.114 (0. 001) 0.059 (0 .014)

Na2SO4 
coating 0.127 (0.144) 0.069 (o.0l~)

Ci mg.cm. 2)

Suiphidation/Oxidat ion 0 .333 (0.006) 0.027 (0.004)

The Dean Teat severely corrodes the alloy resulting in an outer

porous, non— protective oxide layer containing CoO , Cr 203, CoCr ,O
4 

and

Na2CrO4, accompanied by internal oxides and sulphides similar to those

- - 
—
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f ormed during the coat ing test (Figur e 55 ( b ) ) .

(iii) Ni—Cr-Al—C

With the Na2SO
4 

coating test , the general morpholo~~r is

similar for each of the alloys at the three temperatures studied, and

is shown in Figure 56. Essentially, the scale consists of an outer

oxide layer (NW , NiCr2O
4 

and lTiA120
4

) ,  an int ermediate mixed metal and.

oxide layer (Ni, AL.,03, Cr
2
O
3

), and an inner layer, consisting of

virtually pure nickel and chromiun-rich suiphides; these latter are not

obviously associated with the Cr
7
C
3 
fibres. Generally, the thicimess of

each layer increases with t emperatur e and. degree of alignment of the

fibres, except at 1100°C, when there is less overall attack; at this

temperature the salt coating is quickly lost by evaporation. Fibre

alignment only seesis to play a critical part in influencing the rate of

attack when A1203 forms a continuous layer, 
as seen previously during

ordinary oxidation; this is apparently not the case in the presence of

a Na2SO
4 
coating.

The kinetic curves for the oxidation of the directionally

solidified alloy, with and. without a salt coating are shown in Figures

48 and 49; the presence of the Na2SO
4 

coating greatly increases the

oxidation rate.

Pre—suiphidation also greatly increases the oxidation rate, both

at 900°C and 1000°C, as shown in Figures 1+8 and 49. Typical cross—sections

are shown in Figure 57 (a), which strongly resembles that produced by the

Na2SO
4 
coating although the effect is much greater at 1000°C. This

suggests that the primary role of Na2
SO
4 
is to supply sulphur for

sulphid.ation, and. any oxide fluxing is of secondary importance. The

approximate parabolic rate constants for the vaxi.ous tests are shown in

Table VI.

.1
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TABLE VI

APr-~0~ Th~ T: i R ~B0LI~ Ri-~P :’ C0N~TA~JT~ Fk~R TH E )1RECTIONALLY

~C~ I fUFI~ D EUT~~TIC ALLOY hi—12. 9Cr—6.9A1—1 .8C

Approxiri~ te Rate Constant
(g. 2s. 4s.~

1)

900°C 1000°C

Oxidation 0.142 0.036

Na250
4 coating 0.156 0.181

(1 mg.cn. 2)

Sulphidation/oxidation 0.185 2.407

Thermal cycling in the Dean’s Test in the presence of Na2SO4/l0%

NaC1 condens ing ont o the surface has not greatly aff ect ed the rat e of

attack; Figure 57 (b) shows a typical cross—section. The surface scale

is somewhat thinner than that on samples subjected to the Na2SO
4 

coat ing

t est , but the inner oxide/alloy layer is correspondingly thicker. This

could be due to the thermal cycling causing spallation cf any outer oxide

layer. Surprisingly, the NaCl has not caused excessive attack of the

carbide fibres, as it did with the Co—4lCr—2.4 alloy, which also contains

Cr
7
C
3 
fibres.

For each of these alloy systen s the presence of a Na2304 coating

increases the depth of attack during oxidation as can be seen fron

comparing Tables VII and III.

TABLE VII

DEFI’HS OF OXIDE PE~~~~ATION FOR THE 0XIIiO~TION OF T~~ VARIOUS
EUTE~ TIC ALLOY Il~ THE PR~~~JCE OF

Depth of Penetration (yin)

Alloy 900
00 1000°C ~~O0°C

Co—4lCr—2.40 as cast) 27 40 53
Co—4lCr—2 .4C slow cooled) 33 50 70
Co—4lCr—2.4C D.S. 3.4) 17 70 130
Co—41Cr.-2.40 D.S. 10.6) 27 73 83
Co—4lCr—2.4C D.S. 31.5) 20 70 80
Co—l5C r—13TaC (as cast) 50 83 133
Co—l5C r.-l3PaC (slow cool) 33 100 167
Co—l5C r—l3TaC ( D .s.) 70 133 116
Co—2OCr’-lONi—l3TaC (as cast) 30 47 70
Co—200r—lONi—13TaC (slow cool) 50 40 113
Co—20Cr.-l~)Ni—13TaC (D,~ .) 27 37 233
Ni—12.3Cr—6 .9Al—l.8C (as cast) 7C 167 300
~i—12 .3Cr—6.~ Al—l. 8C (slow cool) 70 100 400
L.i—12.3Cr—6. ’~Al— 1.3C (~ .s .)  70 167 l~~

- ~~~~~~ -~~~~~~~~~~~~~~~ ---~~~~~ -——
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Both the sulph idatior~ oxidat ion treatment and the Dean ’s test

al so greatly increase the overall depth of attack , as can be seen by

comparing Tables Viii and III.

TABLE ‘Till

DHFITH OF OXIDE PENDI iiATION F0 { TH~ j iOT C0iL~OSI0N
OF V ARIOUS L’tJi’i~CT1C ALLOY2

Depth of Ponetrat ion (pin)

Alloy sb (i000°CI Deans (950°c)

~ o—41 Cr—2 .4 C (L .3 .  10.6) 100

Co—l 5Cr— 13PaC 25 133

Co— 2OCr--1 CNi—TaC 25 200

L~ — l 2 .3 Cr— 6 .9~ l— l.8C 40 113

Discussion

~~~ Al—N j~N’b Based Eutectic AIloy~

(a ) Oxidation

Table LX compares the oxidation rates (in terms of the approxiiiate

parabol ic rat e constant) ci’ these eutectic alloys with those of more

conventional superalloys (38): B—l90C) and IN7 13LC are nickel—base al loys

which form AJ.20
3 

scal es, and IN—738 and X—40 are nickel and cobalt—b~~e

alloys respeotively which form Cr203 
scales.

