In situ measurement of growth stress in alumina scale
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Stress in the early stages of growth has been measured in a-Al,O; (alumina) scales formed on
FeCrAl- and NiAl-based alloys during heating in air at 1000 °C to 1200 °C. Scale thickness ranges
from 0.5 to 5 um, times from 5 to 720 min. Stress was measured using the multiple-tilt method. In
order to measure the thinnest scales at the earliest times. focused. monochromatic synchrotron
radiation was used for high intensity, and a fixed, small angle of incidence was used along with an
appropriate wavelength to maximize scattering from the film relative to the background from the
substrate. Depending on the composition, transient tensile stresses of up to 1.2 GPa were observed.
with maximum stress at times ranging from >10 h at 1000 °C to <10 min at 1200 °C. Thermal
stresses induced by an abrupt temperature change were found to relax much more quickly.
suggesting that the kinetics observed during isothermal growth reflect a dynamic competition
between stress generation and stress relaxation. These results challenge commonly accepted models
of growth stress in scales that predict that a compressive stress will be generated as the metal
converts to a larger-volume oxide in a constrained location such as an interface. The observed
tensile stress may be due to another mechanism altogether (e.g.. grain coalescence), or to the
conversion of a transitional Al,O; to the equilibrium «-Al,O; phase. For one composition.

transitional Al,O5 1s observed during the period of tensile stress.

Diffraction Data. [DOIL: 10.1154/1.1649318]

INTRODUCTION

Certain metals can be used at elevated temperatures in
oxidizing environments due to the formation of a protective
scale. an oxide film that limits further oxidation. The useful
lite of these materials will be limited if the scale cracks and
spalls. so 1t 1s important to understand and control the stress
in the scale that can drive this failure. When the metal is
heated or cooled, thermally induced stress arises from the
difference 1n thermal expansion coefficients between metal
and oxide: thermal stress and its effects on oxidation are
relatively well understood (Evans, 1989: Schutze, 1997:
Evans. 1994). However, stress development when the metal
1s held at a constant temperature while the oxide grows is not
well understood. Even the sign of the resulting growth stress
1s debated. Still less 1s known about the magnitude and the
effects on failure (Evans and Cannon, 1989; Stott and Atkin-
son, 1994 Cannon and Hou, 1998; Nix and Clemens, 1999:
Pilling and Bedworth. 1923).

One source of the poor understanding of growth stress is
the variety of possible mechanisms. Epitaxial stress occurs
when a film strains to match the lattice constant of the sub-
strate. It the films has the larger (smaller) lattice parameter, it
will grow under compression (tension). A volume change
will induce stress if the material is constrained as it changes
volume. Since metal typically expands as it oxidizes. oxide
that grows under a constraint such as growth in the grain
boundary will be under compression. Finally, surface tension
can induce stress. Since a film has a lower energy when its
surface 1s smooth. a film with a rough surface will deform to
decrease this roughness. putting the film under tension.

A fturther impediment to the understanding of growth
stress 1s the ditficulty of measurement. Growth stress is most
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often measured by monitoring the bending of the substrate
(Floro er al.. 2001). which 1s not a practical technique tor
metal substrates. which deform plastically at elevated tem-
peratures. Further. one side must be protected from oxida-
tion. and film thickness must be know to measure stress.
Quantitative. in sity data trom scales on metal substrates has
come from the X-ray diffraction measurement ot strain (Sa-
rioglu er al.. 1997, 2000: Schumann et al.. 2000). Using pre-
vious techniques. such a measurement takes an hour or more.
so the early stages of growth cannot be monitored. We have
used intense synchrotron radiation to make stress measure-
ments 1n ~5 min. Pioneering measurements are presented ot
growth stress in its early stages.

The oxide microstructure of these samples. studied with
transmission electron microscopy. is published elsewhere.
along with a preliminary account of the growth stress results
(Tortorelli er al.. 2003).

