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ABSTR4CT

We have used - Raman “fingerprinting” to investigate the
temperature dependence of- the transient oxide phases in the scale
formed on MCrAl and MCrAIY (M=Ni,Co) in the temperature range
300 to 1200”C. In particular, by extending our Raman spectra to
include second order scattering, we are able to track the evolution of
N’iO in the scales. We find that the inclusion of Y, while improving
scale adhesion, inhibits the formation of Co oxide. We have also
exploited the strain dependence of ruby fluorescence to extract the
residual strain in the oxide scale.

INTRODUCTION

In two recent articles [1,2] we presented Raman scattering
investigations of oxide scales on Fe-Cr-Ni and Fe-Cr-Al alloys. We

. -showed that. the sensitivity of currently available CCD detectors
makes Raman scattering a convenient and practical tool for the
investigation of the evolution of thermally grown scales. An
advantage of Raman scattering is that it is totally insensitive to the

‘underlying alloy, so all spectroscopic features originate from the
scale. A disadvantage of the Raman “fingerprinting” technique is its
limited use when attempting to identify spinels [1,3-6] and oxides
with the NaCl structure which have no first-order Raman-active
vibrations. However some of these limitations can be circumvented
by utilizing second order Raman scattering.

We remind the reader that Raman scattering measures optical
phonons corresponding to the normal modes of atomic vibration in a
material. Because each material has its own “fingerprint” spectrum
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for these vibrations, in principle it is simple to identify and track the
evolution of various constituents in the oxide scale. However, phases
with variable defect “structures and variable compositions can ,,
complicate the interpretation of the .rneasured spectra. We will
discuss some of these complications with regard to the defect
structures of NiO. Other spectroscopic features which can be used for .
fingerprinting oxide phases, such as two-phonon Raman, m’agnon and
optical fluorescence, will also be discussed.

Here we investigate the corrosion behavior of an MCrAl(Y) ‘
alloy (M=Ni,Co.). We chose the MCrAl(Y) alloy for this investigation
because of its importance as a bond coat for thermal-barrier-coated
systems. The particular compositions for the alloys are (At%):

& -~ Q & .x
MCrAl 23.0 44.5 20.0 12.5 ‘- .,.

MCrAIY 23.0 44.2 20.0 12.5 0.3 ._

Residual strain in the scales was determined using the ruby
fluorescence technique [2,7-15]. As we have shown [2] this
technique provides a convenient measure of the adherence of the
scale to the metal substrate and allows the onset of spallation to be
easily detected.

EXPERIMENTAL DETAILS AND RAMAN STANDARDS

The alloys were prepared by the standard arc-melting
technique. The master alloys were “rolled into 1 mm thick plates,
which were cut into 1 cm2 coupons. and polished with 1 micron
diamond grit prior to thermal treatment. All Raman and
fluorescence measurements were made at room temperature after
one hour heat treatments. Oxide scale growth was cumulative with
increasing temperature.

Raman and fluorescence spectra were excited with 50 to 100
mW of 476 nm radiation from a Kr ion laser. The incident beam
impinged on the sample at an angle close to 45° from the normal.
The scattered light was collected along the surface normal with an
f/1.4 lens and was analyzed with a triple Jobin-Yvon grating
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spectrometer equipped with a CCD (charge coupled device) detector
from Princeton Instruments.

Figure 1 shows Raman spectra from bulk oxides, in powder
form, which we use as standards for identifying the oxides in the
scales. Note that relative intensities of “the peaks in different spectra
can depend on crystallographic orientation of the sample and .
polarization directions of the incident and scattered radiation.
Consequently, it is possible that relative peak intensities may vary
slightly from sample to sample due to texturing of the oxide grains in
the scale.

The two spectra in Fig. 2 are from a 25 pm thick, high quality
(green), single crystal NiO film which we use as a fingerprint, and
from- the scale on a piece of Ni oxidized at 1000”C for 1 hr. The peak
that is seen at =550 cm- 1 {n the scale is due do to disorder induced
scattering from a phonon that is normally Raman inactive. The peaks “
at = 1100 cm-1 and at = 1550 cm-l are due to second-order phonon
and magnon scattering respectively. [ 16]

Although the ruby fluorescence has been used for decades as a

stress indicator in diamond anvil cells [17] only recently has it been

used to measure the stress levels in thermally grown oxide scales. [2,
7-15] It is well known that the Cr impurities in u -A12 03 produce the

characteristic R-line luminescence doublet at 6943 ~ and 6929 & It

is also known that the frequency of the luminescence changes as a

function of the stress applied to the host material. Details relating the

shift to average stress and or strain in a polycrystalline material can

be found in the literature. [2,18-26] For the purpose of this work it is
sufficient to recall [2] that the in-plane strain &in is related to the

shift in frequency Av by

..

&in = Av /2806 [1]

when Av is expressed in cm- 1. It is worth noting that Eq. 1 is not
the usually used equation for hydrostatic strain but involves the
additional assumption that G 11 =02z and 633=0. That is, the in-plane
stress in the scale is isotropic and the out of plane stress is zero.
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Raman SoectroscoDv - Oxidation of Elemental Ni and co

In order ,to provide background information, : we first
investigated the oxidation of pure Ni and Co which are major ,
constituents of MCrAl(Y). Similar background experiments have
been performed on pure Fe and Cr.[ 1] The Ni sample was a 1.5 cm2
coupon of bulk Ni and the Co was a I micron thick film sputtered
onto a sapphire substrate.