TABLE IX

PABABOLIC RATE CONS TAI-ITS FOR THE OXIDATION OP ‘IAlUOUS ALLOYS AT 90O~C

2 —4 —1Alloy Kp, g m  a

B—1900 3.3 x 1O~~

IN—738 8.5 x l0~~

IN—713LC 1.6 x lO
_2

X—40 5.8 l0~~

Ni—23Nb—4.4Al i,~.7 x i0 2

Ni—19.7Nb— 6Cr—2.5A1 4 .6 x l0 ’

The quaterriary alloy compares favourably with that of the more

conventional alloys, whilst the ternary alloy is considerably less 

- - -- -~~~~~~~~~~~~~~~~~~ - -~~ -- -~ — - -~~~ ~.- - - -
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resistant. However, at h:i~her temperatures the rates are more compatible.

The scale morphologies and co:: po~iitions observed are in

reasonabl e agreement with tho~3e of previous investigations (14— 16) .

The important factor appears to be whether or not a i—free tone is

established between the surface scale and the al loy eutectic structure.

This in turn depends in a con’~1ex wa~ on: (i) temperature, (ii) the

degree of alignment a n i  s~-ac ix~ of the eutectic and (iii) the composition

of the alloy.

Genera1 L~’, preferential oxidation of the ~~— p se- oniy o~r~

at low teniperatures, ~O0°C and below (15), and at all higher t e i ; ; e~~ ~t~~re~:,

a s— free  zone is for~ e~ at th-~ surface of the alloy. However , in the

present work, preferential att~ c~: did occur at 900°C , but only with the

slowly—cooled al1o~r ; the ~tr’ ot~ r - - f  this alloy nvty bect be described as

part ially al igned, in that the eutectic shows ~aod al ignment withir the

large, individual grains; but the grains are ranr~orrh y orientateJ one with

another. Both the completely random alloy, and the completed aligned alloys

developed i —free zones at

The interphase boundaries presumably can act as preferential

paths for oxygen diffusion inwards, but also for niobium and aluminium

outwards. The limited alignment in the slowly cooled alloy may l imit

the latter process, resulting in fingers of oxide penetra~ing from the

surface scale int o the alloy.

Under most other condifi~ ns , especially at the 1:i~ her t e r j e r  t tur e~~,

the attack of the alloys was relatively un if orm and a zone of depletion

of the ~ —lamellae was produced at the alloy surface , through which

aluminium and niobium diffused into the scale where they were oxidised

to ~~20
5~ 

AlNbO
4 

arid A1
2
03. As th e  none of ~ —pha ne receded into the allo~’,

nickel—rich islands were incorporated into this :~ixeh oxide layer. ~~

oxidation cont inues , nickel diffuses from the xitc~~ ~—r~ch islands and

forms an external NiO layer. ~ur~~~singl;~, t h i s  process occurs relatively 

A
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slowly at 900°C as presumably all the inward dif ~~ aing oxygen must

react with the aluminium and niobium. At l0000C, the nickel—rich

islands are more readily oxidized., making the outer Ni0 layer

correspondingly thicker than at the lower t emperatures.

At 1100°C , a protective A120
3 

layer develops at the interface

between the s—free zone and the mixed metal/oxide layer, reducing the

overall oxidation rate. This is probably related to the relatively

higher diffusion rate of aluininiure at this higher temperature which

permits sufficient lateral diffusion to support the continued growth

of A1903, as suggested by Smeggi l (16) . At the lower temperatures,

only a discontinuous Al203 
layer forms and, as observed, the oxidation

rat e is more dependent on the structur e of the eutectic.

Clearly, the establishment of a Ni 3Nb—free zone at the surface

of the alloy is critical and implies that Nb is selectively oxidised

from the alloy in the early atagee. If it is assumed that only ~b2O...

is formed during the initial stages of oxidation then a weight gain of

10 mgJcm
2 would correspond approximately to a Ni

3
Nb—free zone thickness

of 55 pm. (These figures neglect the gamma—phase in the matrix, and

assume a density for the alloy of 8,62 g/cm3; the volume % of Ni
3

Nb is 44).

If A].2O3 
forms a continuous layer after this weight gain and selective

oxidation of niobium ceases, the thickness ci’ the Ni3
ffb—free zone would

be expected to contract . However , the zone contains sufficient aluminium

for cont inued growth of the Al20
3 

at the measured rate for approximately

6 x lO~ days. Thus , it is not surprising that no contraction in the

thickness of the Ni
3

Nb—free zone is observed.

These figures agree reasonably well with those observc.-’ for

the directionally solidified samples oxidised at 1100°C, which forms a

depletion zone about 50 pm wide, following relatively extensive oxidation

before the protective Al2
0
3 

layer forms . There is some aluminium

depletion within this zone, but not sufficient to make the protective

- — --~—- ~~~~ --- —~~~~~~~~~~~ —-*---
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A1
203 

layer unstable. Once the continuous A1203 
layer has formed

above the Pi
3
Nb—free zone, the oxidation—prone ~i3

hb lainellae are

separated from the oxidising atmosphere. Thus, the alloy in effect

behaves as a single phase material , and retains this configurat ion

providing the Al203 
layer does not fail. Spallation of the A12O3

layer would cause further aluminium consumption and a narrowing of the

depletion zone. A rapid increase in oxidation rate night be expected ,

particularly if the fibres ajair. become exposed to the oxidisir.g

atmosphere.

I~.ring the early stages of oxidation when the lli3
Nb—free zone,

if formed, is very thin, the aluminium concentration will vary along the

alloy/scale interface, being low directly above the ~a3.~b fibres.

However , as oxidation continues and. the zone widens, lateral diffusion

of aluj.ijnium cars be expected to even out these concentration differences.

Eventually, the lateral diffusion will be sufficient to allow the

continuous A~203 
scale to fota (Figur e 5~). This final step only seena

to occur at 1100°C, presumably ~tien the lateral diffusion is sufficiently

rapid , and the depletion zone vide enough, f or the aluminium concentrat ion

to reach a high enou~~ level all along -the alloy/scale interface. At

lower t emperatures , the deplet ion zone is too narrow prevent ing A120
3

formation and this allows continue-I oxidation of the Nb—rich phase and

the matrix, resulting in the heterogeneous scale structures typified in

Figure 59.