EXPERIMENTAL '

-

The alloy compositions were based on the FeCrAl and
NiAl systems (Table 1). The Kanthal AF alloy was a com-
mercial rolled ribbon while the other two FeCrAl-based al-
loys were made at Oak Ridge National Laboratory by arc
melting. casting. hot extrusion. and rolling to sheet. The
FeCrAl-based specimens (approximately I X5-7
X 100 mm) were cut from the ribbon or sheet. annealed. and
mechanically polished to a 0.3 um diamond-paste surtace
finish. The two NiAl alloys were cast into rectangular plates
from which specimens (approximately [ X 10X 100 mm)
were electro-discharge machined. and then electropolistied.

High X-ray intensity is provided by focused. monochro-
matic undulator radiation at beamline 33-ID-D of the Ad-
vanced Photon Source. with a beam size at the specimen of
~0.25%0.2 mm- and intensity of ~ 10'* photons/s. Stress
was measured by comparing plane spacings for one Bragg
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TABLE I. Compositions of alloys used in this study (concentrations in at. “
except for Sh.

Fe Ni Cr Al Other S (ppma)
FeCraAlY 70.1 2001 9.8 0.035Y 4
Kanthal AF 67 21 I 0.5 Si. 0.08 Zr
Ni—43Al 57 43
Ni—<43A1-Hf 57 43 0.06 Ht

~

reflection measured at multiple tilts. Several modifications
have been made to the standard multiple tilt method (Noyan
and Cohen. 1987) in order to analyze thin films at high tem-
peratures. As sample temperature increases, atomic thermal
vibrations lead to a decrease in Bragg peak intensity and an
increase in diffuse background scattering. The problem of a
low signal to background ratio is compounded in the early
stages of growth. where the film is thin. giving a low signal.
while the substrate is thick. giving a large background. Three
measures are taken to increase the signal to background ratio.
First. measurements are taken at lower Bragg angles. where
Bragg peaks are more intense and the diffuse background
less so. The (116) reflection of «a-AlLO; was used except
where noted. Several samples were repeated using the (214)
reflection. with no significant differences in results. These
lower-angle reflections are less sensitive to strain, so data
must be collected with higher angular resolution to get the
same sensitivity to stress. Second. the angle of incidence is
kept fixed at 80° trom the surface normal to reduce the pen-
etration of the beam into the substrate and limit the diftuse
scattering from it. Third, an X-ray energy ot 9 keV is used:
this is above the K absorption edges of Cr. Fe. and Ni. an
energyv that further reduces the penetration of the beam into
the substrate and thus diffuse scattering. An undesirable side
effect of this choice of energy is high fluorescence from Cr,
Fe. and Ni. This fluorescence is filtered out by a graphite
(002) diffracted-beam monochromator.

The use of lower Bragg angles increases sensitivity to
sample displacements: stress measurements are most often
taken close to a Bragg angle of 180°, where sample displace-
ment causes no error at all. As noted above. higher angular
resolution is needed for lower Bragg angles. so 1t 1s critical
to eliminate sample displacement errors. This 1s done using a
parallel beam geometry. The incident beam 1is parallel to
within 0.01°. a characteristic of undulator radiation. and the
diffracted beam angle is defined by soller slits. parallel plates
of Mo with a length of 100 mm. and a spacing of 0.18 mm.
Peaks are typically 0.15° FWHM: the peak center can be
determined with uncertainty of 0.015°. corresponding to an
uncertainty of 3X 10~ % in strain and 100 MPa in stress.

Conventional X-ray furnaces were not suitable for these
measurements. These typically surround the sample with
thermal insulators and reflectors to create a region of con-
trolled temperature with minimal power consumption. The
result is that the sample takes too long to come to thermal
equilibrium at an elevated temperature, and the narrow aper-
tures provided for X-ray access do no allow multiple tilt
measurements at a constant angle ot incidence. Both these
problems are addressed using a novel furnace with neither
shielding nor insulation. The sample is cast or rolled in rect-
angular form. roughly 0.5 mmX 10 mmX 100 mm, clamped
between water-cooled electrodes. and resistively heated by
ac current. One electrode is mounted on a spring-loaded slide

70 Powder Diffr., Vol. 19, No. 1, March 2004

1200-

—_
o
o
-
L

800 -

H
-
o

temperature (°C)
o)
o
.

