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bstract

he three batches of Fecralloy foils, which differ from each other in contents of yttrium, that is, 10, 280 and 560 ppm, respectively, were chosen as
he thermally grown oxide (TGO), alumina (�-Al2O3) forming substrate. The creep tests were performed with the Fecralloy foils, which have the
-Al2O3 TGO of 0–4 �m thickness, on the surfaces. The creep rates decreased as the TGO thickness increased. The yttrium content above 280 ppm
elayed the creep rate of the Fecralloy substrate. The higher creep rate than that of the stand-alone polycrystalline alumina and the dependency of
he creep rate on TGO thickness agrees with the hypothesis that the high temperature creep of the TGO is a consequence of the inter-grain growth
f the TGO. The yttrium content of lower than 560 ppm did not affect on the creep rate of TGO. Tensile tests were performed with the same alloys,
hich have the �-Al2O3 TGO of 0–3 �m thickness. The tensile strength of the substrate itself increased with Y content by ∼20%. The tensile

tress of the �-Al2O3 TGO decreased with Y-content but it is almost constant, regardless of the TGO thickness. The peak stresses were found

t the strain range of ε = 0.7–1.5%, regardless of the TGO thickness, and the batches, thereafter, the parallel cracks perpendicular to the loading
irection, formed on the surface. The obtained stress–strain curves of TGO fluctuated. It showed a common feature, that is, a sharp stress drop
fter the initial yield point at σY = 40–85 MPa, but the stress increased again until the peak points, σUTS = 50–110 MPa.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Thermally grown alumina (�-Al2O3) forms on aluminum
ontaining alloys, for example NiAl, FeCrAl, at high temper-
ture in air due to the mechanism of outward diffusion of
etal cation and inward diffusion of oxygen anions.1–9 Alumina

xhibits better anticorrosion properties than other oxides such as
r2O3, FeO, at high temperature because of its slowly growing,
ense microstructure and good adherence. A major concern in
he oxidation behavior of alumina-forming alloys and coatings
s the ability of the oxide scale to withstand repeated thermal
atigues in high temperature applications, such as gas turbine
lades, vanes, combustors and so on.6,10–14 Therefore, it is nec-

ssary to understand the growth mechanisms and mechanical
trengths of oxides.
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The mechanism of �-Al2O3 oxide growth on FeCrAl has
een investigated. Equiaxed �-Al2O3 scales were found to
row by diffusion of simultaneous outward Al cations and
nward oxygen anions diffusion on undoped FeCrAl, whereas a
olumnar �-Al2O3 grain structures were produced on Y-doped
eCrAl by inward oxygen diffusion as outward Al diffusion
as suppressed.15–18 Also yttrium tends to promote �-Al2O3
ith finer grains.19 The dimensions of the columnar grains were

pproximately 1–2 �m in length and 0.4–0.6 �m in width.15

icrostructural studies have shown that the addition of yttrium
o an alumina forming alloy commonly results in an �-Al2O3
cale, which tends to be very flat in the absence of voids at the
nterface. This improvement is caused by Y2O3 particles that
ey the substrate to the oxide scale,20 whereas the yttrium-free
lloys tend to form a convoluted scale with interface voids.21

n addition, one more significant effect of yttrium, that is, the

eduction in growth rate of the oxide scale, is due to reduced
ation diffusivity.22 Amano et al. found that the Y-content gives
ood adherence on FeCrAl. The oxide scale could not be spalled
rom the substrate.23

mailto:kjkang@chonnam.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2008.05.051
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Table 1
Chemical composition of Fecralloy foils

Fe (%) Cr (%) Al (%) Mn (ppm) Si (ppm) Zr (ppm) Ti (ppm) Y (ppm)

Batch-I 73.6 21.4 4.71 790 310 1300 160 10
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placed in front of the test rig to obtain a series of digital images
on the specimen gage. In order to keep the heat generated by the
specimen from being transferred to the load cell, a compact water
cooler was installed between the upper grip and the load cell.
atch-II 72.9 21.7 5.30 1560
atch-III 73.3 21.4 5.10 1450