The relative thicknesses of the various layers varies with

t emperature, and presumably this is related to the cha nges in relative

- i if fus ion  rates through the scale. Onc e the protective Al 2O.~ la~?er is

formed , the scaling rate is very much reduced arid oxidation of the ~ic-:e1—

rich islands in the outer oxide layer takes place as has been shown

earlier; this produces a more homogeneous outer oxide scale.

Because of the randot.izirw effect of the depletion zone, the

de~ree of alignment of the fibres does not affect the oxidation rate, 

-
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unless it interferes with the outward diffusion process. This latter

point has been demonstrated earlier with slowly cooled alloys, when

adjacent grains of differently orientated fibres near the alloy/scale

interface prevented a sufficiently wide depletion zone forming. Thus ,

the aluminium concentration at the alloy surface was insufficient for

the protective oxide to form along the entire interface; this was

particularly noticeable above the Ni
3

Nb fibres.

D.iring the initial stages of oxidation, fibre spacings are clearly

inportant: the larger they are, the less uniform will be the aluminium

concentrat ion near the alloy surface. Thus , with widely spaced fibres a

wide depletion zone is reQuired in order to achieve a uniform conc entration

of aluminium -t the alloy surface for protective oxide formation.

Consec~juently, the overall weight gain woul d be larger for the more

widely spaced fibres. Smeggil (15) and Thompson (18) have both shown

— 
that the fibre size is not critical to the oxidation kinetics, onc e Al20

3
has formed.

In conclusion then , it seems appropriate to sumrnarise the

mechanism of oxidation of the directionally solidified eutectic alloy

Pi—23.lI-lb—1+.4A1 within the temperature range 800 — 1100°C; this is

illustrated schematically in Figure 60.

(a) Initially, preferential oxidation of the less—resistant Ni~Nb

fibres occurs; an outer NiO layer is formed , the nickel , for the

most part , coming from the fibres, rather than the oxidation—

resistant Ni/Ni
3
A1 matrix phase.

(b) This process cont inues at temperatures below 900°C. At higher

t emperatures, the outward diffusion of Nb becomes more significant,

and a depletion zone devoid of fibres is formed. Remnant s of the

oxjdjsed Nj
3

Nb lamellae can often be seen in the scale next to the

cuter NiO layer. Ni—rich metallic islands are also incorporated

int o the scale. 

—----- -. --.. - -- - -- ~~~~~~~~~~-- ~~~~- - -— -——- - -- ~
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(c) As oxidation continues , the mixed metal/oxide layer thickens,

although the metallic islands are converted into oxide when they

are pushed out into the outer regions of the scale.

(d) No further changes in scale structure occur at 900 and 1000°C.

However , at 110000 , the depletion zone is wide enough for a uniform

concent ration of aluminium to he produced at the alloy/scale interface

and thus a continuous and protective A120
3 scal e forms. No further

nickel or niobium enters the scale and the metallic islands are soon

converted to oxide.

The presence of chromium in the ~uaternary alloy assists

development of a cont inuous Al203 
layer even at 90000. Initially, however,

at 900°C the ~ —lamellae in the directionally solidified alloy are attacked

preferentially, resulting in a depletion of the fibres; the thicker the

fibres, the more extensive the preferential oxidation forming 1Fb20
5
.

At 1000°C , the directionally solidified alloy behaved in a similar manner

to 900°C . However , with the other alloy structures the alur : thiws was

oxidized internally and an external scale of Cr 20
3 

was formed; the

unal iyr ie— i fibres hindered the outward diffusion of aluminium. At 1100°C

aluminium is oxidized int ernal ly even with the aligned structure, and

again the surface scale is primarily Cr 20
3
.

This beneficial effect of chromium to the oxidation resistance

of the ternary Ni—Nb—Al alloy suggests the possibility of a getterinr~-type

action as in, for example, Ni—Cr—Al alloys where the addition of chromium

also greatly improves the oxidation resistance in comparison to binary

Ni—Al alloys. Fet t it  and OiggirLs (39) found that chromium and aluminium

are initially comp l. enentary in providing the oxidation resistance of

L 

Ni—Cr-Pd alloys. Chromium allows a continuous. externa~ layer of A120
3

to be formed on Ni—Cr-Al alloys at lower aluminium concentrations than

would be the case in the absence of chromium, by contribu ting to the

volume fractions of’ the precipitated oxide, which reduces the initial

transport of’ o~~- - o n into the al l oy. In addition , aluminium promotes the

—--- — - - —--- —. - - - -.--------- -- - - - - -  .—~~ --— - — - ---_---j----______*__---- ~ --- .
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format ion of continuous Cr20
3 

layers on some Ni—Cr -Al alloys for similar

reasons. Thus , depending on the relative amounts of aluminium and chromium

in the alloy, the oxidation resistance is increased for either of these

reasons. Stott et al (40~ also investigated the oxidation behaviour of

Ni—Cr—Al alloys, and obtained similar results to Pettit and Giggins ( 3 9) .

in that aluminium and chromium act together in establishing a protective

oxide layer of 0r 20
3 

or A120
3 

depending on the de t a iL ed  alloy composition.

They explained their results in terms of either chromium or aluminium

‘ gettering” oxygen, thus supressing the formation of NiO during the

initial, transient stages and allowing a compact protective external

oxide to form. With low aluminium contents (0.9—1.3%) the aluminium

“getters ” the oxygen, forming internal oxide particles, with an external

Cr
2
0
3 
scale forming by the usual outward diffusion of chromium ions.

Eventually, these internal A120
3 

particles l ink—up forming a continuous ,

protective A12
0
3 

layer at the Cr203
/alloy interface. Conversely, with

high aluminium contents (4.3—5.7%), the chromium “getters” oxygen forming

Cr203 particles on the alloy surface, while a cont inuous 
~
l20

3 
layer

rapidly forms on the al loy surface which is free from chromium or nickel

impurities.

However, the addition of 11 to the l l i—6Cr-2 .5J  alloy reduces the

oxidation rate significantly, and this would seem to suggest that  niobium

can act as a “getter” in promoting A120
3 

formation. The stabidities

of the various oxides, see Table A , are such that this is a possibility

with flb205 
being more stable than either A1203 

or Cr2
03.

