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The effect of rolling and annealing on the microstructure and high temperature creep properties of alloy
617 were investigated. Two types of foil specimens with different thickness reductions were prepared by
thermo-mechanical processing. Recrystallization and grain growth were readily observed at specimens
annealed at 950 and 1100 �C. The uniform coarse grains increase resistance against creep deformation.
The grain size effect in creep deformation was dominant up to 900 �C, while dynamic recrystallization
effect became dominant at 1000 �C. Dynamic recrystallization was observed in all the creep deformed
foils, even though some specimens had already been (statically) recrystallized during annealing. Steady
state creep rates decreased with increasing annealing temperature in the less rolled foils. The apparent
activation energy Qapp for the creep deformation increased from 271 to 361 kJ/mol as the annealing tem-
perature increased from 950 to 1100 �C.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

A contemporary concept for the development of generation-IV
(GEN-IV) reactors is considered for producing electricity and
hydrogen economically. Very high temperature gas-cooled reactor
(VHTR) is the most promising reactor type among the GEN-IV reac-
tors. The predicted service temperature of a VHTR can reach up to
850 �C or higher. Also, a coolant gas pressure of up to 8 MPa is
being considered. Therefore, the structural materials of the VHTR
must survive in the harsh conditions for the lifetime of the reactor
up to 60 years. Ni-base alloys, especially the solution hardening al-
loys, are candidate materials for VHTR due to their excellent mate-
rial properties; namely, oxidation resistance, creep strength, and
phase stability at high temperatures. Alloy 617 has been selected
as a potential candidate for use in the construction of the piping
and heat exchangers of the VHTR [1,2]. Alloy 617 is an austenitic
solid-solution strengthened Ni-base alloy which contains chro-
mium (Cr), cobalt (Co), molybdenum (Mo), Carbon (C) and alumi-
num (Al). Al and Cr contents protect the alloy from oxidation
reaction at high temperatures. Mo and Co provide solid-solution
strengthening, and C contributes strengthening by M23C6 carbide
precipitation [3–8]. Alloy 617 is normally used in the annealed
condition, which provides a coarse grain structure to realize the
best creep rupture strength [9,10].
ll rights reserved.
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Nickel-base alloys are subject to degradation due to creep when
they are exposed to the VHTR operating environment for a pro-
longed period. Therefore, the creep properties of candidate alloys
should be well understood and thoroughly characterized before
the alloys are used in the design and construction of components
of a VHTR. The creep rupture lives are known to be strongly depen-
dent on the alloy’s microstructure as well as the test temperatures
and the applied stresses [10,11].

The techniques for measuring creep properties have been stan-
dardized for round bar specimens of metals. However, there is no
standard available for testing with miniaturized specimens, which
are necessary to reduce cost and volume of material testing equip-
ment. Lucas [12] and Jung et al. [13] have reviewed small specimen
techniques used to evaluate irradiation embrittlement of materials
and recommend some of them. It is the opinion of the authors
that international efforts should be concentrated on further devel-
opment of testing techniques for miniaturized samples, and a
detailed correlation between miniature and bulk behavior. Eco-
nomical creep testing systems of high temperature alloys have been
developed by Volki et al. [14] and Kang and co-workers [15–17].
Joule heating was chosen for easy access to the sample, quickly
attainable heating and cooling rates, and simplicity in design
and operation. Volki et al. [14] performed creep tests for the foils
of pure Pt and Pt-based alloys, and strain was measured with a
video extensometer by means of the software ‘super-creep’. Kang
and co-workers [15] measured the creep strain by a laser interfer-
ometer.
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For miniaturizing test systems, the foil specimen was a funda-
mental requirement. Thermo-mechanical processing (TMP) is a
method to prepare foil specimens. TMP is a combination of cold
rolling and recrystallization. During the cold rolling of a metal,
some of the energy involved in the deformation is stored as dislo-
cations and point defects. Upon annealing, a large number of point
defects are reduced, and dislocations rearrange themselves into
lower energy configurations. The grain size of the cold rolled and
annealed alloys is affected by chemical composition, reduction in
thickness, annealing temperature, and time [18–24].

The characterizations and measurements of microstructures are
of great importance to material scientists because grain size
strongly affects mechanical properties, physical properties, surface
properties, and phase transformations [25]. The ability to control
the grain size/boundary in materials is critical for a wide range of
applications; e.g., process control and optimization. Creep proper-
ties also depended markedly on grain size as well as applied stress,
and temperature under all deformation conditions [26]. Muto et al.
[27] have observed that the creep strain rate increases with
decreasing grain size for the Cu-based alloy. Youssef et al. [28] ob-
served a similar result for Al-based alloys. Consequently, it was
suggested that the mechanism of creep deformation for the tested
alloy is related to grain boundary sliding and dynamic
recrystallization.

