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OXIDATION IN OXYGEN AT 900° AND 1000° C OF FOUR NICKEL-BASE CAST
SUPERALLOYS: NASA-TRW VIA, B-1900, ALLOY 713C, AND IN-738
by George C. Fryburg, Fred J. Kohl, and Carl A. Stearns

Lewis Research Center

SUMMARY

The oxidation at 900° and 1000° C of four nickel-base superalloys in 1 atmosphere
of slowly flowing oxygen has been investigated. Thermogravimetric rate data were ob-
tained for periods to 100 hours. The morphology and composition of the oxide scales
formed after 100 hours were studied by optical microscopy, X-ray diffraction, electron
microprobe, scanning electron microscopy, and X-ray photoelectron spectroscopy
(electron spectroscopy for chemical analysis (ESCA)). Alloys B-1900 and VIA were
found to be primarily alumina formers, though probably 25 percent of their surface was
covered by Cr203—containing oxides at 900° C. Alloys 713C and IN-738 were primarily
chromia formers, though the surface of 713C at 1000° C was covered with NiO and the
surface of IN-738 at both temperatures was covered with a thin layer of Ti02.

INTRODUCTION

As part of a larger program aimed at understanding the chemical mechanism of
""hot corrosion, "' we have investigated the oxidation of four nickel-base, cast superal-
loys in 1 atmosphere of slowly flowing oxygen. As a basis of comparison for the hot-
corrosion studies, thermogravimetric determinations of the rate of oxidation were made
at 900° apd 1000° C. In addition, extensive studies were made to define the morphology
and composition of the oxide scales formed on these alloys after 100 hours of oxidation
in oxygen. This is of interest because it is anticipated that hot-corrosion studies will be
performed on specimens preoxidized in this manner, and the morphology and composi-
tion of the oxide scales will certainly be a determining factor in the mechanism of initi-
ation of hot corrosion. Since it is known (refs. 1 and 2) that oxide structures are tem-
perature, pressure, and time dependent, we felt it necessary to examine the scales
formed after 100 hours of oxidation under the conditions of our hot-corrosion exper-
iments.




Commercial superalloys of the type examined in this study are generally divided
into two groups depending on the composition, morphology, and growth kinetics of the
oxide scale (refs. 1 and 2). One group is designated as "'alumina formers; "' the other
group, as ''chromia formers.'" The alumina formers are characterized by a nonpara-
bolic, nearly logarithmic rate law with weight gains of the order of 0.2 to 0. 5 milligram
per square centimeter at temperatures of 900° and 1000° C. The scale morphology is
characterized by a thin, continuous layer of A1203 adjacent to the metal substrate. The
A1203 layer may be covered by an external layer of another oxide, or other oxides may
be dissolved in it. The nature of these oxides depends on the alloy composition. Gen-
erally, internal oxidation beneath the continuous scale is absent. The ''chromia form-
ers'' are characterized by a parabolic, or paralinear, rate law with weight gains of the
order of 1 to 5 milligrams per square centimeter after 100 hours at 900° or 1000° C.
The scale morphology is characterized 7y a predominant Cr203 layer with internal oxi-
dation of aluminum just beneath, resulting in ''tentacles'' of A1203 directed into the
alloy. Other oxides may be dissolved in the Cr203 layer, and layers of other oxides
may exist above or below the Cr203 layer. Again the nature of the oxides depends on
the composition of the alloy.

While it is an oversimplification to classify superalloys as either alumina formers
or chromia formers, the distinction is convenient and the practice will be used in this
report. However, it must be kept in mind that the oxide scales are, in reality, a com-
plicated mixture of several individual oxides the nature of which depends on many
factors.

The oxide scales were examined by conventional techniques: X-ray diffraction,
electron microprobe, scanning electron microscope, and optical microscopy. In addi-
tion, the scales were examined by the technique of X-ray photoelectron spectroscopy
(electron spectroscopy for chemical analysis (ESCA)) to ascertain the applicability of
this method to such oxidation studies and the possibility of extending it to hot-corrosion

studies.

EXPERIMENTAL TECHNIQUES

The alloy samples were obtained from commercial sources and had been given the
following conventional heat treatments in argon:

(1) NASA-TRW VIA: 32 hours at 900° C, air cooled

(2) B-1900: 4 hours at 1080° C, air cooled

(3) Alloy 713C: no treatment

(4) IN-738: 2 hours at 1120° C, air cooled
The chemical analyses and the microstructures of the samples have been reported by
Barrett, et al. (ref. 3) and are typical of the alloys. The analyses are given here in
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table I, in which the compositions are expressed as atomic percent as well as weight
percent.

The samples were cut to a size in centimeters of 0.2 by 1.0 by 2. 5. A hanger-hole
was drilled in one end and all surfaces were glass-bead blasted to give a uniform matte
surface. The samples were cleaned ultrasonically in chloroform and in detergent; then
rinsed with water, acetone, and ethanol.