TABLE X

FR.li~ I EiGI~~ OF ~X)i~1ATI0N OF 0XI D~~

Oxide AG°(Koal/mole) at 900°C

A1203 
—312.34

• Cr203 
—194.91

• Nb
205 

—338.l~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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This seems unlikely, since the Ni—if b—A1 alloys cannot readily

form protect ive layers of any form, as has been shown in the results

section previously.

Thus, it would seem that niobium additions to Ni—Al alloys are

unable to produce tni~ “gettering action” , and this may well relate to the

relatively rapid grovrth rate of the oxide 1ib 90
5
. Spinels aro also formed,

but these also seem to have l i t t l e  influence in re~ ar - I i i~~ the oxidation

rate. Vlhen chromium is present in the al loy, in addition to the niobium

and aluminium, then an Al203 
scale does develop, which seems to point

to the spinel phase Cr110
4 
being involved.

Felten and Pettit (14) have shown that after 16 hours at 1000°C,

a Ni—2011b—lOCr alloy formed a thin layer of Cr110
4 

over the surface, with

a y—Ni layer beneath containing no s—phase; this scale afforded

protection to the alloy substrate. Squally, this phase has been

identified in the oxidation of’ d i—l 9.7 ilb— tlCr-2.5Al, when an outer 11±0

layer, ~~2
0
5 

layer , Crl-Th04 
layer, and again an inner A100

3 
were formed.

However , when the interlamellae spalling was large, then there tended to

be substantially more oxidation prior to the formation of the protective

oxide and this was related to the increased lateral diffusion necessary.

Thus the formation of a continuous Cr110, layer is apparently necessary,

and, thus prevents the rapid oxidation of the alloy during the initial

stages , except of course, over large s—fibres when appreciable oxidation

can occur before sufficient chromium diffuses laterally fro m the adjacent

y/’c’ (lTi/Ni
3
Al ,Cr) phase. Thiring the formation of -this CrNbO

4 
layer ,

aluminium oxidises internally, but eventually the A120
3 

particles can

link u” producing a continuous, protective Al203 
layer. This schematic

reaction mechanism is su~~arised in Figure 61.

It the higher temperatures (1100°C and above) a protective

layer cannot form rapidly en ouij-i to pre-;ent extensive ‘rovrt h of

the faster growing oxides in the initial stages. len it does eventually

Corn , the aluminium concentration at the alloy/oxide interface is too low

- -—~~~ -- -.-~~~~~~ -- --~------- .— ---—-—-~~~~~~~~~~~~~~ --—
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to form A1
2
03, and. Cr 20

3 
eventually develops accompanied by int ernal

A1
2
0
3 
formation. This layer affords reasonable protection to the alloy.

(b) Hot—Corrosion

It seems appropriate to compare the influence of a Na2SO4—

coating on the oxidation rate of these alloys, with its effect on more

conventional superalloys (38) . Table XI presents the approximate

parabolic rat e constant s together with their rat io normalized to a

1 mg/cm2 coat ing of Na2
SO4, which has been shown previously to give a

good indicat ion of the hot corrosion resistance (38) .

TABLE XI

PARABOLIC RATE CONSTARTS FOR THE HOT CORROSION OF VARIOUS ALLOYS

AT~~ DO°C
. • SO , oxid.

Kp (in the presence Kp (oxidation) Kp 4,Kp

of Na
2

SO
4
) g

2
m’4s~~ g

2
m 4s~~ normalized to

unit coating
thicimess

B1900 1.72 0.003 604

nq38 0.008 0.008 1

LN713LC 3,5 0.016 150

X—40 0.002 0.005 0.4

Ni—23Nb—4.4A1 0.06 0.05 1.2

ITi~2ONb—6Cr—2.5A]. 0.009 0.004 2.3

It is clear that the presence of i1a
2

S0
4 

does not produce

markedly accelerated attack. However, it must be remembered that the

values in Table XI refer to overa].]. attack and not the nodular—type

observed in some instances with the present alloys. In the nodular alloys,

the Na2SO
4 

coat ings have produced considerabi: structural damage .

Generally, similar rates are produced at 1000 C, but not at 1100 C;

most of the sulphate would be expected to volatilize very quickly from

the surface at this latter, higher temperature.
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in the oxidation studies, behav iour is critically dependent

on the presence of a ~ —free zone: if it is present, the a~ 1oys oxidize

relatively slowly; if it is absent , then more rapid oxidation takes

place. Lurin~C the rapid oxidation, the ~ —lauellae are suiphidised

essentially to hiS by the rapid inward -transport of sulphur; the suiphides

are then oxidised and the released sulphur diffuses further into the alloy

repeating the process. Thus, the overall appearance of the resul t ing

scale is similar to that of the original eutectic structure: alternate

lamellae of oxide and a nickel—rich phase ( ‘1) .

An apparently essential requirement for rapid oxidation to occur

is that the sulphides “bridge” the ~ —free zone, connecting the unattacked.

~ —lamellae arid the oxide columns in the mixed metal/oxide layer.

Similar rel atively rapid rates of oxidation have been observed in the

absence of sulphides when at lower temperatures, no & —free zone was

formed (15).

The reaction mechanism is summarised in Figure 62. Flssent ially

this is a sulphidation rather than an acidic f luxing mechanism, although

it has been shown that fl’b
2
0
5 

has a high aff inity for oxide ions and can

influence the fluxing of oxide scales by molten Na250
4 

deposits (3~ ) .

Furthermore, aluminium-containing alloys are known to be very suscept ible

to accelerat ed attack via an acid fluxing mechanism (41,42). However,

the morphologies of the scales produced on the present alloys were not

consistent with a fluxing mechanism. As shown in Figure 62, initially an

oxide scale forms on the surface of the alloy consisting of’ an outer

layer of NiO and a mixed inner layer of 1Tb
2
05, A1NbO ,, and islands of

nickel—enriched metal • A zone free of the ~ —pha se (Ni
3

Nb) is fo rmed

at the surface of the alloy. Sulphur can then apparently diffuse through

-this oxide layer from the salt layer into the alloy where it reacts with

the ~ —lamellae and precipitates nickel sulphide, the released niobium

being oxidised. 3ulphides can form at this alloy/scale interface becauBe

4
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the o~~rgen activity there will be very small; however , it is surprising

that nickel sulphide forms in preference to aluminium sulphid.es.