200

0 2 4 6 8 10
position (cm)

Figure 1. Calculated temperature profile for Kanthal A.

to take up thermal expansion of the sample. Temperature was
controlled using a Pt/Pt10%Rh (type S) thermocouple spot-
welded to the sample about 5 mm away from the point where
X-rays were incident on the sample, but on the opposite sur-
face. This avoids diffraction from the thermocouple while
minimizing the temperature difference between the thermo-
couple and the sample.

As discussed above, sample displacement does not attect
the accuracy of stress measurement. Still, it 1s essential that
the X-rays hit the sample face. A fluorescent crystal was
mounted behind the sample and a video camera is used to
observe the shadow that the sample casts on this crystal
when illuminated with X-rays. Al foil was used to shield the
crystal from the visible light emitted by the hot sample. The
sample was lowered until the incident beam just passes the
sample, then raised so the beam hits the center of the sample
face. This procedure was repeated each time the sample tem-
perature is changed.

The sample reaches thermal equilibrium rapidly at tem-
peratures above ~500 °C, where heat loss is primarily radia-
tive. Starting from room temperature, the temperature can be
stabilized at 800 °C to 1200 °C within 30 s. The temperature
profile is calculated by numerically solving the heat equa-
tion,

W2 2e0T? d-T
- ——+k
tw, t

dT
CP_EZPE

I

(1)

DAY
dx-

where C is heat capacity, p density, T temperature, p, elec-
trical resistivity, I electrical current, ¢ thickness. w width, ¢
emissivity, o the Stefan Boltzmann constant, « thermal con-
ductivity, and x position. We consider only radiation from the
sample faces, neglecting the edges. Taking, for example.
Kanthal A, C=4600J/kgK, p=7.1x10° kg/m’, p,=1.45
X107 Qm, t=05mm, w=I10cm, &=0.7 o=57
X 107% W/m?K*, and «=11 W/mK (Kanthal Handbook).
Taking /=118 A and iterating Eq. (1) until T converges
gives the profile in Figure 1.

The calculated temperature profile is very unitorm: T
varies by <1 K over the central 6 cm. The temperature talls
to room temperature over a region whose length 1s propor-
tional to \ x#/T?; the sample must be long and thin to have a
wide region of uniform temperature. Temperature uniformity
is, in fact, limited by the uniformity of sample thickness. A
10% variation in sample thickness will lead to a 2.5% varia-
tion in temperature.

Each stress measurement comprised five 26 scans over a
range of tilts from 30° to 66°. In the frame of the sample. the
X-ray beam was incident at a fixed angle while the detector

Specht, Tortorelli, and Zschack 70



1.0- FeCrAlY
[ }
{%
0.5+ " 1200°C
OO. ""‘"6"&"2”‘8-""%._"; 3 ugs
0 1 2 3 4
fay (]
© ‘lO*AAAAﬁA
ol | o 4 o
o " o ’
\U-)/ 05-4 ° 11OOOC m
g ¥
E 00—
7 0 2 4 6 8 10 12
1.0+
0.5 1OOW
O'an T W ’T x ¥ L || ' 1 ¥ 1
0 2 4 6 8 10 12
time (h)

Figure 2. Growth stress for FeCrAlY. Different symbols denote repeated
runs with similar samples.

rotated 1n an arc at a fixed Bragg angle. In the lab frame, this
was accomplished by setting the four-circle Euler angles
(Busing and Levy, 1966) to ¢=0 and w and y chosen to
solve cos(a)=sin(y)sin(fg+ w) (fixed glancing angle) and
cos(¢)=sin(y)cos(w) (proper tilt), where fg is the Bragg
angle, a the angle of incidence, and ¢ the desired tilt. A
linear variation of plane spacing with sin” ¢ was observed. to
within instrumental uncertainty. Each stress measurement
took from 5 to 15 min.

