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ABSTR4CT

The use of local probes at specific spatial locations provides a clear picture of the
scale growth. The thermal evolution of the oxide scale on 72Fe- 18Cr- 1O.M-O.15Hf (at.%)
has been investigated using a number of spectroscopic techniques. Well defined re$ions
(=70 mm in diameter) were probed by a battery of techniques as a function of oxida~on at
different temperatures (Between WQ°C - 1100”C). This study provides fi=ormation about
the dependence of scale evolution on fluctuations in the local composition and/or grain
structure of the starting material. Results suggest that properties of the starting material,
which were not investigated in this study, strongly influence the scale evolution, even to
the stage of mature scales.

1. INTRODUCTION

The evolution of a native scale on an unoxidized substrate is a very complex
process, dependent on a myriad of parameters. The evolution can be significantly
influenced by apparently subtle variations in one or more of these parameters. In this
paper, we investigate the role of small point-to-point differences in the starting substrate
material. We find that significant differences in scale evolution are observed at different
points on the oxidized surface of a large, nominally homogeneous sample.

Oxidation of the alumina-forming alloy 72Fe- 18Cr- 1OA1-O.15Hf (at.%) was
investigated as the oxide scale evolved from early stage growth to development of a mature
scale [1,2]. Scale evolution was investigated at specific points on the sample, using a
number of spectroscopic techniques to probe each point, after successive oxidation
treatments at systematically increasing temperatures. Measurements included Rarnan and
ruby fluorescence spectroscopy, optical reflectivity, SEM, and RXF (refracted x-ray

fluorescence). The intensity of the ruby signal is sensitive to the quantity of cx-alumina in
the scale and its spectral shifts provide a measure of scale strain. Raman measurements
monitored the evolution of the transient Fe203 phase, and the appearance of Hf02 in the
scale. SENI measurements were taken in secondary electron, backscattering and energy
dispersive (EDX) modes. >Ieasurements were repeatedly taken at 16 well defined points
on the sample as the scale evolved. Except for the lLXF and reflectivity measurements,
which provide a measure of scale thickness, all probes were adjusted to measure spots =70
microns in diameter.

By monitoring the scale development at isolated points on the specimen, we can
discern how the path to scale maturity depends on the properties of the starting substmte
material. If discernible differences in scale evolution can be associated with different
points on the sample, the differences must be attributed to variations in some parameter(s)
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associated with the preoxidized substrate. Parameters that might vary across the sample
surface and significantly influence scale evolution could include grain orientation, ‘grain
size, surface finish, compositional inhomogenieties and surface contaminants. By
monitoring scale evolution at isolated points and correlating growth parameters with the
initial substructure properties, we hope to identi& important parameters of the preoxidized
substrate that might affect the integri~ of thermaily grown adherent scales.

II. EXPERIMENTAL AND RESULTS

For most of the techniques, measurements were taken at 16 points on the sample
(four well separated groups of four points located in close proximity, as illustrated in Fig.
1). The curved outer surface is the outer circumference of the ingot from which the sample
was cut. Rarnan, fluorescence and SEM measurements were confined to spot sizes of
about 70 microns diameter. In this way, scale evolution at well localized regions as well as
widely separated regions on tile sample could be probed. The RXF data were acquired
from masked rectangular regions of approximate dimensions 1.5 x 10.rnm2 incorporating
both points A and B, or points C and D. Spot sizes for reflectivity measurements were “.

approximately 5 mm diameter, centered at the cross hairs in Fig. 1. Reflectivity
measurements, at points A, B, C, and D, thus encompassed groups of four of the small
mea measurement points.

The sample was cut from an induction melted ingot, with the sample surface cut
perpendicular to the ingot axis. The slice was polished in successive steps to a final finish
using 1 micron diamond grit. The sample was oxidized in air for one hour intervals at
800°C, 900”C, 1000”C and 1100°C. The same 70 micron diameter spots were repeatedly
measured after each oxidation treatment. The scale is therefore cumulative and reflects the
thermal history of the sampie.