Isothermal oxidations were carried out at 900° and 1000° C in slowly flowing oxygen
at atmospheric pressure. The direction of flow was downward and the speed was ap-
proximately 20 centimeters per minute. Continuous gravimetric measurements were
made with a Cahn R-100 electrobalance having a 100-gram capacity and a sensitivity of
1 microgram. Samples were suspended by platinum/13-percent-rhodium chains into the
hot zone of a tube furnace. The temperature of the furance was regulated to +2 de-
grees C with a precision set-point, proportional silicon-controlled-rectifier (SCR) con-~
troller. ,

The furnace was mounted on a vertical track and was counterweighted to facilitate
raising and lowering around the sample. A quartz furnace tube, 2.5 centimeters in
outside diameter, was used to enclose the specimen. The temperature of the specimen
was measured with a platinum/platinum-13-percent-rhodium thermocouple sheathed with
a 0, 4-centimeter-outside-diameter, thin-wall quartz tube and positioned just below the
hanging specimen, Corrections were made for the difference in temperature between
the specimen and the thermocouple. The corrections were determined from blank spec-
imens that were thermocoupled,

Experiments were begun by raising the heated furnace around the hanging specimen;
the oxygen flow had been adjusted at least 1 hour previously. Corrections in the weight
change were made for the buoyancy effect. Exposure times were approximately
100 hours.

X-ray diffraction analyses were made of the oxide scales on the samples. Subse-
quently, the samples were coated with a thin layer of copper in an evaporator and then
with a thicker layer by eleétroplating. They were mounted in epoxy and sectioned along
their long axis. After polishing they were etched with an oxidizing etchant: 33 water,
33 nitric acid, 33 acetic acid, and 1 hydrofluoric acid.

The mounted samples were examined by optical microscopy and electron micro-
probe techniques. For the latter, the specimens were vacuum-evaporation coated with
a few hundredths of a micrometer of carbon or gold, and microprobe backscatter elec-
tron micrographs and elemental X-ray micrographs were obtained on selected areas for
several elements of concern. The samples were also examined in the scanning electron
microscope (SEM) at higher magnification. X-ray energy dispersive spectra (EDS) were
obtained for various positions in the oxide scales to determine the elements present.

Extensive studies were undertaken to examine the oxide scales by the ESCA tech-



nique to determine if useful information could be obtainedl (ref. 4). Separate specially
prepared samples were examined with a Varian IEE-15 X-ray photoelectron spectrom-
eter equipped with a high-intensity magnesium anode (Ka radiation, 1253.6 eV). The
samples were cylindrical, with a diameter of 1.1 centimeters and a height of 1. 9 centi-
meters. They were oxidized in the thermogravimetric apparatus and stored in a desica-
tor until insertion into the ESCA instrument. The cylindrical surface was the area ex-
posed to the exciting X-rays.

RESULTS AND DISCUSSION
Thermogravimetric Rate Studies

Samples of the four alloys were subjected to oxidation in 1 atmosphere of slowly
flowing oxygen at 900° and 1000° C for 100-hour periods. Typical weight gains recorded
are presented in figures 1 and 2. Check runs made on the individual alloys generally
were reproducible to better than +25 percent.

As expected (ref. 3), B-1900 was the most resistant to oxidation, followed closely
by VIA. There was little increase in rate at the higher temperature, especially with
B-1900, which seemed to be simultaneously losing weight from oxidation of Cr203 to
the volatile CrO3 (ref. 5). Alloy 713C oxidized to a greater extent than B-1900 and VIA
and was more like 738, especially at 900° C.

The results at 1000° C may be compared with the results of Barrett, et al. (ref. 3)
for these four alloys oxidized in static air. The weight gains for VIA and B-1900 are
the same in oxygen and air within experimental error, though B-1900 tends to be a little
lower in flowing oxygen probably because of a greater rate of loss of Cr03(g) from the
surface. The weight gain for 713C in flowing oxygen in seven times greater than in sta-
tic air; and for 738, it is three times greater. Check runs in static air in our appara-
tus confirmed these differences. The differences undoubtedly arise from variations in
the composition of the oxide scale formed under the two conditions. Apparently, the
highly protective layer of A1203 formed on 713C in air is not being formed as readily in
oxygen, and Cr203 or spinels are forming instead.

As is evident from the rate curves, the data for B-1900 and VIA could not be fitted
to a parabolic rate law. However, the data for 713C and 738 were so treated. The data
for 713C at 900° C obeyed the parabolic law out to 50 hours. However, the data at
1000° C fell off from parabolic at very short times and no rate constant could be ob-

lElectron spectra of our oxidized samples were obtained by G. D. Mateescu and
W. J. Carter III at Case Western Reserve University under NASA Grant NSG-3009. For
more detail on the procedure and the method of analysis, see ref. 4.
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tained, The data for 738 at 900° C obeyed the parabolic law out to 100 hours; and the
data at 1000° C, out to 50 hours. The parabolic rate constants obtained from the data by
linear regression analysis are presented in table II. On the basis of the growth rate
studies, we would classify B-1900 and VIA as alumina formers and 713C and 738 as
chromia formers, under the conditions of our experiments.