Al,O; Bragg angles were determined by least squares
fitting of observed peaks with Lorentzian squared lineshapes.
The Al,O; reflection from the FeCrAlY sample all have a
broader, low-angle shoulder, most likely from a second phase
of Al,O; that contains another metal substituting for Al, di-
lating the lattice. These were fit as a second peak, and results
from the more intense, sharper, higher-angle peak were used.
Strain was inferred from the slope of the 26 vs sin° W plot
using linear regression. This method does not require a priori
knowledge of the lattice parameter, so uncertainty regarding
the temperature or composition does not affect the accuracy
of the stress measurement. This multiple-tilt method of stress
analysis is described in Noyan and Cohen, 1987. a-Al,O; is
sufficiently isotropic that the Voigt and Reuss methods
(Noyan and Cohen, 1987) give equivalent results for infer-
ring stress from strain, using the temperature-dependent elas-
tic constants (Goto et al., 1989).

RESULTS

Growth stress for FeCrAlY is shown in Figure 2. At
1000 °C, scattering was initially weak and diffuse, and stress
could be measured only after about 15 min. At 1200 °C. mea-
surement time was the limiting factor; the first 5 min stress
measurement revealed sharp peaks. All three temperatures
are consistent with the same qualitative behavior: stress rises
from zero to a maximum of 1.2 GPa (tensile), then falls back
to zero. The time scale varies dramatically, so only the rising
stress 1s observed at 1000 °C, only the falling stress at
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Figure 3. Growth stress tor NiAl and NiAIHf. Open svmbols: NiAl Closed
symbols: N1AIHt.

1200 °C. while both are seen at 1100 °C. Difterent symbols
on the plots denote repeated measurements on different
samples. Reproducibility 1s good. except for variability in the
time scale. Because the time scale changes greatly with tem-
perature: this variability indicates a difference of ~10 "C in
temperature, that can be attributed to nonunitform sample
thickness, as discussed above.

Both NiAl alloys (Figure 3) exhibit behavior similar to
FeCrAlY. although 1f there 1s a period of increasing stress it
1s too fast to measure. The stress is already falling ott during
the first measurements at 1100 °C and 1200 °C and measure-
ments at 1000 °C (not shown) show the growth of spinel
phases rather than a-Al-O;. Stress in N1AIHTt falls to zero as
for FeCrAlY. while the initial tensile stress reverses to a
compressive stress of ~—0.2 GPa tor NiAl.

No significant growth stress was seen in Kanthal AF (not
shown). although a-Al-O; formed at 1000 “C. 1100 -C. and
1200 °C.

Stress relaxation was studied by observing the decayv ot a
thermal stress applied by abruptly changing the sample tem-
perature. Figure 4 shows both the change in lattice param-
eter. a measure of temperature, and the stress as the tempera-
ture of FeCrAlY is changed in 100 °C increments following
the growth of a-Al,O; for 2 h at 1200 °C. The tensile stress
is initially falling off as in Figure 3. Abrupt decreases (in-
creases) 1n temperature add a compressive (tensile) stress
component. While the relaxation behavior 1s complex and we
will not attempt to explain it here! it is clear that relaxation of
the thermal stress 1s much faster than the fallott of growth
stress.

Compressive stress relaxes over 5 to 30 min at 800 “C to
1100 °C. and in <5 min at 1200 °C. Tensile stress relaxes in
<<5 min at all temperatures.