Fig. 2 shows a photograph of the sample surface after the heat treatment at 900”C.
The contrast in the picture results from changes in color caused by differences in scale
thickness; the thickness changes appear to be related to the grain structure. The four
straight lines were engraved onto the surface prior to oxidation and serve as fiduciais to
reproducibly investigate the same regi~ns after each oxidation cycle.

For scales less than = 7000 A thick. scale thicknesses were measured using an
optical reflectivity technique over the spectral range 3300-40,000 cm- 1. For oxidation
treatments at iOOOCCand hi,gher, scale thicknesses were aIso obtained from RXF [3].
Elemental compositions were obtained from SEM-EDX. The appearance and eventual
disappearance of transient Fe203 was monitored with Raman spectroscopy [2,4]; the
appearance of Hf02 in the scale was also monitored with Raman spectroscopy. The

intensity of ruby fluorescence was used to monitor changes in the quantity of ct-A1203 in
the scale [2]. Spectral shifts of the ruby fluorescence peaks were measured, relative to the
unstrained ruby fluorescence, to determine strains in the scale [2,5-13].

A. Scale Thickness (optical reflectivity. RXF)

Fig. 3 shows rne~su~ernen[sof sc~ie thickness obtained ~[ y:ions AmB, e, and D
(Fig. l); each of these regions encompasses four points that were individually measured
with the other spectroscopic probes. Points A and B, located closer to the outer rim of the
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ingot, show a significantly faster growth rate than points C and D, which are located.closer
to the ingot center. A significant difference in scale thickness between the inner and “outer
regions persists even after the final one-hour heat treatment at 1100”C (1. l~m for regions A
and B and 0.8 ~m for regions C and D). Note that, for the 1000°C heat treatment, the RXF
thickness measurement is somewhat lower than the reflectivity measurement. These
discrepancies may be due to scale roughness which affects both measurements differently
or to uncertainties in the reiYactive index estimated for the scale.

B. Rubv Fluorescence Intensitv (auantitv of cx-Al~Q~in the scale).

Fig. 4 shows the intensity of the ruby fluorescence, which is sensitive to the
quantity of cx-A1203 in the scale. In these experiments, the ruby signal is first visible after
the 800”C heat treatment, but. the signal is quite weak and the line is broad [2]. The ruby
intensity increases by a factor of= 10000 for between 800°C to 1000”C. The factor of =4 -
increase in the scaIe thickness, Fig: 3, is insufficient to explain the increase in the ruby
sign~. Much of t~s change is therefore due to an increase in the fraction of ~-A1203 in ‘4

the scale, which may occur by direct growth or by the conversion of transition alurninas to

the et- phase. This effect has been explored in greater detail in Ref. 2.
The intensity grows more rapidly in the outer region of the sample (measurement

points 1 through 8), correlating with the results of Fig. 3, which show a greater scale
thickness in the outer region. Note that the temperature evolution of individual points is
correlated; this is especially noticeable above 800 ‘C at points 9-16. Thus, the evolution of
individual points, even when closely spaced (250 pm), can be separately and meaningfdly
monitored.

Between 1000”C and 1100”C the ruby intensity actually decreases, Although it is
possible that this decrease is due to a systematic error intrinsic to the technique, it may also
be an indication of the observed darkening of the scaIe at these temperatures. Any
absorption of the laser light or of the fluorescent signal would reduce the detected signal.

C. Fe~O~ Raman Intensitv

Fig. 5 shows the Fe~03 Raman intensity, at each of the 16 points identified in Fig.
1, measured after the treatments at 800”C and 900”C. Consistent with mevious studies [21,
tQe intensity grows with temperature during early stages of oxidation, ‘md disappears wi~h
higher temperature treatments. The signal is no longer observable after the 1000”C
treatment. Apparently, Fe does not remain in the scale as the sesquioxide. Points 13
through 16, from the central region of the ingot. where the scale is thinnest, show the
strongest Fe~ 03 signal, especially after the 900”C treatment. Again, we observe that
individual points are highly correlated in their thermal evolution. These Raman data,
although taken on a sparse temperature grid, might indicate that the transient Fe203 evolves
at different rates in different portions of the scale.



