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a b s t r a c t

The microstructure of thermally grown oxides (TGO) and the creep properties of alloy 617 were investi-
gated. Oxidation and creep tests were performed on 100 lm thick foils at 800–1000 �C in air environ-
ment, while the thickness of TGO was monitored in situ. According to energy dispersive X-ray (EDX)
mapping micrographs observation, superficial dense oxides, chromia (Cr2O3), which was thermodynam-
ically unstable at 1000 �C, and discrete internal oxides, alumina (a-Al2O3), were found. Consequently, the
weight of the foil specimen decreased due to the spalling and volatilization of the Cr2O3 oxide layer after
an initial weight-gaining. Secondary and tertiary creeps were observed at 800 �C, while the primary, sec-
ondary and tertiary creeps were observed at 1000 �C. Dynamic recrystallization occurred at 800 �C and
900 �C, while partial dynamic recrystallization at 1000 �C. The apparent activation energy, Qapp, for the
creep deformation was 271 kJ/mol, which was independent of the applied stress.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction 950 �C. They also reported that the kinetics of its oxidation was
Very high temperature gas-cooled reactor (VHTR) designs aim
for hydrogen production and electric power generation. Ni-base al-
loys are the candidate materials for VHTR due to their excellent
material properties, namely, oxidation resistance, creep strength,
and phase stability, at high temperatures. Alloy 617 has been se-
lected as a potential candidate for use in the construction of the
internal components, piping, and heat exchangers of the VHTR
[1,2]. Alloy 617 is an austenitic solid-solution strengthened, Ni-
base alloy, which contains chromium (Cr), cobalt (Co), molybde-
num (Mo) and aluminum (Al). Al and Cr contents protect the alloy
from oxidation reaction at high temperatures. Mo and Co provide
solid solution strengthening, and M23C6 carbides provide strength
through precipitation hardening [1,3–8]. This solution is normally
used in the annealed condition, which provides a coarse grain
structure to realize the best creep rupture strength [9–10].

The predicted service temperature of VHTR can reach 1000 �C or
higher. At this temperature, the oxidation behavior of alloy 617 be-
comes one of the major life-limiting factors. Thermally grown
oxide (TGO) is usually formed on the surface of the alloy when
the alloy is exposed to high temperature in air and moisture con-
taining inert gaseous environment. The TGO might play an impor-
tant role in enhancement of the creep strength; that is, it increases
the resistance to creep failure at elevated temperatures [11].
Therefore, it is necessary to investigate the oxidation behavior of
the alloy in an air environment. Christ et al. [12] have shown that
a compact layer of Cr2O3 was formed on the surface of alloy 617 at
ll rights reserved.
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determined by the transport of CO2 and H2O in an inert gas.
Alloys are subject to degradation due to creep when they are ex-

posed to VHTR for a prolonged period. Therefore, the creep proper-
ties of candidate alloys should be well understood and thoroughly
characterized before the alloys are used in the design and construc-
tion of internal components of VHTR. The creep rupture lives are
known to be strongly dependent on the alloy’s microstructure as
well as the test temperature and the applied stresses. Extensive
creep studies have indicated that the creep rate of a metal is pro-
portional to both the diffusion coefficient and the power of the ap-
plied stress [13]. The effects of recrystallization and grain boundary
migration on the creep strength of alloy 617 at 1100 �C were stud-
ied. Partial recrystallization was observed during a creep test after
the alloy was annealed at 1000 �C [6].

With respect to VHTR application, Shankar et al. [10] have
investigated the environmental effect on the creep fracture charac-
teristic of alloy 617 at high temperatures. Creep fracture in pure He
and He + O2 environments occurred by the ductile mode at all ap-
plied stresses, while the fracture in He + CH4 environment occurred
by cleavage mode at lower applied stresses and by ductile mode at
higher applied stresses. Totemeier et al. [14] have also investigated
the creep fatigue behavior of alloy 617 in inert gaseous and air
environments at 1000 �C. For most test conditions, the fatigue lives
were longer in the inert gaseous environments than in the air
environment. Cavitation damage was observed in the tensile hold
periods in all environments.

