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of Alloy 617 for very high temperature reactor applications
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Abstract

The effect of trace impurities, methane and oxygen, in helium on the creep behavior of Alloy 617, has been investigated.
The creep rupture life at relatively low applied stresses was shortest in a helium environment containing 500 vppm oxygen
(He + O2), while it was the longest in helium containing 675 vppm methane (He + CH4). However, the rupture strain was
significantly lower in the He + CH4 environment compared to that in pure helium (He) and He + O2. The low rupture
strain in the He + CH4 is caused by cleavage fracture. In the He + CH4 environment, the fracture mode was cleavage
at lower applied stresses and ductile at higher applied stresses while in the He and He + O2, a ductile fracture was observed
at all stress levels. The apparent activation energy for creep was determined in all three environments, and it appears to be
independent of stress in the He, dependent in the He + CH4, while in the He + O2 environment the stress dependence could
not be conclusively established.
� 2006 Published by Elsevier B.V.

PACS: 62.20.Hg
1. Introduction

The very high temperature reactor (VHTR) is
one of six nuclear reactor concepts selected by the
Generation IV International Forum [1]. The United
States Department of Energy is actively pursuing
research on the VHTR concept for the development
of next generation nuclear reactors not only due to
its near-term deployment potential but also because
the high temperatures generated by the VHTR can
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enable hydrogen production [1]. The VHTR con-
cept is based on a modular high-temperature gas-
cooled reactor concept with helium as the coolant
and a closed-cycle gas turbine for power generation
[2,3], in contrast to the steam-based turbines envis-
aged during the 1970s and 1980s. In the VHTR con-
cept, the helium from the reactor core is used to
drive the turbine directly or indirectly by heating
air or nitrogen that drives the turbines. The reactor
core outlet temperature/turbine inlet temperature
would be �850 �C. Under these conditions, the pri-
mary helium coolant is expected to reach tempera-
tures of 850–950 �C. Thus, the structural materials
to be used in the VHTR concept, especially in the
core, heat exchangers, and turbine sections, should
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Table 1
Elemental composition (wt%) of Alloy 617

C Cr Mn Si Mo Al Fe Ti Co Ni

0.08 21.6 0.1 0.1 9.5 1.2 0.9 0.3 12.5 Bal
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possess adequate mechanical performance up to
about 1000 �C in helium environments.

Gaseous helium by itself is inert, having little
impact on the corrosion and mechanical properties
of reactor materials. However, the helium coolant
in the VHTR is expected to contain small amounts
(of the order of ppm) of contaminants such as H2,
H2O, CH4, O2, and CO2. The contamination of
the helium coolant can occur due to degassing,
water/oil leaks, etc. Experience has shown that these
contaminants cannot be completely eliminated with
the purification methods currently available [4]. Past
studies [4–11] have shown that these contaminants
can significantly corrode the metallic materials at
high temperatures, thereby affecting critical long-
term mechanical properties like creep.

The corrosion of reactor structural materials
(e.g., austenitic stainless steels and iron- and
nickel-based superalloys) at high temperatures
may involve oxidation, carburization, and/or decar-
burization depending on temperature, oxygen
potential, and carbon activity in the gas phase.
Therefore, there is a need to evaluate and develop
metallic materials having improved creep resis-
tance in helium environments containing the afore-
mentioned impurities.

Alloy 617 is a prime candidate for VHTR struc-
tural components like reactor internals, piping, and
heat exchangers [2]. Alloy 617 is a nickel-based
superalloy having exceptional creep strength above
800 �C. This alloy contains Co, Mo, Al, and Ti in
addition to Cr [2]. Al and Cr provide the oxidation
resistance, while Co and Mo provide the solid solu-
tion strengthening. Due to the excellent mechanical
properties, oxidation and creep resistance, and
phase stability at high temperatures, this alloy is
considered the workhorse of structural materials
for use in VHTRs. There is a considerable body of
work in literature [8,9,11–18] on the creep rupture
properties of Alloy 617 in a helium environment
for reactor applications, but all of these studies
are aimed at steam-cycle and process-nuclear-heat
based gas-cooled reactors. With the current thrust
shifting toward development of high temperature
gas-cooled reactors with a gas turbine, the creep
response of these alloys needs to be re-evaluated
because the level of impurities in helium is different
in the steam-cycle and gas-turbine high temperature
gas cooled reactors [2,6]. For example, the oxygen
potential is expected to be lower in the gas turbine
concept as compared to the steam generating sys-
tems. Therefore, the objective of the present study
was to evaluate the uniaxial creep behavior of Alloy
617 in helium environments with various amounts
of impurities. It should be mentioned that discus-
sion of the effects of radiation on mechanical prop-
erties of Alloy 617 is outside the scope of this paper.
Radiation may affect mechanical properties of
structural components depending on the specific
VHTR design and the radiation levels expected
therein. These effects, if any, would be applicable
to in-core components and reactor internals rather
than on components, such as heat exchangers and
piping, which will be outside the reactor away from
the radiation environment.

