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Introduction

It has long been recognised that increasing the temperature of
the turbine inlet gas in aircraft turbines offers attractive advantages
in aircraft performance and economy. However, the high temperature
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 a2lloys 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
enhancing the material properties in thaﬁ direction. Unlike conventional,
precipitation-hardened superalloys, the eutectie alloys should show less
tendency for the hardening phase to re-dissolve after extended heating
at high temperatures. The term "in-situ compogites" is now widely used
in referring to alloys of this type to differentiate them from metal/
matrix composite materials prepared by other means.

Three classes of "in-situ" composite alloys have so far received
prarticular attention:=-

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

(b) Tantalum carbide or niobium carbide-reinforced nickel or

cobalt-based alloys; and

(c) Nickel alloys based on the Ni, Nb-Ni,Al eutectic.

3 3

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

Ni-Cr-Al1-C system, which consists of Cr C3 fibres reinforcing a

T
Ni/NiBAl (Y/Y') matrix.

Over the last few years a nurbter of papers (1-11) and several
conferences (12, 13) have demonstrated the attractive mechanical

properties of these systems in comperison with conventional cast superalloys.
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However, surprisingly little has been published on their corrosion and
oxidation resistance. Although in general terms, the chemically less
stable component would expect to preferentially oxidise, depleting the
alloy of that particular phase, other considerations are also involved.
The possible differences in oxidation rates and volume changes of the two
rhases may produce an acecommodation problem at the alloy/acale interface,
and the interfaces within the scalej rapid transport along the matrix/
fibre interface in the alloy is also a possibility.

The final report examines the oxidation and hot~corrosion
3D-NizAL (¥/Yt= §) eutectic,

and those based on the carbide strengthened eutectics,

behaviour of both the alloys based on the Ni

Oxidation and Hot Corrosion Mechanisms of the Ni Nb-Ni,Al-based
7 J

Butectic Alloys

(a) Oxidation

Until recently very few detailed mechanistic studies of the
oxidation behaviour of aligned eutectic alloys have been carried out
(14-16), Most of the earlier studies were related to qualitative
identification of the oxide phases formed during high temperature
mechanical testing (17-20). However, non-directionally solidified
alloys have been oxidised at relatively lower temperatures (21).

Thompson (17) found that a Ni=23,1 Nb=L,4 Al alloy oxidised
parabolically at IGOOOF; the oxide was not markedly affected by thermal

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

3
surface, and consequently the oxidatior rate was insensitive to the

interlamellar spacings produced by different growth rates in the range
0.5 ~ 325 cm/h (18), Lemkey (19, 20) carried out isothermal oxidation
tests on a Ni-21.8 Nb=2.6 Al alloy and contrary to Thompso: . fourd 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 gpalling. The oxidation rate was again
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parabolic. Thermal cycling caused further spalling of the oxide layer.
Arbuzov (21) found that non-directionally solidified alloys were
protected by a double-oxide layer, either NiO, Nb_O. or NiO, 41,0,, when

e 5 o
oxidised at 700-725°C and 800—65000 respectively.

Ternary Ni-Nb-Al alloys, then, have little inherent oxidation
resistance, and attempts have been made to improve the oxidation
resistance by chromium additions (17). Even 1 atomic % Cr adversely
affects the mechanical properties of these alloys, However, the
Y/¥t=§ alloy, Ni-19.7 Nb~6 Cr-2.5 Al, has received much attention, and
has been shown to have an excellent combination of mechanical strength
and oxidation resistance (19).

Smeggil and McConnell (15) have studied the oxidation behaviour
of directionally solidified Ni-22,1 Nb-4.9 Al eutectic alloy in the
temperature range 600—1155°C, using interlamellar spacings of 1.7 and
] 3.5 pym. Very little spalling was observed during oxidation, but this
wag congiderable on cooling to room temperature, particularly from 990
and 115500. The oxidation rate was dependent on the eutectic lamellar
spacing at 800 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,Nb phase had occurred but an outer, continuous NiO

B
layer also formed, which was apparently sufficiently protective at this
low temperature. There was no evidence of an outer continuous Alzo}
layer, which is not surprising since the aluminium would be unable to
laterally diffuse in the alloy at 600°C and interlamellar spacing is not
important in determining the oxidation rate.

At 800°C the alloy with the larger inter-lamellae spacing
t 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 A1203 layer. However, there is no real evidence that a

'..."........‘...-IIIIiIIIiII..-.‘..--...-'--..-‘-_‘_-d.“ P ——
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continuous A1203 layer did form. Smeggil points out that the oxidation
behaviour is complicated by the preferential oxidation of the NiBNb 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 KiBNb lamellae rrotruding into
the alloy matrix are considerably longer. Furthermore, the smaller the
interlamellae spacing, the larger this oxidising surface area becomes,
and consequently the overall oxidation rate increases. Inward diffusion
of oxygen appears to be involved, since there are no depleted regions
within the alloy.

At 990°C a more conventional oxidation mechanism seems to
operate, and a planar alloy/oxide interface is formed. Again, preferential
oxidation of the HiBNb lamellae occurred and nickel islands were left
isolated in the outer oxide layer. Outward diffusion of alwminium and
niobium had been more pronounced at this higher temperature and there
was less preferential oxidation down the interphase boundary, In fact
a region deficient in the 8and Y phases was present adjacent to the
scale layer, Surprisingly, the oxidation rate was smaller the finer the
interlamellae spacing, presumably because the aluminium has to diffuse
much smaller distances to cover the NiBNb lamellae and form a continuous
A1203 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 A1203 layer.

The oxidation mechanism for the Ni-22.1 Nb-4.9 Al alloy at
1155°C has been invegtigated more thoroughly (16). Smeggil proposes
that a number of steps occur before a sufficiently protective A1203
layer forms., The first step preventing catastrophic oxidation of the

Ni,Nb phase is the formation of a eutectic~free zone between the initial

3

oxide structure and the base alloy. This region consists of a Ni-Nb-Al

solid solution, and the rate controlling step at this stage of the
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oxidation is the outward diffusion of aluminium and niobium through this
layer., However, continuing reaction produces islands of nickel included
in the oxide layer, which eventually oxidise, forming an external layer
of NiO. Smeggil further suggests that the voids produced by the outward
diffusion and subsequent oxidation of nickel from these islands may help
in retarding the overall oxidation rate, but more importantly, they
apparently cause diffusion parallel to the oxidising interface. As at
990°C, such lateral diffusion results in the eventual formation of a
protective A120} layer, However, there is some metallographic evidence
to indicate that this process can be repeated a number of times followed
by rupture of the A120 layer, before complete protection is achieved.

Pettit (14) investigated the oxidation mechanisms of eutectic
alloys in the Ni-Nb-Al, Ni-Nb-Cr, and Ni-Nb-Cr-Al systems at 600-1200°C,
At 700 and 1000°C there was no preferential attack of the strengthening
phase - b ’ NiSNb. At 700°C the oxide morphology consisted of an outer
NiO layer separated from the internally oxidised zone by a layer of
virtually pure nickel. The texture and composition of the internally
oxidised zone depends on the alloy composition and which phase has been
internally oxidised., In the Ni=21,7Nb=~2,5A1 alloy, the NiBNb phase has
been oxidised producing coarse N'b205 particles and nickel, whereas in
the more aluminium-rich alloy, Ni-=23,1 Nb=L4.4 Al the HiSAl has been
attacked producing a fine oxide dispersion of Nb205 and AleOA.

At 1000°C the oxidised structure consisted of an outer NiO layer,
and intermediate layer of NiN'b2O6 and an internal oxidation zone of
nickel, Nb205, and AleOh. Unlike at 700°C, the texture of this zone
ig less dependent on the alloy composition since it is separated from
the bulk alloy by a continuous layer of the Y -phase (N1). The outer
NiO layer grows by outward diffusion of nickel, whereas N'b205 is formed

by inward oxygen diffusion, the volume fraction of precipitated

aluminium~containing oxide, either AleOh or A1203, is insufficient
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to form a continuous layer, and the overall oxidation rate depends on
the external NiO layer.
Comparison of the results of Pettit and Smeggil presents
general agreement at 1000°C, but not at the lower temperatures, 700
and 800°C, At these latter temperatures, both authors indicate that
there is no single phase (¥) region in the alloy adjacent to the scale,
but the alloy/scale interface was irregular in Smeggil's alloys as
opposed to the relatively planar interface observed by Pettit, It should
be pointed out that the alloys varied slightly in composition: Pettit
used Ni=-21,7Nb-2,5A1 and Ni=-23,1Nb-4,LAl whereas Smeggil used Ni=-22,1Nb-i4.5Al.
Smeggil's observations seem perhaps the most understandable, since inward
diffusion of oxygen seems to be important and preferential oxidation of

the Ni,lTb phase might thus be expected.

3

The other alloys studied by Pettit (14) (Ni-Ib=Cr and Ni-Nb-CreAl)
formed more protective oxide layers than the NiO on the Ni=Nb-Al alloys,
L and (Cr,Al)NbOh or A1203 respectively. However, as

indicated earlier (15) Ni=Nb-il alloys can eventually form a protective

namely CrNbO

A1,0; layer at 1155°%C, although not at 600°C and 990°C. The Ni-Nb=Cr
and Ni-Nb=-Cr-Al alloys develop protective layers quite rapidly, and
these remain stable, The layer forms initially over the matrix and then
grows by lateral diffusion over the strengtlhening phase. As the temperature
decreases, the time for the protective oxide layer to form increases,
since it is a diffusion controlled process. A1203 layers were found

to be more protective than either GrNbOh or (Cr,Al) Nboh layers,
although both these alloys oxidised more slowly than the Ni-Nb-Al alloy.
Again the alloys with larger §~lamellae spacing oxidised more severely
at both 700 and 1000°C, since the lateral diffusion required to form the
protective layer was greater, However, as shown by Smeggil (16), if
sufficient oxidation of the § ~lamellae occurs, the surface area of

the matrix exposed for oxidation increases, and this area increases with

decreasing spacing of the lamellae. Such a process could cause severe
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Cr and Al depletion of the matrix and a protective CrN'bOh or A1203 layer
would become unstable over the matrix phase.

(v) Hot-Corrosion

There have been few detailed studies of the hot corrosion
behaviour of these Y/Y *= § alloys. Thompson (17) found that the
presence of a sodium sulphate (Na.zsoh) coating increased the oxidation
rate of a Niij-Niyu alloy at 1652°F (900°C), although the increase was
not as great as that observed with low=chromium bearing nickel~base
alloys. The addition of 4 or 8.5% Cr greatly increased the hot-corrosion
resistance at 1832°P (1000°C) for the Niglb-Ni Al alloy, which in itsel?
is far more resistant than the commercial nickel-base superalloy B1900
(also an 1\1203 former). Presumably the mixed, complex oxide layers on
the eutectic alloys are more resistant to acidic fluxing than A1203 alone,

Lemkey (19,20) exposed the Y/Y '= 3 alloy, Ni-20,2Nb-9,1Cr-1A1
to a cyclic burner rig test, together with various nickel-base superalloys
(B1900, TRW NASA VI A, IN 738), The specimens were subjected to cycles
of 95h°C for 3 min., followed by heating to 1121% for 2 min., and then
cooling to 315°C, whilst rotating in a Mach 0,3 jet burner using JP-5R
fuel containing 3-5 ppm synthetic sea salt. Subsequent microstructural

examination indicated that this Y/Y '- 93 alloy ranked with the best

superalloys in terms of regsistance to hot-corrosion.

Oxidation and Hot Corrosion Mechanisms of Carbide Strengthened Butectic Alloys

(a) Oxidation

(1) CzqCs-reinforced Co-base Alloys

The only alloy in this group is Co=41Cr=2,4C (73C), which consists

of Cr.,C}

studies of the oxidation behaviour of this alloy have been carried outj

strengthening fibres in a Co-28,5Cr matrix. Very few detailed

some incidental observations on the behaviour of specimens during high

temperature mechanical testing have been reported.
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During creep testing in air at 1000°C, a thin, protective H
Cr203 layer was formed, accompanied by significant carbide depletion
near the alloy surface at leaat parallel to thae fibres (&), Vanderuwousen (22)
found similar carbide depletion following stress-rupture tests in air at
1093°C for 1483 h, In a more detailed study of the oxidation behaviour
of both conventionally cast and directionally solidified Co-41Cr-2,4C
Fritscher et al (23) found that the parabolic rate constant for oxidation
of the directionally solidified material was about half an order of

magnitude less than that of the conventionally cast alloy in the

temperature range 1000-1200°C, Decarburization occurred and in addition J
there was some preferential internal oxidation of the carbides.

