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Summary

Detailed experimental studies of the cyclic oxidation behavior of
low-pressure plasma sprayed P+Y coatings on Y-phase Ni-Cr-Al alloys have
shown the correlation of weight change, oxide type, and Cr and Al concen-
tration-distance profiles as a function of oxidation time. Of special
interest was the transition to breakaway oxidation due to the loss of the
Al flux to the oxide and the failure of the coated alloy to form an Al2O3—
rich oxide scale. The experimental results on B+Y/Y coating systems weré
used as the basis of a numerical model (ternary, semi-infinite, finite-
difference analysis) which accurately predicted changes in Cr and Al
concentration-distance profiles. The model was used to study parameters
critical to enhancing the life of coatings which fail by a combination of
Al loss in forming the oxide scale and Al loss via interdiffusion with the
substrate alloy. Comparisons of P+Y/Y coating behavior are made to the
oxidation of coated Y+Y' substrates, both ternary Ni~Cr-Al alloys and Mar-M
247-type alloys.

*Currently at National Aeronautics and Space Administration, Lewis Research
Center, Cleveland, OChio 44135.

699



Introduction

Overlay coatings provide an improved means for imparting oxidation
resistance to superalloy components (1-6); specific coating compositions
can be applied in order to provide maximum environmental protection to the
underlying superalloy which has a composition/structure designed to with-
stand applied stress conditions. Such a view of the coating/substrate
system is based upon the premise of minimal coating degradation by either
the oxidation protection mechanism or interaction with the superalloy
substrate. Such degradation mechanisms could be operative in the high-
temperature operating regimes of the coated superalloy.

The cyclic oxidation behavior of as-cast, B+y, Ni-Cr-Al (with small
amounts of Zr) alloys was investigated earlier (7,8). These studies
correlated the cyclic-oxidation weight change as a function of time
(paralinear), the type of the oxide formed, and the microstructure and
concentration-distance profiles of Ni, Cr and Al near the forming/spalling
oxide layer. Of particular interest in these studies was the nature of the
Y layer which grows adjacent to the oxide (loss of Al-rich  due to the
formation of Alzo -rich oxides). The vy layer thickened via the diffusion
of Al from the y/%+y interface to the y/oxide interface and Cr and Ni
diffusion in the reverse direction, with Ni diffusing up its concentration
gradient. The progressive loss of Al from the coating shifted the concen-
tration-distance profiles across the phase diagram, resulting in increasing
Al concentrations in the v at the v/f+y interface. More importantly, the
Al concentrations at the y/oxide interface decreased with time. These
changes in Al concentration with time at the y/B+Y and y/oxide interfaces
during y-layer growth resulted in an Al gradient at the y/oxide interface
which was essentially time independent during the formation of Al _O_-rich
oxides. The constancy of the Al gradient resulted in a constant A1 flux
(assuming no Al flux due to the Cr gradient), in accord with the almost
constant rate of weight loss of the sample due to oxide spallation.

Breakaway oxidation, rapid weight loss during later stages of cyclic
oxidation due to the formation of less protective oxides (e.g., NiO), was
found to occur as the Al concentration at the y/oxide interface neared
zero. Following this point in the oxidation process, the Al gradient
decreased with time, curtailing the delivery of Al in amounts necessary to
sustain the continued formation of an Al _O_-rich oxide layer. Thus,
breakaway oxidation may be defined in terms of accelerated weight loss,
formation of nonprotective oxides, and the marked reduction in the Al
gradient in the y phase at the Y/oxide interface as the Al concentration
nears zero at this location.

The present investigation was designed to provide an understanding of
the interdependence of Al diffusion necessary to provide oxidation protec-
tion via A120 -rich oxide formation and Al diffusion into the superalloy
substrate. Tﬁe study was aimed primarily at four y-phase Ni-Cr, Ni-Al, and
Ni-Cr-Al alloys which had been low-pressure plasma sprayed with a Rty
Ni-Cr-Al-Zr coating. Cyclic oxidation testing provided weight change data,
oxide type, and specimens for microstructure and electron microprobe
analysis as a function of oxidation time. The second main thrust of the
investigation was the development of a mathematical diffusion model which
would predict both the Al and Cr concentration-distance profiles as a
function of oxidation time for 3+y coatings on Y substrates and, thereby,
predict coating life (time to breakaway oxidation, as defined by an Al
concentration of zero at the y/oxide interface). 1In addition, the investi-
gation was to compare B+Y/Y behavior to B+Y/Y+Y' behavior. To this end,
Y+y' substrates formed from Ni-Cr-Al and Mar-M 247-type alloys were
investigated.
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Procedure

The compositions of the four Y-phase alloys and the B+Y coating
composition used throughout the study are shown in Table I.