Oxide Scale Studies

Several techniques were used to try to determine the morphology and composition of
the oxide scales formed. The results of each method are discussed in turn, and in a
final section all the results are correlated.

Optical microscopy. - Light micrographs of cross sections of typical regions of the
oxide scale are shown in figures 3 to 6 for the four alloys oxidized at 900° and 1000° C
for 100 hours. All specimens exhibited y' depletion zones below the scale. In addi-
tion, many specimens exhibited a region of internal oxidation (ref. 6) below the surface
scale. The thicknesses of all these regions were measured and the results are given in
table II.

The oxide scale formed on B-1900 at 900° C (fig. 3(a)) consisted primarily of a thin
layer (gray in the photograph) that appeared to be continuous and adherent. However, an
appreciable fraction of the surface, roughly 25 percent, exhibited regions in which the
oxide scale was thick’er and displayed internal oxidation beneath the scale (left side of
fig. 3(a)). At 1000° C (fig. 3(b)) the continuous scale was a little thicker and no regions
exhibiting internal oxidation were evident.

The morphology of the oxide on VIA (figs. 4(a) and (b)) was about the same as of
that on B-1900: the thicknesses of the scale and the depletion zones were comparable at
900° C and slightly greater at 1000° C.

The oxide on 713C at 900° C (tig. 5(a)) was different from that on B-1900 and VIA in
that the entire sample exhibited internal oxidation beneath the continuous outer scale.
Both the scale and the oxide tentacles-were thicker than on B-1900 and VIA. The oxide
formed at 1000° C (fig. 5(b)) was thicker than that formed at 900° C, and the tentacles
had merged into a nearly continuous sublayer. Some spalling of this oxide frequently

occurred upon cooling to room temperature, but the portion depicted here is an unspalled
portion.

The oxide formed on 738 at 900° C (fig. 6(a)) also displayed a zone of internal oxi-
dation beneath the continuous outer scale. The continuous scale consisted of two layers:
a thin, light outer layer (gray in the photograph) and a much thicker inner layer. At
1000° C (fig. 6(b)) the oxidation was even more extensive; the morphology was similar
to the scale formed at 900° C, with internal oxidation resulting in long oxide tentacles
extending into the alloy. Some spalling of this oxide frequently occurred upon cooling,




but the area shown here is of an unspalled portion.

X-ray diffraction analysis. - Identification of oxide phases was often difficult, es-
pecially on B-1900 and VIA, partly because of the thinness of the oxide layer and partly
because of the similarity in the patterns of many of the possible compounds. This was
" particularly true of a pattern identified as tapiolite (ref. T) that has the general formula
(Ni, Co)(Ta, Nb)206. The cations in tapiolite can vary over wide limits, resulting in
variations in the ''d values'' of the pattern. In addition, the ASTM cards for
Cr(Ta, Nb),0g and Cr(Ta, Nb)04 are very similar to that for tapiolite. The phase, which
is called tapiolite in this report, is probably (Ni, Co, Cr)(Ta, Nb, W, Mo)206.

The spinels formed on the various alloys ranged in lattice parameter from that cor-
responding to NiAL,0, (a, = 8.05x10710 m) to NiCr,0, (a, = 8.3x10710 m). m some
cases, both these spinels formed as indicated by distinct diffraction peaks for the two
phases; in other cases the peaks were smeared out or merged into single peaks with a
lattice parameter intermediate between NiAlZO 4 and NiCrZO 4 indicating a mixed spinel.

It was also difficult to detect NiO in the oxide scales unless it was present as a major
constituent. This resulted from the fact that the strong NiO lines are concurrent with
strong lines of either A1203 and Cr203 or their spinels.

The oxide phases identified on the samples that had been oxidized for 100 hours are
presented in table IV. The phases are listed in order of decreasing intensity of their
diffraction patterns, though this is not necessarily related to their relative quantity on
the sample. In all cases the nickel alloy solid-solution phase was observed, showing
that the X-rays penetrated through the oxide scale.

The X-ray diffraction analysis revealed that the oxide scales on these four alloys
were a complex mixture of as many as five different oxides. The patterns for B-1900
and VIA were very similar at both temperatures and indicated the presence of tapiolite,
oz.-A1203, and spinels. The most notable feature was the increased intensity of a-A1203
in the scales formed at 1000° C as compared with those formed at 900° C.