Continued reaction proceeds by oxidation of the suiphides and the

surrounding matrix with the released sulphur penetrating deeper into

the alloy along the ~ —lamellae. The rapid oxidation is apparently

associated with this build up of sulphur in the heavily oxidised areas

causing the S—free zone to be bridged by the sulphides, and thus rendered

ineffective. Even during direct oxidation, under conditions where a

~ —free zone was established, the attack was relatively very much smaller

than in conditions where this zone did not form.

The reaction mechanism tended to be independent of the alloy

structure, although the morphology of the intermediate metal/oxide layer

was related to the original eutectic structure, because of the preferential

oxidation of the ~ —laxnellae. The as—cast and slowly cooled samples were

heavily attacked all over their surfaces, whereas the directionally

solidified alloy only showed localized areas of accelerated attack.

Possibly the alignment of the lamellae assisted. the outward diffusion of

aluminium and a protective Al20
3 

film was able to develop over parts of

the surface. Certainly at 1000°C, some areas of rapid attack of the

directionally solidified alloy reverted to a slow rat e of attaok by forming

a s—free zone beneath the oxide nodule.

Presumably the initial stages of the reaction are important.

In coating tests, the molten Na2SO
4 

layer is in direct contact with

the alloy surface immediately and sulphur can enter the alloy at an

early stage in the overall process. However, in the Dean test with the

Na
2

SO
4 
condensing on the sample surfaoe during the course of oxidation,

a substant ial thickness of oxide can form before sulphur enters the alloy.

Thus , a S —free zone o~n be established before any sulphide precipitation

occur s and the sulphides do not l ink the surface oxide with the unoxidized.

lanellae. The presence of chloride in the Dean test somehow prevents the
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~ -free zone from forming, presumably by retarding the formation of

any protective oxide. This allows rapid sulphidation and then oxidation

of the alloy to occur.

Pre—sulphidatiori prior to oxidation exaggerates the effects of

the sulphides and many suiphide bridges are formed across the S —free zone.

A very rapid oxidation rate results.

The addition of chromium to the ~/~r’ — b alloys appears to have

a two—fold beneficial effect in reducing accelerated oxidation in the

presenc e of Na
2

SO
4 
or suiphides. These alloys show much fewer areas of

heavy localised attack when coated with Na
2

SO
4 
at 900°C. and particularly

at 100000 . Firstly, the presence of chromium appears to promote the

fo rmation of a continuous Al20
3 

layer , acting as a secondary getter in

the now wel) established. mariner. The 
~~2

0
3 
limits inward sulphur

penetration and fewer suiphides are formed in the alloy beneath -the

~ —free zone. V~’here the heavier attack has occurred, there is no

continuous A12
O
3 

scale, and the surface scale is connected directly to

the ~—lamellae by suiphides bridging the ~ —free zone as discussed in

-the previous section. The second factor responsible for the reduct ion

in attack is the preferential formation of ohrorniwn—riob suiphides as

opposed to nickel suiphides, whioh minimizes the tendency for bridging

of the i—free zone. This zone is generally severely depleted in chromium,

as well as in the ~ —phase.

After the Dean test , no sul p1~ides were formed within the alloy.

This is somewhat surprising and implies that the ~~ 20
3 

scale which

developed was impervious to sulphur. However, other A120
3

—forming alloys

have shown similar behaviour in the Dean test (37) . The presence of

chloride, however, can cause disruption of this protective la~jer and

subsequent rapid attack.

Chromium has a lees dramatic effect on the oxidation behaviour

following pre—sulphicIation, except at 900°C , and, the quaternary ~1loy

behaves in a similar manner to the ternary alloy, with niokel—r ioh

~ 
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suiphides forming bridges across the ~ —free zone allowing rapid

oxidation to cont inue. Presumably, at 900°C the inward diffusion rate

of sulphur is insufficient to form the NiS bridges across the ~ —f ree

zone, before it becomes too wide.

The analysis of the sulphides and the adjacent metallic region

is shown below in terms of X—ray counts per second.

~lement Suiphides Metallic Region

S 20~3 131

Nb 1394 642

Al 7183 6161

Ni 18536 12166

Therefore. it seems that the sulphidea are nickel—rich , but

with an enrichment of aluminium compared to the metallic phase , which is

not surprising since aluminium has a high affinity for sulph ur (43) .

The niobium count is low compared. to the unaffected ‘
~ —phase , which

suggests that it is rejected. by the sulphur, perhaps forming NINb, which

would be expected to oxidise quite rapidly.

A piece of niobium was unaffected when sulphidised in a 90:10

H~/H2
S mixt ure, ind.icat inj~ that it has no aff inity for sulphur , which

could explain its rejection from the sulphidi.sed areas of the laniellae.