The mechanical properties of thermally grown �-Al2O3 thin
lms are important for the assessment and maintenance of

he protective effect of the films under operating conditions.
he properties of a material in the shape of the thin film are
ften different from those of a bulk because of the scale effect
nd anisotropic microstructure. Also, there might be metal-
urgical interaction between the TGO and the substrate. The

echanical properties of bulk �-Al2O3 for high temperature
eramic structural applications have been studied in detail.24–32

rench et al. reported that the tensile creep rate of bulk �-
l2O3 decreased by ∼2 orders of magnitude by the addition
f 1000 ppm Y, that is, Y-doped alumina strain hardened, and as
result, the strain rate decreased with increasing strain.30 They
ttributed this effect to the strong segregation of Y to the alu-
ina grain boundaries. In continuation to Cho et al. and French

t al. investigated the creep rates of bulk polycrystalline alu-
ina doped with rare earth elements such as Y and La.28,30

hey found lower creep rate in doped �-Al2O3 than in pure
-Al2O3.

Schutze and his colleagues used a 4-point bend test to
easure the mechanical properties of TGOs formed on metal

ubstrates, i.e., Ni, TiAl and mild steels.33–35 This technique
as suitable only for TGO thickness of more than 100 �m and

ailed for TGO thickness of less than 100 �m due to spallation
nd cracks. Except for this, data on the mechanical properties
f TGO formed on metal substrates were hardly found in the
iterature.

Recently, Kang and Mercer reported a new method for
n situ measurement of creep behavior of �-Al2O3 TGO
f 1–4 �m in thickness, formed on Fecralloy doped with
ttrium contents of 280 and 560 ppm at high temperature.36

he steady state creep rates were found to be higher than
hat of the bulk polycrystalline �-Al2O3. These rates consid-
rably decreased as the �-Al2O3 TGO thickness increased.
he yttrium contents also influenced the creep rate by

orming Y2O3 or YAG, as in the bulk polycrystalline �-
l2O3. The changes in the specimen length under negligible

pplied stress also suggested that the amount of yttrium
ould have influenced the growth strain as well as the creep
ate.

In continuance with the earlier work, the objective of this
ork is to study not only the creep properties of �-Al2O3 TGO

ormed on the lower Y doped alloy, but also the tensile properties.
amely, three batches of alloy foils, including a batch with vir-

ually no yttrium content, were used. Creep tests were performed

or the lowest Y-doped batch having �-Al2O3 TGO of 1–4 �m
hickness on the surfaces. And tensile tests were performed on
he three batches with �-Al2O3 TGO of 0–3 �m thickness on
he surfaces.
560 720 800 280
440 800 510 560

. Experimental protocol

.1. Materials and preparation

The creep and tensile tests were performed on an alumina
orming, commercially available heat resistant alloy, Fecral-
oy. Three batches of Fecralloy were acquired in the form of
old-rolled foils having a thickness of 100 �m. The chemical
ompositions were analyzed by the Atomic Emission Spectrom-
ter (PerkinElmer, OPTIMA 4300 DV). The results are listed
n Table 1. They differ primarily in Y: with batch-I containing
0 ppm; batch-II containing 280 ppm and batch-III containing
60 ppm. These foils were cut into ribbons with lateral dimen-
ions of ∼5 mm × 50 mm. Thereafter, they were annealed and
olished. The detailed process is given in the previous work.36

.2. Test systems

For the measurement of creep properties of alumina TGO, a
ovel micro-creep test system has been used, that is the same
s well as in the earlier work.36 For tensile tests, the specimens
ere loaded by a specially designed micro-tensile test machine.
icro-tensile test machine is shown in Fig. 1. Its specifications

re given in Table 2. The loading actuator was a stepping motor
nd it was capable of controlling the conveying distance with
resolution of 0.05 �m. A CCD camera with a zoom lens was
Fig. 1. Micro-tensile test system with TGO thickness sensor (right).
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Table 2
Specifications of the micro-tensile tester

Properties Range Precision

Load 0–20 N 0.02 N
Displacement −10 ∼ +10 mm 0.05 �m
TGO thickness 0–5 �m 0.1 �m
Temperature RT ∼ 1300 ◦C 3 ◦C
Specimen size ength: 40–100 mm, thickness:

0.05–1 mm, width: 4–10 mm
Temperature slew rate 50 ◦C/s
Minimum period of load
c

200 s in the full range of displacement
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wo IR pyrometers, each having different wavelengths, were
nstalled in the rear of the test rig in order to measure the TGO
hickness by EDM and temperature in situ.37

.3. Test and measurement procedure

To determine the creep or tensile properties of the substrate,
tself, the Fecralloy specimens were heated to 1200 ◦C in pure
ry argon environment, and load was applied and the displace-
ents were measured. The TGO formed during these tests was

etermined to be minimal (thickness < 0.3 �m). When the spec-
mens were heated to such a high temperature, they radiated like
filament of a light bulb.