The intent of this research is to investigate the rolling and
annealing effect on microstructure, and associated hardness, creep
properties of the foils of alloy 617. The microstructures of thermo-
mechanically processed specimens for various sizes and shapes of
grains were examined under an optical microscope. Hardness tests
were taken for all the as-rolled and rolled-annealed foils. Creep
tests were performed to evaluate the influence of grain sizes, tem-
peratures, and applied stresses on the creep rupture life, rupture
strain, steady state creep rate, and associated microstructure trans-
formation such as dynamic recrystallization. The steady state creep
rate _ess and the apparent activation energy Qapp for creep deforma-
tion were calculated from the experimental results.

2. Experimental protocol

2.1. Materials and preparation

Commercially available alloy 617 was used for the experiments.
The foils were prepared under thermo-mechanical processing
(TMP). Namely, a thick plate was wire-cut into strips of thickness
0.5–1.0 mm, then, the strips were annealed in a vacuum (as being
enclosed in a vacuum sealed quartz tube). And the strips were
rolled into foils of thickness �100 lm. Some of them were an-
nealed again at 950 or 1100 �C in vacuum for 17 h. Table 1 lists
the abbreviations of the specimens according to the six different
preparation processes. Surface oxides were then removed by sur-
face-polishing with 1000, 1200, and 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.
Table 1
Abbreviations of various foil specimens of alloy 617 used for the experiments.

88% Thickness
reduction

64% Thickness
reduction

Rolled R-1 R-2
Rolled-annealed at 950 �C for 17 h R-1A:950 R-2A:950
Rolled-annealed at 1100 �C for 17 h R-1A:1100 R-2A:1100
2.2. Micro-creep test system and measurement

A specially designed test machine was used to measure creep re-
sponse of the foil specimens. Electricity passed through the speci-
men to obtain high temperature. The oxide thickness and strain
developed on the surface were monitored in situ. The detailed oper-
ation mechanism and specifications are given in Refs. [15,16]. Next,
a fixed load P was applied, and the creep displacement was recorded
continuously. After the creep fracture, the specimen was removed
from the test system. And the specimen was mounted with resin
and polished up to a 1 lm diamond suspension. After polishing,
the specimen was etched at room temperature in HCl-15 ml/
Fig. 1. Microstructures of alloy 617 (a) as-received, (b) R-1 (88% thickness
reduction), and (c) R-2 (64% thickness reduction).
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HNO3-5 ml solution for 60–90 s. The specimen microstructure near
the fracture was then observed under an optical microscope.

3. Results and discussion

3.1. Effect of rolling and annealing on microstructure and
recrystallization

The microstructures of as-received and heavily cold rolled foils
of alloy 617 with a thickness reduction of 88% and 64%, named R-1
and R-2, are shown in Fig. 1(a–c), respectively. The black grain
boundary in Fig. 1(a) represents the carbide-rich grain boundaries
which were elongated along rolling direction in the rolled speci-
mens, R-1 and R-2. The grains in R-1 were more lengthened along
the rolling direction than those in R-2 because of the higher thick-
ness reduction. The different thickness reductions resulted in
different microstructures in the rolled-annealed specimens regard-
less of the annealing temperature. Fig. 2(a) and (b) shows the
microstructures after R-1 and R-2 were vacuum-annealed at
950 �C for 17 h which are named R-1A:950 and R-2A:950, respec-
tively. The grain sizes in both R-1A:950 and R-2A:950 foils ranged
from 2 to 10 lm. While chains of the carbide island were observed
in R-2A:950, no carbide was observed in R-1A:950; the chains
might be shattered due to the higher thickness reduction in rolling.
Fig. 2(c) and (d) shows the microstructures after R-1 and R-2 were
vacuum-annealed at 1100 �C for 17 h which are named R-1A:1100
and R-2A:1100, respectively. The grain sizes in both annealed foils,
R-1A:1100 and R-2A:1100 were observed to range from 5 to
30 lm. The higher annealing temperature resulted in the larger
grains. In comparison with the microstructures of the rolled
specimens shown in Fig. 1(b) and (c), those of the rolled and an-
nealed specimens reveal severe recrystallization. Similar recrystal-
lization had been observed in the identical material, alloy 617, by
Mino et al. [29]. The extent of recovery was determined by
Fig. 2. Microstructures of rolled-annealed foils of alloy 617 at 950 �C, (a) R-1A:950,
hardness measurement tests after each treatment of alloy 617
foils, and compared with as-received commercially available alloy
617.

