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INTRODUCTION

There are two essential requirements for alloys or coatings
which are designed to withstand degradation by oxidation during high
temperature exposure. First, they must form a surface oxide which
thickens only at a slow rate, and secondly this oxide layer must
remain adherent to the alloy surface under all conditions. AI203
is generally regarded as the best protective oxide: diffusion
through AI203 is relatively slow in comparison with most other
oxides, and since it 1is also stable, relatively 1little difficulty
exists in selecting a composition which contains sufficient alumin-
ium to provide, by selective oxidation, a protective AI203 scale
under various service environments. Typically, these will contain
at least 5$ Al (by mass) and usually substantial amounts of Cr.

Even though an alloy contains sufficient aluminium to develop
the protective oxide, this usually does not occur immediately on
exposure to an oxidizing atmosphere. When oxygen is admitted to
a clean alloy surface at elevated temperatures, nuclei of all possi-
ble oxides are formed, and the amounts of these oxides are such
that the proportion of metal atoms is essentially the same as that
of the surface of the alloy. The different nuclei grow laterally,
covering the surface at rates which cannot be predicted. In addi-
tion, they grow outwards and the base metal oxides tend to outgrow
the protective oxide, (1703 or AI203. However, because of its
greater stability, the protective oxide will continue to grow later-
ally, until eventually the alloy surface is covered with a contin-
uous layer of this oxide. At this point, growth of the base metal
oxides will to all intents and purposes cease, and thereafter the
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overall oxidation rate 1is controlled by the growth of the protective
oxide layer.

The second requirement is that of adhesion, the bonding of the
cermaic oxide to the substrate, since during exposure environmental
changes or stresses accompanying scale growth can cause loss of
adhesion and spallation of the oxide. Numerous factors may affect
oxide adhesion, but if consideration of mechanical disturbance is
neglected, probably that of most importance is thermal cycling.
During heating or cooling, stresses are developed owing to differ-
ences in thermal expansion or contraction of the oxide and alloy and
these can lead to spallation of the protective oxide and excessive
rates of metal loss.

Empirically, it was discovered over [+0 years ago that additions
of rare earth metals as a melt deoxidant to Nichrome (Ni-20"Cr)
heating elements produced substantial increases in their lifetimes
to failure in cyclic heating and cooling testsl; the protective
oxide was more adherent. Subsequent work has confirmed that a wide
range of additions can have a similar effect. Indeed, fine distribu-
tions of stable oxides, in the alloy are perhaps even more effective
in improving an alloy's performance under thermal cycling conditions.
In many cases the two effects are indistinguishable, and may indeed
be identical. Improvement in scale adhesion is not the only benefi-
cial effect, although it is usually the most dramatic. The initial
development of the protective oxide may also be modified with
additions generally promoting the selective oxidation of chromium
or aluminium from the alloy. The growth rate of the scale may also
be reduced, although it is often difficult to distinguish from this
the effects related to increased scale-alloy adhesion.

.The most important group of alloys, other than the conventional
heater alloys, to which active elements are added is the MCrAlY
group of overlay cladding alloys where M is Fe, Ni or Co. These
alloys are widely used for protecting gas turbine blades exposed to
severe environments, and it appears that those with a cobalt base
have significantly higher resistance. Alumina-forming coatings or
claddings are degraded principally by the progressive loss of oxide
as a result of thermal cycling; the principal role of yttrium is
therefore to improve the adhesion. However, Y may not be the
optimum active element for improving the overall oxidation resist-
ance. In addition, it 1is clear that the structure of the alloy or
coating, and in particular the distribution of the active element,”
will depend on the processing technique. Studies by Gupta2 indicate
differences between EB-PVD (electron beam physical vapor deposition)

and PS (plasma-sprayed) applied coatings of the same composition:
as cast alloys might also be expected to behave differently.”

The present paper, therefore, examines the behavior of a num-
ber of CoCrAl alloys and coatings containing different active



element additions. All the compositions studies contain more than
sufficient Al to ensure rapid, initial formation of a protective
AlpOj scale and as a consequence, attention is focussed on the scale/
substrate adhesion, rather than the development of the initial
protective oxide.