E1l Dahshan et al (24) have studied the oxidation behaviour of a J
nunber of Co~Cr-C alloys in the temperature range 900—115000. Carbon had J

only a small effect on the overall oxidation rate of 30=~25Cr=(0,5=2.0)C
alloys. In some respects this seems surprising since the formation of 1

Cr=rich carbide, M Cs, would diminish the chromiwn content of the matrix,

23
and hence the chromium activity (1 wt, % C reduces the chromium content
of the matrix by approximately 12,5 wt. % Cr). However, the reduction

| in the chromium activity does not appear to affect the ability of the

alloy to form a continuous Cr205 layer. Of course, the chromium~carbide

is much less stable than the oxide, and there is no difficulty in the

exchange reaction, but this does not imply that there is a mechanism

capable of raising the chromium activity near the interface. Furthermore,
the accumlation of carbon below the interface will reduce the chromium
activity of the alloy still further, at least until the oxide breaks down
at long times, or high temperatures, and decarburization can occur. This
demonstrates that it is the chromium availability at the alloy/oxide
interface which is important, and not the chromium activity. Consequently,
the ability of a two-phase alloy to form a protective oxide will not
necessarily be less than that of single phasa alloy having the same

overall content of the protective scale=forming element, but it would

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

of the phase richer in the scale-forming element. If these are large
and widely separated the areas poor in the element will tend to oxidise
in a non-protective manner, giving a heterogeneous 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 WbC-reinforced Co and Ni alloys

The main alloy in this group, Co-15Cr-13TaC, consists of TaC
fibres in a Co-15Cr matrix, However, a more recent development has been
to increase the matrix chromium content to 20% and to add 10% Nis
Co=10Ni=20Cr-~13TaC., This modification is intended to improve the
oxidation resistanse.

Benz et al (7) oxidised a series of directionally solidified
alloys based on the Co-TaC system, but containing additions of Cr, Mo,
v, A1, Hf, Si, W, Ta, Ti, and Nb. Additions of Ni, Cr, Fe and Ti were
beneficial and reduced the oxidation rate in static air at 2000°F (1093°C),
whereas Nb, Y, Mo and W had 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-15Cr-9,5Ni-3W-13TaC
alloy, which showed a weight gain of around 12-18 mg.cm.-2 after 100 h
exposure, in comparison to the conventional nickel-base superalloy
Rend &0 of 6 mg.cm.-z. The alloy was also slightly less oxidation
resistant than René 80 under dynamic thermal cycling conditions.

Lemkey and Thompson (2) compared the behaviour of TD-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 continuous decarburization
took place. They suggested that a protective coating, or the addition
of up to 25-30% Cr to the matrix, would be required for high temperature
gervice., Boiks and Moroz (25) also reported that nickel containing

carbide dispersions were less oxidation resistant at 1000°C than pure nickel.
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Bibring et al (26) measured the oxidation resistance of a number
of directionally solidified eutectic alloys strengthened by NbC and
TaC at 1000°C in still air. The weight gains after 20 h were approximately
5y 2 and 1 mg.cm.-'2 for Co-20Cr-10Ni-13NbC, Co~-15Cr-13TaC and Co=20Cr=
10Ni-13TaC respectively. The presence of as little as 1% Al decreased
the rate further. Alloys containing TaC rather than NbC 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-15Cr-13TaC
alloy suffered significant spallation. The presence of Nb in conventionally
cast Co-Cr alloys has been found to increase the oxidation rate quite
considerably, whereas Ta had little effect (27), which may well explain
the generally better oxidation resistance of alloys containing TaC as
opposed to NbC,

FPelten and Pettit (14) observed preferential oxidation of TaC
from a directionally solidified Co~TaC eutectic alloy at temperatures
below 900°C, but more uniform oxidation at higher temperatures; cyclic
oxidation above 900°C also produced preferential oxidation of the carbide
phase. The oxidation resistance of a conventionally cast Ni-Co=~Cr-TaC
alloy was poor in the temperature range 1000-1200°C (28), with rapid
oxidation of the TaC phase causing fragmentation of the alloy.

Smeggil (29) in a comprehensive study of the oxidation of a
Co-15Cr=8, 5Ni-6W~-20TaC alloy between 500 and 1155°C found contrasting
behaviour to that reported above. Between 600°C and 800°C the alloy
showed simple paraboliec oxidation kinetics and the TaC fibres apparently
oxidised at a much slower rate than the matrix causing the unoxidised
fibres to protrude into the scale., In the temperature range 550—900°C
an oxide subscale penetrated into the alloy along the matrix/fibre
interface producing a depletion in chromiumj the kinetics were initially
parabolic but subsequently changed to a linear rate law. At higher

temperatures still, 1080 and 115500, a rapid, non=-parabolic oxidation

rate occurred with substantial oxidation of the fibres, particularly




T
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 TaC fibres for the available oxygen. At low temperatures,

where the oxidation rate is slow, there was little chromium depletion,
and consequently the oxygen activity is not sufficient to oxidise the

TaC fibres. As 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 1080°C and 1155°C, a more general degradation of the TaC
fibres occurred.

The orientation of the TaC fibres was also found to significantly
affect the oxidation rate. When the TaC fibres and their oxidised remmants

were perpendicular to the surface they prevented crack propagation by pore

coalescence in the oxide scale, thus maintaining protection of the

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

to the oxidising interface, both the fibres and their oxidised remmnants
lie parallel both to the oxidising interface, and, more importantly, to
the propagating cracks. Consequently, there is no barrier against crack
propagation, and the oxide scales were non-protective, particularly at
high temperatures. 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 1000°C, but not at the lower
temperature, Rather strikingly, at 800°C, the gcale layers showed very
irregular morphologies, unlike those formed under iscthermal conditions,
and it was ocuggested that the chemical heterogeneities in the neighbourhood

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

(114) CroC -reinforced Ni-base alloys

The main alloy in this group is Ni-12,3Cr-6.9A1-1,8C, which

congists of CrTCB fibres in a Ni(NiBAl( Y/Y ") matrix, However, its
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oxidation bahaviour does not appear to have been studied.

~r

(b) Hot-corrosion

(i) Cr,C,-reinforced Co-base alloys
o]

: There have been few detailed studies of the hot-corrosion of this
alloy. Staub and Erd8s (31) observed preferential attack of the carbides
(Cr703) in preliminary studies using a combuster rig. Nevertheless, the
alloy was considered to be more resistant to attack than the highly rated
commercial superalloy IN 738 (8). According to Sahm (8), the rate of |
corrosion was determined initially only by the matrix, which is very resistant
since it represents the nearly ideal Co : Cr ratio of 70 : 303 however, as
soon as the surface has been depleted in chromium the carbides are
preferentially attacked.

E1l Dahshan et al (32-35) have studied the hot-corrosion behaviour
of various conventionally cast Co-25Cr-(0.5-2,0)C alloys at temperatures in
the range 800 - 1000°C. As in the oxidation of these alloys (24), carbon
hag only a small effect on the overall hot-corrosion rate, due to it not i
affecting the ability of the alloy to form a protective Cr203 layer.
However, the carbide network does provide an easy diffusion path for the
ingression of sulphur and oxygen into the alloy. 4

(11) CoCr-TaC

Benz (7) subjected various Co-Cr-TaC, Co-Cr=Ni=-TaC, and Co=Cr=Ni-
W-TaC alloys to burner rig tests under the following conditionsg:
temperature 1700°F (927°C); time 310-348 h with a cooling cycle every 24 hj
fuel JP-53 air/fuel ratio 30 : 1; salt 5 p.P.m. as sea water (ASTM 665-60),
atomised and injected into the combustion zone., Little accelerated attack
occurred, although there wag a little preferential oxidation of the Tal
fibres; penetration depths ranged from 6-9 mils with the Co-Cr—laC and Co=-Cr-Ni=-
TaC alloys to about 1 mil with the Co~Cr-Ni-W-TaC alloy. These values

compare favourably with those obtained under similar exposure conditions

with MAR-M 509 (1 mil), X-40 (1 mil), and Rend %0 (7-8 mils).
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Bibring (26) exposed a Co~20Cr-10Ni-13Tal 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. Weight losses of around
6 mg.cm.-2 were noted after 200 h exposure, comparing favourably with
19 mg.om,~2 for IN 100 after a similar test.

(iii) Ni-Cr-Al-C

There have been no previous reported studies of the hot-

corrosion behaviour of this alloy system.

Present Investigation

Ni, Nb-Ni,Al Based Eutectic Alloys
@ A

Following the three oxidation mechanistic studies (14-16)
discussed in detail, it is clear that the oxidation of these eutectic alloys
is a very complex process, and two alloys were chosen for furiler study
in the present investigation: Ni-23,1Nb-4,L4Al and Ni-19.TNb-6Cr-2,.5A1,

The former represents the basic NiBNb—NiBAl eutectic system containing a
high volume fraction of the d -phase (0.44), and the latter is modified by
chromium (0.3}) to improve its oxidation resistance. No detailed studies
of the mechanisms of hot-corrosion of these alloys have previously been
reported.

As cast, slowly cooled and directionally solidified alloys of
each compogition were examined in order to study the effects of various
degrees of aligmnment of the b -lamellae., There is virtually no alignment
in the as-cast Ni-23.1Nb-L.4Al alloy (Figure la), whereas slow cooling
produces a relatively coarse grained structure with good alignment in each
grain (Pigure 1b). The microstructure of the directionally solidified
alloy is shown in Figure lc, revealing good alignment of the lamellae.

The corresponding microstructures for the Ni-19,TNb-6Cr-2,5A1 alloy are

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

apparent,
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Carbide-Based Lutectic Alloys

It seems likely then, that decarburization or oxidation of the carbide
network may well occur during oxidation and hot-corrosion, and consequently
a detailed study has been carried out. Samples of each of the various
alloys in three different conditions were again used: as cast, slowly cooled,
and directionally solidified. In addition the carbide spacing in the
directionally solidified Co-41Cr-2,.LC material was varied by varying the
cooling rates: 3.4, 10.6 and 31.5 cm/h. Also both the basic and modified
alloys in the Co-TaC system, Co-15Cr-13TaC and Co-20Cr-10Ni-13TaC respectively
were included., The nicrostructures of all the various sanples are shown in
Migures 3-~6; as the cooling rate decreases, the carbide particles increase
in size, and their alignment improves.
Experimental

The alloys were prepared from high purity elements by vacuwrn induction
melting and casting into 25 mm 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 directicnally
solidified alloys were first cast into cylindrical bars in a conventional
way and subsequently directionally solidified. Acknowledgement is due to
Dr. M. McClean, N.P.L., Teddington, Middlesex (Co-Cr-C); Dr. H. Bibring.
O.N.E.R.A,, Chatillon, France (Co-TaC)s and Dr. P. Cowley, N.G.T.E.,
Pyestock, Farnborough, Hampshire (Ni-Cr-A1-C and Niij—NiBAl) for supplying
the various directionally solidified samples.

Specimens of approximately 10 x 10 x 1 mm, were then cut 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 tetrachloride.

Oxidation experiments were carried out at 900, 1000 and 1100°¢
in gtatic air, the samples being supported in recrystallized alumina boats.

These temperatures were chosen since they represent the current turbine




operating temperatures (900-1000°C), and the proposed increased

temperature (1100°C) with the use of eutectic alloys, Oxidation was
commenced by pushing the cleaned samples quickly into the hot muffle
furnace, After oxidation the samples were removed slowly from the furnace
in an attempt to minimize spalling. Oxidation kinetics were measured by
suspending the specimen in a conventional thermobalance,

As will be described later, the formation of a b ~free zone at
the alloy/oxide interface is decisive in determining which type of
oxidation occurs with the NiSNb—NiSAl alloys, and it seemed appropriate
to assess the likely rate of formation of this zone under more closely
defined conditions., To this end diffusion couples consisting of pure
nickel and the Ni-23,1Nb-4.4Al alloy were prepared and subjected to
diffusion anneals in an inert atmosphere at various temperatures. Nating
surfaces of the couples were polished to 6 pm 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 appropriate times.
Subsequently, the couples were sectioned, metallographically prepared and etched
allowing the width of the 8 ~free zone to be measured in the NACTOoSCope.