The scale formed on 713C at 900° C, being predominately Cr203, was different from
that formed on B-1900 and VIA. At 1000° C some of the 713C specimens tended to spall.
A thin, black, surface oxide popped off to reveal a greenish oxide underneath. This oc-
curred over 25 percent of the surface at most. X-ray diffraction revealed that the
spalled oxide was primarily NiO with chromium spinel and Cr203. The retained scale
appeared to be chromium spinel with Cr203, A1203, and a little tapiolite.

The scale formed on 738 was predominately Cr203 and TiO2 at both temperatures.
The scales formed at 1000° C also frequently tended to spall upon cooling. Diffraction
patterns showed the spall to be TiO2 and Cr203. The retained scale was Cr203 and a
little tapiolite.

The X-ray diffraction technique gives an indication of the oxide phases present in
the scales. Their position and relative importance are discussed in more detail later in

this report.
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ESCA analysis. - The ESCA technique is primarily a surface analysis technique
(ref. 8); the escape depth of the secondary electrons was no more than roughly 0. 005
micrometer, depending on the element in question. The technique identifies the ele-
ments in the surface and their oxidation state. In table IV we present the relative abun-
dance of oxidized metals and their oxidation state found by ESCA on the oxide scales
formed at 900° and 1000° C on the four alloys (ref. 4).

The most striking feature of these results is the large fraction of oxidized titanium
found in the surface of the scales as compared with the small amount present in the al-
loys: alloys B-1900, VIA, and 713C contained only l-atomic-percent titanium; and
738, only 4 atomic percent. This feature was especially true for the scales formed at
900° C. The result was not indicated by the X-ray diffraction data (except for 738),
probably because the TiO2 dissolved in one of the other oxides.

Electron microprobe analysis. - The sample areas shown in the optical micrographs
of figures 3 to 6 were examined with the electron microprobe. Elemental X-ray micro-
graphs for seven or eight elements, including oxygen, were obtained. These micro-
graphs, along with the back-scattered or secondary electron micrographs of the same

areas, are presented in figures 7 to 14 for the four alloys.

For B-1900 at 900° C (fig. 7), aluminum was distributed throughout the oxide, but
titanium was essentially concentrated along the surface. Chromium was evident in the
surface oxide above the region in which internal oxidation had taken place, and the oxide
tentacles in this region were primarily aluminum. Some tantalum was evident at one
spot in the oxide. At 1000° C (fig. 8) the oxide seemed to be composed primarily of
aluminum. A few areas of greatest attach exhibited concentrations of titanium and
tantalum and were probably carbides of these elements in the surface prior to oxidation.
Both titanium and tantalum carbides were evident in the alloy.

For VIA at 900° C (fig. 9) the oxide was very similar to that on B-1900 at the same
temperature. At 1000° C (fig. 10), where the oxidation was more extensive, both tita-
nium and chromium appeared throughout the upper portion of the oxide, and aluminum
was concentrated in a layer along the inner surface of the oxide. Spotty concentrations
of nickel, tantalum, and even tungsten appeared in the region of greatest attack. This
was probably a surface carbide.

For 713C at 900° C (fig. 11) the continuous outer layer of oxide was composed of
titanium and chromium. The tentacles of oxide extending inward from the outer layer
appeared to be primarily aluminum. Nickel seemed to be depleted in the oxide. Niob-
ium and molybdenum showed no concentration in the oxide, but niobium was concentrated
as a carbide in the alloy. The depletion zone was low in titanium and aluminum. At
1000° C (fig. 12) the continuous, gray outer layer (in the electron micrograph) was com-
posed primarily of chromium and titanium, along with nickel. The underlying portion
was primarily aluminum with some molybdenum and again, nickel.

For 738 at 900° C (fig. 13) the thin outer layer of the oxide was composed primarily
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of titanium, and the thicker inner layer showed a high concentration of chromium. The
tentacles extending into the alloy had a high concentration of aluminum. Titanium was
also partly distributed throughout the inner layer and the tentacles. There might have
been a slight segregation of tantalum in the oxide, but tungsten exhibited no segregation.
Nickel was depleted in the oxide. The depletion layer was low in chromium, aluminum,
and titanium. At 1000° C (fig. 14), the morphology of the oxide was very similar to that
formed at 900° C, but oxidation had been more extensive. There was a definite segre-
gation of tantalum just beneath the thick inner layer of oxidized chromium and just above
the tentacles of internally oxidized aluminum.

Scanning electron microscope studies. - The scanning electron microscope (SEM)
was used to examine the samples, primarily because of its high magnification. It was
especially useful for B-1900 and VIA, which formed comparatively thin oxide scales.
X-ray energy dispersive spectrometry (EDS) was performed on selected areas of the
scales, as indicated on the micrographs in figures 15 to 21. The spectrometer was
operated in the ''spot'' mode, usually at a magnification three times that shown in the
electron micrographs. The analyses agreed with the results of the elemental X-ray
micrographs obtained in the electron microprobe analysis but in some instances yielded
additional information because of the greater magnification. It should be noted that,
though the SEM micrographs are of the same areas shown in the microprobe and light
micrographs, they are mirror images of these.