This research investigates the isothermal oxidation, creep
behavior, and associated microstructures of the alloy 617 foil
specimens at high temperatures in air environment. The oxidation
tests were performed at 800, 900 and 1000 �C. The weight gains
were measured after the predetermined oxidation hours. The
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microstructures of oxides were investigated under scanning elec-
tron microscope (SEM) and energy dispersive X-ray (EDX) map-
ping. The creep tests was performed to evaluate the influences of
temperature and applied stresses on the creep rupture life, rupture
strain, steady state creep rate, and associated microstructure. The
relation between the creep properties and changes in microstruc-
ture such as dynamic recrystallization were analyzed through an
optical microscope. The creep life, tf, and total creep strain to fail-
ure, ef, were measured in situ. The steady state creep rates, _ess, and
the apparent activation energy, Qapp, for the creep deformation
were calculated from the strain-time-temperature curves.

2. Experimental protocol

2.1. Materials and preparation

Commercially available alloy 617 was used for the experiments.
The elemental composition (wt%) of alloy 617 is given in Table 1.
The fabrication of the specimens for oxidation/creep tests is shown
in Fig. 1. A sheet of alloy 617 was cut into pieces of thicknesses
from 0.50 to 1.00 mm using the wire-cutting technique. These
samples were annealed (being enclosed in a vacuum sealed quartz
tube) in a tube furnace at 950 �C for 17 h. Thereafter, these samples
were cold rolled and cut into ribbons with lateral dimensions
�5 mm � 50 mm. Prior to tests, all the foil specimens were an-
nealed in vacuum again for the above-mentioned time and temper-
ature to promote recrystallization, stabilize the grain structure, and
eliminate the residual stress. Surface oxides were then removed by
surface-polishing with 1000, 1200, 1500 grit SiC papers. Polishing
was also performed with a paste of 1 lm diamond suspension.
After each preparation step, the specimens were thoroughly
cleaned ultrasonically with acetone and dried by blowing with
pure compressed nitrogen gas. The dimensions and weight were
measured before and after each experiment within accuracies of
±10 lm and ±10 lg, respectively.

2.2. Micro creep test system

The micro creep test machine and its schematic diagram are
shown in Figs. 2 and 3, respectively. The range and the accuracy
of the test machine are given in Table 2. A specimen of thin ribbon
(polished and ultrasonically cleaned) was mounted between the
upper and lower friction grips and surrounded by a quartz tube
(20 mm inner diameter) to shield it from turbulence. The 2 mm
gaps between the tube and the upper/lower grip induced upward
convection of air along the surface [15–16]. The load was con-
trolled to an accuracy of ±100 lN by a mechanical balance (OHAUS
2389) mounted on the top of the test frame. The load path was
supported through an air bearing, which also served as a medium
for cooling the specimen near the grips. The specimens were Joule
heated through stainless steel grips by using a direct current (DC)
power supply (HP 6573 A). The displacement of the specimen was
measured on the top end of the moving upper grip by an infrared
laser position sensor (EM4SYS TBMPH-1). The lower grip was air
cooled by attached fins and fans to assure that the load cell (Kyowa
LC-5KA) did not get overheated. The temperature was monitored
by a pyrometer (CHINO, IR-FA1NNN), which detects infra-red radi-
ation of wavelength, k � 1.55 lm. Load, temperature, and displace-
Table 1
Elemental composition (wt%) of alloy 617

Element Ni Cr Co Mo Al Fe Ti Mn Si C

Wt% Bal 21.6 12.5 9.5 1.2 0.9 0.3 0.1 0.1 0.08
ment were monitored in situ and controlled by using an A/D, D/A
board (Data Translation DT 322) with control software.

2.3. Creep test and measurement procedure

For calibration of the pyrometer, a thermocouple, which was
sandwiched by two foils of the same dimensions and materials,
was used and calibrated for up to 72 h at the temperatures of the
creep and the oxidation tests. For each creep test, a separate spec-
imen was installed in the test rig. Next, a fixed load, P, was applied,
and the creep displacement was measured in situ. After the creep
fracture, the specimen was removed from the test system. Then,
the specimen was mounted with resin and polished up to 1 lm
diamond suspension. After polishing, the specimen as etched at
room temperature in HCl-15 ml/HNO3-5 ml solution for 60–90 s.
Then, the specimen microstructure near the fracture was observed
under an optical microscope.

