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ABSTRACT Based on the experimental results in the previous paper, the mechanism of the
hot corrosion behavior of alloy system Ni-16Cr-9A1-2W-1Mo-4Co-(0 ~4)Ti(0 ~4)Ta-(0 ~4)Nb
(in at%) is investigated. In the Ti and Nb-rich comers, hot corrosion is controlled by the
basic fluxing mechanism, and a dense and protective surface scale is formed which results in
the better hot corrosion resistance for the alloys in these regions. While in the Ta-rich comer,
the basic and acidic mechanisms function altematively, which results in the catastrophic corro-
sion by forming the porous and non-protective scale, so the alloys in this region show poor
hot corrosion resistance. In addition, the concept of "effective chromium content” seemed to
give a correct prediction of the hot corrosion resistance of such alloy systems.
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THE hot corrosion behavior of the alloy system of Ni-16Cr-9A1-2W-1Mo-4Co-(0 ~ 4) Ti-(0
~4)Ta-(0 ~4)Nb (in at’%) has been studied and reported in the previous paper[l]. Some
interesting phenomena have been noticed in such alloy system with high Cr contents. The
mechanisms for such hot corrosion behavior will be given in this paper.

1 EVALUATION OF THE EXPERIMENTAL RESULTS

As mentioned in Ref.[1], the content of elements Cr, Ti, Al and Nb can introduce a
certain beneficial effect to improve the hot corrosion resistance of an alloy under certain
conditions. By comparing the compositions of the experimental alloys (see Table 1 in refer
ence [l1], it can be seen that the contents of Cr and Al are almost the same. So that,
the effects of other elements should be taken into consideration. According to the test
results, the effect of Ti and Nb may be of importance to the hot corrosion resistance of
an alloy. Lewis and Smith™ proposed an ‘“effective chromium content” concept based on
the hot corrosion tests with crucible method with the Nimonic alloys,

EC=w(Cr)+1.1w(Ti+Nb)+0.7w(Al)
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where, EC is the “effective chromium content”. All components are in mass fraction (w,
%).

The distribution of the contour lines of the EC values in Ti-Ta-Nb compositional trian-
gle is shown in Fig. 1. It is interesting
that EC and hot corrosion resistance of
the experi-mental alloys show similar
behavior. In the Ti and Nb-rich corners,
EC values are also higher (23.9% and
21.18% for alloys T1 and T15, respective-
ly). While in the Ta-rich corner, EC
values are the lowest (EC=16.03% for
alloy 5). The alloy with the highest Nb
content (alloy T1) has the highest EC
value. However, the alloy showing the
best hot corrosion resistance is alloy T6

with EC value 23.33% lower than alloy Q )

T1, for the severe segregation of Nb Ta g 1 2 3 4 NP
during solidification caused a pgreat Nb, at%

amount of Nb-rich eutectic (y+y"') precip- Fig.1 The effective chromium content
itating in the interdendritic regionsg. of the experimental alloys distributed in
Such non-equilibrium precipitates can not the Ti-Ta-Nb compositional triangle

be eliminated through post heat treatmen-

1[3], which consumed certain amount of Nb and lowered the effective EC value as well as
the hot corrosion resistance of the alloy. The typical hot corrosion resistant superalloy
IN738 also has a high EC value (23.11%). So, the hot corrosion resistance of the alloy
systems with high Cr contents could be predicted to a certain extent with above equation.
However, only with the EC values, it will be difficult to understand the actual hot corro-
sion process and mechanism, so that the constituents and microstructures of the corrosion
products have to be studied in detail.

The hot corrosion in an alloy is usually very complicated. The constituents and
microstructures of the corrosion products formed on the surface of an alloy will clearly
provide the important information about the mechanisms of the hot corrosion process.
Figures 2 and 3 show the microstructures and element distributions in the surface scale of
the corrosion scales on the surfaces of the typical alloys with high and low hot corrosion
resistance (alloys T6 and TS5), respectively. In the Ti and Nb corners, a thin layer (about
15 um) of surface scale is formed during hot corrosion process that is actually composed
of two layers, e.g., the continuous and dense protective outside layer and somewhat
porous subsurface layer. While in the Ta corner, a thick layer (about 150 pm) of porous
and nonprotective surface scale is formed. In Ti corner, a dense outside protective scale
mainly composed of AL O, and small amounts of Cr,O, and TiO, is formed on th

surface of the alloy, which delayed the penetration of oxygen. While in the subsurface,

Cr reacted with S forming Cr,S,, which delayed the penetration of S to the inner metal

matrix. So that, the speed of corrosion reaction would be lowered after the formation of
the above protective scale, because the contact of O and S with the matrix metals must
depend on the diffusion of the elements through the scale. Similarly, in Nb corner, a
dense outside protective scale mainly composed of ALO, and Cr,O, is formed. However,
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occur through the liquid phase. In addition, oxidation of the chromium sulfide particles.
themselves is also observed to occur. Although the actual mechanism is somewhat obscure,
some people suggested that chromium sulfide (CrS,) might be oxidized directly to form
CrO,, e.g,

273

2GS, + (3 / 2)0,~ Cr,0, + 2xS

However, if this is true, it would suggest that the reaction, 2xS+2Cr — 2CrS,, can also
occur, e.g., the reaction is self-sustaining. If Cr,S, formed at first, the operating mecha-

nism was:

2Cr,S,+90 — 3Cr,0,+8S
8S+6Cr — 2Cr,S,

If such a mechanism operated, it would suggest that only an initial contaminat
with sulphur is required and that removal of the source of sulphur will not prevent subse-
quent propagation of the attack. General experience supports such a theory. Such reaction
will form the sandwich-like structures of the corrosion products, which also indicates that
the chromium content in an alloy is crucial to the hot corrosion resistance.