EXPERIMENTAL OBSERVATIONS

Yttrium and hafnium additions to Co-10Cr-11AI alloys appeared
to decrease the isothermal oxidation rate at 1100°C*’", although

Giggins & Pettit” maintained that Y additions to Co-25Cr-bAl had

virtually no affect under isothermal conditions. These latter
authors suggested the oxidation rate fitted a parabolic rate law.
However, although undoped Co-10Cr-I1Al1 followed an approximate para-
bolic law, the oxidation rate of the Hf- or Y-doped alloys decreased
at a much faster rate than was consistent with diffusion-controlled
growth.”- Furthermore, increasing the Hf and Y content tended to
reduce the duration of the initial transient oxidation stage and
speed up the establishment of a continuous AlpO” layer. Figure 1
compares the mass gain after 100 h exposure at 1100°C for the various
alloys. On the undoped alloys, the mass gain ranges from 0.53 to
0.d2 mg/cm”: there is no real systematic variation with alloy compo-
sition, although the higher chromium content alloys are perhaps
slightly better. For additions of Hf the maximum effect is with the
smallest hafnium addition. Under thermal cycling conditions, the
maximum effect was obtained at higher hafnium levels, 0.3-1.0%.

Metallographic evidence indicated differences between the doped
and undoped alloys3-5; similar effects were found in A1203-forming
iron-based alloys.6 First, the alloy surface after the AlgOj scale
had been removed was completely covered with imprints of the oxide
grains for the doped alloys whereas there were numerous smooth areas,
representing areas of no contact between scale and alloy, for the
addition-free alloys. Examples of these are shown in Figure 2. A
0.05% addition was sufficient to eliminate these voids.

The second major difference was the presence of intrusions of
oxide growing into the alloy from the surface scale. These intru-
sions were principally A”O” that had apparently grown around par-
ticles of internally formed active element oxide. The morphology of
the oxide intrusions was different for Y- and Hf-containing alloys,
and alloys containing an HfOg dispersion. These latter had been
prepared by internal oxidation of Co-10Cr-11A1-Hf in a low oxygen
activity pack such that only Hf, and not Cr or Al, were converted to
oxide./ Figure 3 shows the underside of the AI203 scales after dis-
solving away the underlying metal using a MeOH-10% Br solution.

Figure 4 compares the morphological features, as viewed in
section of the AI203 scales formed after 24oh oxidation at 1000°C
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Fig. 1. The effect of Hf and Y in Co-10Cr-11A1 on the mass
gain after 100h exposure at 1100°C in air 4,5



Fig.

The alloy surface after removal of the scale of a specimen
of (a) Co-15Cr-8Al1 oxidized for 190h at 1200°C (micron
mark = 20 ym) and (b) Co-10Cr-11A1-0.1Y oxidized for 1000h
at 1200°C (micron mark = 10 jim) . The surface of the Y-con-
taining alloy is completely imprinted with oxide grains;
that of the Y-free alloy contains smooth, imprint-free
regions where the scale was not in contact with the alloy.



Fig.

3.

(c)

A comparison of the underside of the AI203 scale,

stripped
from the alloy. (a) Co-10Cr-11A1-0.3Y oxidized for 75h
at 1200°C. (b) Co-10Cr-11Al1-Hf oxidized for 75h at
1200°C. (c) Co-10Cr-11A1-1Hf, internally oxidized in a

COAI-AI203 mixture for 200h at 12000oC to convert the Hf

into an oxide dispersion, and then oxidized for 75h at
1200°C (micron mark = 5 ym) . XBB 814-3409



(a) XBB 802-2399 (b) XBB 802-2400

SEM sections of the oxides stripped from (a) CoCrAlHf,

Fig. 4.
(b) CoCrAlsi after oxidation for 240h in air at 1000°C.
(micron mark = 1lOy).
Fig. 5. Cross-section of the CoCrAl coating after oxidation for
(b) after

240h at 1000°C. (a) Metallographic section and
deep etching, (micron mark = 20 um).



on EB-PVD Co-20Cr-10Alcoatings containing different active element
additions. The coatings were prepared by Airco Temescal under DOE
contract no. ET-7tS-C-03-2156. This latter program was a study”

of the ability to deposit multi-element coatings with low wvapor
pressure additions; some samples represent addition levels higher
than might be used in actual practice. The coatings were all 100-
125 ym thick and deposited on IN 738 substrates.