D. Hf Concentration - SEIM

Fig. 6 shows Hf concentrations obtained by EDX for the 16 measurement points “
taken from the unoxidized metal and after the 1000”C and 1100”C heat treatments. The
excitation energies for these measurements were adjusted for scale thickness so that the
penetration depth of the incident exciting electron beam was= 80 ‘%0of the scale thickness. ‘
For the 1000”C treatments, excitation energies were 7 keV and 10 keV, respectively, for the
thin (outer region) and thick (inner region) scales. For the 1100”C treatment,
corresponding energies were 12 and 15 keV. Hf concentrations are substantially higher in
the scales than in the metal substrate and dramatically increase with additional oxidation
treatments. The data in Fig. 6 suggest that, after a given heat treatment, Hf concentrations
in the scales are somewhat higher in the outer region of the sample, near points A and B
(thicker scales). However, since data were acquired under different measurement
conditions in the two regions, -this suggestion should be treated with caution.

: Concentrations show .mbsta@l variations from point to point on the sample (Fig.
6) and the variations increase with additional heat treatments. Fig. 7, showing an SEM
(backscattering) micrograph from a sample oxidized at 1000”C, demonstrates why this ‘, ‘.
variation occurs. Localized flower-like structures with high Hf concentration are readily
observed. These Hf-rich regions are seen prominently at grain boundaries (Fig. 7). Since
the backscattering technique probes rather deeply into the scale (escape depth is -50 % of
the penetration depth of the incident electrons), it is not clear how the “flowers” are
distributed through the scale. They could, for example, be located at the scale-metal
interface. (The incident electron beam energy was 20 keV; in this case the backscattering

probes an average depth of about 0.8 microns into u-A1203).
Fig. 8 shows another Z-contrast micrograph (beam energy is 18 keV) from two

adjacent grains on the sample, again oxidized at 1000”C. This micrograph clearly shows
that substantially different Hf distributions occur on the surface of the adj scent grains.
Clearly, properties of individual grains influence the scale formation.

Fig. 9 sho~vs the depth dependence of Hf concentration in the oxide scales in
measurements from the center and outer regions of the sample. Data were taken with EDX
after the 1IOO°C oxidation treatment. Film depth was probgd by varying the electron
excitation energy, through the values 5 keV (probing = 1000 A) to 20 keV (probing = 1.7

K). For a given measured thickness, average values of Hf concentration were obtained in
that portion of the scale.

The data in Fig. 9 are consistent with the interpretation that the Hf concentration
systematically increases through the scale, with the least Hf appearing in the vicinity of the
outer surface. This suggests that a large Hf buildup occurs in the vicinity of the scale-metal
rnterface. However, we note that because of the depth resolution of the technique, the
results in Fig. 9 might also include the possibility that the Hf appears exclusively at the
scale-metal interface.

Fig. 10 shows a low resolution SEM rnicrograph, taken in the backscattering mode
with 20 keV electron energy after the 1000”C treatment. The contrast observed in the
micrograph results from different Hf distributions. Remarkably, we observe an image
which appears to be that of the underlying grain structure (compare Fig. 10 with Fig. 2).
Thus, with oxidation, Hf moves to the sample surface, probably along grain boundaries of
the substrate grains. We are unab!e to detect differences in Hf concentration, with EDX, in
different grams of the preoxidized sample. Presumably, Hf diffuses across the exposed
grain surfaces at the scale-metal interface. Grain orientation might influence this surface
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diffusion, thus establishing differences in scale evolution that persist until scales are
mature.

E. ~~ Raman Intensitv

Fig. 11 shows the intensity of the EIf02 Raman signal measured at the 16 points
(Fig. 1) after the 1000°C and 1100”C heat treatments. This measured Hf appears in the
scale (ie., Raman is insensitive to any oxide buried beneath the metal surface) and appears .
in the form of HfO~. The Hf02 Raman signaI is very weak at the lower oxidation
temperatures and grows s@ificantly between the 10OO°Cand 1100”C treatments; on
average a factor of 5. This increase can not be expkiined by the factor of 2 increase in scale
thickness, and therefore reflects an increase in the fraction of Hf02 in the scale. This is
very much like what was observed in the EDX data (Fig. 6). Again, like for EDX, there are
strong intensity variations from point to point on the sample and the individual pointi are
not well correlated in temperature. This may be symptomatic of the complex Hf
morphology discussed in the previous section (Fig. 7).