Three types of hot-corrosion tests were carried out on the various
alloys:=-

(1) & Nazsok-coating was applied to the sample surface by spraying
with a saturated aqueous solution. The exact details of the coating application
have been described previously (36). The coated sample was then oxidised,
either suspended in a conventional thermobalance, or placed in an alumina
boat in a horizontal muffle furnace.

(4i) The corrosion of the samples in the Dean rig has also been studied.
In the Dean test, the contaminating salt (NaQSOL or NhasOL/NaCI mixture)
is introduced into the atmosphere by passing the gas stream over the heated
salt in an auxilliary furnace before passing it over the samplessy the
temperature conditions are arranged such that the salt condenses onto the

samples, The exact details of the apparatus have been described previously (31,

—




- 16 =

(ii) Samples were given a brief pre-sulphidation treatment in
HZ/HZS (90:10) mixtures prior to oxidation in a conventional thermobalance,
Oxidised samples were prepared for metallographic examination,
electron probe microanalysis, and X-ray diffraction in the usual way.
When necessary, etching was carried out using a mixture consisting of
equal parts of glacial acetic acid, conc. nitric acid, and water.
Results

Ni, Nb-Ni,Al Based Butectic Alloys
2 =

(a) Oxidation

Ni=23,1Nb-4 . LAL

Samples of the as-cast, slowly cooled, and directionally
solidified alloys were oxidised for various times at 900, 1000, and 1100°C.
A typical cross-section of the as-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 unoxidised metal, essentially pure nickel. The
etching process has removed most 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 identified as Nb205 and AleOh.
A1203 was also identified as a discontinuous layer at the alloy/scale
interface. At the surface of tke alloy, there is a single phase region
of Y =phase (nickel-rich)., The dietribution of the nickel islands in the
inner oxide layer does not bear any obvious relationghip to the structure of
the eutectic. The morphology of the scale after 168h is very similar, and
it is clear that no protective Al203 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 lamellae were not aligned. However,
in contrast, where there was appreciable alignment normal to the surface,
the Nijnb(S) lamellae were oxidised preferentially: Figure T (b)e
Furthermore, in these aligned regions no single phase Y «zone is formed at

the interface. Aligned lamellae which are parallel to the alloy surface

' . " . K s b i sl
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are not preferentially oxidised direct from the surface unless oxygen can
gain access via the normal lamellae, see Figure 7 (v).

Rather surprisingly the directionally solidified alloy did not
show any preferential attack of the $ -lamellae, and a more or less
planar alloy/scale interface was observed, Figure 7 (¢). Again a zone
of Y-—phase denuded in aluninium and niobium was present at the alloy/scale
interface, and the surface scale 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 8 shows a typical cross—section. The outer layer is again NiO,
overlying an intermediate layer in which Niszos, N:'uftlzol+ and AleOh
have been identified. The inner layer has Nb205, All‘l'bOl+ and nickel=-rich
iglands, 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 thickness.

The three alloys behave similarly at 1100°C also and most of the
oxide structure is similar to that at 1000°C, However, in some areas around
the cross—section a continuous A1203 layer hag 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 A1203 but oxidation has been able
to proceed around these., The formation of the continuous A1203 layer does
not appear to be related to the microstructure of the alloy, since the
directionally solidified alloy also produces an A1203 layer at the base of
the scale, Figure 9 (c).

However, both at 1000°C and 1100°C the Y -phase zone (or S =free
zone) is again present at the alloy/oxide interface, and its thickmess
increases with increasing temperature.

With these heterogeneous alloys the initial stages of oxidation

are perhaps even more important than with conventional alloys in determining
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subsequent oxidation behaviour, Thus, samples of the directionally
solidified alloy Ni=23,1Nb-L4.LAl were oxidised for 1, 2 and 5 h in the
temperature range 800-1100°C; representative cross—sections are shown in
Figures 10-13,

At 800°C preferential attack of the NiBNb fibres occurs, (Figure 10)
and this continues even after long exposure times, as was shown in the
earlier reports (1). Presumably, the ratio of scale growth rate to alloy
interdiffusion rate is sufficiently high that there are virtually no local
compositional changes in the alloy, and a heterogeneous scale resultss
there is preferential attack of the Niij-fibres, in comparison to the more
oxidation-resistant Ni/Ni}Al matrix phase.

Initial behaviour is similar at 900°C (Figure 1la). Howsver,
diffusion in the underlying alloy must start to be involved since a Ni3Nb-
free zone does form after an exposure of 2H (Figure 11b). The scale formed
during these early stages is quite heterogeneous and remains at the scale/
atmosphere interface., However, once the NiBNb—free zo.1e 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/scale interface,

The Ni;Nb-free zone forms more rapidly at 1000°C and 1100°C, with
no internal attack of the NiBNb fibres, The overall extent of corrosion
during these initial stages also increases as the temperature increases with
thicker surface scales, and also a greater thickening of the Nisﬂb‘free
zone (Figures 12 and 13).

With this Ni-Nb-Al alloy, protection is only going to be afforded
by the development of a continuous A1203 layer. Obviously, this is going to
involve aluminium diffusing from the Ni/Ni3A1 phase. and spreading ‘aterally
along the alloy/scale interface as rapidly as possible, thus preventirg

1 excessive oxidation of the alloy. Increasing the temperature will favour

this process, and indeed continuous A1203 formation only occurs at lluOOC
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as shown in Figure 14, which illustrates the aluminium profiles across
samples oxidised at 900, 1000 and 1100°c, However, the A1203 layer does not
form rapidly even at 1100°C, and quite extensive oxidation does occur
beforehand.

Ni-19,7Wb=6Cr-2, 5A1

A typical crogs—-section of this alloy in the as-—cast condition
oxidised for 50h 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 directionally solidified
alloy preferential attack of the % -phase does occur before a continuous,
protective layer of A1203 developed, Figure 15 (b). The preferential attack
seems to be the more extensive the wider the d -lamellae, The electron
image and X-ray distribution pictures for the directionally solidified alloy
are shown in Figure 165 the outer discontinuous layer is niobium=rich
(szos) which is associated with chromium (Crﬁboh) above the b -lamellae,
whilst at the alloy surface is a continuous aluminium-rich layer (A1203)
which affords protection to the alloy. There is little change in the
morphological features after oxidation for longer times except presumably
for a thickening of the A12O} layer. Certainly 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 AJ.203 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 main external oxide. There is no evidence of niobium-rich

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

1 spalled from the surfaces however, there is a depletion of the b -lamellae
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near to the interface. The other two alloys behaved similarly at this
temperature, except that internal penetration of A.1203 was not as great,

To investigate the role of niobium, the alloy under investigation
was cast without the niobium: a ternary Ni-6Cr-2.5A1 alloy. A cross-section
of this alloy oxidized at 900°C is showmn in Figure 19, and clearly there
has been extensive oxidation. There is a discontinuous, non-protective
layer of AJ.203 and internal oxide particles of both Cr203 and A1203;
spalling of the outer Ni0O layer seems to have occurred, This type of
behaviour agrees with that 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% Nb to the ternary Ni-6Cr—2,5A1
alloy improves its oxidation resistance at 900°C, as shown in Figure 214
the depth of internal oxidation is considerably reduced; 10% Nb decreases
the oxidation rate further, and it has been shown earlier that 19.7 Kb
greatly improves the oxidation registance primarily due to encouraging the
formation of A1203.

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 presence of niobium causes internal
oxidation and Nb205 platelets form in the alloy; in addition an intermediate
layer of the spinel (Niszos) forms beneath the outer NiO layer. Equally
in the Ni=Nb-4.l4Al alloys, no protective oxide forms, at 5% Nb the
intermediate spinel layer contains AleOh and there is no internal
oxidation, whilst at 15% Nb there are in addition to the spinel layer
internal oxides containing AleOh and 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 & -free Zone

The formation of a zone depleted in the 5 ~-phage at the surface

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

it aae
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oxidation is clearly important. This was studied under more closely
defined conditions using the diffusion couples referred to earlier,
Clearly, the rate of growth of the b -free layer is governed by diffusion and
thus the ratio of (thickness)z/time represents a rate constant of growth,
This is shown as a function of temperature in Table I.

TABLE I. Growth of the b-free Zone

Temperature Thickness Time Rate Constant
%, pm h. cmz/s
900 1 138 2.4 x 10712
1000 L2 150 3.3 = 10711
1100 102 136.5 2.1 x 10710

The activation energy for the diffusion-controlled process has
been calculated from Figure 24 as 300 kJ/mole.

However, this does not accurately simulate the process which occurs
during oxidation, where niobium loss to the external oxide scale produces
the depletion zone, Thus electron probe microanalysis was used to measure

the Ni, Nb-free zone thickness, of alloys which had been oxidised at 900,

3
1000 and 1100°C, Again, the rate of growth of the depletion zone showed

an Arrhenius-type dependence on temperature as shown in Figure 25, giving

an apparent activation energy of approximately 345 kﬂ/mole. This would
suggest that the formation of the depletion zone is a diffusion-controlled
process, at least ir the very early stages. During the later stages of
oxidation, if a protective oxide layer of A1203 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 limiting value after long exposures, particularly at the higher temperatures.
(¢) Hot=Corrosion

Ni-23,1Nb=4, LAl

After coating with IIa?SOl+ the as-cast and slowly cooled samples

behaved very similarly at 900 and 1000°C, both materials oxidising at a
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faster rate than uncoated samples. Figure 26 (a) shows a typical cross—
section. There is an outer Ni0 layer overlying a mixed metal/oxide region

in which HiNb206 and AINDO, have been identified; the metal islands are

L
essentially pure nickel. A further feature of the corroded structure
evident in Figure 26 (b) is the presence of NiS particles in the alloy
where it has been depleted of the % ~lamellae. These sulphides have a
similar distribution to the original ® -lamellae, and consequently the
mixed oxide/metal region above the sulphides also has a similar appearance
to the original alloy structure; it represents areas where the nickel sulphide
phase has been preferentially oxidised.

Rather surprisingly, accelerated attack of the directionally
solidified was confined to a few isolated areas as shown in Figure 2T
the scale in these areas had a similar appearance to that described above.
However, sulphides were formed in the alloy behind both types of scale,
although they had different distributions in the two cases and also were
present in a higher concentration in the more heavily attacked areas.
"here heavy corrosion had taken place, the sulphides connected the
8-lamellae with the oxide scale, whereas in regions of slight corrosion
this was not so, and a denuded zone remained separating the lamellae, and
the sulphides, from the external scale. As noted in the previous section,
the presence of a b -free zone assists A1203 formation. At 1000°C some
areas of heavy attack on the directionally solidified alloy had healed,
presumably due to the formation of a denuded zone beneath the nodule.
Figure 27 (b) shows such a nodule in which the outer portion is typical
of a rapidly formed scale and the inner portion is similar to that formed
in the slightly attacked areas,

All three alloys behave similarly at 1100°C and the scale is
similar to that formed in the absence of Na?SOA described previously:

an outer NiO layer, an intermediate layer containing Niszos, N1A120

)-o'
and AlNhOb, and an inner layer of AINbLO Vb?os. and nickel-rich metallic

L
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islands underneath which is an A1203 layer., There are no sulphides in
the ® -free zone.

The kineticg of the oxidation of the directionally solidified alloy,
with and without a NaZSOh coating, 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 1000°C.
However, the oxidation rate is lower at 1000°C than at 900°C, since
protective A1203 layers are more easily formed at the higher temperatures (16).

Kinetic measurerents were also carried out at 870°C with and
without a salt coating, and are shown in FMigure 30, The presence of the
Nazsoh coating significantly reduces the oxidation rate. The reason for
this becomes apparent on examining the scales formed in cross-section. as
shown in Migure 31. The uncoated alloy shows preferential attack of the
® -lamellae producing fingers of oxide (Nb205 and AleOh) penetrating intoc
the alloy. However, in the presence of the salt a ® -free zone is formed
which results in a lower oxidation rate; sulphides are present beneath the
d -free zone, but since they do not bridge the zone they have no effect
as shown earlier,

Samples of each material were also corroded in the Dean apparatus
witk the Na,SO, maintained at 1050°C and the samples at 950°C, 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 morphology strongly resembled that formed in
uncontaminated atmospheres. Figure 32 () shows a typical cross-section,
and apart from the surface scale, sulphide formation (NiS) has occurred
below the b -free zone, again the sulphides being associated with the
b ~lamellae.