3.2. Vickers hardness of treated foils of alloy 617

The variation of Vickers hardness and grain size of treated foils,
i.e., as-received, rolled by 88% (R-1), rolled by 64% (R-2), and an-
nealed foils, are shown in Fig. 3. The grain sizes of the samples
were influenced by rolling and annealing, and those were differen-
tiated under a hardness test. The grain size in rolled-annealed foils
was observed lower than those of as-received foils and rolled foils.
The hardness was found to be the highest in R-1 (cold rolled – 88%),
and the lowest in R-2A:1100 (rolled-annealed at 1100 �C for 17 h).
The hardnesses of the foils annealed at 1100 �C, R-1A:1100 and R-
2A:1100, were similar to that of the as-received one. However, the
hardness of rolled-annealed foils at a lower annealing temperature
of 950 �C was higher than that of rolled-annealed foils at a higher
temperature of 1100 �C.

3.3. Rolling and annealing effects on creep properties of foils

The creep tests were carried out at 900 �C in an air environment
with an applied stress of 35 MPa, and the results showed the sub-
stantial effect of rolling and annealing. The creep curves for the
foils of alloy 617 such as R-1, R-2, R-1A:950, R-2A:950, and R-
2A:1100 are shown in Fig. 4. For the as-rolled specimens, the creep
rate of R-2 was found to be lower than that of R-1, and accordingly
the life of R-2 was longer than that of R-1. After annealed at 950 �C,
however, the creep rate of R-2A:950 was higher than that of R-
1A:950, and accordingly the creep life of R-2A:950 was shorter in
than R-1A:950. The creep life of R-2A:1100 was the longest. From
these result, it is seen that the annealing at the higher temperature
reinforced the creep strength of the rolled specimens.
(b) R-2A:950 and rolled-annealed at 1100 �C, (c) R-1A:1100, and (d) R-2A:1100.
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Fig. 3. Variation of Vickers hardness and grain size versus the foils of alloy 617 such
as as-received, R-1, R-2, R-1A:950, R-2A:950, R-1A:1100, and R-2A:1100.
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Considering the creep properties and hardness measured for the
rolled-annealed foils, further investigations were focused on the
two kinds of specimens, i.e., R-1A:950 and R-2A:1100. First, creep
tests were performed under an applied stress of 48 MPa at three
different temperatures, i.e., 800, 900, and 1000 �C. Fig. 5(a–c)
shows the creep curves of the rolled-annealed foils, respectively.
As shown in Fig. 5(a), the creep rupture life was much longer for
the specimen R-2A:1100 prepared with the lower thickness reduc-
tion and higher annealing temperature. That is, the creep rupture
life increased from �60 h of R-1A:950 to more than 325 h of R-
2A:1100. Similar creep behavior was observed at 900 �C. However,
at 1000 �C, as shown in Fig. 5(c), R-1A:950 withstood an exception-
ally large strain before fracture, and its creep life was longer than
that of R-2A:1100, even though the strain rates were still higher
in R-1A:950. This strange behavior seems to be attributed to mate-
rial softening due to more active dynamic recrystallization during
the deformation without void nucleation.

Overall creep strength of the foil specimens in this work, scaled
by life, were much lower than those measured for ordinary round
bar specimens [17,29]. There are two possible sources for the dis-
crepancy. First, all the specimens in this work were heavily rolled
in preparation, which induced dynamic recrystallization in their
microstructure during deformation under creep load even after an-
nealed. The evidence of dynamic recrystallization was observed in
the microstructure of the creep-tested specimen which will be
discussed in the Section 3.5. Similar softening due to the dynamic
recrystallization has been reported for Type 347 stainless steel
[30], alloy 617 [31] and Hastelloy XR [32]. Secondly, the thickness
of the specimens in this work was only 100 lm, whereas the spec-
imens of Mino et al. [29] had the diameter of 3 or 6 mm. Accordingly,
size effect might result in the difference in their creep strength.

3.4. Steady state creep rates and activation energy

Fig. 6 shows the creep rates of the foils versus foil specimens of
alloy 617 such as R-1, R-2, R-1A:950, and R-2A:1100. The steady



R-1 R-2 R-1A:950 R-2A:1100
1E-7

1E-6

1E-5

1E-4

Average creep rates

C
re

ep
 ra

te
s 

s-1

Steady state creep rates

Fig. 6. Variation of creep rates versus treated foils of alloy 617.

0.75 0.80 0.85 0.90 0.95
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

Qapp= 271 kJ/mol
     (R-1A:950)

Qapp= 361 kJ/mol
(R-2A:1100)

St
ea

dy
 s

ta
te

 c
re

ep
 ra

te
s-1

1/T x10-3, K-1

Fig. 7. Variation of steady state creep rates versus inverse temperature of applied
stress of 48 MPa.

Fig. 8. Microstructures of creep-tested foils of alloy 617 along lateral exterio
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state creep rates and average creep rates decreased from as-rolled
to rolled-annealed foils. The steady state creep rates and average
creep rates were found to be lower in R-2 than in R-1 because of
lower thickness reduction. For the rolled-annealed foil specimens,
the creep rates were even lower. The creep rates were the lowest
for R-2A:1100 with the lower thickness reduction and higher
annealing temperature.