Table I. Alloy and Coating Compositions

Nominal Actual Composition {atomic percent)
Composition Cr Al zx

Alloys

Ni-10Cr 11.7 - -

Ni-10al - 6.7 -

Ni-20Cr 22.6 - -
Ni-10Cr-10Aa1l 11.5 7.0 -

Coating

Ni-13Cr-25A1 13.5 24.9 0.05

The alloys were prepared by arc melting (numerous remelting steps) in a
button melter. The coating was applied by low-pressure plasma spraying on
0.63 cm. diameter, 2.54 cm. length specimens. As-deposited coatings were
typically 50-100 Um thick. Coated specimens were annealed at 1150°C for
two hours (in argon) prior to oxidation testing.

Oxidation testing was carried out in air at 1150°C for cycles of one
hour at temperature followed by a 20 min. cooling period. Weight change
data were determined as a function of time along with the structure of the
oxide.

Ternary diffusion coefficient data were necessary for the development
of the mathematical model. A variety of Y and B+Y compositions (binary and
ternary Ni-Cr-Al alloys) were arc melted and bonded/interdiffused in a Mo
container which caused bonding by differential thermal expansion. Diffusion
treatments were carried out at 1100 and 1200°C, providing specimens for

lect i i b i D D D D d
electron microprobe analysis to obtain a1a1’ Patcr’ Percr and Cral an

their activation energies as a function of composition throughout the Y
phase field.

Electron microprobe analysis was carried out using the MULTI8 ZAF
correction program (9). Comparisons of probe analyses of seven Y-phase
standards indicated that accuracies were approximately *0.4a/o Al, *0.6a/0
Cr and *2.0a/o Ni. Microprobe analysis was carried out both on oxidized
coated specimens and diffusion couples.

Results

An example of weight change time data for cyclic oxidation is shown in
Figure 1 for the Ni-10Cr alloy. (Compositions will be given in nominal
atomic percent throughout this paper.) The other substrates developed the
more-normal constant negative slope after the initial parabolic increase in
weight. The magnitude of the negative slope increased in the order Ni-10Al,
Ni-20Cr, Ni-10Cr-10Al. The COSP spalling model curve shown in Figure 1 was
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Figure 1. - Weight change during cyclic oxidation for three specimens

(tests terminated at 100, 200 and 250 hours) with a Ni-10 Cr substrate
composition.

obtained from an analytical model (10) based upon parabolic oxide growth
and cyclic spallation. Cyclic oxidation weight change data for each coated
substrate were fitted to the COSP model to provide aluminum consumption

rate data as a function of time to be used as a boundary condition for the
mathematical model.

Concentration-distance profiles for both Al and Cr as determined by
electron microprobe analysis are shown in Figure 2 for Ni-10Cr substrates
(same specimens with weight change data given in Figure 1 plus a short-
term, 10-hour oxidation specimen). It is particularly noteworthy that
extensive interdiffusion takes place even at times as short as 10 hours;
coatings on all substrate compositions underwent complete loss of the B
phase within 5 to 15 hours of oxidation (or, approximately, only about
5-10% of the failure time (breakaway oxidation) of the coating). The rate
of diffusional change is also shown by the loss of 60% of the Al in the
coated layer during the first 10 hours of oxidation. Furthermore, the
"active depth" of the coating (diffusion depth) is greater than five times
the thickness of the original coating, with the maximum Al concentration
occurring at depths of about two to three times the original coating
thickness. It is also noteworthy that the coatings on Ni-10Cr and Ni-20Cr
substrates exhibited variations in the Al gradient at the coating/oxide
interface, a departure from the cyclic oxidation behavior of B+Y alloys
studied previously (7,8). This time-dependence of the Al gradient is due,
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primarily, to the rapid rate of inward diffusion of Al in the case of thin
coatings on substrates without Al; the Ni-10Al and Ni-10Cr-10Al substrates
in the present study generally exhibited negligible time-dependence in the
Al gradient in the Y phase at the coating/oxide interface. Correspondence
between breakaway oxidation parameters such as accelerated weight loss,
change in surface oxide to NiO or Cr _O_, and essentially negligible Al
concentration in the Y phase at the coating/oxide interface was generally
found for all coated substrate compositions. (It is thought that the
Ni~-10Cr substrate for which data are shown, is very near the point of
breakaway oxidation as judged by both the onset of erratic weight change
data and the surface Al concentration, even though there was no evidence of
the formation of nonprotective oxides at up to 250 hours of testing.)

The large number of diffusion couple alloy compositions that were used
provide extensive experimental data for obtaining the ternary diffusion
coefficients as a function of temperature (interdiffusion at 1100 and
1200°C; exponential interpolation for intermediate temperatures) and
composition (essentially, the Y-phase field of about 0-12% Al and 0-40%
Cr). Concentration-distance profiles for both Al and Cr were determined in
the Y-phase region of Y/Y, Y/Y+B and v/Y+Y' couples. Data analysis to
provide diffusion coefficients was carried out by established methods
(11-14). Regression analyses were used to provide the four ternary dif-
fusion coefficients as functions of composition and temperature. The
accuracy of the coefficients provided by the analysis was checked by
comparison to back-calculated concentration-distance profiles (finite-
difference techniques) for all of the couples which were studied experi-
mentally. Differences between calculated and experimentally-determined
concentration-distance profiles for both Al and Cr were generally equiva-
lent to the accuracy range of the microprobe concentration measurements.