The oxide grain structures fall into two broad categories.
A columnar-type structure with the grains orientated in the growth
direction and single grains penetrating almost completely through
the scale section. This is typified in Figure 4a by the oxide
formed on the Hf containing coating; the oxide on the Y-containing
coating is very similar. The second type of oxide has an equiaxed,
granular-type of structure. Figure Vb shows the scale on the coat-
ing with no addition: those formed on the coatings containing Zr,
Si, Ti are similar. The grain size of the oxide parallel to the
growth direction is very similar in both columnar and granular
scales

Comparison of the undersides of the AI203 scales after the sub-
strate had been dissolved away, again showed two types of morphology.
With the Hf-containing coating the underside of the oxide had an
irregular appearance with numerous fingers of oxide penetrating out
of the scale into the substrate. These are the oxide pegs referred
to earlier. They are more angular in nature than those observed
with cast CoCrAlHf alloys,” and also more abundant. However, this
latter factor may well be related to the higher Hf content, 1.5%
compared to the 0.3-1.0% in the cast alloys. In spite of this, HE
could not be detected by EDAX analysis of the undersides of the
oxide.

The second-type of scale underside, typical of the granular
ATI203 scales formed on the Si- and Zr-containing coatings showed
less pronounced protrustions. in relation to the earlier work,”
this type of morphology would not give as an adherent scale as the
more angular pegs developed in the Hf-containing compositions. The
underside of the oxides on the Ti-containing coating and the addi-
tion-free coating also had a plate-like morphology, and in fact
EDAX analysis of the feathery plates indicates significant concen-

tration of Ti. Both the Y- and Si-containing coatings also show
significant Ti concentrations, and oxide platelet formation at the
scale/coating interface. The Ti has presumably diffused out through

the coating from the IN 738 substrate. Again these poorly distrib-
uted pegs and platelets are unlikely to produce the maximum scale/
substrate adherence.

A typical metallographic section through the coating after the
240h exposure at 1000°C is shown in figure 5a. This particular
micrograph is of the CoCrAl coating containing no addition elements.



The coating consists of a dark, dendritic B-CoAl phase in a lighter

a-Co-rich matrix. The 3-phase is orientated normal to the growth
direction of the coating. In addition, there is also a band at the
surface of the coating, which is devoid of the B-phase. This 1is

formed as a result of the loss of Al from the surface to form the
ATI203 scale during oxidation. The AI203 scale is not visible in
the optical micrograph, because of its poor contrast with the other
phases. It can, however, be revealed by adjusting the lighting
conditions

An additional feature of the coating is that the 3-phase in
the outer half of the coating is a slightly darker color than that
in the inner half of the coating. The reason for this only became
apparent when the sample was deep etched in MeOH-10%Br solution,
sufficient metal being removed so that the underside of the oxide
could be examined. This technique has considerable advantage over
the complete stripping of the oxide, in that the detailed oxide mor-
phology can be related to the coating structure. Figure b5b shows
the resulting microstructure. The 3-phase in the outer half of the
coating is sheathed with AI203. Presumably this sheath is very
thin, since there 1is no indication of its presence in the optical
micrograph. The surface AI203 scale is also visible in Figure 5b
and it is clear that this is not attached to the AI203 sheaths or
pegs penetrating into the alloy. The AI203 pegs do not cross the
3-depleted zone. These observations throw quite a different 1light
on the mechanism of peg formation: it appears to be related to
preferential diffusion of oxygen inwards along the a/3 interface,
and not to the presence of oxide particles in the alloy. The Si-
containing coating behaves in a similar way.