To measure the creep properties of the TGO, the same pro-
36
edure as in the earlier work was adopted. Before the tensile

ests, the alumina powder (particle size: 0.05 �m)–water mix-
ure was sprayed on each specimen gage-section and dried for
h at 100 ◦C in an electric oven. This left clear random dots

D
e
C
d

ig. 3. Images taken from the specimen surface during a tension test at 1200 ◦C and
wo points on the specimen (left: upper point; right: lower point).
ig. 2. Configurations of micro-tensile specimens and random dots sprayed on
specimen’s gage section.

n the surface, as shown in Fig. 2. The dots on the surface
f the tensile specimen enabled strain mapping of the images
aken during the test. Namely, the dots served as the speckle
attern, which was used to measure the displacement via the

igital Image Correlation (DIC) technique. Fig. 3 shows the

xamples of the images of a specimen surface taken by the
CD camera. In the images, the two inserts show contours of
isplacement distribution measured via DIC software, VIC-2D

the inserts are contour maps of displacement in the vertical direction around
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H < 400 �m. The steady-state creep results of �-Al2O3 TGO
of thicknesses from 1 to 4 �m of all the three batches obtained
below 200 MPa are summarized in Fig. 7. For batches I and
II, the steady state creep behaviors coincided with each other
ig. 4. SEM mapping of cross section around TGO formed on the highest Y-
ontaining substrate (batch-III).

http://www.correlatedsolutions.com). During the tensile test,
he displacement was controlled at a speed of 10 �m/s.

.4. Characterization

The weight and dimensions were measured before and after
ach test. The polished cross sections were used to check the
GO thickness. The scanning electron microscope (SEM) map-
ing and energy-dispersive spectroscopy (EDS) were employed
o obtain compositional information of the TGO and the alloy.

SEM-mapping for the TGO with the highest yttrium con-
ent, i.e., the batch-III, is shown in Fig. 4. The elements
resented in �-Al2O3 TGO and Fecralloy itself were also
onfirmed by EDX measurements. The TGO exhibited dense,
niform, void free interface (TGO/alloy) and only �-Al2O3
atrix.

. Result and discussion

.1. Creep properties

The creep responses of the Fecralloy substrate itself of three
ifferent yttrium contents, respectively, are shown in Fig. 5.
hese preliminary test results can be fitted to a formula of steady
tate creep: ε̇ss/ε̇0 = (σ/σ0)n, with a reference strain-rate, ε̇0
taken to be ε̇0 = 10−6 s−1). In this formula, the reference stress,
0 = 0.58 MPa, n = 2.5 for the batch-I alloy; σ0 = 1.85 MPa, n = 4

or the batch-II alloy, and σ0 = 0.55 MPa, n = 2 for the batch-III
lloy were obtained. These relations were to be used to de-
onvolute the stress supported by the substrate in the following
easurements, upon consideration that the strain-rate must be

dentical in the substrate and TGO. Fig. 5 shows that at a given

train rate, the stress associated with yttrium concentration of
80 ppm was higher than that with concentrations of 10 and
60 ppm. When the strain rate was around ε̇ ≈ 10 × 10−6 s−1,
he stress level was about 1–3 MPa.

F
t

ig. 5. Creep strain rate versus applied stress of Fecralloy itself of three different
ontents of Y: 10, 280 and 560 ppm measured in Argon ambient at 1200 ◦C.

