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a b s t r a c t

Alloy 617 has been selected for the intermediate heat exchanger (IHX) of the very high temperature gas-
cooled reactor (VHTR) for the economic production of electricity and hydrogen. In this work, the
strengthening effects of Cr2O3 thermally grown on alloy 617 foils at 800 and 900 �C were investigated.
A micro-tensile test system was used for in situ measurement of tensile strain in the foils and superficial
thermally-grown Cr2O3. Each foil was heated until the thermally-grown Cr2O3 reached a predetermined
thickness; then, a load was applied to measure the tensile response. As the Cr2O3 layer thickened on the
surface of the metal foils, the strengths and stiffnesses of the foils were enhanced. We assumed that there
was no interaction between the substrate and the superficial chromia, and the strength of Cr2O3 itself was
measured. At 800 �C, the Cr2O3 was brittle and the strength was governed by crack initiation. At 900 �C,
the Cr2O3 was much more ductile, and strain hardening was observed for even the smallest thickness. The
strength was maintained even after crack initiation was observed on the surface.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The service life of metallic components used at high tempera-
tures often depends on the formation of thin protective superficial
oxide scales. Failure in producing chemically- and thermo-
mechanically stable oxide scales leads to severe degradation of
metallic components under service conditions. Some stable oxides
such as a-Al2O3 and Cr2O3 are known to possess good mechanical
properties and corrosion protection at high temperatures [1–4]. A
thin, continuous scale of adherent, slow-growing alumina and/or
chromia provides an effective diffusion barrier which protects
the underlying alloy from deleterious oxidation [5–12]. For this
reason, alloy 617 has been selected for the intermediate heat ex-
changer (IHX) of the very high temperature gas-cooled reactor
(VHTR) for the economic production of electricity and hydrogen
[13–22]. Oxidation tests of alloy 617 have demonstrated that the
Cr-contained superalloys usually develop chromium-rich dense
surface oxide scales and internally discrete a-Al2O3 in ‘‘balanced”
VHTR environments [19,23–29]. However, above a critical temper-
ature TC (TC > �900 �C), the oxide scale suffers from a destructive
reaction and cannot provide any protection against further corro-
sion. The Cr-rich oxide scale growth kinetics of bare alloy 617
obeys a parabolic rate law during the entire oxidation test [27,29].

The mechanical properties of the thermally-grown oxides
(TGOs) which form on heat-resistant alloys are essential consider-
ll rights reserved.

: +82 62 530 1689.
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ations for structural design and corrosion protection at high tem-
peratures. It is expected that the Cr-rich oxide scale has a
beneficial effect on the tensile strength of alloy 617 components,
as observed in Fecralloy foil specimens [30]. Wright [25] investi-
gated the role of oxide layers on the tensile properties of a stan-
dard specimen (cylindrical type) of alloy 617. They observed
that the yield strength at room temperature decreased as expo-
sure time increased at 1000 �C. The main objective of this work
is to investigate the strengthening effect of thermally-grown
Cr2O3 on the tensile properties of 100 lm-thick foils of alloy
617 at 800 and 900 �C. Initially, tensile properties of stand-alone
alloy 617 foils were measured at 800 and 900 �C in an Argon envi-
ronment. Then, the foils were exposed in air for oxidation until
thermally-grown Cr2O3 of a predetermined thicknesses formed
on the surfaces. The tensile properties of the metal foils with ther-
mally-grown Cr2O3 on their surfaces were measured at the same
temperatures. The microstructures of the oxides and the metal
substrates were observed under a scanning electron microscope
(SEM) combined with energy dispersive X-ray (EDX) mapping.
We assumed that no interaction between the TGO and metal oc-
curred, and the tensile strength of thermally-grown Cr2O3 was
calculated.
2. Experimental: material preparation and the micro-tensile
test system

Tensile tests were performed with foil specimens of commer-
cially available Ni-based alloy 617. Details of the chemical
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composition of alloy 617 and the preparation of the foils are given
in our earlier publications [29,31]. The specimens of alloy 617 were
cold-rolled foils with a thickness of �100 lm. The cold-rolled foils
were annealed in a vacuum at 950 �C for 17 h and furnace-cooled
at a rate of 5 �C/min. The foils were cut into ribbons with lateral
dimensions of 5 � 50 mm2 and the gage section of the tensile spec-
imens (�3 � 15 mm2) were prepared for the tests. Thereafter, they
were mechanically ground and polished to a 1 lm finish. Prior to
testing, each specimen was cleaned in acetone, and its dimensions
and weight measured with accuracies of ±10 lm and ±10 lg,
respectively.