The NiS particles are molten at these temperatures (90000 —

1100°C), and. so it can rapidly penetrate into the alloy, thus advanc ing

the corrosion front , particularly down the matrix/fibre interface, where

oxygen can also rapidly diffuse causing oxidation of the prone Ni
3
Sb

fibres. Some of the aulphides are wiu hin the oxidized fibres , implying

that the (Ni,A1)
~
S
~ 

sulphides are oxidised releasing the sulphur for

further ingression into the alloy, whil e the 
~~~~~~~~~~~~~ 

oxides are

left behind in the same shape as the pristine Ni
3
1Th(S) fibres.

Moreover , when the US oxidise they release 30
2 (44) , which

would further inc rease the oxidation rate by hindering any pro t ective

oxide forrration due to scale blistering occurring.

4 

-- - - ~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~ ,. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



P.— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_

— 5 0 —

Only in the sul phidation/oxidation e~cperimentb , where the fibres

are extensively oxidised in the initial stages, does uniform attack occur.

In the presence of sodium sulphate coatings non—uniform attack occurs, with

nodules formi ng where rapid sulphidation/oxidation occurs, as described

previously. However, in the lightly attacked areas sul phides are still

formed , but behind the depletion zone , associated with the ~ —fibres.

Sulph ur nas a high affinity for sulphur (43), and. so the sui phides tend

to form down the fibre/matrix interface, where they are more stable than

in the b —free zone itself, which is virtually pure nickel (T) phase.

Why the sul phides do not form across the depletion zone as before woul d

seem to depend on the initial stages: if the zone forms rapidly the sulphur

does not have time to bridge, and so is attracted. to the inside, adjacent

to the S —fibres, where there is a high aluminium concentration.
Alternat ively, this could occur if there is only a small sulphur concentrat ion

on the al loy surface. Conversely , if there is a high sulphur concentration,

the depletion zone cannot form before sulphidation occurs, and so extensive

suiphidation/oxidation can occur as described previously. These situations

coul d occur easily in the salt coating test, where with molten salt it is

easy to get significant variations in the surface concentration of sodium

sulphat e, ranging from high to low values. The Dean ’s test results support

this type of behaviour , since the speoimen is imm ediately exposed. to a

mildly suj.phidising/oxidiaing atmosphere, which gives time for a depletion

zone to form before appreciable sul phidation occurs , resulting in the

sulphides forming adjacent to the S —fibres behind the depletion zone .

Some of these nodul es ‘heal” , with the oxide—suiphide fibre

link being broken, and a dep etion zone being established. between the outer

oxide and. the suiphides. Presumably, this occurs because the inward

diff 1sion rute of oxygen decreases to such an extent that it cannot drive

the su.lph irtes inwards, and. so the depletion zone forn~ as above, with the

suiphides on the inside, causing outward diffusion of niobium and aluminiuxn 

- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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to beoome the rate controlling step.

These alloys do not appear to be attacked by a sal t fluxing

mechanism in -the presence of sodium sulphate. Niobium would be expected

to move the sodium sulphate in an acidic direction (like molybdenum does)

due to the formation of the stable sodium niobdat e, and alumina scales

are known to be suscept ible to acidic fluxing (42),  so that the alloys

should have been rapidly at tacked. However , these alloys form complex

oxides during ordinary oxidation (NiO , AI JbO4, ~~
-
~~2~6’ A120

3 and Nb20
5

)

which presumably are not affected by acidic fluxing. Furthermore, the rapid

suiphidation which occurs has the effect of balancing the salt chemistry ,

thus prevent ing acidic fluxing of the scale.

The addition of chromium, which notably reduces the oxidation

rate, also reduces the hot—corrosion; there are fewer areas of heavy attack,

and when sul phidation attack does develop, it appears coarse chromium

sulphides are formed. with less of the fine lamellar sulphides formed in

the ternary al loy. Presumably, CrNbO4 is resistant to both aoidio fluxing

and suiphidation, at least to some extent , since sulphur can gain access to

the alloy forming fine “NiS ” and coarse CrS particles , the latter reducing

the rapid inward diffusion of sulphur . In lightly attacked areas the

sulphides are again behind the depletion zone , whereas in the more heavily

attacked. nodules they bridge the depletion zone , although there are far

fewer of the latter areas in the quaternary alloy than in -the -t ernary alloy.

The Cr5 particles also form at the fibre/matrix interface, presumably for

similar reasons as the “NiS ” particles.

Carbide—Based Eut ectic Alloys

(a) High Temperature Oxidation

The type of oxide morpholo~~r , and consequently the overall

oxidation—resistance of these carbide—strengthened alloys dependa on

whether a protective oxide layer of either Cr203 
or A1203, can be established

in the early stages of oxidation. In the absence of such a protective layer ,

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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gross oxidation of the oarbidea occurs and attack continues to penetrate

deep into the alloy.

A critical factor affecting the fo rmation of the protective

oxide is the spac ing and alignment of the carbide fibres. Small , randomly

orientated fibres, as are present in the as cast alloys, tend to favour

the early establishment of a protective oxide , presumably because they

interfere less with the lateral spreading of the oxide from the matrii

over the fibres. Lower temperatures, also favour protective oxide

format ion , which was not the case with the Y/T’— * alloys. At the higher

temperatures, however, 1000 and particularly 1100°C , the fib re spacing

is not as crit ical , since invariably a carbide—depleted zone i~ formed

between -the scale and. the bulk alloy. Formation of this fibre—denuded

zone apparently has a retarding i~iiuence on prutect ive oxide format ion:

with -the v/c’— ~ alloys it was a pre—requisite for Al203 fo rmation.

The constitution of the fibres is also important . Oxidation of

the Cr7
0
3 

fibres would be expected to form Cr 20
3 and thus not be particularly

prone to oxidation: it might b~ expect ed that in their presence in a C o—Cr

matrix would not be critical. Nevertheless, the evidence seems to suggest

that the fibres can oxidize more rapidly than the matrix and this may be

related to the simultaneous formation of gaseous oxides of carbon which

disrupt the scale. Wi-tb the Ni—C r—Al—C alloys, the situation is somevLat

lifferent , since these alloys rely on the development of Al 203. This is

accomplished on all the alloys at 900°C , but not at the higher temperatures

with the aligned structures, when in some cases it is Cr 203 which eventually

f3rtns a cont inuous layer and the aluminium oxidizes internally. Surprisingly,

the internal A 1203 
platelets resemble the Cr7C3 fibres in shape , which

suggests th at  there could have been some form of exchange reaction between

alumintum and chromium before oxidation occurred with the liberated chromi um

entering the matrix .

TaO fibres are oxidation—prone: however , they have very little

detrimental effect  on the oxidation behaviour ~f the Co—15Cr-l~ TaO alloy. 

-- - --—-- ~~~~~~~~~ -- ~~~- -  ~~ -- ---- ~~-~~~~-~~~~~~~~~~~~~~~~~~~~ - -- -
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The matrix, Co— l 5Cr , has a low oxidation resistance as it is unable to

develop Cr203
. The preaeno e of the fibres does not seem to affect oxide

adherence as was suggested by Smeggil (29).

Improving the oxidation—resistance of the matrix , as in the

quaternary Co— 200r--lONi—l3TaC alloy, improves the alloy, however , the

orientation of the fibres then becomes important. Even at 90000, rapidly

growing oxide nodules form over the TaC fibres , retarding the establishment

of the protective Cr203 
layer. Nodular growth is more ertensive at 1000°C ,

but -the alloy still develops a protective scale. At llOO0C, the depth ~f

the fibre—depleted zone is apparently independent of fibre orientation.

In addition, substantial amounts of internal oxide are formed and these can

sometimes link together causing relatively unoxidized metal, largely cobalt ,

to be incorporated into the scale. A similar phenomenon was observed by

Smeggil (29).