Nevertheless, differences between the coatings containing dif-
ferent active elements are apparent. Figure 6 shows the deep etched
structures of the oxides formed on the CoCrAlY and CoCrAlHf coat-
ings. In the former case, peg growth again appears to have pro-
ceeded down the a/3 phase boundaries, although there is an important
difference between this and the CoCrAl coating shown in Figure 5,
in that the pegs or AI203 sheaths are now attached to the surface
scale. With the Hf-containing coating. Figure 6b, a profuse dis-
tribution of pegs 1is attached to the surface scale, and these do not
seem to penetrate down the a/3 boundaries of the coating. Indeed,
there is a B-free region immediately below the pegged scale. These
inwardly growing pegs presumably grew around internal oxide parti-
cles of Hf02, as observed with the as-cast alloys.

In an attempt to obtain a semi-quantitative measure of the
scale adhesion, a simple, room temperature erosion test was carried
out. This consisted of eroding oxidized samples of the coatings
with SiC particles at a 30° angle of incidence. The mass of inci-
dent SiC erodent to produce exposed metal may be taken as a ten-
tative measure of the scale adhesion and this is tabulated in
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Table I. However, it must be remembered that the thickness of the,,
ATI203 was different on the different coatings. Nevertheless, the
ATI203 scale appears to be more adherent on the Hf-containing coat-
ing, with the Y-containing being next: an order consistent with
the observed morphological features.

MECHANISM OF IMPROVED SCALE ADHESION

A number of hypotheses have been put forward to account for
the improved scale adhesion, and these and other aspects of the
"active element effect" have been reviewed in detail.9 Essentially
most of the theories are independent of whether the alloy contains a
metallic addition of the active element or a dispersion of its
stable oxide. As pointed out earlier, because of the high affinity
for oxygen of the active elements, they will be oxidized prefer-
entially to chromium or aluminium, and as the addition is only
present at a low concentration, the resulting oxides are in the form
of discontinuous internal oxide particles in the alloy substrate
ahead of the oxide-alloy interface. The distribution of the oxides
may be very different in the two cases: those formed during high
temperature oxidation are often formed in the vicinity of alloy
grain boundaries at intersections with the scale-alloy interface.
In dispersion-containing alloys, the distribution is generally more
random. With coatings, the distribution of any internal oxides may
well be more related to the coating structure, or indeed the active
element could be oxidized during the coating process itself.

The most important mechanistic models explaining the improved scale
adherence, although it must be realized that these are not neces-

sarily mutually exclusive, are: (,a) enhanced scale plasticity;
(b) graded seal mechanism; (c) modification to growth process;
(d) chemical bonding; (,e) vacancy sink model; (f) oxide pegging.

Table I. Adherence of AI203 as Determined by
Resistance to SiC Erosion

Coating CoCrAlHf CoCrAlY CoCrAlTi CoCrAlSi CoCrAl CoCrAlZr

Surface Oxide 2 3 h 10 8 14
thickness ym

SiC mass to 11 9 5-2 5.2 4.5 3.2
expose bare
metal, g



Fig.

(a)

6.
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XBB 804-4705

(b)

XBB 804-4703

Deep etched structures of the oxides formed on (a)
and (b) CoCrAlHf after

CoCrAlY (micron mark = 10 ym)
oxidation for 240h at 1000°C.

(micron mark

= 5 ym).
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(a) Enhanced Scale Plasticity

It has been proposed”~that elements such as yttrium may*

improve the adhesion of AI203 on alloys by causing the AIZ203 to be
more easily deformed and thereby allowing the relief of growth and
thermally induced stresses that would otherwise have caused spall-
ation of the AI203. Grain boundary sliding is expected to be the
major deformation mechanism in the scale, and it has been suggested
that a fine-grained oxide can more easily accommodate growth and
thermally induced stresses by grain boundary sliding than larger
grained oxide.6 Kuenzly and Douglass ,-*-2 however, have suggested
that the oxide scale plasticity is actually decreased by the addi-
tion of yttrium since Y2K3> YAIO3 and "A1~O" (YAG-garnet) form at
grain boundaries and inhibit plastic deformation of a-A1203 by a
grain boundary sliding mechanism.