Samples were also exposed in the Dean apparatus to a salt mixture
of Nazsoh + 10% NaCl and in some cases this produced complete attack of
the 1 mm., thick coupons after 168h exposure (samples were thermally

cycled to room temperature every 3Oh. approximately). This result was not
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entirely reproducible, and figure 32 (b) shows a heavily attacked area
of a similar sample but where some underlying alloy remains, The outer
oxide layer is similar to that formed during ordinary oxidation, and the
8§ -phase is depleted at the alloy surface with both internal oxides
(NiAl2Oh) and sulphides present in the 5 -free zone.

To examine the influence of the sulphides on the oxidation
behaviour, samples of the directionally solidified alloys were pre-—
sulphidised in a H,=H,S (90:10) mixture for 6 min. prior to oxidation
at 900 and 1000°C; the kinetics are included in Figures 12 and 13.
Pre-sulphidation produced a very rapid initial oxidation rate, which after
approximately Lh. decreased to a level similar to that of un~presulphidized
samples, Surprisingly, the weight gain was larger at 900°C than at 1000°C.

Typical crogs—sections of the samples corroded at 900°C and 1000°%C
are compared in Figure 33. Severe corrosion has occurred and the surface
scale is typical of that described earlier: an outer 1ii0O layer, an
intermediate layer of NiNb206, NiAl,0, and A1NbO

27 K’
Nb205 and nickel-rich islands. lNany NiS particles

and an inner layer
containing AleOh,
are present across the $ -free zone connecting the outer oxide layer to

the S-lamellae in a marmer similar to samples coated with NaQSOb before

oxidation.

Wi=19, 7lb=6Cr-2, 5A1

The influence of a Na2SOh coating is not very marked at 900°C,
and all three alloys behave very similarly. In each case most of the
alloy is relatively unattacked, Figure 34 (a). The outer layer mainly
consists of xiszoé, and underneath this, there is a continuous AJ.203
layer protecting the alloy. In the § ~free zone there are some internal
Or 04 and A.1203 particles, and nickel sulphides next to the N13:rb($)
lamellae, There are, however, a few random areas where severe oxidation
has taken place, presumably by breakdown of the protective, A1203 layer,

A cross-section of this nodular attack ie shown in Figure 34 (b). The

nodules consist of IIiNb.,O6 and NbCrOh and metallic islands of virtually
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pure nickel, the distribution of the phases reflecting the original
eutectic structure; a semi~-continuous 41.1120:5 layer is present at the base
of the nodules. As observéd earlier, in the alloy behind the nodules
NiS has been formed, bridging across the 8 -free zone; behind the
protective scale the sulphide precipitates lie behind the b -free zone,

At 1000 and 1100°C oxidation of the NaZSOh-coated alloys is
more uniform as shown in Figure 35. The outer oxide layer is mainly
NiCrzoh, whilst underneath there is a layer of Cr203, containing particles
of NbCrOh. Internal oxides of A1203 are also present, together with nickel=-

rich sulphides on the inside of the B8 -free zone, adjacent to the i, Nb

3
lamellae, However, chromium-rich sulphides have also been formed deeper
in the alloy. Surprisingly similar sulphides are observed in the samples
oxidised at 1100°C.

The oxidation kinetics of this alloy oxidised with and without
a Nazsoh coating at 900 and 1000°C are shown in Figures 36 and 37: The
coating has produced only a marginal increase in the overall oxidation
rate,

Samples were oxidised in the Dean apparatus under similar
conditions to the ternary eutectic alloys, When the condensing salt was

Nazsoh, there wag no evidence of sulphide formation and the oxide morphology

waa 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, Iigure 38 shows a typical cross-section with

(A1Cr)Nb0, formed internally and copious amounts of sulphide (NiS).

L
Presulphidation at 900°C had little effect on the oxidation
kinetics of this quaternary alloy, as shown in Figure 36, However, at
1000°¢ a similar treatment had a catastrophic effect: Figure 37.

Figure 39 shows a typical cross-section of the scale: an outer NiO

layer, an intermediate layer of NiNb206, NiA12OA, and NbCrOh, and an
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inner layer containing nickel-rich metallic islands, AleOh, Nb205 and
NbCrOh. There is heavy internal sulphidation with the sulphides bridging

the § -free zone.

Carbide-Based Eutectic Alloys

(a) Oxidation

(i) Co-Cr=C

Four main types of oxide morphology are produced, and Table I
sumarigses the detailed observations.
TABLE 1

SUMVARY OF THE OXIDE SCALE STRUCTURES FORKED ON Co-=41Cr=2,4C ALLOYS

Type of Scale

Condition of Alloy 900°C 1000°C 1100°C

As cast I EE EEE
Slowly cooled I +IIT IT + EII III
3.4 c/h 2 p 291 III Iv

) Directionally
10,6 c/h ) 111 1II v

; solidified
31.5 cr/h III IIT IV

Key := & -~ UGurface scale congisting largely of Cr203, a zone

depleted in carbide, and no internal oxidation.

II -~ Surface scale consisting largely of Cr203, with a
zone depleted in carbide containing internal oxide
particles of Gr203'

III - Surface scale consisting largely of Cr203, and internal
attack of the carbide network to form Cr203.

IV - Surface scale containing both chromium and cobalt-
rich oxides, and heavy attack of the carbide network,
again forming largely chromium=rich oxides.

Scale of types I-III usually occur at the lower temperatures and

with the least aligned structures, whereas type IV occurs more extensively

at the higher temperatures and with the more aligned structures., Representative

cross-gsections are shown in Migure 40, and it is clear that types I-IIT are
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the more oxidation-resistant.

The oxidation kinetics of the three directionally solidified eutectic
alloys at 900°C and 1000°C are shown in Figures 41 and 42. There is no
systematic variation in the oxidation rates with the alloy cooling rate
(eutectic spacing) or with temperature., The alloy with the slowest cooling
rate (most widely spaced carbide fibres) oxidises faster at 900°C than at
1000°%C, Purthermore, the alloy of intermediate carbide spacing oxidises
at the fastest rate at both temperatures., Table II summarizes the
approximate parabolic rate constants., However, the depth of penetration
of the carbide network is probably the more critical factor, and these
values are shown in Table III. Increasing both the fibre aligrnment and
the temperature generally causes a greater depth of attack.

TABLE II

PARABOLIC RATE CONSTANTS FOR THE OXIDATION OF THE

VARIOUS DIRECTIONALLY SOLIDIFIED EUTZCTIC ALLOYS

Parabolic Rate Constant

Alloy (g.%m 5,71
900%  1000%
Co=l1Cr=2,4C (3.4) 0,002 0,022
Co=410r=2,4C (10,6) 0,091 0,111
Co=41Cr=2,4C (31.5) 0,061 0.011
Co=-15Cr-13TaC 0,114 0,059
Co-20Cr=10Ni-13TaC 0,001 0,014

Ni-12,3Cr-6,9A1-1,8C 0,142 0.036

2
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TABLE III
DEPTHS OF OXIDE PENETRATION FOR THE OXIDATION
OF THE VARTOUS EUTECTIC ALLOYS
Depth of Penetration (pm)
Alloy 900%  1000°%  1100%
Co-1Cr=-2,4C (as cast) 17 33 30
Co=41Cr-2,4C (slow cool) 27 43 60
Co=-41Cr=2,4C (D.S. 3.4) 20 70 0
Co=41C0r=2,4C (D.S. 10.6) 33 110 167
Co=41Cr-2.4C (D.S. 31.5) 23 60 120
Co-15Cr-13TaC (as cast) 17 13 50
Co=15Cr=13TaC (slow cool) 20 17 53
Co~15Cr=13TaC (D.S.) 13 33 33
Co=20Cr=10Ni-13TaC (as cast) 0 17 40
C0=20Cr=10Ni=-13TaC (slow cool) 10 40 100
Co-20CT=10Wi=-13TaC (D.S.) 10 27 L7 4
Ni-12,3Cr=6,941-1,8C (as cast) 0 0 0 |
Ni-12,3Cr-6,941-1.8C (slow cool) 0 0 0 |
Ni=12,3Cr=6,941~1,8C (D.S.) 0 33 113

(ii) Co-Cr—TaC

Bach of the three Co-15Cr-13TaC alloys behaves quite similarly
at 900°C; the scale consists of an outer Co0 layer and underneath this
is a spinel layer containing CochOh and CoTa206; at the alloy interface
there are areas rich in 'I'a205 and Cr203, and there is only slight internal
oxidation of the TaC carbide network forming Tazos. Improving the alignment
of the TaC fibres only has a emall effect, causing a slight increase in the
overall outer oxide thickness, the Cr203—rich areas, and the amount of
internal oxidation of the fibres themselves, The CoTa206 particles within

the spinel layer tend to resemble the original shape of the TaC fibres.

Similar features are also evident at IOOOOC, oxcept that there is a

tendency for the outer oxide layer to spall, 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 spalling, particularly with the
directionally solidified alloy. A Créo3 layer attempts to form at the
alloy interface, beneath which is a zone depleted in the TaC fibres,
and containing internal Cr203 and 'l‘a.205 particles,

Representative cross-sections of the various oxidised structures,
at each of these three temperatures, for the ternary alloy are shown in
Figure 43, illustrating the features which have been described in detail
above,

The quaternary alloys (Co-20Cr—=10Ni=13TaC) are more oxidation
resistant than the ternary alloy; the as-—cast alloy rapidly forms a
protective Cr203 layer at 900°C, and there is virtually no attack of
the fibres., However, as the alignment of the TaC fibres improves, the
alloy apparently has more difficulty in forming a protective Cr203 layer;
internal oxidation of the TaC fibres occurs producing internal Ta205
oxides, In some areas there is considerable oxidation of the matrix
J producing scale nodules containing CoO and CoCreoh, NiCrQOh, CoTa206,
although eventually an underlying protective Cr203 protective CrZO3
layer develops.

Similar behaviour is also seen at 1000°C, but the overall attack
is more extensive. Again the as-cast alloy rapidly forms a protective
Cr203 layer, but adjacent to the alloy/oxide interface there is a zone
depleted in the TaC fibres and containing Cr203 and ‘I‘a.205 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 tend

to be larger on the directionally solidified alloy substrate.

 — R .
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At 1100°C each of the alloys is subject to scale spallation,
at least on cooling from the reaction temperature., The as-cast alloy
hag a fairly thin outer oxide layer, consisting of the Ni- and Co=

containing spinels based on Cr and Ta(CoCry0 , Nilr Colay0¢y Nilay0f).

20
There is also a layer depleted in the Tal fibres containing internal

oxides (Cr203 and Tazos). 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 intermal
oxidation is more extensive, and also with the directionally solidified alloy,
where again the outer CoO layer hag spalled after cooling, but there is less
internal oxidation. Microstructures illustrating these various features

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

Vleight gain/time curves for the ternary and quaternary directionally
solidified 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, indicating that as the alignment
of the fibres and temperature increases so does the amount of attacke.

(1ii) Ni-Cr=Al-C

At 900°C all of the alloys rapidly form a protective A1203 layer,
and there is virtually no attack of the carbide network., With the asg-cast
and slowly cooled alloys at 1000°C internal oxidation of the carbide network
is not apparent, although slight blistering of the protective A12O3 is
evident, suggesting some oxidation of the carbides has occurred, but
ingufficient for complete scale failure, However, with the directionally
golidified alloy significant oxidation of the Cr7C3 fibres occurs, A1203
forms internally, and a non-protective scale of Cr203 forms externally.