The SEM micrographs of the oxide scale on B-1900 oxidized at 900° C are presented
in figure 15. This is a higher magnification micrograph of the left side of figure 3(a),
which displayed the internal oxidation feature. The oxide consisted of a thin, continuous
(gray) layer with short (black) tentacles extending into the alloy. Spot EDS spectra of
the different morphologies, also presented in figure 15, reveal that the continuous layer
(spot 1) was primarily chromium and titanium with some nickel and cobalt and that the
(black) tentacles (spot 2) were primarily aluminum. No corrections were made on the
detected X-ray intensities; consequently, the relative peak heights cannot be used di-
rectly to read the chemical composition. Nevertheless, the EDS spectrum of the alloy
of known composition, also shown in figure 15, gives an indication of the relative com-
position. (This alloy spectrum was obtained from the sample oxidized at 1000° C that
was coated with carbon instead of gold.)

The B-1900 sample oxidized at 1000° C exhibited a continuous (gray) layer of oxide
(fig. 16). Spot EDS spectra reveal that this oxide was primarily aluminum with some
nickel, cobalt, and chromium.

The oxide scales formed on VIA at 900° and 1000° C were similar to those formed
on B-1900, with respect to both the morphology and the composition, as indicated by
the EDS spectra. The SEM micrographs and the spot EDS spectra are shown in figures
17 and 18.

The SEM micrographs of the oxide scale formed on 713C at 900° C are presented in




figure 19 along with the EDS spectra. The results corroborate the optical and micro-
probe data; that is, the outer oxide layer (spot 1) was primarily chromium with some
titanium and the tentacles (spot 2) were primarily aluminum. The data for 713C at
1000° C (fig. 20) show that the oxide scale was continuous and appeared to be composed
of three layers. An outer layer (light gray), revealed in the high-magnification micro-
graph (spot 1), was mostly nickel with a little chromium. A middle layer (darker gray;
spot 2) was mostly chromium with appreciable amounts of nickel and titanium. The in-
nermost layer exhibited black tentacle-like structures (spot 4) composed primarily of
aluminum with a little nickel and chromium, encompassing white areas (spot 3) composed
of pure nickel.

The SEM micrographs of the oxide scale formed on 738 at 900° C (fig. 21) displayed
a thin outer layer (dark gray) on a thick inner layer (light gray) from which dark tenta-
cles extended into the alloy. The EDS spectra showed that the outer layer (spot 1) was
composed mostly of titanium with a little chromium and that the thick inner layer (spot 2)
was mostly chromium with some titanium. The tentacles (spot 3) were primarily alumi-
num with a little titanium and chromium. The oxide formed on 738 at 1000° C displayed
the same morphology as that formed at 900° C, except that the various components were
thicker. The EDS spectra for 738 at 1000° C were nearly identical to those shown in
figure 21 and so are not presented.

Summary of Oxide Scale Identification

Results of oxide scale studies are discussed alloy by alloy.

B-1900. - At 900° C the oxide scale on B-1900 consisted primarily of a thin layer
of A1203 with TiO2 dissolved in it, the TiO2 being concentrated toward the outer sur-
face. This is typical of the oxide formed on alumina formers. However, other areas
exhibited an outer layer of Cr203 with TiO2 and NiO; again the TiO2 was concentrated
along the outer surface. Mixed spinels occurred from the NiO, while the TiO2 ap-
peared to be dissolved in the Cr203. Beneath the areas with the Cr203 outer layer,
internal oxidation of aluminum occurred, with the formation of tentacles of A1203. This
type of scale is more typical of the chromia formers and demonstrates that different
areas on the same alloy may exhibit different types of scales. Areas of tapiolite were
formed where surface carbide particles were oxidized, the carbides being tantalum and
titanium carbides,

It seems plausible to use the ESCA data for this sample to estimate what proportion
of the sample surface was covered with the A1203 type of scale and what proportion was
covered with the Cr203 type of scale. Roughly, three times as much surface was
covered with A1203 as with Cr203 (table IV, column 4); that is, 75 percent of the sur-
face was covered with A1203 and 25 percent with Cr203. This figure agrees roughly



with the light-micrograph observations of the oxide cross sections described previously.
This interpretation of the ESCA data is an oversimplification as it neglects the fact that

Cr203 and A1203 are mutually soluble. Nevertheless, the hypothesis may be used as a

first approximation.