Fig. 1 shows a schematic illustration of the micro-tensile test
system used for the experiments. The loading actuator is a stepping
motor capable of controlling the displacement with a resolution of
0.05 lm. A charge-coupled device (CCD) camera with a zoom lens
was placed in front of the test rig to obtain a series of digital images
of the specimen. Two infrared pyrometers, each having different
wavelengths, were installed in the rear of the test rig to measure
the thermally-grown Cr2O3 thicknesses by the emissivity differ-
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Fig. 2. Configurations of the specimen foils: (a) schematic illustration of the dimen
ence method and temperature in situ [32]. Specific details of the
micro-tensile test system and its specifications are given in [30].
Fig. 2 shows the configuration of the tensile specimens and the
heated foil (heated via electricity passed through the specimen in
a test rig). Before the tensile tests, alumina powder (particle size:
0.05 lm) and water mixture was sprayed on each specimen’s gage
section and dried for 2 h at 100 �C in an electric oven. This resulted
in clear random dots on the surface of the gage section of the ten-
sile specimen, thereby enabling strain mapping of the images ta-
ken during the test. The dots served as a speckle pattern which
was used to measure the displacement (tensile strain) using the
digital image correlation (DIC) technique [30]. The specimens were
oxidized at 800 and 900 �C in air within the test system as they
were subjected to a minimum load (Pmin � 0.1 N). To observe the
microstructures (i.e., the TGO thickness, chemical composition of
the oxides, and the penetration depth of internal oxide), the foils
were cut normal to the surface, polished with SiC grit papers fol-
lowed by a 1 lm diamond suspension, and cleaned ultrasonically
in acetone.
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sion of the foil, (b) a polished foil, and (c) photo of heated foil in the test rig.



Fig. 4. Variation of the thicknesses of TGO formed on the foils of alloy 617 with
respect to oxidation time at 800 and 900 �C.
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3. Results and discussion

Fig. 3a–d shows SEM images of the cross sections of the oxi-
dized foils of alloy 617 at 800 and 900 �C for 8 h and 48 h, respec-
tively. The formation of surface oxides and the penetration depths
of internal oxide increased as the oxidation time increased at both
oxidation temperatures. To obtain the composition near the oxides,
energy dispersive X-ray (EDX) mapping was used. According to the
EDX mapping analysis, the uniform surface oxide scale was identi-
fied as chromia (Cr2O3), and the discrete internal oxide was alu-
mina (a-Al2O3) [29]. For a single value of chromia TGO thickness,
fifty measurements were carried per a SEM image of the cross sec-
tion, and averaged. The standard deviations were almost constant
in a range of 0.3–0.35. The variation of average chromia thickness
versus oxidation time is shown in Fig. 4. The chromia thickness in-
creased with oxidation time. At 800 �C, the TGO thickness in-
creased from 0.10 to 1.10 lm as the oxidation time increased
from 1 h to 72 h, whereas at 900 �C, the TGO thickness increased
from 0.70 to 3.10 lm as the oxidation time increased from 1 to
72 h.

Fig. 5a and b shows the stress–strain curves of the rolled-an-
nealed foils of alloy 617 with thicknesses of thermally-grown chro-
mia on the surfaces at 800 and 900 �C, respectively. The tensile
properties of the metal foil with zero thickness of chromia were
measured at 800 and 900 �C in an Argon gas environment. For
the tensile tests of the metal foils with chromia on the surfaces,
each foil specimen was exposed for oxidation in the test rig at
Fig. 3. Typical scanning electron microscopic (SEM) images of cross sections near the surf
900 �C for 8 h, and (d) 900 �C for 48 h.
the previously mentioned temperatures until the chromia TGO
reached a pre-specified thickness. Thereafter, load was applied to
measure the tensile strain. The thickness of metal substrate of each
specimen, H, was measured again with accuracy of 1 lm by micro-
scopic observation for the polished cross sections, after the oxida-
tion and tensile test. In the figures, regardless of the test
temperatures, the stress–strain curves always go upward as the
ace of the oxidized foils of alloy 617 in air at (a) 800 �C for 8 h, (b) 800 �C for 48 h, (c)



Fig. 5. Stress–strain curves of alloy 617 foils with various thicknesses of Cr2O3

thermally grown in air at (a) 800 �C and (b) 900 �C. Fig. 6. Variation of yield strengths (YS) and ultimate tensile strengths (UTS) with
respect to TGO thicknesses formed on foils of alloy 617 at (a) 800 �C and (b) 900 �C.

Fig. 7. Variation of Young’s modulus with respect to TGO thicknesses formed on
foils of alloy 617 at 800 and 900 �C.
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oxidation time increased, which clearly shows the strengthening
effect of the chromia formed on the alloy 617. In order to check a
possibility that the aging of the substrate exposed long time at
the high temperature even without oxidation influenced the
strength, an independent specimen was aged for 48 h at 900 �C
in Argon environment, and tested to measure the tensile stress–
strain curve. The result was also included in Fig. 5b. Compared with
non-aged virgin specimen, the aged specimen revealed a little
hardening in the strength. However, SEM observation on the cross
section of the surface revealed the chromia with thickness of 0.4–
0.5 lm, which seems to be due to slightest content of oxygen
remaining in the environmental chamber. Therefore, it is con-
cluded that the aging induced negligible effect on the strength of
the substrate alloy because the specimens were fully annealed at
the higher temperature of 950 �C for 17 h before they were tested.