The steady state creep rates, _ess, in crystalline materials involves
a thermally activated process [33–35] described by _ess ¼ Arn

expð�Q app=RTÞ, where r is the applied stress, n is the stress expo-
nent, Qapp is the apparent activation energy for the creep mecha-
nism, A is a constant, R is the universal gas constant
�8.368 JK�1 mol�1, and T is the absolute temperature. The appar-
ent activation energy, Qapp, was calculated from the equation:
log _ess / 0:217Qappð1=TÞ. Fig. 7 shows the plot of steady state
creep rates (log _ess) on log scale versus inverse temperature (1/T)
on linear scale. The straight lines in the figure show the linear fit
of the experimental data. The value of 0.217Qapp was equivalent
to the slope of the linear fit. The calculated values of Qapp are in-
serted in the figure for the foils R-1A:950 and R-2A:1100. The Qapp

for creep deformation in air environment increased from 271 to
361 kJ/mol as the annealing temperature increased from 950 to
1100 �C and thickness reduction decreased from 88% to 64%. The
value Qapp = 271 kJ/mol is very close to 270 kJ/mol, observed for
the bulk specimens in the He + O2 environment [10]. The increased
activation energy is attributed to the enhancement in resistance for
creep deformation.

3.5. Microstructure of creep-tested foils

The microstructures of the specimens, i.e., R-1, R-2, R-1A:950,
and R-2A:1100 which were creep-tested at 900 �C under an applied
stress of 35 MPa were shown in Fig. 8(a–d), respectively. The photos
were taken near the fractured region along the lateral direction.
Compared with the photos taken before the creep tests, shown in
Figs. 1(b) and (c), 2(a) and (d), respectively, all the microstructures
reveal recrystallization occurred during creep deformation, that is,
r near fracture region (a) R-1; (b) R-2; (c) R-1A:950; and (d) R-2A:1100.
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dynamic recrystallization (DRX). DRX is an effective metallurgical
process for grain refinement during hot deformation. DRX is a typ-
ical softening mechanism during hot deformation caused by the
generation and migration of high angle boundaries inside the
sub-grains [36–38]. Voids were also observed in all the specimens
along the grain boundaries. The voids were lengthened perpendic-
ular to the loading direction. Thermally grown oxides (TGOs), that
is, chromia (Cr2O3) was observed to most often in R-2A:1100 on
the surface and along the void boundaries because of the longest
elapsed time. The thicker TGO indicates more vacancy diffusion.
The cavity growth process at grain boundaries at elevated temper-
ature has long been suggested to involve vacancy diffusion.

The microstructures of the two rolled-annealed specimens, i.e.,
R-1A:950 and R-2A:1100 which were creep-tested at 900 �C under
an applied stress of 48 MPa were shown in Fig. 9(a) and (b), respec-
tively. The voids were observed near the fracture surface in R-
1A:950 along the grain boundaries, while in R-2A:1100, no voids
and more active DRX were observed. Fig. 9(c) and (d) shows cracks
propagated from the surface to interior along the grain boundaries.
The crack propagation was found more often in R-2A:1100.
Fig. 9(e) and (f) shows the DRX at the interior near the fracture
Fig. 9. Microstructures of creep-tested foils of alloy 617 at 900 �C of applied stress of 48
initiation of the fracture, (e) and (f) for interior near the fracture region.
region. The grain sizes were found to be approximately similar in
both specimens.
4. Conclusion

The effect of rolling and annealing on the microstructure and
high temperature creep properties of alloy 617 were investigated
with six different kinds of foil specimens, i.e., R-1, R-2, R-1A:950,
R-2A:950, R-1A:1100, and R-2A:1100.

(i) The grain sizes in rolled-annealed foils were lower than
those of as-received foils and rolled foils, because of recrystalliza-
tion occurred in the annealing. The annealing also reduced the
hardness, which was the lowest in R-2A:1100.

(ii) However, the annealing induced the higher resistance
against creep deformation regardless of the applied stress level.
Between the two rolled-annealed foils, R-1A:950 and R-2A:1100,
the latter showed the higher resistance against creep deformation
at all the test temperatures, although the former showed excep-
tionally high elongation at 1000 �C.
MPa for R-1A:950 and R-2A:1100, (a) and (b) for the fracture surface, (c) and (d) for
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(iii) All the foils showed dynamic recrystallization during creep
deformation because of high thickness reduction experienced by
rolling in the specimen preparation. The dynamic recrystallization
was one of main sources of the low creep strength compared with
those found from literatures. Accordingly, the less rolled and more
annealed foils such as R-2A:1100, which showed the least dynamic
recrystallization, resulted in the highest creep strength.
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