Discussion

A mathematical model to be used to predict diffusional phenomena,
including the onset of breakaway oxidation, was developed on the basis of
established finite-difference techniques (15) and boundary conditions found
in the present investigation and prior studies (7,8). It was assumed that
the coating, as well as the alloy, was single-phase Y since the [ phase
existed for only a small fraction of the coating life; diffusion coeffi-
cients for the high-Al, metastable, Y phase were obtained by extrapolation
of the regression-analyzed Y-phase data. It was also assumed that all
diffusion occurred at the oxidation temperature (1150°C), i.e., heating and
cooling were rapid. The Y/oxide boundary condition was established by the
COSP spalling model (10); predicted Al consumption rate as a function of
time was used to determine the Al flux (as a function of both Al and Cr
gradients) in the Y phase at the Y/oxide interface. The COSP prediction,
in effect, provided the information necessary to determine the Al concen-
tration in the Y phase at the Y/oxide interface for each time iteration of
the finite-~difference calculation.

Model predictions provided an accurate description of the diffusional
phenomena occurring in the coating and substrate during cyclic oxidation.
A typical example of the predictive capability of the model is shown in the
comparison of calculated concentration-distance profiles and those de-
termined by electron microprobe analysis in Figure 3 for the Ni-10Cr
substrate. The accuracy of the prediction at short time is somewhat
hindered by the assumption of single-phase behavior; the accuracy at long
times is hindered by the assumption of no variation in the type of oxide
produced. Furthermore, significant variations of actual Al concentration-
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Figure 3. - Comparison of model-predicted (COSIM) and measured (electron
microprobe analysis) concentration-distance profiles for oxidized, coated
Ni-10Cr (a. 10 hours; b. 100 hours).
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distance profiles with position on the specimen can develop as the breakaway
oxidation phenomena is approached with increasing time. It is noteworthy
that the "bump" in the Cr profile often observed early in the diffusion
sequence is accurately predicted by the model, and is the result of the Al
gradient affecting Cr diffusion via the effect of DCrAl and SCAI/BX.

The predictive capability of the mathematical model permits its use as
a tool to understand the general behavior of the cyclic oxidation of coated
substrates for coating/substrate systems similar in behavior to those
investigated experimentally in the present study. A wide variety of
initial and boundary conditions were analyzed via the model in order to
find the most and least significant parameters for high-temperature (1150°C)
cyclic oxidation. Although a variety of model outputs were studied,
attention will be directed to the time necessary for the Al concentration
in the Yy phase at the y/oxide interface to reach zero, the theoretical life
span of the coating as limited by breakaway oxidation. Clearly, the most
dominant parameters on coating life are rate of Al consumption and Al
concentration in the substrate, as shown in Figure 4. It should be noted
that Al concentration in the coating has a lesser influence, for a given
coating thickness, as shown in Figure 4b. However, the total amount of Al
added via the coating (Al concentration in the coating multiplied by
coating thickness) ranks as a major parameter as well. As might be antici-
pated, the concentration of Cr in either the alloy or the substrate exerts
only a minor influence on the Al diffusion critical to the oxidation/degra-
dation process.

The behavior of the Ni-13Cr-25A1-0.05%2r cocating on Y+Y' substrate
alloys is the subject of ongoing investigations. Both Ni-Cr-Al ternary
alloys {(lower Cr and higher Al contents to form a series of alloys in the
y+y' field) and Mar-M 247-type alloys {with various Ta and C contents) are
being explored in order for comparisons to the experimental studies and
model results obtained for the same (+Y coating on the y-phase alloy
substrates of Table I. Diffusion couples of the coating (in cast form) and
the various y+Y' alloys are also being studied. Diffusion couples between
the coating composition and ternary Y+Y' alloys generally have larger bulk
differences in Cr content than Al content. Two general results of this
situation are: (a.) interdiffusion paths which pass through the B+y+Y'
field, resulting in the formation of a Y'-phase layer between the B+y and
Y+y' and (b.) growth of the B+Y into the Y+Yy' (the f+Y structure expands
with time of interdiffusion). Couples between the coating composition and
Mar-M 247-type alloys generally exhibit a Y-phase layer at the bond line;
the layer grows with time at the expense of both the B+Y and Y+Y'. Cyclic
oxidation tests on coated Mar-M 247-type alloys indicate that the B phase
is retained longer than in tests on coated specimens of the ternary
Y-phase alloys. Variations in Ta content from about 1 atomic percent
(normal Mar-M 247) down to zero resulted in significant variations in
oxidation weight change with time. It is most interesting that these
variations are apparent before the time of significant diffusional pene-
tration of the Ta to the coating/oxide interface. In general, though,
diffusional phenomena in B+Y/Mar-M 247 coating (or couple) systems appear
to have many characteristics similar to B+Y/Y systems, including maxima in
Cr concentrations near the coating/substrate interface. Thus, this ongoing
study gives promise of showing the applicability of the ternary diffusion
oxidation model to the prediction of phenomena in actual coating/superalloy
systems.
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