(b) Hot—Corrosion

The behaviour of the three types of alloy is somewhat d i f ferent ly

affected by the presenoe of sodium salts and/or sulphur. In the relatively

mild conditions of the coating test, the presence of -the ~a2S0~ does not

have a particularly dramatic effect , except with the Al203—forming

Pi—Cr--Al—C alloy. Wi th the Co—Cr—C alloy, a protective Cr20
3 
layer develops ,

if an~rthing, somewhat easier below the Na2SO
4 

coating than when it is

absent . It has been suggested (36 ,42) that this is related to the Na2S0~

layer being able to maintain an oxygen potential gradient across itself ,

resulting in a low oxygen activity at the alloy/scale interface, which

favours Cr 20
3 

formation (~5); the low oxygen activity there nay also

prevent decarb urization . Sulphidation is observed, but with only a l imited

supply of salt, this is not extensive, and does not lead to catastrophic

attack.

The already rapid oxidation rat e of the TaC—strengthenad Co— l5Cr

alloy is virtually unaffected by a Na2~O~ coating. It does increase the

_________________________ - -— -. ~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~
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oxidation rate of the Co-2OCr—1O 1~i—PaC alloy and this may be related to

limited flux ing of the scale and sulphide formation causing a surfaoe

depl etion of chromium. The oxidation rat e is more sensitive to change

in chromium content in the 15—20% range than at lower levels (46).

As indicated earlier, the Ni—Cr —A l—C alloy is most affected by

the Da9SO4 layer since Al20
3 

is readily fluxed to aluminate by the sulphate

(47) . The alloy -thus behaves like an alloy of lower Al content and

substantial amounts of rapidly growing nickel—rich oxides are formed.

In the pre—sulph idation tests, a higher level of sulphur is

introduced into the alloy prior to oxidation. However, with the Cr7
C
3—

reinforced materials only chromium—rioh sulphid.es are formed and whilst this

delays the formation of a continuous Cr203 
scale, the effect is not

catastrophic. Although only chromium—rich rather than aluminium-rich

sulphides are observed in the Ni—Cr— Al —C alloy, they have much the sam e

effect . Depleting the matrix c~ ro::~ium content means that there is no

longer sufficient aluminium to form a protective A1203 
scale.

Again pre—suiphidation has l i t t le  effect on the TaC—containing

alloys, except for increasing the depth of apparent interna l oxidation.

The Dean test using thermal cycling and Nadi additions to the

sulphate is much more severe. The presence of chloride causes severe

disruption of normally protective Cr203 
layers (38) and this is exaggerated

by the thermal stresses induced by cycling. Thus , the CO~~~~~~ alloys

are catastrophically destroyed , with the ~trbide network acting as an

easy path for the inward diffusion of the deleterious elements. It also

serves to segregate the chromium to the fibre network where it reacts

with the chloride—containing species. The TaC fibres in the Co—Cr- TaC

alloy are much more resistant in this respect, presumably since Ta does

not form a vol~ ti 1a chloride species. However, the presence of a 
~~2°3

layer prevents catastrophic oxidation of the Cr
7
C
3 
fibre network, as has

been f,un 1 prev 1ou~ 1y using convertiona l alloy s without carbi~es in the

~~ -t r. test (37).
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(c) directionally solidified (a) directionally solidified
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(e) directionally solidified
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Figure 9. Cross—sections of various Ni—23. lNb— 4 .4A]. alloys oxidised

in air at 1100°C for 72 hours.

(a) as—cast.

(b) slow cooled.

(c) directionally solidified.
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Figure 10. Cross—section of Ni—23.lITh--4.4L1 directionally aolidifiet ~
eu-tectic alloy oxidised for lh at 800°C.
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Figure 11. Cross—section of lii—23,]ith-.4.4.A1 directionally solidified

euteotic alloy ozi&isecl for va.rioua ti~ea at 900°C.

(a) Ui.

(b)~~~ .
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eutectic alloy oxidi~ed fn r  various times at 1000°C.

(a) lh.

(‘o) 2h.
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Figure 17. Cro$s—secticn of Ni—19.71Th—6Cr--2.5A1 (as—cast) oxidised

in air at 1000°C for 96 hours.
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Figur e 18. Cross—section of Ni—l9.7Nb- 6Cr~2.~~ 1 ( directionally solidified.)

oxiclised in air at 1100°C for 72 hours.
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Figure 19. Cross—section of Ni—6Cr—2.5Al alloy which has t een oxidissd

for 76h at 900°C.
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Figure 26, Cross—section of Ni—2,5.1~Th—4.
)4Al (aa cast) coated with

1.81 mg.cm 2 Na2S0~ and s~ibsequently oxidised in air at

- 1 900°C fox- 21i- hours.

(a) the co~p1ete scale

• (b) fine details of the alloy/oxide interface.
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Figure 27. Cross—section of Ni— 23 .lNb—4 .L 4 A1 ( directionally solidified)

coated with Na2S0~ and subsequently oxidised in air for

2~ houx-~ .

(a) 900°C (3.58 rng .ctu 2 Na2fl0~).

(b) close—up of healed nodule at l0000C (1.92 mg.cm ’ I~a2sO~).
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Figure 31. Cxns~—sectton of Ni—23.Ulb—4.kLl (di ectional ly solidified)

(a) oxidised. in air at 870°C for 24 hours.

(b) coated with 4..60 xng.c1n~~ !TaaSO4 
and subsequent],y oxidised.

in air at 870°C for 2I~. hours.
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Figure 32. Cross—section of Ni—23.l~b--4.4A1 (directionally sol idified)
alloy

(a) ozidised at 950°C in the Dean apparatus in Na2S0~
atmosphere for 50 hours.

(b) oxidized at 950°C in the D.an apparatus in a N.~S0~/l0~
NaC1 atmosphere for 16~ hou.r~ with thar~~l eye] tug.
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Figure 33. Croe.—eection of Nt—23.llTh— 1.L.Al (directionally eo~ icliZ ied)

alloy which has been sul phidised/ori.dised.

(a.) 900°C (17 hours).

(b) 1000°C (22 hours).

a
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Figure 3L4.. Cross—section of 11i—l9.7ITh--6Cr-2.5A~]. ( directionally solidified)

aiioy coated. with 2.22 cIg.cm~~ Na280
4 and subueq~uent1y

oxidised in air at 900°C for 24. hours.

(a) light ly attacked area

(b) heavily attacked area
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Figure 35. Cross—section f I~i—l9.7l b—6Cr—2.5Al ( directionally 3olid.ified)

alloy coated with 2.17 rne.cu1 2 I a 2~O
4 

and. subriequently

Oxj dised. lit air at 1100°C for 21. hours.
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Figur e 38. Cross—section of Ni— 19.7~b—6Cr—2. SAl (directiona.i.ly solidified)

alloy oxidised at 950°C in the Dean apparat us in a ~Ta2S0
4/l0%

NaC1 atmosphere for 168 hours with therm al cycling.
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Ftgure 39. Cross—section of Ni—l9.7Nb—6C r—2.5A1 ( &irectiorially solidified)

alloy which has been suiphidised/oxidised. at 100J~C for 3 hours.

(a) overall scale.

(b) unetohed, showing the suiphidee.

(c) etched, showing preferential oxidation of the Ni?b lamellaa.
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Figure 40 • Cross—section of van . ua Cc,—L1lCr—2. 40 e~z~ectic alloys oxi&tsed

for 100 ii in air between 900—1100°C. illustrating each

morphological structure

(a) as—cast (900°c, Type I).

(b) as—cast (1000°c, Type II) .

(c) directionally solidified 10.6 cn~/hr (1000°C , Type III).

(d) directionally solidifiec 31.5 oWhr (1100°c, Type iv).
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(a) directionally 3olidified. (900°c.).

(b) directiona1l~ 4olidified. (iooo°c.) .
(c) furnac e—cooled. (1100°c.).
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Figure 50. Cross—section of various directionally solidified Co—4lCr—2.40

eut eet lo alloys coated with ~a2S04, and subsequently oxidised

in air for 100 h at different t emperatures.

(a) 10.6 oir~/h (3.62 rZg.Cm. ~~ 2SO
4

) , 900°C.

(b) ~~ oz /Ii (2 .60 mg.cin. 2 Na2SO
4
), 1000°C.

( c) 31.5 ci~/h (5.33 zg.cm. 2 
~Ta2S04), 1100°C4
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Figu re 51. Cross—section of directionally solidified Co—4lCr-2 .4C

eutect ic alloy (10.6 cWh) specimens i~hich have been subject

to variouq bot—cor~osion tests.

(a) pre—suiphidised in I1~/H2S (90:10) m ixture for 6 mains.

and subsequently oxidized in o~~m’gen for 45 h at 1000°C.
(b) exposed to ciondensirig Na2SO

4/lO% NaC1 in the Dean rig

at 950°C fcn~ 2~ h.

(o) exposed to oonden~ir~ 2~~’1/~’~° 
~~~~~~~~ ~~~~~~~~~