Each 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 Al?o3 layer, Presumably formation of gaseous
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oxides of carbon have some disrupting influence on the protective oxide
layer, although there is no obvious evidence of gross-oxidation of the
carbides in the cross-sections; possibly spalling hag occurred on cooling.
The directionally solidified alloy does not form a protective A1203 layer,
and suffers severe internal oxidation. The structure consists of an outer
discontinuous Cr203 layer, beneath which is an internal dispersion of

A1203 particles and Al,0, platelets in a (¥i, Cr) matrix, and below which

3
is the unaffected N13A1/0r703 matrix., Figure 4T illustrates each of these
morphological features,
The oxidation kinetics at 900°C and 1000°C are shown in Figures

48 and 49, indicating parabolic behaviour, with the parabolic rate constants
being shown in Table II. The depth of oxide penetration is shown in Table
III, again demonstrating that both improved fibreialignment and temperature
accelerate the oxidation rate.
(v) Hot-corrosion

(1) Co-Cx=C

Generally, the presence of a Na, SO, coating barely affects the
2

4
oxidation behaviour at 900°C of the various Co-41Cr-2,4C alloys. A
protective Cr203 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 chromium~rich sulphides (CrS)
are precipitated within the matrix ahead of the internal oxidation zone.
Similar behaviour also occurs at 1000°C, although the extent of
surface scaling and penetration of the carbide network is greater. The
oxidation kinetics of the directionally solidified alloy cooled at 10.6 cm/h,
with and without a NaZSOI+ coating are presented in Figures 41 and 42 for
900°C and 1000°C regspectivelys the presence of the salt coating has

apparently decreased the rate at both temperatures.

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

abgence of the Na2SOh coating, which suggests that again the coating




- 32 e

assists in the rapid establishment of a Cr203 layer. Representative
cross-sections of these various coated specimens are shown in Figure 50,
for each of the three temperatures.

Presulphidation increases 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 hours to a level similar to that of direct
oxidation. Furthermore, the increase in rate is greater at 900°C than at
IOOOOC, as in the initial oxidation rate without any pre—sulphidation.
Table IV compares the approximate parabolic rate constants for oxidation
with and without a NaESOA coating and following pre-sulphidation, for the
directionally solidified alloy cooled at 10.6 em/h. 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
is probably the critical factor. Figure 51 (a) shows a typical cross—
section for an alloy pre-sulphidised prior to oxidation at IOOOOC; the
total depth of internal oxidation is greater than that for alloys not
given a pre-sulphidation treatment.

TABLE 1V

APPROXTMATE PARABOLIC RATE CONSTANTS FOR THE DIRECTIONALLY

SOLIDIFIED EUTECTIC ALLOY Co-41Cr=2,4C COOLED AT 10,6 em/h.

Approximate Rate Constant

‘ Ee 2m.-h30-12

Test 900°c 1000°C
Oxidation 0,09 0.11
Na,S0, coating 0.003 0.01

-
(1 mg.om,” )
Sulphidation/oxidation 0.47 0.28

Since sodium sulphate nas little effect on these alloys a

Nazsoh/1o¢ NaCl mixture was used in the Dean Test. However, the salt

condensing onto the samples is richer in NaCl because of its higher
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volatility. After 24 h exposure in the Dean Test, all the directionally
solidified alloys have a rather loose, outer, non-protective oxide layer
consisting of Co0, Colry0,, 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 alloys occurs under similar exposure
conditions, but after 4 x 24 h cycles, as shown in Figure 51 (c). A
thick, porous scale is formed and the carbide network within the alloy
has been severely attacked.

(ii) Co=Cr—TaC

The main effect of the presence of a Na,esol+ coating on the
oxidation of the Co-15Cr-TaC alloys is to increase the extent of internmal
oxidation of the TaC fibres at each of the three temperatures, resulting
in internal oxides containing Cr203 and Ta205, alzad of which are CrS
particles associated with unaffected TaC fibrea., The only effect of the
degree of alignment of the fibres is in the appearance of the internal oxides,
which they resemble. At 1000°C - 1100°C the outer oxide is more porous,
which coincides with the formation of sodium chromate. Furthermore at
1100°C, the internal oxides formed within the directionally solidified
alloy coalesce and leave metal islands (virtually pure cobalt) isolated
in the outer oxide scale. Representative morphologies are shown in
Pigure 52.

The kinetics at 900°C and 1000°C (Figures 45 and L6) indicate
that the presence of a Nazsoh 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-gulphidation also increases the oxidation rate, both at 900°;

and 1000°C, as shown in the kinetics (Figures 45 and 46). This coincides

with severe internal oxidation of the TaC fibre network, as illustrated in
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Figure 53 (a), with sulphides (CrS) again being present ahead of the
oxides associated with the TaC fibres.

Exposure in the Dean Rig causes even more extensive internal
oxidation and sulphidation of the TaC fibres, and also the formation of
an outer porous, non-protective oxide layer containing CoO, CochOA’

Cr203, and Na,Cr0, (Figure 53 (b)).

The presence of a Nazsoh coating has a similar effect on tke
quaternary alloy (Co~20Cr-10Ni-TaC) as with the ternary alloys
representative cross-sections are shown in Figure Sk.

Oxidation kinetics with and without a salt coating are shown in
Figures 45 and 46 at 900°C and 1000°C respectively, indicating that the
Na.zsol+ layer has a gimilar effect as with the ternary alloy.

The effect of pre-sulphidation zgain increases the oxidation rate
at both temperatures as shovm in Figures 45 and 46, but not as greatly as
does the salt coatirg . However, extensive internal oxidation, accompanied
by sulphidation, occurs as seen in Figure 55 (a). Approximate parabolic
rate constants for the various kinetics curves shown for each directionally
solidified alloy are given in Table V,

TABLE V

APPROAINMATE PARABOLIC RATE CONSTANTS FOR THE DIRECTIONALLY
SOLIDIFIED EUTECTIC ALLCYS Co-=15Cr—TaC AllD Co=200r—10Ni-13Tal

(Figures for quaternary alloy in brackets)

Approximate Rate Constant

(e.%m. 45,71
Test 900°% 1000°C
Oxidation 0.114 (0.,001) 0,059 (0,014)
Na,S0, coating 0,127 (0.144) 0,069 (0,018)
(1 mg.cm.-z)
Sulphidation/Oxidation 0.333 (0,008) 0,027 (0,004)

The Dean Test severely corrodes the alloy resulting in an outer

porous, non-protective oxide layer containing Co0Q, Cr203, CoCrOOh and

Nazcroh, accompanied by internal oxides and sulphides gimilar to those
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I formed during the coating test (Figure 55 (b)).

r (i1i) Ni-Cr—Al-C

With the NaQSOh coating test, the general morphology 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 (NiO, 1\15.01'201+ and NiAlZOh)’ an intermediate mixed metal and
oxide layer (Ni, A1203, Cr203), and an inner layer, consisting of
virtually pure nickel and chromium-rich sulphides; these latter are not
obviously associated with the Cr,(C3 fibres, Generally, the thickness of

each layer increases with temperature and degree of alignment of the

fibres, except at 1100°C, when there is less overall attack; at this |
2 temperature the salt coating is quickly lost by evaporation. Fibre
: alignment only seens to play a critical part in influencing the rate of
F attack when A1203 forms a continuous layer, as seen previously during J

ordinary oxidations this is apparently not the case in the presence of
a Na2804 coating.
The kinetic curves for the oxidation of the directionzally

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

48 and 493 the presence of the NaQSOh coating greatly increases the
I oxidation rate,

Pre-sulphidation also greatly increases the oxidation rate, both
at 900°C and 1000°C, as shown in Figures 48 and 49, Typical cross-sections
are shown in Figure 57 (a), which strongly resembles that produced by the
| Na2SOl\L coating although the effect is much greater at 1000°C. This
suggests that the primary role of Na2804 is to suprly sulphur for
sulphidation, and any oxide fluxing is of secondary importance. The

¢ approximate parabolic rate constants for the various tests are shown in

Table VI,
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TABLE VI

APPROXTMATE PARABOLIC RATE CONSTANTS FOR THE DIRECTIONALLY
SCLIDIFIED EUTRCTIC ALLOY Ni-12,9Cr—6,9A1-1,8C

Approximate Rate Constant
(g.zm.-ba.-l)

Test 900% 1000°C
Oxidation 0.142 0,036
l‘n'a.QSOI+ coating 0,156 0,181

(1 e Clle _2)
Sulphidation/Oxidation 0,185 24407

Thermal cycling in the Dean's Test in the presence of Nazsoh/loﬁ
NaCl condensing onto the surface has not greatly affected the rate of
attack; Figure 57 (b) shows a typical cross—section. The surface scale
is somewhat thinner than that on samples subjected to the Nazsoh coating
test, but the inner oxide/alloy layer is correspondingly thicker, This
could be due to the thermal cycling causing spallation of any outer oxide
layer, Surprisingly, the NaCl has not caused excessive attack of the
carbide fibres, as it did with the Co=41Cr-2.L alloy, which also contains
Cr,.{C3 fibres.

For each of these alloy systems the presence of a Na.ZSOI+ coating
increases the depth of attack during oxidation as can be seen from
comparing Tables VII and III,

TABLE VII

DEPTHS OF OXIDE PENETRATION FOR THE OXIDATION OF THL VARIOUS
EUTECTIC ALLOY IN THE PRESENCE OF Na,SO

=

Depth of Penetration (pm)

Alloy 900°C 1000°c  1100°C
Co=-41Cr=2,L4C (as cast) 27 LO 53
Co-L41Cr=2,4C (slow cooled) 33 50 70
Co=41Cr=2,4C (DeSe 344) 17 70 130
Co=41Cr=2,4C (D.S. 10.63 27 3 83
Co=41Cr=2,4C (D.S. 31, 20 70 80
Co~15Cr~13TaC §as cast) 50 83 133
Co=-15Cr=13TaC (slow cool) 33 100 167
Co=15Cr=13TaC (D.S.) 70 133 116
Co=20Cr=10Ni~13TaC 2&3 cast) 30 L7 70
Co=-20Cr-10Ni=-13TaC (slow cool) 50 40 113
Co-20Cr~10Ni-13TaC (D,S.) 27 37 233
Ni-12,3Cr=6,941-1,8C Sa.s cast) 10 167 300
Ni-12,3Cr=6,8A1-1,8C (slow cool) 70 100 14,00

Ni-12,3Cr-6.,8A1-1,8C (D.S.) 70 167 160
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Both the sulphidation/oxidation treatment and the Dean's test
also greatly increase the overall depth of attack, as can be seen by
comparing Tables V1II and III,
TABLE VIII

DEPTH OF OXIDE PENETRATION FOR THE HOT CORROSION
QF VARTQUS EUTECTIC ALLOYS

Depth of Penetration (jm)

Alloy s/0 (1000°¢)  Deans (950°C)
Co=41Cr=2,4C (D.S. 10.6) 100 >0
Co=15Cr=13TaC 25 133
Co=20C-10Ni-Tal 25 200
Ni-12,3Cr-6,941-1,8C 40 113

Discussion

Ni_ Al-Ni.Nb Baged Eutectic Alloys
2 o

(a) Oxidation

Table IX compares the oxidation rates (in terms of the approximate
parabolic rate constant) of these euvectic alloys with those of more
conventional superalloys (38): B-1900 and INT13LC are nickel-base alloys
which form A].2O3 scales, and IN-T738 and X-40 are nickel and cobalt-base

alloys respectively which form C::-2,03 scales,

TABLE IX

PARABOLIC RATE CONSTANTS FOR THE OXIDATION OF VARTOUS ALLOYS AT 900°C
Alloy Kp, gzm"""s-1
B-1900 3,3 x 107
IN-738 8.5 x 107
IN=T13LC 1.6 x 1072
X-1,0 5.8 x 1070
Ni-23Nb-4. 4A1 4] x 1072
Ni-19,7Nb-6Cr=2, 541 ko6 x 1070

The quaternary alloy compares favourably with that of the more

conventional alloys, whilst the ternary alloy is considerably less
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resistant., However, at higher temperatures the rates are more compatible.

The scale morphologies and compogsitions obgerved are in
reasonable agreement with those of previous investigations (14-16).

The important factor appears to be whether or not a »-free zone is
established between the surface sczle and the alloy eutectic structure,
This in turn depends in a complex way on: (i) temperature, (ii) the
degree of alignment and spacing of the eutectic and (iii) the compositicn
of the alloy.

Generally, preferential oxidation of the % -phase only occurs
at low temperatures, 800°C and below (15), and at all higher temperatures,
a 5-free zone is formed at the surface of the alloy. However, in the
present work, preferential attack did occur at 900°C, but only with the
slowly=cooled alloys the structure of this alloy may best be described as
rartially aligned, in that the eutectic shows good alignment within the
large, individual grainsj but the grains are randomly orientated one with
another, Both the completely random alloy, and the completed aligned alloys
developed 5-free zones at - 0°C,

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 limit
the latter process, resulting in fingers of oxide penetrating from the
surface scale into the alloy.