The intensities for the 1100°C treatment, averaged over the 8 points at region A and
,..

at region B suggest that the integrated Hf02 signal is larger from the thicker (outer) scale
than from the thinner (inner) scale. This is consistent with the EDX measurement of total
Hf concentration (Fig. 6).

F. Strains in the scaies - Rubv s~ectral shift

Fig. 12 shows measurements of the hydrostatic stress in the scale obtained from the
ruby fluorescence spectral lineshift for the 16 measurement points (Fig. 1) after heat
treatments at 900”C, 1000’C and 1100”C [2]. In the outer region of the sample (thick
scale), residual stresses are relatively constant, falling between 2 -2.4 GPa. After the
1100”C treatment, however. a discemable stress increase has occurred. Probably this
reflects the increased thermal expansion difference (between scaIe and substrate)
encountered when a h$her oxidation temperature is used. In the inner region of the sample
(thin scaIe), the behawor of the hydrostatic stress, after the repeated oxidation treatments, is
more complex. The highest stresses were observed at 900°C (between 1.9 -2.3 GPa),
with significant stress relaxation (to 1.4- 1.9 GPa) occurring at 1000°C. Then, after the
final 1100”C treatment, a stress recovery (to 1.8- 2.3 GPa) is obsemed.

This behavior might result from the early stage formation of low density transition
aiuminas (0, y, amorphous phases) and their eventual conversion to the higher density CY-
Al~03. Note that, in the data of Fig. 12, there is, again, substantial point-by-point
correlation in the stress behavior after the heat treatments. This is especially apparent in the
data at measurement points 9- 16 (thin scale). Clearly, stresses at a particular location in
the scale can evofve very differently from the stresses elsewhere in the scale. Therefore, to
obtain precision measurements of scale evolution, it is necessary to monitor that evolution
at highly localized regions of the sample.
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III. DISCUSSION

In this study, we monitored many parameters of scale growth on a FeCrAIHf
sample and identified variations in scale evolution at different points on the sample surface.
The results allow us to search for correlations, both spatial and temporal, between scale -
growth rate, concentration and distribution of Hf, evolution of transient phases, and
stresses in the scales.

Our data show very strong temporal correlations; for each technique, the evolution
at each site shows systematic variations; (i) the thicknesses (Fig. 3) on sites A and B are
consistently larger than on sites C and D. (ii) The same holds for the ruby intensities (Fig.
4), (iii) The Fe203 Raman signal is consistently higher in spots 13 to 16 (Fig. 5), (iv) Hf
concentration in the scale is higher in regions A and B (Fig. 6), and (v) stress variations are
considerably larger in regions C and D.

- AU the above. systematic trends, which show differences in evolution of the scale at
specific locations on the surface, indicate that key properties of the underlying materhd
must be responsible for the observed behavior. However, our present investigation has ‘ ,
focussed on scale properties; the study has onIy partially addressed properties of the
starting material. Small substrate composition variations could be important. (Although,
within experimental sensitivity, the Hf concentration [Fig. 6], shows no variation at all).
Another substrate property which might be important is the grain structure; ie., size, shape
and crystallographic orientation of the grains. At sample regions C and D, narrow
elongated grams are apparent.

Fig. 8, showing results from two adjacent grains, demonstrates that the grain
structure has a pronounced effect on surface Hf concentration after high temperature
oxidation. These grain-dependent differences in surface Hf concentration might result from
oxidation of different crystallographic orientations of the exposed grain surfaces. The
results in F~g. 10, encompassing region B on the salmple, show that the Hf concentration in
the scale nmn.ics the structure observed in Fig. 2.

As a general obsemation, we infer that the grain structure of the underlying alloy is
cmcial in determining the evolution of the oxide scale. Scale differences, attributable to the
underlying grain structure, are seen in early stage growth and persist to mature scales. Our
data show that the grain structure affects many of the measured properties but the
controlling mechanisms are not yet identified. We !ist below some of the clearly observed
features of our present data; generally these features are influenced by the substrate grain
structure.