Hollenberg & Gordon” studied the effects of different dopants
on the creep behaviour of polycrystalline AI203 and found that
doping with either Fe2+ or Tii++ resulted in the creation of either
Al-ion interstitials or' Al-ion vacancies respectively. Both species
enhanced the cation diffusion rate and increased the creep rate.

The creep rate of Cr3+-doped AIZ203 was comparable to that of un-
doped AIZ203 of similar grain size. Thus, there is no conclusive
evidence that the deformability of AI203 is modified by the incor-
poration of either active elements, or oxide particles within the
scale and it is unlikely that an oxide plasticity model is of
particular significance: often there 1is more apparent deformation
of the ATI203 scale on undoped or dispersion-free alloys 1in any case.

Deformation of the alloy is possibly another means whereby
stress relief can occur. Golightly et al.l” observed apparent de-
formation of the alloy when a ridged alloy surface developed during

Srow"th. However, the loads required to deform typical AI203-

forming alloys were not particularly affected by yttrium concen-
tration. 5

(b) Graded Seal Mechanism

The graded seal mechanism is based on the supposition that a
layer of compound oxide is developed between the surface scale and
the alloy, which has a thermal expansion coefficient intermediate
between that of the scale and the substrate.l5 However, as indi-
cated in Section 2, there are very few systems in which a complete
or even partial layer of a compound oxide has been observed.

(c) Modification to Growth Process

AT203 grows primarily by oxygen transport, albeit wvia short
circuit paths.6,11 Generally,higher levels of growth stress would
be expected to be associated with anion-conducting scalesl” since
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the new oxide is formed -under constraint at the alloy-scale inter-
face.

Golightly et al.l” have suggested that in addition to inward

oxygen diffusion down the ATI203 grain houndaries, outward diffusion
of aluminium occurs, probably along line defects in the oxide.
Reaction between the inward-and outward-diffusing species results in
the formation of oxide within the existing scale layer. Hence,
lateral growth of the oxide occurs as oxidation proceeds, leading

to the rapid development of high compressive stresses and consequent
localized detachment of the scale from the underlying alloy. They
suggest that the continuing lateral growth of the scale results in
the development of a 'convoluted morphology' of the oxide leading

to oxide detachment at temperature and extensive spallation during

cooling. Based on this model, the increased adherence of the scale
due to Y-additions was mainly attributed to the prevention of the
formation of convoluted morphologies: incorporation of yttrium

into the scale suppresses the cation contribution to scale growth
and therefore reduces oxide formation within the existing oxide
layer.

The three mechanisms outlined so far are all based on the con-
cept that the effect of the addition produces, less stress in the
scale-alloy system, or that the system is able to accommodate that

stress more effectively. However, Giggins & Pettitb performed the
following simple experiment: oxidized samples of CoCrAlY and
CoCrAl were bent at room temperature. Scale spallation was far more

pronounced from the CoCrAl samples and thus a major effect of the
addition is to improve adhesion and any model which proposes im-
proved adhesion because of stress relief or the absence of stress
development cannot be wholly acceptable.

(d) Chemical bonding

The adhesion of the scale to the substrate is clearly dependent
on the nature of the atomic bonds which are developed across the
oxide-alloy interface. McDonald & Eberhart”T found that impurities
that are highly oxygen-active can make a major contribution to the
adhesive force at the interface. However, arguing against this
being a major factor is the fact that AlpOg dispersions in CrpOg-
forming alloys do produce identical improvements in scale adherence:
A1203-Cr202 solid solutions show little deviation from thermo-
dynamically ideal behaviour. An even more convincing argument is
that the presence of an AI203 dispersion in Fe-25Cr-41A1, an AI203-
forming alloy, also results in a significant increase in adhesion,

which obviously cannot be explained in terms of a chemical bonding
mechanism.6
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(ej Vacancy Sink Model

There has been clear evidence that the presence of an active
metal (Figure .2 and. ref. 6) or an oxide dispersion in the alloy
minimizes the development of voids at the alloy-scale interface.