Under most other conditions, especially at the higher temperatures,
the attack of the alloys was relatively uniform and a zone of depletion
of the 5-lamellae was produced at the alloy surface, through which
aluminiun and niobium diffused into the scale where they were oxidised

and Al As the zone of Y=~phase receded into the alloy,

t0 Mb0g, ALNLO, O3

nickel-rich islands were incorporated into this mixed oxide layer. As

oxidation continues, nickel diffuses from the nickel-rich islands and

forms an external NiO layer. Surprisingly, this process occurs relatively
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slowly at 900°C as presumably all the inward diffusing oxygen must
react with the aluminium and niobium, At 1000°C, the nickel-rich
islands are more readily oxidized, making the outer NiO layer
correspondingly thicker than at the lower temperatures.

At 1100°C, a protective A1203 layer develops at the interface
between the b-free zone and the mixed metal/oxide layer, reducing the
overall oxidation rate, This is probably related to the relatively
higher diffusion rate of aluminium at this higher temperature which
permits sufficient lateral diffusion to support the continued growth
of A1203, as suggested by Smeggil (16). At the lower temperatures,
only a discontinuous A12O3 layer forms and, as observed, the oxidation
rate is more dependent on the structure of the eutectic.

Clearly, the establishment of a NiSNb-free zone at the surface
of the alloy is critical and implies that Kb is selectively oxidised
from the alloy in the early stages. If it is agsumed that only Nb205
is formed during the initial stages of oxidation then a weight gain of
10 mg/cm2 would correspond approximately to a Ni3Nb-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 NiSNb is Uly)e
If A1,0, forms a continuous layer after this weight gain and selective

273
oxidation of niobium ceases, the thickness of the NiBNb—free zone would

be expected to contract. However, the zone contains sufficient aluminium
for continued growth of the A1203 at the measured rate for approximately
6 x 101+ days. Thus, it is not surprising that no contraction in the
thickness of the NiBNb—free zone is observed.
These figures agree reasonably well with those observe” for
‘ the directionally solidified samples oxidised at 1100°C, which forms a
depletion zone about 50 pm wide, following relatively extensive oxidation
R before the protective A1203 layer forms. There ia some aluminium

? depletion within this zone, but not sufficient to make the protective
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E A1203 layer unstable., Once the continuous A12O3 layer has formed
I'b lamellae are

3
separated from the oxidising atmosphere, Thus, the alloy in effect

above the NiBNb-free zone, the oxidation-prone Ni

behaves as a single phase material, and retains this configuration
providing the A1203 layer does not fail, Spallation of the A1203
layer would cause further aluminium consumption and a narrowing of the
depletion zone. A rapid increase in oxidation rate might be expected,
particularly if the fibreg again become exposed to the oxidising
atmosphere.

During the early stages of oxidation when the NiBNb—free zone,
if formed, is very thin, the aluminium concentration will vary along the

alloy/scale interface, being low directly above the Ni,lib fibres.

5

However, as oxidation continues and the zone widens, lateral diffusion

of aluminium can be expected to even out these concentration differences.

Eventually, the lateral diffusion will be sufficient to allow the

4 continuous A.1203 scale to form (Figure 585. This final step only seems
to occur at 1100°C, presumably when the lateral diffusion is sufficiently
rapid, and the depletion zone wide enough, for the aluminium concentration
to reach a high enough level all along the alloy/scale interface., At
lower temperatures, the depletion zone is too narrow preventing A120:5
formation and this allows continued 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
temperature, and presumably this is related to the changes in relative
diffusion rates through the scale. Once the protective !&1203 layer is
formed, the scaling rate is very much reduced and oxidation of the nickel-

. rich islands in the outer oxide layer takes place as has been shown
earlier; this produces a more homogeneous outer oxide scale.

o Because of the randomizing effect of the depletion zone, the

! degree 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,
1 the aluminium concentration at the alloy surface was insufficient for
the protective oxide to form along the entire interfacej this was

particularly noticeable above the Ni,Nb fibres.,

3
During the initial stages of oxidation, fibre spacings are clearly
important: the larger they are, the less uniform will be the aluminium
concentration near the alloy surface, Thus, with widely spaced fibres a
wide depletion zone is required in order to achieve a uniform concentration
of aluminium at the alloy surface for protective oxide formation.
Consequently, the overall weight gain would 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, once Algo3
has formed.
In conclusion then, it seems appropriate to summarise the

mechanism of oxidation of the directionally solidified eutectic alloy
4 Ni=23,10b-4.4A1l within the temperature range 800 - 1100°C; this is
illustrated schematically in Figure 60.
(a) Initially, preferential oxidation of the less-resistant Nijhb

fibres occurs; an outer NiO layer is formed, the nickel, for the

most part, coming from the fibres, rather than the oxidation-

resistant Ni/NiBAl matrix phase,
(b) This process continues at temperatures below 900°C. At higher

temperatures, the outward diffusion of Nb becomes more significant,

and a depletion zone devoid of fibres is formed. Remmants of the

oxidised Ni,Nb lamellae can often be seen in the scale next to the

3

‘ outer NiO layer., Ni-rich metallic islands are also incorporated

‘ into 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.

(a) No further changes in scale structure occur at 900 and 1000°C.
However, at 1100°C, the depletion zone is wide enough for a uniform
concentration of aluminium to be produced at the alloy/scale interface
and thus a continuous and protective A1203 scale forms, No further
nickel or niobium enters the scale and the metallic islands are soon
converted to oxide.

The presence of chromium in the quaternary alloy assists
development of a continuous A1203 layer even at 900°C. Initially, however,
at 900°C the b -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 Nb205.

At 1000°C, the directionally solidified alloy behaved in a similar manner

to 900°C. However, with the other alloy structures the aluminium was

oxidized internally and an external scale of Cr203 was formeds the
unaligned fibres hindered the outward diffusion of aluminium., At 1100°%
aluminium is oxidized internally even with the aligned structure, and
again the surface scale is primarily Cr203.

This beneficial effect of chromium to the oxidation resistance
of the ternary Ni-Nb-Al alloy suggests the possibility of a gettering-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., Pettit and Giggins (39) found that chromium and aluminium
are initially complementary in providing the oxidation resistance of
Ni-Cr-Al alloys. Chromium allows a continuous, external layer of A1203
to be formed on Ni-Cr-Al alloys at lower aluminium concentrations than
would be the case in the absence of chromium, by contributing to the

volume fractions of the precipitated oxide, which reduces the initial

transport of oxygen into the alloy. In addition, aluminium promotes the




-
formation of continuous Cr203 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
reagons. Stott et al (40) also investigated the oxidation behaviour of
Ni-Cr-Al alloys, and obtained similar resulis to Pettit and Giggins (39),
in that aluminium and chromium act together in establishing a protective
oxide layer of Cr203 or A1203 depending on the detailed 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 alumninium
"oetters' the oxygen, forming internal oxide particles, with an external
Cr203 scale forming by the usual outward diffusion of chromium ions.
BEventually, these internal A1203 particles link-up forming a continuous,
protective A1203 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 continuous A1203 layer
rapidly forms on the alloy surface which is free from chromium or nickel
impurities.

However, the addition of b to the Wi-6Cr-2.5A1 alloy reduces the
oxidation rate significantly, and this would seem to suggest that niobium
can act as a "getter" in promoting A1203 formation. The stabiligies
of the various oxides, see Table X, are such that this is a possibility
with Nb205 being more stable than either A1203 or Cr203.

TABLE X

FRE ENERGIES OF FORMATION OF OXIDES

Oxide 8G°(Xcal/mole) at 900°C
A1,05 =312.34

s CI‘203 "191!'091
b0 ~338.18

275
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This seems unlikely, since the Ni-Nb-Al alloys cannot readily
form protective 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 this "gettering action", and this may well relate to the
relatively rapid growth rate of the oxide Nb205. Spinels are also formed,
but these also seem to have little influence in retarding the oxidation
rate., Vhen chromium is present in the alloy, in addition to the niobium
and aluminium, then an A1203 scale does develop, which seems to point

to the spinel phase CribO, being involved.

N
Felten and Pettit (14) have shown that after 16 hours at 1000°C,
a Ni-20lb-10Cr alloy formed a thin layer of C::'N‘bOl+ over the surface, with
a Y-Ili layer beneath containing no ¢-phase; this scale afforded
protection to the alloy substrate. IXqually, this phase has been
identified in the oxidation of Ni-19,7 Nb-6Cr-2,5A1, when an outer IiO
layer, Nb205 layer, CrNbOl+ layer, and again an inner A1203 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 Cri’bO, layer is apparently necessary,

L
and thus prevents the rapid oxidation of the alloy during the initial
stages, except of course, over large 5-fibres when appreciable oxidation
can occur before sufficient chromium diffuses laterally from the adjacent
Y/ (Ni/NiBAl,Cr) phage. During the formation of this Cri®O, layer,
aluminium oxidises internally, but eventually the A12O3 particles can
link ur producing a continuous, protective A1203 layer., This schematic
reaction mechanism is summarised in Figure 61.

At the higher temperatures (1100°C and sbove) a protective
Crlib0, layer cannot form rapidly enough to prevent extensive growth of

L
the faster growing oxides in the initial stages. \Vhen it does eventually

form, the aluminium concentration at the alloy/oxide interface is too low
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to form A1203, and Cr203 eventually develops accompanied by internal
A1203 formation. This layer affords reasonable protection to the alloy.

(v) Hot=Corrosion

It seems appropriate to compare the influence of a Na2SOL-
coating on the oxidation rate of these alloys, with its effect on more
conventional superalloys (38). Table XI presents the approximate
parabolic rate constants together with their ratio normalized to a
il mg/cm2 coating of Nazsoh, which has been shown previously to give a
good indication of the hot corrosion resistance (38).

TABLE XI

PARABOLIC RATE CONSTANTS FOR THE HOT CORROSION OF VARIOUS ALLOYS
AT 900°C

Kp (in the presence Kp (oxidation) Kpsou/Kp
8 o =1 2 ool wl

oxid,

Alloy of Na.ZSOu) g°m s gm 's ﬁi’?iiiiif
thickness

B1900 1.72 0,003 604
IN738 0,008 0,008 1

INT13LC 3.5 0,016 150
X=40 0,002 0.005 Ol
Ni=23Nb=l. 4A1 0,06 0.05 12
111=201Tb=6Cr=2, 5A1 0.009 0,004 2.3

It is clear that the presence of 1\’&12,‘30)+ does not produce
markedly accelerated attack. However, it must be remembered that the
values in Table XI refer to overall attack and not the nodular-type
observed in some instances with the present alloys. In the nodular alloys,
the Na.QSOL+ coatings have produced considerable structural damage.
Generally, similar rates are produced at lOOOOC, 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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As in the oxidation gtudies, behaviour is critically dependent
on the presence of a % -free zone: if it is present, the alloys oxidize
relatively slowly; if it is absent, then more rapid oxidation takes
place. Iuring the rapid oxidation, the § -lanellae are sulphidised
essentially to NiS by the rapid inward transport of sulphur; the sulphides
are then oxidised and the released sulphur diffuses further into the alloy
repeating the process. Thus, the overall appearance of the resulting
scale is similar to that of the original eutectic structure: alternate
lamellae of oxide and a nickel~rich phase (Y),

An apparently essential requirement for rapid oxidation to occur
is that the sulphides "bridge'" the § ~free zone, connecting the unattacked
§ -lamellae and the oxide columns in the mixed metal/oxide layer.

Similar relatively rapid rates of oxidation have been observed in the
abgence of sulphides when at lower temperatures, no 8 ~free zone was
formed (15).

The reaction mechanism is summarised in Pigure 62. Essentially
this is a sulphidation rather than an acidic fluxing mechanism, although
it has been shown that II‘b2O5 has a high affinity for oxide ions and can
influence the fluxing of oxide scales by molten NaQSOA deposits (38).
Furthermore, aluminium~-containing alloys are known to be very susceptible
to accelerated attack via an acid fluxing mechanism (h1,42). 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 Hb205, AleOA, and islands of
nickel=-enriched metal. A zone free of the S-@hase (NiBNb) is formed
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. Sulphides can form at this alloy/scale interface because




- 47 -

the oxygen activity there will be very smalls; however, it is surprising
that nickel sulphide forms in preference to aluminium sulphides.
Continued reaction proceeds by oxidation of the sulphides and the
surrounding matrix with the released sulphur penetrating deeper into

the alloy along the 9 -lamellae. The rapid oxidation is apparently
associated with this build up of sulphur in the heavily oxidised areas
causing the b-free zone to be bridged by the sulphides, and thus rendered
ineffective. [Kven during direct oxidation, under conditions where a

b -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 % -lamellae, 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.
Posgibly the alignment of the lamellae assisted the outward diffusion of
aluminium and a protective A12O3 film was able to develop over parts of
the surface, Certainly at IOOOOC, some areas of rapid attack of the
directionally solidified alloy reverted to a slow rate of attack by forming
a d-free zone beneath the oxide nodule.