(2) Thermodynamic mechanism: from the thermodynamics of sulphuration and oxida-
tion processes, the sandwich-like structures could also be explained. Taken Ni as an exaimn-
ple, the reaction Gibbs free energies of the process can be written as,

2Ni+0, —~ 2NiO AG°=a+b T
3Ni+S ,~ NisS, AG%=ap+b,T
So, 2NiO+S,+Ni — Ni,§,+0, AGS~ AG? = AG®

12

Where a,, a, b

expressed as,

b, are constants. The equilibrium constant of above reaction can be

InkK, = — AG°/RT

P

where, K, = P, / P;. So,
P02 / PSz = antilog(AG°/ 2.303 RT)

where, POz and PSz are the fractional pressures of O, and S,, respectively.

250
o
3 201 @ (1) 2NbO+S,=NbS;+O,+Nb
& (2) (4/3) Cr,05+8,+(2/3) Cr=2C1S+0,
3 157 (3) 2Fe0+S,=2FeS+0,
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Fig.4 Calculated dependence of Ps./Po. upon temperature
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Figure 4 shows the calculated
results for elements Mo, Cr, Nb, Fe

O, potential
and Ni. It can be seen that when Il il (4 ///\\\>§ Oxides
sulphuration and oxidation take place V\%i}
at. the same time, very high S: poten- \| Sulfi es
tial is needed, for which a layer of ! N
> |
oxide has to form outside the sulfide \Q: ,
s . . ‘ . 1 Matrix
to maintain so high a S, potential _S, potential |, ,//:\\\
We can expect the distribution of AN
potentials of S, and O, in the sand- Fig.5 Distribution of S: and O: potentials
wich-like structures (Fig.5). in a corrosion layer

The most commonly used theory

to explain the hot corrosion process is the acidic-basic vluxing mechanism proposed by
Goebel, et al® %  The basis of this model is the loss of the protective function of
surface oxide layer because of the fluxing of the layer in the molten salt. In this process,
the behavior of the O?~ plays an important role. This model has been widely applied
to explain the hot corrosion behavior of superalloys. In general, hot corrosion of the
alloys with high Al and Cr contents occurs following the basic fluxing mechanism, while
for the alloys with high W, Mo or V contents, hot corrosion takes place following the
acidic fluxing mechanism. Although the basic fluxing is still an accelerated oxidation
process, it is not as severe as the catastrophic oxidation caused by the acidic fluxing mech.
anism. The alloys used in this study are based on the hot corrosion resistant IN738LC
alloy that contains high Al and Cr contents. The hot corrosion of IN738LC occurred
following the basic fluxing mechanism!'!. According to this study, the hot corrosion of
the alloys around the Ti and Nb corners may occur following the basic fluxing model.
However, for the alloys around the Ta comner, catastrophic hot corrosion took place,
which seems hard to be explained by the acidic-basic fluxing model, because basic flux-
ing should occur in such alloys with so high Al and Cr contents. This phenomenon may
be explained by an alternative basic-acidic fluxing model!'> ! according to the results of
analyses of constituents and microstructures of the oxidation scales.

At first, hot corrosion took place following the basic fluxing model. The reactions
between Na,SO, and surface metals Al, Ni and Cr occurred as follows,

2A14+Na, SO, ALO,+S+2Na'+0?~
2Cr+Na,SO, — Cr,0,+S+2Na'+0?"
3Ni+2S —~ Ni,S,

In the meantime, Cr reacted with Ni,S,,

Layered reaction structures were formed, e.g., the Al, Ni and Cr oxides formed in

the outside surface, while in the subsurface, the Cr sulphide and degenerated Ni existed.

As the result of above reactions, the local O~ activity at the interface of metal/molten
salt increased, which caused the following basic fluxing process:

as mentioned above, to form Cr,S,.

AlLQO, + O~ — 2A10, — fluxing
NiO + 0?~— NiO%~ — fluxing
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Cr,0, + O*~— CrO;~ — fluxing
The oxide scale composed of AL O,, NiO and Cr,0, was fluxed by decomposing intc

anions of AlQO,, NiO2~and CrO}~. The sulphidation reaction took place at the interface
of inner metal/oxide.

During the above process, W and Mo in the alloys were also oxidized to release

O? -. When the O?>~ content in the molten salt reached a critical level, the following reac-
tions took place,

MoO, + 0%~ — MoO03 -
WO, + 02~ — W02~

Much O?- were consumed in such reactions, which greatly reduced the O?~ activity in
the molten salt. ‘

To maintain an equilibrium concentration of 02', the following acidic fluxing reac-
tions took place:

ALO,— 2AF*+30?~ — fluxing
Cr,0,— 2Cr**+30°~ — fluxing

which would accelerate the decomposition of the protective oxide layer.

During the hot corrosion of the Ta-rich alloys, the basic-acidic fluxing processes took
place aiternatively as mentioned above and promoted each other, which caused the catas-
trophic corrosion. The results of X-ray diffraction phase identification showed the exis-
tence of NaAlO,, NaNiO,, Na,SO,, AIWO, and CrWO, as the corrosion products in alloy

T5 (see Tab.2 in Ref.[1]), which were also the reaction products in the basic and acidic
fluxing models.

2 CONCLUSIONS

(1) In Ti and Nb-rich regions, hot corrosion process is controlled by basic-fluxing
mechanism, and a thin layer of protective oxide forms on the surface; while in the
Ta-rich region, it is controlled by an alternative basic-acidic fluxing mechanism, a layer
of porous nonprotective corrosion product forms and results in the catastrophic hot corro-
sion attack.

(2) To a certain extent, the concept of “effective chromium content” can be used to
predict the hot corrosion resistance of the alloy systems with high Cr contents.
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