2.4. Measurement of weight gain and oxide composition

To measure the weight gain due to oxidation, the specimens
were removed from the test system after each period of predeter-
mined oxidation hours. Then, the oxidation rate was calculated as
the weight gain per unit area as follows:

DW=S ¼ ðWt �WoÞ=So; ð1Þ

where Wo is the weight before oxidation, Wt is the weight after oxi-
dation, and So is the surface area before oxidation. After the mea-
surement of weight gain, specimens were prepared for the
microstructure observation. The specimens were cut normal to
the surface and polished with up to 1 lm diamond suspension.
The surface/sub-surface oxides and microstructure were observed
under the SEM. To obtain the composition of the oxide elements,
EDX-mapping was used.
3. Results and discussion

3.1. Oxidation in air

The oxidation tests were conducted on foil specimens at 800–
1000 �C in air environment. The specimens were exposed to air
for oxidation for up to 82 h. Fig. 4 shows the variation of TGO thick-
nesses with oxidation time. The TGO thickness increases with
oxidation time. The EDX-mapping results of the cross-section
after oxidation at 800, 900 and 1000 �C for 48 h are shown in Fig.
5(a)–(c), respectively. In the figures, the red, blue and green spots
indicate oxygen, chromium, and aluminum, respectively. The uni-
form surface oxide scale was identified as chromia (Cr2O3), and
the discrete internal oxide was alumina (a-Al2O3). The surface
oxide layer, Cr2O3, does not monotonically increase at 1000 �C.
Fig. 6(b) shows the EDX-mapping micrograph of the specimen
oxidized at 1000 �C for 82 h. Compared with Fig. 5(c), the surface
oxide decreases from 12 lm to 7 lm even though the exposure
time increases. (Notice that the two micrographs have different
scale bars.) The penetration depth of the internal oxide increases
from 4 to 30 lm as the oxidation temperature increases from
800 to 1000 �C for 48 h. The larger penetration depth of internal
oxidation was caused by the enhanced diffusion rate of oxygen
through the oxide scale at higher temperatures. The weight gain
curves of alloy 617 for 800–1000 �C in air environment are shown
in Fig. 7. The weight gain curves follow a parabolic curve at 800
and 900 �C with oxidation time. The increasing surface oxide thick-
ness and deeper penetration of internal oxidation with respect to
time and temperature as shown in the figures would have contrib-
uted to the weight gain. However, at 1000 �C, after the initial



Fig. 2. Micro-creep test system with TGO thickness sensor (front).

Fig. 1. The preparation process of the foil specimens.
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weight gain following a parabolic curve, weight loss is observed.
The weight loss could have been induced mainly by the spalling
and evaporation of the surface oxide Cr2O3 from the surface of
the specimen that become thermodynamically unstable and begin
to evaporation at 1000 �C. The evaporation of Cr2O3 occurs accord-
ing to the following equation [17],

Cr2O3 þ
3
2

O2ðgÞ ! 2CrO3ðgÞ ð2Þ
Other sources of weight loss, like decarburization and thermal etch-
ing could also be considered. However, their contribution to weight
loss was considered not so significant [18]. The oxidation character-
istics of Cr-containing alloy 617, has demonstrated that the
wrought alloys usually develop chromium-rich surface dense oxide
scales and internal discrete aluminum oxide in ‘balanced’ VHTR
environments [19–21]. But above a critical temperature, TC,
(>950 �C) the oxide scale chromia suffers from a destructive reac-
tion and cannot provide any protection against further corrosion.



Fig. 3. Schematic diagram of micro-creep tester.

Table 2
Specifications of the micro-creep test system

Properties Range Precision

Load 0–50 N ±0.001 N
Displacement �10 to +10 mm 1 lm
TGO thickness 0–6 lm 0.1 lm
Temperature RT � 1300 �C 3 �C
Specimen size Length: 40–100 mm, Thickness: 0.05 � 1 mm

width: 4–10 mm
Temperature slew rate 50 �C/s
Minimum period of load cycle 20 s

Fig. 4. Variation of TGO thicknesses versus oxidation time at 800, 900 and 1000 �C.
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This reaction, called ‘microclimate reaction’ was especially investi-
gated by Christ et al. [12] on the nickel base alloy 617.

In general, aluminum added to the Ni-base alloy primarily im-
proves the high temperature oxidation resistance because it parti-
tions and stabilizes the surface oxides, for example, Cr2O3 [22–23].
However, no evidence of aluminum partitioning into the surface
oxide was observed in this study. Instead, aluminum formed dis-
crete internal oxides in the matrix beneath the surface oxide, even
though, for the initial stage of oxidation as shown in Fig. 6(a). The
EDX mapping revealed that the surface oxide was observed as
chromia of 1.3 lm thickness on the surface and internal discrete
oxidation was alumina for 1 h oxidation at 1000 �C.