Presumably the initial stages of the reaction are important.

In coating tests, the molten Nast layer is in direct contact with |

L
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
Na2soh condensing on the sample surface during the course of oxidation,

a substantial thickness of oxide can form before sulphur enters the alloy.
Thus, a § -free zone can be established before any sulphide precipitation

occurs and the sulphides do not link the surface oxide with the unoxidized

lamellae, 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. Thig allows rapid sulphidation and then oxidation
of the alloy to occur,

Pre-sulphidation prior to oxidation exaggerates the effects of
the sulphides and many sulphide bridges are formed across the § -free zone.
A very rapid oxidation rate results.

The addition of chromium to the T/T'-Balloys appears to have
a two-fold beneficial effect in reducing accelerated oxidation in the
presence of NaQSOh or sulphides., These alloys show much fewer areas of

heavy localised attack when coated with Nast at 900°C. and particularly

i
at IOOOOC. Firstly, the presence of chromium appears to promote the

formation of a continuous Al 0, layer, acting as a secondary getter in

23

the now well established mamner. The Al.,0, limits inward sulphur

23

penetration and fewer sulphides are formed in the alloy beneath the

% -free zone, Where the heavier attack has occurred, there is no
continuous A1203 gcale, and the surface scale is connected directly to

the K-lamellae by sulphides bridging the § -free zone as discussed in

the previous section., The second factor responsible for the reduction ;
in attack is the preferential formation of chromium-rich sulphides as

opposed to nickel sulphides, which minimizes the tendency for bridging

of the %-free zone. This zone is generally severely depleted in chromium,

as well as in the 5 -phase.

After the Dean test, no sulphides were formed within the alloy.
This is somewhat surprising and implies that the A1203 scale which

developed was impervious to sulphur, However, other A1203-forming alloys

have shown similar behaviour in the Dean test (37). The presence of
chloride, however, can cause disruption of this protective layer and
subsequent rapid attack.

Chromium has a less dramatic effect on the oxidation behaviour
following pre-sulphidation, except at 900°C, and the quaternary alloy

behaves in a similar manner to the ternary alloy, with nickel-rich
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sulphides forming bridges across the b -free gzone allowing rapid
oxidation to continue., Presumably, at 900°C the inward diffusion rate
of sulphur is insufficient to form the NiS bridges across the 5 -free
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.

Kl ement Sulphides Metallic Region
S 2083 131
Nb 1394 642
Al 7183 6161
Ni 18536 12166

Therefore, it seems that the sulphides 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 sulphur (h}).

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
HE/HZS mixture, indicating that it has no affinity for sulphur, which
could explain its rejection from the sulphidised areas of the lamellae.

The NiS particles are molten at these temperatures (900°C -
1100°C), and so it can rapidly penetrate into the alloy, thus advancing
the corrosion front, particularly down the matrix/fibre interface, where
3‘:Tb

fibres. Some of the sulphides are within the oxidised fibres, implying

oxygen can also rapidly diffuse causing oxidation of the prone Ni

that the (Ni,Al)xSy sulphides are oxidised releasing the sulphur for

further ingression into the alloy, while the (Ni,Al,N'b)xOy oxides are

left behind in the same shape as the pristine HiBNb(S) fibres.
lloreover, when the AlS oxidise they release 302(hb), which

would further increase the oxidation rate by hindering any protective

oxide formation due to scale blistering occurring.
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Only in the sulphidation/oxidation experiments, 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 forming where rapid sulphidation/oxidation occurs, as described
previously. However, in the lightly attacked areas sulphides are still
formed, but behind the depletion zone, associated with the & -fibres.
Sulphur has a high affinity for sulphur (43), and so the sulphides tend
to form down the fibre/matrix interface, where they are more stable than
in the » -free zone itself, which is virtually pure nickel (¥) phase.
Why the sulphides do not form across the depletion zone as before would
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 § -fibres, where there is a high aluminium concentration.
Alternatively, this could occur if there is only a small sulphur concentration
on the alloy surface, Conversely, if there is a high sulphur concentration,
the depletion zone cannot form before sulphidation occurs, and so extensive
sulphidation/oxidation can occur as described previously. These gituations
could occur easily in the salt coating test, where with molten salt it is
easy to get significant variations in the surface concentration of sodium
sulphate, ranging from high to low values. The Dean's test results support
this type of behaviour, since the specimen is immediately exposed to a
mildly sulphidising/oxidiaing atmosphere, which gives time for a depletion
zone to form before appreciable sulphidation occurs, resulting in the
sulphides forming adjacent to the & -fibres behind the depletion zone.

Some of these nodules "heal", with the oxide-sulphide fibre
link being broken, and a depletion zone being established between the outer
oxide and the sulphides, Presumably, this occurs because the inward
diffusion rate of oxygen decreases to such an extent that it cannot drive
the sulphides irwards, and so the depletion zone forms as above, with the

sulphides on the inside, cauging outward diffusion of niobium and aluminium
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to become the rate controlling step.

These alloys do not appear to be attacked by a salt fluxing
mechanism in the presence of sodium sulphate. Niobium would be expected
to move the sodium sulphate in an acidic direction (1ike molybdenum does)
due to the formation of the stable sodium niobdate, and alumina scales
are known to be susceptible to acidic fluxing (42), so that the alloys
should have been rapidly attacked. However, these alloys form complex
oxides during ordinary oxidation (NiO, AleOh, Nilb,0, A1203 and szos)
which presumably are not affected by acidic fluxing, Furthermore, the rapid
sulphidation which occurs hag the effect of balancing the salt chemistry,
thus preventing 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 sulphidation attack does develop, it appears coarse chromium
sulphides are formed with less of the fine lamellar sulphides formed in
the ternary alloy. Presumably, CrNbOh is resistant to both acidic fluxing
and sulphidation, 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 ternary alloye.
The CrS particles also form at the fibre/matrix interface, presumably for
gimilar reasons as the '"NiS" particles.

Carbide-Baged Eutectic Alloys

(a) High Temperature Oxidation

The type of oxide morphology, and consequently the overall
oxidation-resistance of these carbide~strengthened alloys depends on

whether a protective oxide layer of either Cr203 or A1203, can be establighed

in the early stages of oxidation. In the absence of such a protective layer,
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gross oxidation of the carbides occurs and attack continues to penetrate
deep into the alloy. ;

A critical factor affecting the formation of the protective
oxide is the spacing 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 oxride from the matrix
over the fibres, Lower temperatures, also favour protective oxide
formation, which was not the case with the Y/Y'-5 alloys. At the higher
temperatures, however, 1000 and particularly llOO°C, the fibre spacing
is not as critical, gince invariably a carbide—depleted zone is formed
between the scale and the bulk alloy. Formation of this fibre-denuded
zone apparently has a retarding influence on protective oxide formation:
with the Y/Y'-§ alloys it was a pre-requisite for A1,0, formation,

The constitution of the fibres is also important. Oxidation of
the Cr,,C3 fibres would be expected to form Cr203 and thus not be particularly
prone to oxidation: it might be expected that in their presence in a Co=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., With the Ni-Cr-Al-C alloys, the situation is somew.at
different, since these alloys rely on the development of A1203. 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 Cr203 which eventually
forms a continuous layer and the aluminium oxidizes internally. Surprisingly,
the internal A1203 platelets resemble the Cr7C3 fibres in shape, which
sugzests that there could have been some form of exchange reaction between
aluminium and chromium before oxidation occurred with the liberated chromium
entering the matrix,

TaC fibres are oxidation-prone: however, they have very little

detrimental effect on the oxidation behaviour of the Co=15Cr-13TaC alloy.
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The matrix, Co~15Cr, has a low oxidation resistance as it is unable to
develop Cr203. The presence 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-20Cr-10Ni-13TaC alloy, improves the alloy, however, the
orientation of the fibres then becomes important. Even at 900°C, rapidly
growing oxide nodules form over the TaC fibres, retarding the establishment
of the protective Cr203 layer, Nodular growth is more extensive at 1000°C,
but the alloy still develops a protective scale, At 1100°C, the depth of
the fibre~depleted zone ig apparently independent of fibre orientation.

In addition, substantial amounts of internal oxide are formed and these can
gometimes 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 gomewhat differently
affected by the presence of sodium salts and/or sulphur. In the relatively
mild conditions of the coating test, the presence of the NaQSOA does not
have a particularly dramatic effect, except with the A1203-forming

Ni-Cr-Al=-C alloy. With the Co~-Cr-C alloy, a protective Crzo layer develops,

3

if anything, somewhat easier below the Na coating than when it ie

2304
abgent, It has been suggested (36,42) that this is related to the l'iaZSOL+
layer being able to maintain an oxygen potential gradient across itself,
resulting in a low oxygen activity at the alloy/scale interface, which
favours Cr203 formation (45)s the low oxygen activity there may also
prevent decarburization. Sulphidation is observed, but with only a limited
supply of salt, this is not extensive, and does not lead to catastrophic
attack,

The already rapid oxidation rate of the TaC-gtrengthened Co-15Cr

alloy is virtually unaffected by a Nazsoh coating. It doea increase the

P
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oxidation rate of the Co-20Cr-10Ni-TaC alloy and this may be related to
limited fluxing of the scale and sulphide formation causing a surface
depletion of chromium, The oxidation rate is more sensitive to change
in chromium content in the 15=20% range than at lower levels (46).

As indicated earlier, the Ni-Cr-Al-C alloy is most affected by
the Nazsoh layer since A1203 is readily fluxed to aluminate by the sulphate
(47)s 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-sulphidation tests, a higher level of sulphur is
introduced into the alloy prior to oxidation. However, with the CI7C3-
reinforced materials only chromium-rich sulphides 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 same
effect. Depleting the matrix chromium content means that there is no
longer sufficient aluminium to form a protective A1203 scale,

Again pre-sulphidation has little effect on the TaC-containing
alloys, except for increasing the depth of apparent internal oxidation.

The Dean test using thermal cycling and NaCl 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~Cr=C alloys
are catastrophically destroyed, with the carbide network acting as an
eagy path for the inward diffusion of the deleterious elements. It also
gerves 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 volatile chloride species. However, the presence of a A1203
layer prevents catastrophic oxidation of the Cr7C3 fibre network, as has

been found previously using convertional alloys without carbides in the

Dean test (37).
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Figuroe 2.

e}

Yicrostructures of various li-19,7ib-6Cr-2, 541 alloys.

(a) as-cast.
(b) 8luw cooled.

(c) directionally solidified.




(d)

Micrestructures of the various Co-41Cr=2.4C eutectic alloyse

Figul'e 30

(b) furnace-cooled

(a) as-cast

(d) directionally solidified

(¢) directionally solidified

(1046 em/hr)

(3l cay'hx)

(e) directionally solidified

(31.5 cw/nr)
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Figure 4., Microsiructures of the varicus Co-15Cr-TaC eutectic alloys.

(a) ag-sast.

(b) furnace-cocled.

(¢) directionally golidified.




Figure 5. WMicrostructures of the various Co-20C=-10Ni-Tal eutectic alloys.

(a) as-cast.
(v) furnace-cooled.
(¢) directionally solidified.




Microstructures of the variougs Ni-12,.3Cr=6,941-1.8C eutectic

-

e

L]

-

&

s

=

-

—~

°

-ﬂos

®

7 3

2 3

S

B o %

8 Q
B @

(o)

- e~ N~

o

g o

Figure 6




ul
)
Er=

-
-
C

(b)

c)

ag-cast,
slow cooled.

directionally solidified,




Figure 8,

Cross-section of Ni=-23,1lb~4.L41 (directionally solidified)

oxidised in air at 1000°C for 96 hours.
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50y
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(c)

Figure 9. Cross-sections of various Ni-23.1Nb-4.4Al alloys oxidised
in air at 1100°C for 72 hours,
(a) as-cast,

(b) slow cooled.

| (c) directionally solidified.