When the TGO formed on specimen’s surface, however,
egardless of the Y content, the substrate had virtually no contri-
ution on the creep resistance, as shown in the previous work36

or the batch-III alloy. Namely, when stress acting in TGO was
alculated by σTGO = P/2Wh based on the assumption that the
GO sustained all the external forces, as illustrated in Fig. 6,

he test results with different thicknesses of the substrate, H,
n atmosphere revealed no difference in ε̇–σTGO curves for a
iven TGO thickness, h, provided that TGO thickness, h, and
he substrate thickness, H, were in a range of h > 1 �m and
ig. 6. Illustraion of stress distribution in TGO under the external load, P, when
he substrate has no strength.

http://www.correlatedsolutions.com/
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ig. 7. Strain rate versus stress-in-TGO data measured from creep tests of
atches I, II and III with TGO of four different thicknesses: h = 1, 2, 3 and
�m.

ith in an experimental error range. TGO thickness significantly
ffected the creep rate, that is, the creep rate decreased with
GO thickness. On the other hand, for batch-III which con-

ained the highest Y, creep behaviors were totally different from
he other two batches. The creep rates were much lower and
he dependency on TGO thickness was substantially weakened.
owever, even for batch-III, when the creep rates are plotted

gainst TGO thickness as shown in Fig. 8, the dependency on
GO thickness is obvious. This agrees with the hypothesis of

he author’s previous work.36 Namely, the deformation of the
GO under tensile stress at high temperature is not a result
f typical creep mechanisms such as diffusion of vacancies or
ntragranular motion of dislocations,38–39 but a result of inter-
rain growth of TGO, that is, generation of new oxide along the
rain boundaries perpendicular to the loading direction causes

he lengthening. Therefore, a thicker TGO means a longer path
or the ions, which results in the lower rate of deformation as a
ind of creep.

ig. 8. The creep rates, ε̇ss, versus TGO thickness, h, under various applied
tresses measured from the batch-III specimens.
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ig. 9. Stress–strain curves of Fecralloy substrates of batches I, II and III
btained from tension tests at 1200 ◦C in Argon ambient.

.2. Tensile properties

Fig. 9 shows the tensile stress–strain curves for the substrate
tself of the three batches tested in the argon environment. The
urve shows that the yield strength, σY, increases from 7.6
o 9.2 MPa as the yttrium content increases from batch-I (Y:
0 ppm) to batch-III (Y: 560 ppm). At strain ∼1%, the stress
ncreases from 9.8 to 11.2 MPa with the increase of yttrium
ontent.

The total load versus strain curves for specimens oxidized in
ir at various oxide thicknesses, h = 0, 1, 2 and 3 �m, at 1200 ◦C
or batches I, II and III are shown in Fig. 10(a), (b) and (c),
espectively. As the TGO thickness increases, the total load for
given strain increases; this means that the TGO formed on the

urface substantially reinforced the specimens. The TGO scales
ormed on all three batches were observed to be of nearly uni-
orm thickness across the entire interface and composed entirely
f �-phase alumina. Therefore, assuming no interaction between
he substrate and TGO, the TGO stress, σTGO, for a tensile
pecimen is been calculated by using the following equation:

TGO ≈ P − σMHW

2hW
,

here H is the thickness of the substrate, h is the TGO thickness,
M is the stress imposed on the substrate, P is the total load and

is the specimen width, as illustrated in Fig. 6. This equation
eans that the load imposed on the TGO is calculated by sub-

racting the load due to the stress imposed on the substrate metal
tself from the total load. Fig. 11(a), (b) and (c) shows the σTGO–ε

urves for specimens of batches I, II, and III, respectively. In
ach figure, three σTGO–ε curves are plotted for three different
GO thicknesses, h. Even though there are significant scatters,
ll the curves have a consistent feature, regardless of the batches,

hat is, regardless of the yttrium contents. Namely, after the ini-
ial yield point, the stress rapidly drops to a certain limit and
hen increases again gradually. Fig. 11(a) shows that the TGO
ormed on batch-I specimen has the yield stress of 75–85 MPa
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Fig. 10. Load–strain curves measured from tension tests of specimens oxidized
in air at 1200 ◦C with TGO thickness variation (0, 1, 2 and 3 �m) (a) batch-I (Y:
10 ppm), (b) batch-II (Y: 280 ppm) and (c) batch-III (Y: 560 ppm).