2. Experimental

The creep behavior of Alloy 617, whose compo-
sition is given in Table 1, was evaluated at 843
and 950 �C at 1 atm in three helium environments:
pure helium (He), helium with 675 vppm methane
(hereafter referred to as He + CH4), and helium
with 500 vppm oxygen (hereafter referred to as
He + O2). The nominal composition of the pure
helium was He-99.999%, O2 <1 ppm, H2O
<2 ppm, and total hydrocarbons <1 ppm. A helium
test facility consisting of a mass spectrometer and a
micro gas chromatograph was built to control the
impurity levels of methane and oxygen that simulate
the helium environment in a high temperature
helium-cooled reactor. The spectrometer and the
chromatograph were calibrated for continuous mea-
surement of gas phase impurities in helium. Care
was taken to ensure that the impurity levels were
controlled and maintained at required ppm levels
throughout the tests.

Creep tests were performed according to ASTM
E139-96 on polished cylindrical specimens with a
gage length of 19.1 mm and a gage diameter of
3.8 mm using direct-load creep machines. The spec-
imens were loaded at constant rate to full load at
the test temperature. Creep strain in the specimens
was measured by a linear variable differential trans-
ducer (LVDT) whose sensitivity is 5 lm. The LVDT
was calibrated before each test to ensure consistency
in strain measurements. The creep strain was contin-
uously recorded by a data acquisition system
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attached to the test system. After specimen failure,
creep curves were generated using the acquired creep
strain and time data. Subsequently, minimum creep
rate, _e, was extracted from the experimental creep
curves by a linear least squares analysis. Microscopic
observations were performed on failed specimens to
characterize the creep fracture morphology.

The aim of the creep tests was to evaluate the
influence of the trace impurities in helium on the
creep rupture life, rupture strain, minimum creep
rate, and associated creep fracture modes. The effect
of impurity content in He on the stress and temper-
ature dependence was also evaluated.
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Fig. 2. Creep behavior of Alloy 617 in pure helium environment
at 843–950 �C.
3. Results and discussion

3.1. Uniaxial creep response

Fig. 1 shows the creep strain vs. rupture life
curves in the pure He environment at 950 �C at
different applied stresses. The effect of applied stress
on rupture life at a given temperature is evident
from these curves. At 27.6 MPa, not only the rup-
ture life but also the rupture strain is quite high.
The creep rupture behavior in pure He observed in
the present study is compared with numerous previ-
ous studies [8,13,15,17,18] as shown in Fig. 2, which
shows the variation of rupture life with applied
stress. All the data above the dotted line in the fig-
ure had a test temperature of 843–850 �C, while
those below the dotted line were tested at 950 �C.
It is evident from the figure that at �850 �C the rup-
ture lives observed in the present study tend to be
slightly on the lower side compared to those
observed by others, while at 950 �C, the rupture
lives are similar in all studies except Huchtemann
[8] and Schubert [13]. Schubert’s [13] data (indicated
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Fig. 1. Creep strain vs. time for Alloy 617 at 950 �C in pure
helium environment.
by + in the figure) were obtained at an applied stress
of 23 MPa (in contrast to 27.6 MPa in the present
study), which might explain the higher rupture life
in his study. On the other hand, the rupture life
observed by Huchtemann [8] at �27 MPa is almost
an order of magnitude lower than the present
results. Huchtemann [8] attributed this degradation
in rupture life to the absence of a protective oxide
layer coupled with a decarburized zone.