To characterize the strengthening effect, the variations of yield
strength (YS) and ultimate tensile strength (UTS) at 800 and 900 �C
with chromia thickness are shown in Fig. 6a and b, respectively. At
800 �C, the YS increased from 113.46 to 151.84 MPa and the UTS
increased from 201.78 to 226.96 MPa as the TGO thicknesses in-
creased from 0.10 to 1.10 lm. At 900 �C, the YS increased from
92.22 to 128.61 MPa and the UTS increased from 121.82 to
159.41 MPa as the TGO thicknesses increased from 0.70 to
2.20 lm. The increased strength of alloy 617 foils with ther-
mally-grown Cr2O3 indicated that the uniform TGO on the surfaces
resulted in metal strengthening at the elevated temperatures.

Fig. 7 shows the variation of Young’s modulus with respect to
chromia TGO thicknesses at 800 and 900 �C. At 800 �C, Young’s
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modulus increased from 130 to 250 MPa as the TGO thickness in-
creased from 0 to 1.10 lm. At 900 �C, Young’s modulus increased
from 80 to 175 MPa as the TGO thickness increased from 0 to
2.2 lm. As shown in Figs. 6 and 7, the chromia TGO formed on
the surfaces enhanced not only the strengths but also the stiffness-
es of the foil specimens.

Assuming no interaction between the substrate and the super-
ficial chromia TGO, the stress acting on the TGO layer, rTGO, was
calculated for a tensile specimen as follows:

rTGO ¼
F � rMetal � H �W

2� h�W
ð1Þ

where F is the total applied force; rMetal is the stress acting on the
metal substrate, which was assumed to be the same as that
measured in an inert gas (dry Ar gas) environment; H is the thick-
ness of the substrate; h is the TGO thickness; and W is the specimen
width at the gage section. Eq. (1) means that the stress acting on the
TGO is calculated by subtracting the contribution of the stress
acting on the substrate metal from the total force. Fig. 8a and b
shows the stress–strain (rTGO–e) curves of thermally-grown Cr2O3

at 800 and 900 �C, respectively. The maximum stress of ther-
mally-grown Cr2O3 was observed to range from 4 to 5 GPa at
800 �C as the Cr2O3 thickness increased from 0.3 to 1.1 lm. At
900 �C, distinct yield points were observed and varied from 1.2 to
1.8 GPa as the thickness increased from h = 0.7 to 2.2 lm. At
Fig. 8. Stress–strain curves of thermally-grown Cr2O3 with various thicknesses at
(a) 800 �C and (b) 900 �C.
800 �C, comparing the load-time data with the images taken by
the CCD camera, the moment at which the stress started to drop
rapidly corresponded to crack initiation on the specimen’s surface.
That is, the maximum stresses were governed by the crack initiation
in the thermally-grown Cr2O3. On the contrary, at 900 �C, after some
decrease following the yield points, the stress level maintained up
to 4.5% strain, and strain hardening was observed for h = 0.7 lm.
We conclude that at 800 �C, thermally-grown Cr2O3 can provide
excellent mechanical protection with deformation tolerated up
to only 0.5% strain. At 900 �C, the protection decreased significantly
with considerably more deformation tolerated – up to �4.5%
strain – even after cracks were initiated.
4. Conclusion

The strengthening effects of Cr2O3 thermally grown on alloy 617
foils were investigated at 800 and 900 �C. The strengths and stiff-
ness of the metal foils were enhanced with the chromia formed
on the surface, which indicated that the surface oxide played an
important role in the durability of the alloy at elevated tempera-
tures. Assuming no interaction between the substrate and the
superficial chromia TGO, at 800 �C, the maximum stress of the
chromia was observed to vary from 4 to 5 GPa as the thickness in-
creased from 0.3 to 1.1 lm, while at 900 �C, the yield point was
clearly observed and varied from 1.2 to 1.8 GPa as the thickness in-
creased from 0.7 to 2.2 lm. However, at 800 �C, the Cr2O3 was brit-
tle and the strength was governed by crack initiation, while at
900 �C the Cr2O3 was much more ductile and maintained its
strength, and even strain hardening was observed for the Cr2O3

with the smallest thickness. We conclude that at 800 �C, ther-
mally-grown Cr2O3 can provide excellent mechanical protection
with deformation tolerated up to only 0.5% strain, while at
900 �C the protection decreases significantly, with much more
deformation tolerated up to �4.5% strain even after cracks are
initiated.
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