Al,O; can form as metastable ““transitional”™ Al-O;. as
well as stable a-Al,O; (Grabke. 1999). The transitional
phases are modifications of the cubic spinel structure (Levin
and Brandon. 1998). Stress measurements were repeated us-
ing the Al,O;(113) reflection, taking a wide enough scan to
include scattering tfrom the (400) reflection of the spinel
structure. Measurements were taken at 1000 °C and 1100 -C.
where transitional Al-O; has been reported to torm (Grabke.
1999). Only a-Al,O; 1s observed tor FeCrAlY. A peak at the
(400) spinel Bragg angle 1s observed for Kanthal and
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Only tfor NiAl does the signature of transitional AL Oy
appear. A split peak occurs at the (4001 Bragg angle. along
with the a-ALO; peaks (Figure 5). growing tor ~ 15 min
then converting to «-AlLO; (Fig. 6). Tensile stress is ob-
served in a-ALO;, while transitional ALO L appears. Stress
could not be measured for transitional AlLO; because the
peaks are broad. weak. and overlapping.

DISCUSSION

Intense svnchrotron radiation allows measurement ot

crowth stress in the carly stages of growth. Using a labora-
tory: X-ray source. Schumann ¢r «l. could measure a growth
stress for a-ALO; on NiA©Lat 1100 C only atter tour hours
of arowth 1Schumann ¢r a/.. 2000). The results zero stress. s
consistent with this work. but misses the large. transient ten-
sile stress that can be observed using svnchrotron radiation
(Ficure 3). The Sarioglu er al. results for FeCrAlY are in
poor agreement. finding compressive stresses of 0.5 to 1.4
GPa atter several hours at 1000 C and 1100 C while in this
work we report a - 0.5 GPa rensile stress (Figure 2). This
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Ficure 6. tupper) Integrated area of «-AlLOL(113) and transitional

ALO(400) Bragg reflections: (lower) growth stress in a-AlLOx.

discrepancy is far outside any uncertainty in measurement,
SO we attribute it to a difference in samples. Scale growth on
FeCrAlY is known to be sensitive to S. among other ele-
ments (Messaoudi er al., 2000): the S content of Sarioglu’s
samples is not reported. Veal ef al. are using synchrotron
radiation to study growth stress in scale grown on single
crystals of NiAl: preliminary results show an mitial tensile
stress of ~0.6 GPa, falling to zero in ~3 h (Veal).

The only large growth stresses that we have observed are
tensile. Reviews of growth stress in oxide scales suggest that
“the major cause of stress is associated with a change in
volume as the metal is converted into oxide’ (Stott and At-
kinson. 1994: Pilling and Bedworth, 1923: Huntz, 1988). For
the reaction Fe-(Cr->oAl,— 0.99(Fe, ;Crs »Alg )
+(.5A1,0;. the Pilling—Bedford ratio (PBR. a measure of
this expansion) is 1.17 (relatively small because the alloy
contracts as it becomes depleted in Al). while for the oxida-
tion of NisyAls, the PBR is 1.77 (there is no significant vol-
ume change in this alloy due to compositional changes). Be-
cause both are greater than 1, the volume change would
cause a compressive stress. We must look to less conven-
tional mechanisms to explain the observed growth stress.

By measuring the relaxation ot applied thermal stresses,
it 1s seen that stress relaxes in 5 min or less at temperatures
of 1000°C or above (Figure 4). Assuming that growth
stresses relax by the same mechanism as thermal stresses,
this implies that the relatively slow relaxation of growth
stress is determined. not by relaxation mechanisms. but by a
dynamic equilibrium between the generation and relaxation
of stress. Since stress is most likely generated at the growth
front where the new oxide scale is formed. a natural expla-
nation for the decreasing growth stress lies in the increasing
thickness of the oxide. Even if the level of stress generated
by erowth is constant at the growth front. this is averaged
over the whole thickness of the film. reducing the average
stress that is measured by diffraction. A qualitatively similar
time dependence for the average stress in alumina scale on
FeCrAlY has been calculated by assuming that the new scale
is formed with a constant growth stress while the scale stress
relaxes by substrate creep (Bull, 1998).