Figs. 3(a) and (b) show the effect of methane and
oxygen impurities in helium on the creep behavior
of Alloy 617 at 843 and 950 �C, respectively. The
curves indicate that the rupture life is longest in
the He + CH4 and shortest in the He + O2. The
reduction in life in the He + O2 environment and
increase in life in the He + CH4 environment is very
significant at 950 �C than at 843 �C. Reduction in
rupture life in an environment containing helium
with 500 ppm O2 compared to pure helium
(99.995% purity) was also observed by Hosoi and
Abe [11] in tests at 1000 �C. They attributed this
reduction (more than 50%) to the occurrence of a
decarburized zone �1 mm from the surface. They
also observed that the maximum reduction in life
occurred at 500 ppm O2; at higher and lower O2

levels the rupture life increased but was still lower
than those observed in pure helium. The presence
or absence of decarburization in our specimens
tested in He + O2 has not yet been characterized.
The longer life in He + CH4 is accompanied by
a significant decrease in rupture strain when
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compared to the rupture strains observed in He and
He + O2. Fig. 4 shows the variation of rupture
strain versus applied stress in all three environments
used in the current study. The data show a degrad-
ing effect of methane on rupture strain at both test
temperatures. A decrease in rupture elongation in
pure helium environment when compared to air
has been observed previously [17,18]. Table 2 pre-
sents creep data for Alloy 617 at 843 �C and
950 �C in He, He + CH4, and He + O2 obtained
from the present study. At 950 �C and 27.6 MPa
in He + CH4, the specimen had accumulated
>6500 h and the creep curve seemed to indicate suf-
ficient ductility (�40%) during the test period. How-
ever, upon termination of the test and cooling the
specimen to room temperature, the specimen frac-
tured (literally split into two pieces) indicating brit-
tle behavior of the alloy due to exposure.

3.2. Temperature and stress dependence of creep

In as much as creep involves a thermally acti-
vated process, the minimum creep rate, _e, can be
expressed [19,20] as

_e ¼ Arn exp
�Q
RT

� �
; ð1Þ

where r is the applied stress, n is the stress exponent,
Q is the apparent activation energy for creep mech-
anism, A is a constant, R is the universal gas
constant, and T is the absolute temperature. Using
the creep rates derived from experimental data, a
multiple linear regression analysis was performed
as a function of lnr and 1/T to estimate n and Q
in all three environments. The calculated values of
n and Q, given in Table 3, suggest a 5th-power rela-
tionship [19,21] between stress and creep rate for He
and He + CH4 and a 3rd-power relationship for
He + O2. Stress exponent �5 indicates dislocation
climb- and/or glide-controlled creep [19,21],
whereas n � 3 suggests a viscous glide mechanism
[22] as the rate-controlling step.

Provided there is a weak dependence of activa-
tion energy on stress, the stress dependence of creep
can be approximated from Norton’s relationship
[23],

_e ¼ Arn: ð2Þ

Usually, most metallic materials in the stress range
10�4 < r/E < 10�2 follow Eq. (2) with n � 5 [24].
The minimum creep rate vs. stress is plotted in
Fig. 5. The figure also shows the values of the stress
exponent, n calculated from the slope of the best-fit
straight lines. As shown in the figure, in pure He, the



Table 2
Creep rupture data of Alloy 617 at 843 �C and 950 �C in different helium environments

Environment Temperature
(�C)

Applied stress
(MPa)

Rupture life
(h)

Rupture strain
(%)

Minimum creep
rate (s�1)

Pure He 843 55.2 1807 51.00 3.8 · 10�8

68.95 582 68.50 1.5 · 10�7

82.7 204 74.70 4.6 · 10�7

He with 675 vppm
methane

843 55.2 1668 51.42 4.8 · 10�8

68.95 1179 30.04 2.5 · 10�8

82.7 191 69.95 4.5 · 10�7

He with 500 vppm
oxygen

843 55.2 1223 62.00 6.9 · 10�8

68.95 478 68.25 1.9 · 10�7

Pure He 950 27.6 1568 112.90 6.6 · 10�8

55.2 50 72.58 2.1 · 10�6

68.95 16 78.44 6.6 · 10�6

He with 675 vppm
methane

950 27.6 >6527a 43.30 1.5 · 10�8

41.4 587 43.30 1.3 · 10�7

55.2 81 37.30 4.9 · 10�7

He with 500 vppm
oxygen

950 27.6 475 52.10 1.6 · 10�7

41.4 184 53.60 4.2 · 10�7

a Test terminated and specimen cooled to room temperature.