At 1000° C the oxide scale on B-1900 consisted of a continuous layer of A1203 with
some NiO and a little Cr203 dissolved in it. Little or no TiO2 was evident except where
carbide particles lay in the surface. Here TiO2 and Ta205 occurred: the former in
solid solution, the latter as tapiolite. The scale is more typical of an alumina former.
The ESCA data (table IV, column 4) corroborate the greater prominence of aluminum in
the oxide scale at the higher temperature. This was also disclosed by the X-ray diffrac-
tion results. In addition, the ESCA data corroborate the decreased prominence of ti-
tanium in the oxide at 1000° C.

NASA-TRW VIA. - At 900° C the composition and morphology of the oxide on VIA
were nearly identical with those of the oxide on B-1900. Tapiolite was a little more
prevalent, reflecting the higher percentage of tantalum in this alloy. At 1000° C the
scales were also very similar but with the scale on VIA exhibiting a higher percentage
of tapiolite and of chromium and aluminum spinels. The ESCA data for VIA were almost
identical to those for B-1900 and thus may be given the same interpretation; that is, at
900° C about 75 percent of the surface of the specimen was covered with the A1203 type
of scale and 25 percent with the Cr203 type of scale. Likewise, at 1000° C the ESCA
data corroborate the greater prominence of aluminum on the surfaces and the decrease

in the amount of titanium.

Alloy 713C. - The oxide scale on 713C at 900° C consisted of a continuous, gray
layer of Cr203 with a little TiO2 in solid solution concentrated along the outer surface.
Below this layer, internal oxidation of aluminum resulted in tentacles of A1203. Little
or no areas existed with the thin A1203 type of layer that formed on this alloy in air.

In oxygen the alloy appeared to be predominately a chromia former.

At 1000° C the scale on 713C consisted of a thin outer layer of NiO that had a ten-
dency to spall when the sample was cooled to room temperature. Beneath the NiO layer
was a thicker layer composed of a complicated mixture of Cr203, TiOz, and NiO that
resulted primarily in chromium spinel. The innermost portion was mostly tentacled
A1203 surrounding areas of NiO, the A1203 forming a nearly continuous layer. Some
niobium and molybdenum oxidation was indicated in this lower portion of the scale and
resulted in the formation of tapiolite.

IN-738. - At 900° C the oxide on IN-738 consisted of a dual scale: thin outer layer
of Ti02, with some Cr203 in solid solution, that was almost continuous and appeared to
cover a large part of the surface; and a thick, continuous inner layer of Cr203 with some
TiO2 in solid solution. Extensive internal oxidation occurred beneath this dual layer,
resulting in long A1203 tentacles with some TiO2 dissolved in them.

At 1000° C the oxide on 738 exhibited the same morphology, but oxidation was more
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extensive. There was some oxidized tantalum beneath the Cr203 layer, giving rise to
tapiolite. The scales at both temperatures were typical of chromia formers. The
thicker scale formed at 1000° C tended to spall upon cooling to room temperature. The
Ti02 layer tended to flake off and carry a small portion of the Cr203 layer with it.

Results of the present investigation have revealed the complexity of the oxide scales
formed on four typical nickel-base superalloys and have demonstrated what a gross over-
simplification it would be, in studying hot-corrosion mechanisms, to consider various
alloys as having just an A1203 oxide scale or just a Cr203 oxide scale.

CONCLUDING REMARKS

In this study, five different experimental techniques were applied to determining the
morphology and composition of the complex oxide scales formed on nickel-base super-
alloys oxidized at high temperature. The light microscope and X-ray diffraction anal-
yses have been used for many years and were almost the only techniques available for
some time. More recently, the electron microprobe, with its elemental X-ray micro-
graphs, and the scanning electron microscope, with its X-ray energy dispersive spectra,
have been used to supplement the older techniques. Each technique offers its own
unique advantages, and results from all were useful in interpreting these complex oxide
scales.

We have also applied the technique of X-ray photoelectron spectroscopy (ESCA) to
the examination of oxide scales. ESCA is a macroscopic tool and gives an averaged
measurement for an area of several square centimeters. The measurements showed that
ESCA can give a sensitive indication of the elements in the surfaces of oxide scales
(i.e., inthe top 0.005 um), and the results are amenable to quantitative interpretation.
Although the ESCA results were not critical in the analysis of the thick oxide scales
formed in this study, the technique, nevertheless, provided useful supplementary in-
formation. It would probably be a powerful tool in studying the very early stages of
oxidation, although it was not used for that purpose in this study.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 21, 1976,
506-16.
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TABLE I -