3.2. Uniaxial creep response of rolled and annealed foils

Fig. 8 shows the creep curves of as-rolled and rolled-annealed
foil specimens of alloy 617 at 900 �C of applied stress 35 MPa.
The creep rupture life increases from �2 h for the as-rolled speci-
men to �39 h for the rolled-annealed specimen. The secondary
and tertiary creeps were observed in the as-rolled specimen, and
the primary creep as well as the secondary and tertiary creeps
was observed in the rolled-annealed specimen. These creep curves
indicate the microstructural difference between the as-cold-rolled
and the rolled-annealed foil specimens. The cold rolling process
deformed the microstructure of alloy 617 at room temperature,
resulting in disorders of the crystal structure, an increase in yield
strength, and instability at high temperature. The annealing pro-
cess induced recrystallization in the microstructure. The creep
properties were strongly dependent on the recrystallization. The
steady state creep rate, _ess; for the as-rolled specimen was
28.7103 � 10�4 s�1, which decreased to 1.2509 � 10�6 s�1 for the
rolled-annealed specimen. The elongation, Dl = lf–li, of the as-rolled
specimen was 37.33% and that of the rolled-annealed specimen
was 30.45%. The higher creep resistance of the rolled-annealed
specimen indicated that the smaller grains, i.e., the denser grain
boundaries restrained diffusional flow. The secondary and tertiary
creeps took more time in the rolled-annealed specimen at the same
temperature and the same applied stress than in the as-rolled
specimen. In the following creep tests, we used only annealed foil
specimens.

3.3. Uniaxial creep response and associated microstructure

Creep strain versus rupture life curves measured for the foil
specimens at 800, 900 and 1000 �C under different applied stresses
are shown in Figs. 9–11, respectively. The applied stress levels
were 48–120 MPa at 800 �C, 35–60 MPa at 900 �C, and 20–
48 MPa at 1000 �C. The effect of applied stress on rupture life at
a given temperature is evident from these curves. Fig. 12 shows
the creep rupture life, tr, versus applied stress with temperature.
The creep rupture curves show similar behavior at all the temper-
atures. Fig. 13 shows the variation of rupture strain versus the
applied stress at all the three temperatures. The increase in rupture
strain with the increase of temperature from 800 to 1000 �C



Fig. 5. EDX mapping of cross section of oxidized specimens for 48 h, (a) 800 �C (b)
900 �C and (c) 1000 �C; the oxide layers differentiated by color spots: red spots for
oxygen; blue spots for chromium; green spots for aluminium. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 6. EDX mapping of cross section of oxidized specimen at 1000 �C for (a) 1 h and
(b) 82 h.

Fig. 7. Weight gain versus oxidation time at 800, 900 and 1000 �C.
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indicated more ductile behavior at 1000 �C than at 800 �C, and vir-
tually no direct relevance with the applied stress.

Fig. 9 shows the curves of creep strain versus time measured for
800 �C. In the figure, the primary creep is absent, and only second-
ary and tertiary creeps are observed in the creep curves as the ap-
plied stresses decrease from 120 to 60 MPa, while at the lowest
stress, 48 MPa, the primary, secondary and tertiary creeps are ob-
served. For arbitrating the primary creep at higher applied stresses,
the initial portions of the creep curves are enlarged in the insert for
Figs. 9–11. For the microstructure of creep tested specimens, all the
specimens were polished normal to the tensile loading then optical
microscopic picture near the fracture region were taken. The opti-
cal microscopic pictures of the lowest and highest applied stresses
are shown in Fig. 14(a) and (b), respectively. Dynamic recrystalliza-
tion (DRX) was observed in all the specimens including those with
the very short life. It is an effective metallurgical process for grain
refinement during hot deformation. At the highest applied stress,
the growth grains during DRX were found uniform while at the
lowest applied stress were observed the serrated grains. The fine
and serrated grains were considered as evidence of dynamic
recrystallization. DRX is the strengthening mechanism during hot
deformation caused by the generation and migration of high angle
boundaries inside the sub-grains [24–25]. The average grain size
decreased from 20 to 4 lm as the applied stresses increased from
48 to 120 MPa. Voids were found only at the lowest applied stress



Fig. 8. Curves of creep strain versus time for alloy 617 of as-rolled specimen and
rolled-annealed specimen at 900 �C of applied stress 35 MPa.