Figure 3 shows- the temperature dependence of the Raman
spectra observed from the icale formed on the Ni sample. After 1
hour at 500”C a measurable amount of NiO forms on the surface. As ;
expected for NiO, no phase change is observed at higher
temperatures. Interesting is the temperature dependence of the
peak intensities. For heat treatments between 600*C and 1000”C the
intensity of the disorder induced peak (= 550 cm- 1 ) remains
relatively constant while the intensity of the alIowed second order
scattering (=1 100 cm- 1, = 1550 cm-1) increases dramatically. This is
consistent with the disorder, probably oxygen deficiency, decreasing
at higher temperatures.

Figure 4 shows the temperature dependence of the Raman
spectra observed on the Co film.- By comparing
4 to the standards in figure 1 we see that Co~ 04
persists to 600*C. Above 600*C the Co film and
debonded from the sapphire substrates.

the spectra in figure
forms at 300”C and
scale catastrophically

Raman Spectroscopy - Transient Phases-MCrAl(Y\
-.

Figures 5 and 6 show the temperature dependence of the
Raman spectra observed from the scales formed on MCrAl and
MCrAIY, respectively. The heat treatments for the particular samples
in figure 5 and 6 start at 300° C with subsequent steps of 100*C .
Below 600”C we observed no Raman signal. At 600°C, we see a broad
feature at about 650 cm-1. A similar feature was observed, on Fe-
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Cr-Ni alloys and bu~k Cr [1]. We attribute this feature to either a
disordered spinel-like chromium oxide or an amorphous oxide layer.
Above 700° C the Cr~ 03 Raman peaks appear and dominate the

spectra. After treatments at 1100°C and 1200° C massive spallation .,
was observed in the Y free sample. The Raman spectra of the scale
that remains bonded to the alloy are dominated by C03 04 p e a ks
while Cr2 03 peaks were observed in the spalled material. Although -
it is tempting to “conclude that spallation occurs at the Co oxide/Cr

,,

oxide interface, the present experiments do not allow us to rule out
that the Co oxide is formed after spallation during cooling.

No spallation was visible on the MCrAIY sample at 1100 and
1200”C and no C0304 peaks appeared in the Raman spectra. At these
temperatures, however, . we do observe Raman peaks from a phase
we have not yet been able t~ identify. We do know that it is not due
to any of the oxides in figure 1 nor to NiO or a-A12 03.. Although et- ,
Al 203 Raman peaks did not appear in the spectra taken from either
the MCrAl or MCrAIY scales, we know it is present in the scale since
we detect the ruby fluorescence.

Fluorescence Sr)ectroscopy

Ruby fluorescence was detected after
temperatures as. low as 750° C. This indicates
A 1203 and permitted us to determine the

heat treating at
the presence of a-
room temperature

compressive strain in the scale, as shown in Fig. 7. The scale on both
of the alloys show an increasing compressive strain as the oxidation
temperature is increased. At T= 1050”C MCrAl begins to show signs

of strain relaxation indicating the onset of failure. At 1100° C and
above, the scale exhibits near total strain relief, indicating
c-atastrophic scale failure: spalled flakes are also visible on the
surface. Contrary to MCrAl, the accumulated scale on MCrAIY
exhibits increasing strain to temperatures of about 1150”C, indicating
that the scale is still bonded. At 1200”C we observe signs of stress
relaxation and total strain relief at 1300°C. Figure 7 is also a
dramatic illustration of the reactive element effect, viz., the inclusion
of a reactive element improves scale adhesion.
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Scale strain measurements, using X-ray diffraction, have -been
reported on MCrAl(Y) alloys (M= Fe, Ni,Co) for considerably longer
heat treatments (=80 hrs). [26]. The strain values reported, for the
Ni-Co based MCrAIY, treated at T= 1200°C are on the order
This small strain is consistent
the scale on this alloy starts to

with our observations that
strain relieve after roughly

of -0.0003.
at 1200”C
one hour.. .

.

SUMMARY AND CONCLUSION

- Early stage oxidation has been investigated on Ni, Co and
MCrAl(Y) alloys (M=Ni,Co)~ The Raman fingerprinting technique was
used to identify transient and steady-state phases. NiO scales were ‘ ‘
shown to have a disorder induced line and two second order lines
that can be used to identify scale composition. For oxidation
temperatures below 1000”C Raman spectra from scales on the two
alloys were very similar. At temperatures above 10OO°C scales on
MCrAl were found to contain varying amounts of Cr203, C0304 and
A1203. MCrAIY scales showed evidence of Cr203, A1203 and an
unidentified oxide, but no indication of C03 04.

The residual scale strain, extracted from the ruby fluorescence,
clearly shows the reactive element effect in MCrAl(Y) alloys. The
onset of strain relaxation was observed at T= 105O”C and = 1200”C for
MCrAl and MCrAIY respectively, complete debonding occurs at
= 1100”C and = 1300°C for the two alloys.
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Figure 1 First order Raman spectra
from standard oxides. The * indicates a
plasma line from the Kr laser. Spectra
are offset in order to provide clarity.
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Figure 2 First and second order Raman ‘‘ “”
scattering from a single crystal film of
NiO and a NiO scale. --

t

Figure 3 Raman spectra from bulk Ni
sequentially oxidized in air for 1 hr. at
each indicated temperature.



Arbitrary Intmsity

al

a
* ●xx

*O xx
●0 o xx

ax x
XQOX x

● 0 , xx x-
● 0 x x

O* ● U*

● x
1 I 1 1

+
Arbihry Intensity

5

:s
gl!4

5

-L

i%.
0

Arbitrwy Intensity “

.

.