A possible cause of tensile stress is the volume change
when transitional AL Oy converts to a-AlOy: volume de-
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creases, giving a PBR of ~0.85. The temporal coincidence
of transitional Al,O; and growth stress in NiAl (Figure 6)
supports this mechanism. However, a tensile stress 1s unex-
pected when the total reaction of metal to oxide has PBR
> 1. The reaction of metal to transitional Al,O5; will occur at
the metal-oxide interface, where the metal may accommo-
date stress by deforming plastically or be less constrained,
while the final conversion to a-Al,O5; occurs at an oxide—
oxide interface, where stress cannot be so readily relaxed. A
more serious objection is that while transitional Al,O; can
account for tensile stress in NiAl, it 1s not observed in
N1AlIHft or FeCrAlY, so another mechanism would be needed
to account for growth stress in this alloy. An explanation that
accounted for all results would be more compelling.

While a transient tensile growth stress is the opposite of
that predicted by Pilling and Bedford (1923), it is similar to
the behavior observed for thin films grown by physical vapor
deposition (Floro et al., 2001). For a variety of metals grown
on amorphous and polycrystalline Si and Ge, growth stress
starts near zero, reaches a maximum tensile stress, falls to
zero, then reverses to a smaller compressive stress. The ten-
sile growth stress is attributed to crystallite coalescence (Nix
and Clemens, 1999). As growing crystallites contact each
other at their bases, the energy associated with surface ten-
sion 1s minimized by the sidewall grain boundaries *‘zipping
up.”” placing the film under tension. It is not clear how this
mechanism would extend to oxide films that grow inward at
the metal-oxide interface. The mechanism of growth stress
for a-Al-O; scale may be similar. In the case of the scale,
growth stress likely continues long past island coalescence,
so the mechanism may be generalized to a rough interface
minimizing surface energy by a similar zipping process.
Growth stress falls to zero either as the interface becomes
smoother, or as the average stress in the films is reduced by
the film becoming thicker.

A microscopic study of the scales has shown that films
exhibiting a large transient tensile growth stress grow with a
columnar morphology through their entire thickness, while
those with lower growth stress grow with an initially more
equtaxed morphology (Tortorelli et al., 2003). This equiaxed
morphology may promote a smoother growth surface, mini-
mizing the stress produced by surface tension and the “is-
land coalescence™ mechanism. Evans and Cannon (1989)
point out that columnar oxides experience larger growth
stress because displacements at grain boundaries normal to
the interface do not contribute to stress.

Another mechanism for a tensile growth stress is pro-
posed by Cannon and Hou (1998). It Al and O vacancies are
at equilibrium at the scale surface and the scale—metal inter-
face. vacancies will be supersaturated at cracks and voids in
the scale. recombining at these sites and leading to high ten-
stle stress in thin scales. In thicker scales, creep by the sub-
strate will relieve stress in the scale.

CONCLUSIONS

High-temperature alloys based on FeCrAl and NiAl are
heated 1n air at temperatures ranging from 1000 °C to
1200 °C. Techniques have been developed tor X-ray stress
analysis of the resulting a-Al,O; scale in times as short as 5
min. Transient tensile stresses are observed, with magnitudes
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ranging from zero in Kanthal to ~1 GPa in NiAl. NiAlHt.
and FeCrAlY. The stress persists for times >12 h at 1000°
and ~0.5 h at 1200°. Because applied thermal stress relaxes
much more quickly, observed growth stresses must retlect a
dynamic equilibrium between stress generation and relax-
ation.

The observed tensile stresses are inconsistent with the
Pilling—Bedford mechanism. which predicts compressive
stress in all cases. One alternative is the conversion of tran-
sitional Al,O; to a-Al>,O;. for which the Pilling—Bedtord
mechanism does predict tensile stress. Transitional Al-O; 18
observed for one alloy (NiAl) only. during the growth period
where tensile stress is observed. A more widely applicable
alternative mechanism is the “zipping up of the grain
boundaries at a rough interface. where surface tension pro-
vides the energy to put the film under tensile stress.
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