Fig. 9. Curves of creep strain (%) versus time (h) of alloy 617 at 800 �C in air
environment with enlarges of initial strain.

Fig. 10. Curves of creep strain (%) versus time (h) of alloy 617 at 900 �C in air
environment with enlarges of initial strain.

Fig. 11. Curves of creep strain (%) versus time (h) of alloy 617 at 1000 �C in air
environment with enlarges of initial strain.

Fig. 12. Creep behavior of alloy 617 in air environment at 800, 900 and 1000 �C.

Fig. 13. Variation of rupture strain with applied stress of alloy 617 in air
environment at 800, 900 and 1000 �C.
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of 48 MPa along the grain boundaries on the surface and also inte-
rior near the fracture region as shown in the figure. While many
crack like features and cracks were found on the surface in all creep
tested specimens near the fracture region. In this case, the void for-
mation in interior of the specimen at the lowest applied stress can
be caused by the longest elapsed time or the slow deformation. The
TGO formation on the surface was also observed thicker than other
higher applied stresses. The thicker TGO indicates more vacancy
diffusion. The cavity growth process at grain boundaries at
elevated temperature has long been suggested to involve vacancy
diffusion. Diffusion occurs by cavity surface migration and



Fig. 15. Microstructure of creep tested specimen of alloy 617 at 900 �C (a) 35 MPa
(b) 60 MPa.Fig. 14. Microstructure of creep tested specimen of alloy 617 at 800 �C (a) 48 MPa

(b) 120 MPa.
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subsequent transport along the grain boundary, with either diffu-
sive mechanism having been suggested to be controlling, depend-
ing on the specific conditions. This contrasts with creep void
growth at lower temperature where cavity growth is accepted to
occur by plasticity [26].

Fig. 10 shows the curves of creep strain versus time measured
for 900 �C. In the figure, the secondary and tertiary creeps are ob-
served in the creep curves as the applied stresses decrease from 60
to 48 MPa, while at 40 and 35 MPa, the primary, secondary and ter-
tiary creeps are observed. The optical microscopic pictures taken
after the creep test near the fracture region for the lowest and
highest applied stresses at 900 �C are shown in Fig. 15(a) and (b),
respectively. Dynamic recrystallization was also observed. These
figures clearly indicate that the average grain size decreased from
50 to 10 lm as the applied stresses increased from 35 to 60 MPa.
Voids were also observed at the lowest applied stress of 35 MPa
along the grain boundaries.

Fig. 11 shows the curves of creep strain versus time measured
for 1000 �C. In the figure, the primary, secondary and tertiary
creeps are observed in all the creep curves as the applied stresses
decrease from 48 to 20 MPa. The optical microscopic pictures taken
after the creep test near the fracture region for the lowest and
highest applied stresses are shown in Fig. 16(a) and (b), respec-
tively. In this case, only partial dynamic recrystallization was ob-
served, and the average grain size was found to be �15–50 lm at
all the applied stresses. The grain boundary cavities and the elon-
gation of grains were observed in all the creep tested specimens.

From the analysis of the microstructure, no voids were found
inside the creep tested specimens at 800 and 900 �C, except at
the lowest applied stresses near the fracture region. At 1000 �C,
however, the voids were always found along the grain boundaries.
The recrystallization, which induced microstructural changes such
as the coarsening of the carbide and the formation of new grains,
degraded the strength. The presence or absence of carburization/
decarburization in our test specimens in air environment could
not be determined.

Fig. 17 shows the curves of the time-to-1% strain versus applied
stress of alloy 617. The open symbols of triangles, circles and
squares, respectively, represent those measured at 800, 900 and
1000 �C in this work. There are two other sets of data in compari-
son. One set is from the authors’ coworkers, which is marked the
star symbols with ‘KAIST’ and the other is from an old reference,
which is marked by the solid symbols with ‘ORNL’ [27]. The
authors and coworkers shared an identical raw material of Alloy
617. Only difference was in the fabrication and heat treatment.
The specimens in this work had been heavily rolled into a shape
of foil, and annealed for 17 h at 950 �C and furnace-cooled. Con-
trarily, the coworkers used the raw material as received when they
prepared the typical cylindrical specimens. If the difference in the
fabrication and heat treatment is considered, the data from this
work and those marked the star symbols can be regarded to agree
fairly well despite of the difference in the size. The difference from
the data marked the solid symbols with ‘ORNL’ is significant. One
possible reason is difference in the heat treatment. They annealed
the specimens at the much higher temperature 1177 �C and
quenched. According to the author’s work on annealing tempera-
ture effect on creep strength [28], the lower annealing temperature
results in the shorter creep life. There might be difference in the
material itself.