'MPOSITION OF SUPERALLOYS

Element Alloy
B-1900 NASA-TRW Alloy 713C IN-738
VIA
Composition
wt% fat. % | wt% | at. | wtHh jat. % |wtP [at. %
Nickel 64.5 62.5 | 62 64.5 | 72 67 61.5 |59
Chromium 8.0 8.7 6.1 7.1 12.5 13.2 }16.0 |17.5
Aluminum 6.0 12.6 5.4 12,2 6.1 12. 4 3.4 7.2
Titanium 1.0 1.2 1.0 1.3 8 9 3.4 4.0
Cobalt 10..0 9.6 7.5 T.7 | -===== | ~=--- 8.5 8.2
Molybdenum 6.0 3.5 2.0 1.3 4.2 2.4 .7 1.0
Tungsten 81 |--e-- 5.5 | 1.8 | —=m=mn | —o--- 2.6 .8
Tantalum 4.3 1.4 9.0 3.0 | —==--= | ==--- 1.7 .6
Niobium 2y f----- .5 .31 2.0 1.2 .9 .6
Hafnium | ------ | ----- .4 B O B el I e
Zirconium .08 }-----f ~---- R R i LT .1 .06
Rhenium | ------ | ----- .3 R e el Bttt Eatatatatall Rttt
Iron 835 |---enf cmmmn| —---- 3.5 |%.5 | &5 |-----
Carbon 1 41 13 .66 .12 55 .17 .81
Boron VST [PPRE [ 2012 | ----- .01 | -—m-
Silicon 825 |-mmes| mecenf cneas 25 |e--a- a3 |-----
Manganese R B B 225 |[----- 82 |-----
A)\aximum value.
TABLE II. - PARABOLIC RATE CONSTANTS FOR
OXIDATION IN 1 ATMOSPHERE OF
SLOWLY FLOWING OXYGEN
Alloy Temperature, Time Parabolic
°c range, | rate constant,
hr mg2 em 4 prol
Alloy 713C 900 2 - 50 0.0127
1000 | ------ (a)
IN-738 900 1-100 0.025
1000 1-50 . 288
aNo fit.
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TABLE II. - THICKNESS OF OXIDE SCALE REGIONS AND

OF y' DEPLETION ZONE ON OXIDIZED SPECIMENS

Alloy Tempera- | Thickness Thickness® | Thickness?
ture, _of oxide | of internal of y' de-
°c \Iayer, oxidation | pletion zone,
pm zone, um
um
B-1900 900 ~1.5 2-5 2-1
1000 N 3-1 |
NASA-TRW 900 ~2 2-5 2-10
VIA
I - B 1 5-10
| Anoy 713c | 900 ~3 5-8 15 - 20
| 1000 | 2-10 | ----- 7-15
IN-738 900 8 -12 ~20 ~25
1000 ~20 ~30 ~50

Thickness measured from inner surface of the continuous

oxide scale.



TABLE IV. - PHASES IDENTIFIED BY X-RAY DIFFRACTION AND OXIDIZED

ELEMENTS DETECTED BY ESCA ON SAMPLES OXIDIZED FOR 100 HOURS

IN 1 ATMOSPHERE OF SLOWLY FLOWING OXYGEN

Alloy

B-1900

NASA-TRW
VIA

Alloy 713C

IN-738

Temper-
ature,
°c

900

1000

900

1000

900

1000

900

1000

Phases identified by X-ray diffrac-

tion® b

Tapiolite (W+)

Mixed spinels (8. 15x10”10 m) (vw)
o-AL0, (VVW)

Cry0, (VVW)

a-A1203 (W)
Tapiolite (VW)

Tapiolite (M)
Mixed spinels (8. 15x10°~
o -A1203 (VVw)

10 )y (vw)

Tapiolite (W+)
o -A1203 W)

Al spinel (8. 05x10 m) (VW)
Cr spinel (8. 30x10™19 m) (vw)

-10

Cr203 (M)

10 m) ()

Cr spinel (8. 30x10
o —A1203 w)
Cr203 (W)
Tapiolite (VVW)

C.r203 (S)

TiO, (M)
Cr203 (V8)
TiO, (8)
Tapiolite (VVW)

Oxidized elements de-
tected by ESCAS,
at. %

51 Al, 14 Cr, 12 Ti,
8 Ni, 6.5 Co, 6 Mo, 1 Ta

79 Al, 7.7 Ti, 3.8 Cr,
2.7 Ta, 2.2 Mo, 2.2 Co,
2 Ni

52 Al, 17.5 Ti, 14.5 Cr,
12 Ni, 2.5 Co, 1.5 Mo,
0.5 Ta

80.7 Al, 6.3 Cr, 5.0 Ti,

3.1Ni, 3 Ta, 1.9 Co

40 Cr, 23 Ti, 15 Al,
15 Ni, 3.5 Mo, 2 Nb

54.5 Cr, 31 Al, 10 Ti,
2.5 Ni, 1.5 Nb

58 Ti, 26 Cr, 7 Al, 5 Ni;
2.5Co, 1 Ta

50 Ti, 30 Cr, 17 Al,
3 Ni, 1 Nb, 1 Mo, 1Ta

2phases listed in order of decreasing intensity of diffraction pattern. The pattern
characteristic of the nickel alloy solid-solution phase was also observed for all

samples, revealing that the X-rays had penetrated through the oxide scale.
bSymbols indicate a qualitative measure of diffraction pattern intensity, which is a
function not only of the oxide composition but also of oxide thickness: V = very,

S = strong, M = medium, W = weak.