B L




64

25,

Figure 10. Cross~section of Ni-23,1Nb-4.LAl directionally solidified

eutectic alloy oxidised for 1h at 800°C,
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Figure 11. Cross-section of Ni-23,1Nbe4.LAl directionally solidified

eutectic alloy oxidised for various times at 900°C.
(a) 1h.
(b) 2n.

st adi v
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Figure 12. Cross-secticn of Ki-23,1NU-4.4Al directionally solidified
eutectic alloy oxidised for various times at 10000(‘..
(a) 1h,
(b) 2n.

(c) 5n.




AT

e

A

e 15

Cross—-section of Ni-23,1lb-),LAl direc

eutectic alloy oxidised for 5h at 1100

8
v

(o)

C

25p

[

orally solidi

-4




68

*saanjsIndue) SnotIe\ 3@

POBTLUIX0 US3Qq OABY UOTUA suewtosds Lol 073091N8 PeTITYIION

L172U0THOITD TYH"N-QII°*Ce-TN Ssoxoe so 3 0ad watutim,y *7] eIndty

o o o o .
S S 308 S S zo 8 S Sz¢8 S
S m g & S M N O S & & g 9 o -
Y h 7 O T T g
uuuuuuuuuuuu T L
)
o

- m 43 M
N
K
W.o
5 <
o ® =
||||||||||||| "~ 4q® v &

=
g Q
-~ 1
2 o

Q

L ks 12 4 o

< © < N F < 18 .
s
]
(&
"
1 S 1 .AWWIIIJU! S T S Q
e) ©° —~L - ..m ..m
X
<)
1
<

(al 900°C
(50h)

(b11000°C
(96h)

c)1100°C
(72h)




i

T

TR

(b)

Figure 15, Cross-sections of various Ni-1

1

: A -
1 air at 900°C for 50 hours,

(a) ag~-cagt,

(b) cirectionally solidified.

b=-60r=2, HAl

alloys oxidised
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Figure 17.

\

Cross—-section of Ni-19,7Fb-6Cr—2,541 (as—cast) oxidised

in air at 1000°C for 96 hours.




Figure 18. Cross-section of Ki-19,TNb-6Cr—2,541 (directionally solidified)

oxidiged in air at 1100°C for 72 hours.
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Figure 19, Cross-section of Ni-6Cr-2.5A1 alloy which has been oxidised

for T6h at 900°C.
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Figure 20, Ozxide map of the ternmary system Ni-Cr—Al at 1000°C (from
G.2. Wallwork and A.Z. Hed, Oxid., Metals, 3, 171 (1971)).
The points represent data from three different sources.

In Ox = internal oxide and the position of the Ni-6Cr—2.54l is

marked by an aatarigk-
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Figure 21.
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Crosa-section of Hi-Nb-60r=-2.5Al alloys which have been

Mty o ~ i O
oxidised for T6éh at 900 C.

(a)

(v)

Ti-5Tb-60r—2. 541,

Ni=1CITb=6Cr=2+541,
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Figure 22, Cross-section of Ki-lib alloys which have been oxidised
for S5h at 9C0°C,
(a) Ni-smb,

(b) mi-15mb,
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Figure 23, Cross--sction of Ni-Nb-k.4Al alloys which have been oxidised

for 95h at 900°C.
(a) Ni-5Nb-l. kAL,

() Ni-151b=4,LAl,
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Fig\.u‘e 26.

a—
O
B, o

!

Cross-gection of Ni-23.1Wb-4.4Al (as cast) coated with
1:91 mg.t:m'”2 Na.zsol+ and subgequently oxidised in air at
900°%C for 2l hours,

(2) the complete scale

(b) fine details of the alloy/oxide interface.

3




Figure 27,

g

(b)

Crogs-section of Ni-23,1Nb-l.LAl (directionally solidified)
coated with 1\1&2801+ and gsubgequently oxidised in air for

24 hours,

(a) 900°C (3.58 mg.eq 2 NaQSOu).

(v) close-up of healed nodule at 1000°C (1.92 mg.cm © Na,s h)°
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Figure 31, Cross-section of Ni=23.1Nb-4.LAl (directionally solidified)
(a) oxidised in air at 870°C for 24 hours.
(b) coated with L4.60 mg.cm"2 Fia,S0, and subsequently oxidised

in air at 870°C for 24 hours.
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Figure 32, Cross-section of Ni-23.1Kb-k.lAl (directionally sol idifiea)
alloy

(a) oxidised at 9%50°C in the Dean apparatus in Nazsoh
atmosphere for 50 hours,

(b) oxidised at 950°C in the Dean apparatus in a mzsoh/lo;%
- NaCl atmosphere for 163 hours with thermal cyel ing.
i
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Figure 33, Cross-section of Ni-23.1Nb-L.LAl (directionally so'idiZied)
alloy which has been sulphidised/oxidised.
(a) 900°C (17 hours).
(v) 1000°% (22 hours).
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Figure 34. Cross-section of Ni=19.7b-6Cr—2,5A1 (directionally solidified)
alloy coated with 2,22 x::g.czzi"2 Hazsoh and subsequently
oxidised in air at 900°C for 24 hours,

(a) 1ightly attacked area

(b) heavily attacked area

WAy
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50p

Figure 35. Cross-section >f Fi~19,71b=-6Cr-2.5A1 (directiorally golidified)

alloy coated with 2,17 mg.cm"2 a,50, and subsequently

L
Oxidised in air at 1100°C for 2L hours.
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Figure 38.

92

Cross-section of Ki-19,7Nb-6Cr—2.5A1 (directionaily solidified)
alloy oxidised at 950°C in the Dean apparatus in a NaZSOh/IO%

NaCl atmesphere for 168 hours with thermal cycling.
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‘ Figure 39. Cross-section of Ni-19,7Nb-6Cr—2.5A1 (directionally solidified) f
alloy which has been sulphidised/ oxidised at 1000°C for 3 hourse.

(a) overall scale,

L (b) unetched, showing the sulphides.

(c) etched, showing preferential oxidation of the K.’L}Nb lamellae.
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Figure 40. Cross-section of varisus Co~41Cr-2,4C eutectic alloys oxidised

for 100 b in air between 900-1100°C. illustrating each

morphological structure.

(2) as-cast (900°C, Type I).

(b) as—cast (1000%C, Type II).

(¢) directionally solidified 10,6 em/hr (1000°C, Type ITI).

! (a) directionally solidifie¢ 31.5 om/hr (1100°C, Type IV),
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Figure 43, Cross-section of directionally solidified Co-15Cr-TaC specimens
oxidiged in air for 100 h at different temperatures.
(a) 900°C.
(b) 1000%.

(e¢) 1100°C,
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Figure UL,

Cross-section of various Co-20Cr-10Ni-TaC specimrens oxidised
in air for 100 h at different temperatures,

(a) directiomally solidified (900°C.).

(b) directionally solidified (1000°C.).

(¢) furnace-cooled (1100°C.).
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Cross-section of various 1ii~12,3Cn»=6,941-1,.8C sreciuens
oxidisad in air for 100 h at different temperatures.
(2) directionally solidified (200°¢).

(b) directionally solidified (1000°C).

(¢) as-cast (1100°C),

(a) direetionally solidified (1100°C).




.oooon\v 4® SUOT3TPUOD SNOTIRA J9pun PeSTDTX0 LoT[®

POTITPTIOS LTTBUOTI0OITD 0Q°T=1Y6°9~I0f *2T~TH JOF SOT48ULY °*@Y oamiTy

fqjewij
7¢ 8! el
I ]
|
"UonDPIXY
O

104

o5 %oN  wobwsgz

uoHop Ixg uonpppryding —o
| - 1 " mm

z “wabw

dl




y

*0,000T 3% BUOT3TPUOO EMOTIRA JOPUn PeETPTX0 AOT[® 01309318

POTJTPTTOS LTBUOTIOOITP {R°T~T¥6°9—IDE *ZT-TH I0F £0T40UTY °6% 0InFTg

1q)owry

gl 4 9

‘uoDPIX O

105

“05%oN 5 wobwggy,

uonbpixQ Juoiiopryding

Ol

oc

o€




106

Figure 50,

Cross-section of various directionally solidified Co-41Cr—2.L4C
eutectic alloys coated with x;zsoh, and subsequently oxidised
in air for 100 h at different temperatures,
(a) 10.6 ery/h (3.62 mg.om,~2 Na,%0,), 900°C.
(b) 3.4 en/h (2,60 mg.cm.™2 Na,S0,), 1000°C,

(c) 31.5 co/h (5.33 mg.em, ™2 Fa,S0,), 1100,




107

Figure 51,

Cross~section of directionally solidified Co=41Cr=2,4C

eutectic alloy (10.6 cm/h) specimens which have been subject

to various hot-coriosion tests.

(a) pre-sulphidised in HZ/HZS (90:10) mixture for 6 mins.
and subsequently oxidised in oxygen for 45 h at 1000°C,

(b) exposed to condensing Nazsoh/m% FaCl in the Dean rig
at 950°C for 2i h,

(¢) exposed to condensing 173.240h/107% S8V in tne Dean £ig

at 950°C for 96 h, with eyclic cooling to room temperature

every 24 h.
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Croas-gection of directionally sclidified Co-15Cr—Tal
eutectic alloy specimens coated with Yazsoh and subsequently
oxidised in air for 100 hr at different t:zmperatures.

&) -2 * «
(a) 900°C (2.38 mg.cm. Ja?gou).

S e g
(v) 1000°% (4.59 wg.cm. - La?JOL).

(c) 1100°C (4.15 mg.cm, 2 2,50, ).
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Figure 53.
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Cross~section of directionally solidified Co-15Cr—TaC eutectic

alloy specimens which have been subject to various hot-corrosion

tests.,

(2) pre-sulphidised in H,/B,S (90:10) mixture for 6 mins. and
subsequently oxidised in oxygen for 24 h at 1000°C.

(b) exposed to condensirg NaZSOb/IO% NaCl in the Dean rig

at 950°C for 240 h, with cyclic cooling to room temperature

every 60 h,




Figure 54,

Cross—-gection of directionally solidified Co=20Cr=10Ni~TaC
eutectic alloy specimens coated with Na'ZSOk and subsequently
oxidised in air for 1CO h at different temperatures.,

(a) 900% (6.8 mg.cm.™ Fa,%0,).

(b) 1000°C (6.13 mg.cm. ™2 Na, SO

2 L)'
(e) 1100°% (4.9 mg.cm._a Na.zsoh).

. bbb,




Figure 55.
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Cross~section of directionally solidified Co-20Cr-10Ni-TaC
eutectic alloy specimens which have been subject to various

hot—corrosion tests.

(a) pre-sulphidised in H,/H,S (90:10) mixture for 6 mins.
and subsequently oxidised in oxygen for 24 h at 1000°C,

(b) exposed to condemsirg Nazsou/lo«,% NaCl in the Dean rig
at 95000 for 240 h, with cyclic cooling to room

temperature every 60 h.
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Cross-section of directionally solidified Ki-12,3Cr-6,911-1,8C

2
oxidisea in air for 100 h at different temperatures.

eutectic alloy specimens coated with Ka, SOI+ and subsequently

(a) 900°C (1,10 mg.cm, 2 Tia,80, ).

(b) 1000%C (2. 67mg.cm, =2 Fa,S0, ).

(e) 1200% (2.99 mg.cm.‘2 NaZSOh).




Figure 5T7.

re

Cross-section of directionally solidified Ni-12,3Cr—6,941-1.8C
eutectic alloy specimens which have been subject to various
hot-corrosion tests.
(a) pre-sulphidised in H,/H,S (90:10) mixture for € mins. and
subsequently oxidised in oxygen for 24 h,
(1) 900% (11) 1000°%
(b) exposed to condensing Nazsok/lo% NaCl in the Dean rig at
950°C for 240 h, with cyclic cooling to room temperature

every 60 h.
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Figure 59. Schematic diagrem for the oxidation of Ni-23,1Nb-dielAl
directionally solidified eutectic alloy at 900°C and 1000°C.
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Figure 60. Schematic mechanisw Por the oxidation of the directionally

solidified eutectic alloy Ni=23,1Nb=l. LAl within the

[*)
temperature range 800-~1100C.
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Figure 61. Schematic reaction mechanism for the oxidation of the

' quaternary Ni-19,7ib-6Cr-2.5A1 alloy.
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