1- Fe203 is observed at 800°C and 900°C as transient phase. It is not observed at 1000°C
d.. above.

2- The ruby intensity, measuring the quantity of ct-A1203 in the scales, grows dramatically
for oxidation between 800CC - 1000”C, but changes marginally with a subsequent 1100”C
treatment. This indicates that the transition alurninas formed below 1000°C are effectively
converted to the alpha phase after 1 hr at 1000°C. Further oxidation at 1100”C results in
only small intensity changes which might result primarily from scale thickness changes.
3- Residual strains in the scales show nonmonotonic changes with oxidation treatments
that may be attributable to phase transformations in A1203.
4- Hf concentration in the scales grows with successive heat treatments.
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5- Hf concentration increases as a function of depth in the scales. This suggests that the
maximum Hf concentration occurs near the scale-metal interface,
6- Hf appears, above the metal surface, in the HfO- phase (though perhaps not exclusively
as dioxide); the Hf02 intensity grows with increasing oxidation temperature.
7- SEM data (backscattering mode) from a thick scale shows a pattern of the underlying
grain structure. This pattern is caused by the Hf distribution, which may have been
determined by the substrate grain size, and by grain boundary and interface (scale-metal)
diffusion of I-If atoms.

The origin of the grain structure in our present sample appears because the sample
was grown as an ingot. Upon cooling, the solidification must have proceeded from the
exterior. Cooling near the center was probably slower and consequently led to larger
grains. This process can also lead to composition differences between the inner and outer
regions of the ingot which develop along the advancing solidification front. as a
consequence of a hquidus-solidus gap in the phase diagram. The binary Fe-Al and Cr-Al
phase diagrams [14] would suggest that, with cooling from the liquid, some increase in Fe
and Cr concentrations, relative to the average, might occur at initial solidification, ie., in the
outer region of the sample. The solidification behavior might also affect the distribution of
Hf across the sample radius. Whereas such composition gradients might exist, we were

‘,’.

unable to detect them using EDX.
At temperatures near 1000”C, dramatic changes are taking place in the scale. The

Fe203 concentration is falling rapidly, Hf begins to appear in significant concentration in
the scale and/or at the scale-metal interface, and transition alurninas are beginning to
undergo transformation to the et-phase. Stress relaxation under these conditions, ie., as

probed by a dilute concentration of c%-A1203embedded in a matrix dominated by transition
aIurninas, might be a complex phenomenon, and not necessarily indicative of scaIe
debonding.

IV. Conclusions

Substantial point-by-point variation has been observed in scale evolution as
monitored using a number of spectroscopic probes. For many of the point-by-point
spectroscopic measurements, results at specific points ai-ehighly correlated through several
oxidation treatments. These data indicate that variations in the starting material strongly
influence the scale evolution through subsequent oxidation treatments. Probably, the grain
structure of the underlying substrate exerts a strong influence on the scale evolution.
Additional measurements, including measurements at systematically higher oxidation
fimperatures, are in progress.

This work was supported by the U. S. Department of Energy under contract No. W-3 1-
109-ENG-38 .

1. P.Y.Hou,J.Stinger, Journal De

References

ph~sique C9,v3, 23 !-240, 1?93;



. .“

2.

3.
4.

5.

6.

7.

11.

12.

13.

14.