3.4. Temperature and stress dependence of creep

The steady state creep rate, _ess; in crystalline materials involves
a thermally activated process [29–31],



Fig. 16. Microstructure of creep tested specimen of alloy 617 at 1000 �C (a) 20 MPa
(b) 48 MPa.

Fig. 17. Creep data of the foil specimens compared with those of bulk specimens
[21], time to 1% strain (h) versus applied stress of alloy 617 at 800, 900 and 1000 �C.

Fig. 18. Stress dependence of steady state creep rate of alloy 617 at 800, 900 and
1000 �C in air environment. Values of apparent stress exponent, n are also shown in
the figure.

Fig. 19. The temperature dependence of steady state creep rate on applied stress of
48 MPa. The value of the activation energy, Qapp, for the creep mechanism is also
indicated.
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_ess ¼ Arn exp �
Q app

RT

� �
ð3Þ

where r is the applied stress, n is the stress exponent, Qapp is the
apparent activation energy for creep mechanism, A is a constant,
R � 8.368 JK�1mol�1 is the universal gas constant and T is the abso-
lute temperature. Creep rates were calculated from the slope of the
steady state region of the creep strain versus rupture life curves
shown in Figs. 9–11. Fig. 18 shows variation of the steady state
creep rates with applied stresses at 800, 900 and 1000 �C. The stea-
dy state creep rate, _ess, decreases from 3.9637 � 10�5 s�1 to
4.7240 � 10�7 s�1 as the applied stresses decrease from 120 to
48 MPa at 800 �C and from 4.4575 � 10�5 s�1 to 1.1250 � 10�6 s�1

as the applied stresses decrease from 60 to 35 MPa at 900 �C, while
at 1000 �C, _ess, decrease from 4.9251 � 10�5 s�1 to 1.18788 �
10�6 s�1 as the applied stresses decrease from 48 to 20 MPa.

The value of n increases from 4.38 to 9.68 as the temperature
increases from 800 to 900 �C and then decreases to 6.29 as the
temperature increases to 1000 �C. The temperature dependence
of the steady state creep rates, _ess; of alloy 617 is plotted in Fig.
19. For a constant applied stress of 48 MPa, the value of
Qapp = 271 kJ/mol was calculated by using the _ess data at 800, 900
and 1000 �C. This apparent activation energy was found to be very
close to that observed, 270 kJ/mol, for bulk specimens tested in
He + O2 environment [10].
4. Conclusions

Generally, alloy 617 exhibited parabolic oxidation behavior and
the oxidation rate increased with temperature. The surface oxide
layer was found to be Cr2O3, while the discrete internal oxides be-
neath the surface oxide were a-Al2O3. After the initial weight gain
at 1000 �C, the surface oxides became unstable, and weight loss
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due to the spallation and evaporation of the surface oxides was
observed.

Micro creep tests revealed that the mechanical characteristics
of the foil specimens were somewhat different from those of the
bulk specimens. Secondary and tertiary creeps were observed at
the lowest temperature while primary, secondary and tertiary
creeps at the higher temperatures. Dynamic recrystallizations were
observed at 800 and 900 �C, while partial dynamic recrystallization
at 1000 �C. Grain boundary cavitation and cracks were observed at
the lowest applied stresses at 800 and 900 �C, while they were ob-
served at all the applied stresses at 1000 �C. The recrystallization
and grain boundary migration compensated the stress concentra-
tion caused by straining near the grain boundaries and improved
the ductility. We also observed a strong correlation between the
average grain size and the applied stress at 800 �C and 900 �C.
Times-to-1% strains for the foil specimens were shorter than those
for the bulk specimens. The apparent stress exponent, n, varied
from 4.38 to 9.68. The apparent activation energy, Qapp, was found
to be 271 kJ/mol for the foil specimens in air environment, which
was very close to 270 kJ/mol observed for the bulk specimens in
He + O2 environment.
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