CAtomic percent composition estimated by a tentative quantitative treatment of the

ESCA data. See ref. 4 for details.
Nit2, co*?, A3, crt3, mitd,

The oxidation states were determined to be
Ta+5, Nb+5, Mo+6, and W+6.
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Figure 1. ~ Rate of oxidation of alloys at 900° C in 1 atmosphere of slowly flowing oxygen.
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Figure 2. - Rate of oxidation of alloys at 1000° C in 1 atmosphere of slowly flowing oxygen.
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(a) Temperature, 900° C.

Microhardness
indent

(b) Temperature, 1000° C.

Figure 3. - Light micrograph of cross section of oxide scale on B-1900.
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(b) Temperature, 1000° C.
Figure 4. - Light micrograph of cross section of oxide scale on NASA-TRW VIA.




(a) Temperature, 900° C.

: (b) Temperature, 1000° C.

Figure 5. - Light micrograph of cross section of oxide scale on alioy 713C.
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(b) Temperature, 1000° C.

Figure 6. - Light micrograph of cross section of oxide scale on IN-738.




(a) Backscattered electron micrograph.

(c) Nickel. (d) Chromium.

Figure 7. - Electron and elemental X-ray micrographs of cross section of oxide formed on B-1900 at 900° C after 100 hours in slowly flowing oxygen.
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(g) Titanium,

Figure 7. - Concluded.

(h) Molybdenum.
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(c) Nickel. (d) Chromium.
Figure 8. - Electron and elemental X-ray micrographs of cross section of oxide formed on B-1900 at 1000° C after 100 hours in slowly flowing oxygen.



44

T 0

o

‘.
1t

dr3 i

(g) Titanium.

P

&yt i
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(¢) Nickel. (d) Chromium.

14

Figure 9. - Electron and elemental X-ray micrographs of cross section of oxide formed on NASA-TRW VIA at 900° C after 100 hours in slowly flowing
oxygen.
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(g) Titanium.

Figure 9. - Concluded.

(h) Tungsten.




(a) Backscattered electron micrograph.

(C) Nickel. (d) Chromium.

Figure 10. - Electron and elemental X-ray micrographs of cross section of oxide formed on NASA-TRW VIA at 1000°

f i i
oxygen. C after 100 hours in slowly flowing
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(g) Titanium,

Figure 10. - Concluded.

(h) Tungsten.
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(c) Nickel. (d) Chromium.

Figure 11. - Electron and elemental X-ray micrographs of cross section of oxide formed on alloy 713C at 900° C after 100 hours in slowly flowing oxygen.
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(g) Titanium,

Figure 11. - Concluded.




(a) Backscattered electron micrograph.

() Nickey. (d) Chromium.

Figure 12. - Electron and elemental X-ray micrographs of cross section of oxide formed on alloy 713C at 1000° C after 100 hours in slowly flowing
oxygen.
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(g) Titanium.

(h) Molybdenum.




Dxygen.
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{¢) Niobium.
Figure 13. - Electron and elemental X-ray micrographs of cross section of ox

738 at 900°

ide formed on IN
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(g) Titanium.
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(h) Tungsten.
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(a) Backscattered electron micrograph.

(c) Niobium, (d) Chromium,

Figure 14. - Electron and elemental X-ray micrographs of cross section of oxide formed on IN-738 at 1000° C after 100 hours in slowly flowing oxygen.
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Figure 14. - Concluded.
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Figure 15. - SEM micrograph and EDS spectra of cross section of oxide scale formed on B-1900 at 900°C after 100 hours in slowly flowing
oxygen.
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Energy, keV
Spot 1

Figure 16. - SEM micrograph and EDS spectra of cross section of
oxide scale formed on B-1900 at 1000° C after 100 hours in
slowly flowing oxygen.
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Figure 17. - SEM micrograph and EDS spectra of cross section of oxide scale formed on NASA-TRW VIA at 900° C after 100 hours in slowly
flowing oxygen.
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Figure 18. - SEM micrograph and EDS spectra of cross section of

oxide scale formed on NASA-TRW VIA at 1000° C after 100 hours
in slowly flowing oxygen.
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Figure 19. - SEM micrograph and EDS spectra of cross section of oxide scale formed on alloy 713C at 900° C after 100 hours in slowly flowing
oxygen.
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Figure 20. - SEM micrographs and EDS spectra of cross section of oxide scale formed on alloy 713C at 1000° C after 100 hours in
slowly flowing oxygen.
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Figure 21. - SEM micrographs and EDS spectra of cross section of oxide scale formed on [N-738 at 900° C after 100 hours in slowly
flowing oxygen.
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