Table 3
Values of n and Q calculated by multiple regression analysis

Environment Stress exponent, n Activation energy,
Q (kJ/mol)

Pure helium 5.2 408
He + CH4 5.09 309
He + O2 2.88 270
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Fig. 5. Stress dependence of minimum creep rate of Alloy 617 at
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n values obtained at both 843 �C and 950 �C suggest
a 5th-power creep mechanism [24]. These n values
are roughly the same as the n value in Table 3, esti-
mated by the multiple regression analysis using Eq.
(1). The similar n values suggest that Eq. (2) pro-
vides a good approximation for the stress depen-
dence of creep at a given temperature in pure He.
In other words, one can infer weak dependence of
activation energy on stress in pure He in the temper-
ature range investigated. This inference was also
confirmed by calculating Q at 55.2 MPa and
68.95 MPa using the following equation [25]:

Q ¼
R ln _e1

_e2

� �
1

T 2
� 1

T 1

� � : ð3Þ

The calculated Q values were 425 kJ/mol at
55.2 MPa and 401 kJ/mol at 68.95 MPa, in close
agreement with the Q value in Table 3. Eq. (3) as-
sumes that the same creep mechanism operates at
both T1 and T2 temperatures. The use of Eq. (3)
to calculate Q is justified because 5th-power creep
behavior is followed at both 843 �C and 950 �C in
He.

In the case of He + CH4, the stress exponent
shown in Table 3 is similar to the values (n = 5.22
at 843 �C and n = 5.05 at 950 �C) in Fig. 5. How-
ever, as can be seen in Fig. 5, the best-fit straight line
for He + CH4 at 843 �C (with n = 5.22) does not



Fig. 6. Creep fracture modes of Alloy 617 at 950 �C and
27.6 MPa in different helium environments. (a) Ductile fracture
in pure He, (b) ductile fracture in He + O2, (c) cleavage fracture
in He + CH4.
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connect all the corresponding experimental data
points. This may be due to a different creep fracture
mechanism at different stresses. Furthermore, the
apparent activation energy calculated using Eq. (3)
is 246 kJ/mol at 55.2 MPa (reasonably close to that
estimated by regression analysis), whereas it is
439 kJ/mol at 68.95 MPa (much higher than the
value in Table 3). Thus, the apparent activation
energy appears to depend on stress in He + CH4

in the temperature range studied.
In He + O2, the n values in Fig. 5 are very differ-

ent at the two test temperatures: n = 2.38 at 950 �C,
close to the value obtained in Table 3, and n = 4.55
at 843 �C. This difference suggests a possible depen-
dence of activation energy on stress in He + O2. In
addition, the n values at these two temperatures
indicate a different creep mechanism (viscous glide
at n = 2.38 and dislocation creep at n = 4.55),
which precludes the use of Eq. (3) to calculate Q.
More experiments are needed at different stresses
at these two temperatures to confirm the presence
(or absence) of stress dependence of activation
energy.

The apparent activation energy for creep in the
pure He environment from Table 3 is 408 kJ/mol.
For a 5th-power creep mechanism, as observed in
pure He, the activation energy for creep is expected
to be equal to the activation energy for lattice self-
diffusion, Qsd [19,21]. The Q determined in the pres-
ent study (408 kJ/mol) is higher than the Qsd of
nickel (�285 kJ/mol) [25]. Higher apparent activa-
tion energy than Qsd has been observed in nickel
solid solution alloys exhibiting n � 5 and can be
expected when the temperature dependence of elas-
tic modulus and effect of friction stress are not con-
sidered [26,27]. The apparent activation energies in
the He + CH4 and He + O2 environments are
309 kJ/mol and 270 kJ/mol, respectively, as deter-
mined by multiple regression analysis. These Q

values are comparable to the activation energy for
self-diffusion of nickel and suggest a 5th-power dis-
location creep mechanism. However, as mentioned
earlier, the actual creep mechanism in these two
environments may be 5th-power-law creep, or a
3rd-power-law creep, or a combination of these that
could change the actual activation energies men-
tioned above.