It has been proposed®that the internal oxide particles of the
active element, the active element atoms themselves or the stable
oxide dispersion provide alternative sites for vacancy condensa-
tion, thus eliminating interfacial porosity. This, in turn, helps
to maintain scale-metal contact and minimize scale spallation.
There are some questions, however, as to the source of the vacan-
cies. Kuenzly & Douglassl” have suggested that it might arise from
a Kirkendall effect in the alloy substrate, associated with the
selective removal of one of the alloy components, and the unequal
flux of the more noble components away from the alloy-scale inter-
face. In view of the very slow rates of scale growth, however,
particularly with AI203, such a vacancy flux would be quite small.

(f) Oxide Pegging

Mechanical keying of the oxide to the alloy substrate, as a
result of the internal oxidation of the active alloying addition,
or dispersoid particles growing in size to form 'oxide stringers'
of thin elongated oxide intrusions extending into the alloy sub-
strate, has been suggested by many authors (see ref. 9)- Earlier
models suggested that the oxide peg consisted of the active element
oxide itself, or a compound oxide between it and the main scale-
forming constituent. However, the present work has shown that the
pegs consist primarily of AI203. Originally”JT it was postulated
that these form by. enhanced inward growth of that oxide along the
incoherent boundary between the active element oxide and the metal-
lic substrate. This is still the case. However, in addition, the
incoherent a/6 phase boundaries also appear capable of acting as
easy paths for the inward growth of the oxide. The number of pegs
which develop seems to be important. An addition of 0.05% Hf or Y
to Co-10Cr-11Al1 is sufficient to minimize scale spallation and
improve overall oxidation resistance under isothermal conditions,
but not under thermal cycling conditions. Additions of 0.3 and
1.0% Hf appear to be optimum.

In cast alloys hafnium additions seem more efficient than
yttrium, and this is related to the shape of the pegs as much as
to concentration. With the hafnium additions, the internal growth
of ATI203 around the Hf-rich internal oxide particles takes on a
branched, dendritic form as opposed to the relatively smooth inter-
face between the AI203 surrounding the Y-rich particles and the
alloy. These differences may well be related to the distribution
of the active element in the original alloy. Yttrium tends to seg-
gregate to grain boundaries as an intermetallic yttride; hafnium
is completely in solid solution, and thus leads to a very fine
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distribution of small, internal oxide precipitates which then pro-

mote the branching growth of AI203 around themn. There is also some
evidence to suggest that enrichment of yttrium may occur in the
internal oxide zone, promoting growth of larger particles. This may

also explain why peg growth in the CoCrAlY coating is apparently
able to bridge the 3-d.epleted zone and peg development continue
down the a/B phase boundaries. This again leads to excessive peg
development which can be detrimental.

Peg development in the addition-free, Ti, Si and Zr-containing
coatings 1is primarily down a/B phase boundaries, and as such they
do not cross the 3-free zone and thus do little to improve adhesion.
Neither Ti, Si nor Zr are active elements in alloys
in the sense that their oxides are less stable than A"O". They,
therefore, will not develop pegs attached to the surface scale
unless B-phase 1is present at that interface.

CONCLUDING REMARKS

The formation of oxide pegs, though not the only factor, is perhaps
the most decisive in improving the oxide adhesion. The pegs appear
to form by preferential oxygen diffusion into the alloy or coating
surface along incoherent interfaces. These interfaces may be either
between the a and S phases in the metallic structure, or between an
oxide dispersion and the matrix, the oxide dispersion being added
intentionally during the processing, or as a result of internal
oxidation of an active element addition during high temperature
exposure. Pegs developed around active element oxides are generally
better, since these are usually attached to the surface scale.
Furthermore, the distribution of the oxide dispersion, and subse-
quently the pegs, can be better controlled if this is produced prior
to exposure.
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