at 950°C for 96 h, with cyolic cool ing to room temperature

every 24 h.
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~ ro 52. C~~~~o~~—~~eot jori of Cii-c-ct iorally oclidified Co—15Cr—-T~C

~utectic alloy ~~eci~ er.o coated .‘n th a2
O 1 ar~I ~~~~~i~ ue~ t1y

oxidioed in air for 1CO hi- at l if f er c -nt t ~r peratu~ es~

(a) ~oo°c (2.3~ r~~.crn . 2 r1a2S04) .

(b ) 1000°C (1+ .5 9 rrg. c11.
_ 2 Na2S0~).

(c) 1100°C (~ .15 ~~~~~~~~~ i~a2S0
4
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Figure 53. Cross—section of directionally solidified Co—l 5Cr— TaC eutectic

alloy specimens which have been subject to various hot—corrosion

tests.

(a) pre—suiphidised in H~/H2S (90:10) mixtur e for 6 mains, and

subsequently oxidised in o~ rgen for 24 h at 1000°C.

(b) exposed to condensir~ Na2504/l0% 
NaC1 in the Dean rig

0 -at 950 C for 240 li, with cyclic cooling to room temperature

every 60 h.

-Li
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Figure 54. Cross—section of directionally sol idified Co—20Cr5-lONi.J1’a0

eut ec-tie alloy specimens coated with ~a2S04 and subseq~ent1y

oxidized in air for 100 h at different tem peratures.

(a) 900°C (6.e4 zx~ cm 2 Na2SOQ .

(b) 1000°C (6.13 mg.cm. 2 NS2SO4).

(c) 1100°c (4.90 mg.cm. 2 Na250
4
).
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Figure 55. Cross—section of directionally solidified Co—2O Cr—lONi---T aC

eutectic alloy specimens which have been subject to various

hot—corrosion tests.

(a) pre— suiphidised in H2/E2S (90:10) mixture for 6 mine.

and subsequently oxidised in oxygen for 24 h at 1000°C.

(b) exposed to condensing Na2SO4/10% NaC1 in the Dean rig

at 950°C for 2I~O h, with cyclic cooling to room

temperature every 60 h.
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~~~ j~~~~~e 5~ . Cro~ s— ~ ectj on of directionally colidified ~i—l 2.3C~— 6.9XL— 1.8C

eut ectic alloy specimens coated with Ia 2S0
4 

and subsequer~tly

oxidiae~ in air for 100 ii at different temperatures.

(a) 900°c (i.io ma~ .cm. 2 
~a2B04).

(b) 1000°C (2. 67mag. cia. —2 Na2SO
4
).

• (C )  1100°C (2.99 mag.cma . 2 Na2SO
4
).
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Figure 57. Cross—section of directionally solidified Ni— 12.3Cr—~.9.~.l--l.8C

eut ectic alloy specimens which have been subject to various

hot—co rrosion tests.

(a) pre—suiphidised in H2/H2S (90:10) mixture for 6 mine. and

subsequently oxidised in oxygen for 24 h.

( t) 900°c (ii) 1000°C

(b) exposed to condensing Na2SO4/lO% NaC1 in the Dean rig at

950°C for 2Z,0 h, with cyclic cooling to room tempsratur.

every 60 h.
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Figure 61. Schematic reaction r~echanismn for the oxidation of the

quaternar~j- ?ii—l 9. 7Nb—60 r--2. 5A1 alloy.
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