Fig. 11. Stress–strain curves of TGO formed at 1200 ◦C (a) batch-I (Y: 10 ppm),
(b) batch-II (Y: 280 ppm) and (c) batch-III (Y: 560 ppm).

Table 3
Tensile properties of Al2O3 TGO formed on Fecralloy foils at 1200 ◦C

Batch Y content (ppm) Yield stress, σY (MPa) Ultimate tensile strength, σUTS (MPa) ε at σUTS (%)

I 10 75–85 60–80 0.8–1.0
II 280 65–70 80–110 1.0–1.5
III 560 40–60 50–60 0.6–1.2
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nd ultimate tensile strength of 60–80 MPa. Fig. 11(b) and (c),
owever, show that the TGOs formed on batches II and III have
he yield stress of 65–70 and 40–60 MPa and ultimate tensile
trength of 80–110 and 50–60 MPa, respectively. The strain at
he ultimate tensile strength ranges 0.6–1.5%. On the whole, the
GO formed on batch-II is strongest. These tensile properties
re summarized in Table 3.

To the authors’ knowledge, no data on the tensile proper-
ies of thermally grown alumina formed on a metal substrate at
uch a high temperature has been reported in literatures. Even
or bulk polycrystalline alumina, the tensile properties at high
emperatures are hardly found. According to a review paper by

unro, the ultimate tensile strength of bulk alumina with grain
izes of 1–6 �m is about 130 MPa at 1200 ◦C.40 No detailed
tress–strain curves are available. Compared with 130 MPa, the
ensile strength of �-Al2O3 TGO formed on Fecralloy at the
ame temperature was found to be somewhat lower but com-
arable. And the unique feature of the stress–strain curves of
GO and the substantial deformation before final break are unex-
ected. As shown in Fig. 10(a) to (c), the �-Al2O3 TGO provides
ood mechanical protection, tolerating deformation up to 1–2%
train, as well as good protection against high temperature corro-
ion. This might be the reason why the �-Al2O3 TGO is preferred
n applications subjected to thermal cycling such as gas turbine
omponents.

Despite of the large scatter, the effect of Y content on the
ensile properties of TGO itself is significant, as shown in
igs. 10 and 11. The reason for this is yet to be solved. The chem-

cal composition was analyzed with EDS and back scattering
lectron imaging,36 but meaningful results could not be obtained
ue to the limited precision of the techniques. The answer may
e provided by a study of the microstructural difference among
he TGOs, which will be investigated in a future work.

. Conclusion

New material test systems based on Joule heating and a new
GO thickness sensor, which enables in situ monitoring on a
pecimen surface at high temperature, have been used to mea-
ure the creep and tensile properties of thermally grown oxide
TGO) alumina formed on metal foils at 1200 ◦C. Three batches
f Fecralloy foils, which differ from each other in contents of
ttrium, that is, 10, 280 and 560 ppm, respectively, were chosen
s the TGO forming substrate. The following conclusions were
btained from the results:

(i) Creep rates of TGO �-Al2O3 films on Fecralloy substrates
were much higher than those observed in bulk polycrys-
talline alumina. Creep rates decreased as the TGO thickness
increased. These two findings agree with the hypothesis
that the high temperature creep of TGO is a consequence
of inter-grain growth of the TGO.

(ii) Y-content of 560 ppm in the Fecralloy substrate delayed

the creep rate of the TGO formed on it, while the Y-content
of 280 ppm did not produce any significant difference in
the creep properties from those of the TGO formed on the
substrate with Y-content of 10 ppm (virtually zero).

1

1

Ceramic Society 29 (2009) 355–362 361

iii) Even though there were significant scatters, the tensile
stress–strain curves of the TGO formed on the three batches
showed a common feature. Namely, after the initial yield
point, the stress rapidly dropped to a certain limit and then
increased again gradually. Consequently, the �-Al2O3 TGO
provided good mechanical protection tolerating deforma-
tion up to 1–2% strain as well as good protection against
high temperature corrosion.

iv) The yield stress of the TGO ranged from 40 to 85 MPa
and ultimate tensile strength ranged from 50 to 110 MPa.
On the whole, the TGO formed on batch-II was strongest
and toughest. These strengths were somewhat lower or
comparable to previous data of stand-alone polycrystalline
alumina.
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