D. Renusch, M. Grimsditch, B. W. Veal, I. Koshelev and P. Y. Hou, Oxidation of
Metals 48A471 (1997). Dec. 1997.
I. Koshelev. A. P. Paulikas and B. W. Veal, Oxidation of Metals (accepted).
D. Renusch, B. W. Veal, K. Natesan and M. Grimsditch, Oxidation of Metals 46,
365 (1996).
D. 1~. Lipkin, D. R. Clarke, M. Hollatz, M. Bobeth, W. Pompe, Corrosion
Science, 39,231, (1997)
D. M. Lipkin, I-LSchaffer, F. Adar, D. R. Cl&ke, Appl. Phys. Lett, 70,2550,
(1997)
C. Mennicke, E: Schumann, C. Ulrich and M. Ruble, (presented at the 4th Int.
Symp. on High Temp. Corrosion and Protection of Mat., Les Embiez, France,
May 20-24, 1996) to be published in Mater. Sci. Forum.
D. iM.Lipkin and D. R. Clarke, Oxidation of lMetaLs45,267 ( 1996).
R. J. Christensen, D. M. Lipkin, D. R. Clarke, Acts Materialia, 44,3813 (1996)
K. Natesan, B. W. Veal, M. Grimsditch, D. Renuich and A. P. Paulikas, Proc.
Ninth Annual Conference on Fossil Energy Materials, Oak Ridge, TN, CONF-
9505204,0 RNL/l%P-95/1, p. 225 (1995)
K. Natesan, C. 11.ic~er, B. W. Veal, M. Grimsditch, D. Renusch and A. P.
Paulikas, Argonne National Laboratory Report ANL/FE-95/02 (1995) . .
K. Natesan, K. L. Klug, D. Renusch, M. Grimsditch and B. W. Veal, Tenth
Annual Conference on Fossil Energy Materials, Knoxville TN, May 14-16, 1996.
D. Renusch, B. W. Veal, I. Koshelev, K. Natesan, M. Grimsditch and P. Y. Hou,
Proc. of Spring Meeting of Materials Research Soc.,San Francisco, CA 1996. Vol
436, Thin Films: Stresses and Mechanical Properties VI, p5 11, and Proc. 190th
ECS fall meeting, San Antonio, TX., 1996 Vcd 96-26 Fundamentals of High
Temperature Corrosion, ed by D. A. Shores, R. Papp and P. Y. Hou,
Electrochem. Sot., Pennington, NJ 1997. p62
Hansen, Constitution of Binary Mloys, Metallurgy and Metallurgical Engineering
Series, 2ed. (McGraw-Hill, New York, 1958),p81, p90



,/ A c

\,

B D

1

Fig. 1. A schematic of the sample showing
16 measurement spots.
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Fig. 3. ScaIe thicknesses measured at points ‘.
A, B, C, D (Fig. 1) using reflectivity
(dashed line) and RXF (solid line).
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Fig. 4. Ruby fluorescence intensities,
obtained at the 16 points shown in Fig. 1,
measured after o~idation at 800 ‘C ‘(full
circles), 900 “C (open circles), 1000 “C (full
squares), and 1100 “C (open squares).
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Fig. 5. Fe203 Raman intensities, obtained
at the 16 points shown in Fig. 1, measured
after oxidation at 800 %2(open circles) and
900 ‘C (solid squares).
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‘Fi~. b. Hf concentrations, obt~ned at [he
16 points shown in Fig. 1, measured using
EDX. Hf concentrations are shown for the
preoxidized sample (full circlesj.
lMeasurements are also shown after
oxidations at 1000 ‘C (fill squares) and
1100 ‘C (open squares) where the inciden~
electron energy was adjusted to probe

=80% of the scale thickness (see text).



Fig. 9 Depth distribution of Hf ‘in scale
obtained after 1100 ‘C oxidation. Data were
obtained from EDX by varying incident
electron beam energy. iNote that Hf
concentration is low at the surface of the
scale and increases toward the scale-metal
interface. Results could be consistent with
interpretation that all Hf is located at scale-
metal interface.
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Fig. 11. Hf02 ~~” ~tensities, ob~ed
at the 16 points shown in Fig. 1, measured
tier oxidation at 1000 ‘C (full squares) and.
1100 ‘C (open squares). -
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Fig. 12. Hydrostatic stresses in the scales,
obtained at the 16 points shown in Fig. 1,
measured after oxidation at 900 “C (full
circles), 1000 ‘C (open circles) and 1100 W
(full squares).

Fiu=. 10. Low resolution Z-contrast
micrograph at point B showm in Fig. 1 after
oxidation at 1000 ‘C. The substrate grain
stmcture is clearly visible ~vhen imaged by
the Hf distribution in [he olerlying scale.