3.3. Failure modes in creep

Figs. 6(a)–(c) show the fracture surface of rup-
tured specimens after exposure to 27.6 MPa at
950 �C in He, He + O2, and He + CH4, respectively.
A transgranular ductile fracture is observed in He
and He + O2, as evident in Fig. 6(a) and (b), respec-
tively. In pure He (Fig. 6(a)), there also appears to
be a relatively larger proportion of voids compared
to He + O2. Hosoi and Abe’s work on creep of



Fig. 7. Longitudinal section of specimen in Fig. 6(c) indicating
crack propagation along coarse Cr23C6 phase.
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Alloy 617 did not address the fracture modes
observed in He and He + O2, and this omission pre-
vents a direct comparison of our observations with
theirs [11]. Fig. 6(c) shows that the fracture surface
in the specimen creep tested in He + CH4 exhibits a
faceted morphology, which indicates a cleavage
mode of fracture. Evidence of secondary cracking
at facet/grain boundaries can also be seen in
Fig. 6(c). Furthermore, the entire fracture surface
area of the specimen shown in Fig. 6(c) exhibited
a blocky intergranular-type faceted fracture mor-
phology. The fracture mode in the specimen creep
tested in He + CH4 (at both temperatures) at lower
applied stresses can be characterized as mixed
intergranular/transgranular cleavage. In specimens
tested at 843 �C and at lower applied stresses,
although the fracture morphologies were slightly
different from those observed at 950 �C, similar
fracture modes were observed in all three environ-
ments, i.e., ductile in He and He + O2 and cleavage
in He + CH4. None of the previous creep studies
[8,11,12,15], except a report by McCoy and King
[28], on Alloy 617 in helium environments noted
the occurrence of cleavage fracture, either because
there were no tests performed with controlled addi-
tion of methane to helium as done in the present
study or maybe cleavage fracture does not occur
in the high-oxygen-potential helium environments
that were used in those studies. McCoy and King
[28] observed intergranular cleavage fracture of
Alloy 617 at 593 �C and 871 �C in an impure helium
environment containing 337 ppm H2, 32 ppm CH4,
19 ppm CO, 2 ppm H2O and <0.5 ppm N2. The sub-
stantial reduction of rupture strain observed
(Fig. 3(a) and (b)) at lower applied stresses in the
specimens tested in He + CH4 compared to those
tested in He and He + O2 can be attributed to the
occurrence of cleavage fracture. At higher applied
stresses, evidence of cleavage fracture was not seen
in He + CH4. The fracture mode was ductile in all
three environments.

Fig. 7 shows a longitudinal cross-section of the
fracture surface of the specimen shown in Fig. 6(c)
that was creep tested in He + CH4 environment.
The dark phase in the figure was identified as chro-
mium carbide (Cr23C6), and the brighter phase is an
intermetallic phase of chromium and molybdenum.
The figure shows a coarse Cr23C6 network with clear
indication of preferential crack propagation along
the carbide phase. The Cr–Mo intermetallic phase
may also crack with exposure time due to its inher-
ent brittleness. The alloy’s propensity to crack along
the carbide and/or intermetallic phase may, under
creep-fatigue operating conditions in a VHTR, lead
to rapid crack initiation and propagation, which
could severely decrease the operating life of reactor
components made of this alloy. Microstructural
analysis of longitudinal cross-sections of fracture
surfaces of specimens creep tested in He and
He + O2 did not show clear evidence of coarse chro-
mium carbide precipitation. The precipitation of
grain boundary carbides of the type M23C6 and
M6C (M = metal) has been shown to pin grain
boundary migration, leading to higher creep
strength in Alloy 617 and other nickel alloys
[27,29,30]. Furthermore, studies have also indicated
that once the M23C6 carbides coarsen, grain bound-
ary migration occurs leading to creep deformation
[15,17]. A recent study has also suggested that under
conditions of carburization, these carbides can
embrittle the alloy, leading to lower creep ductility
[31]. A similar reasoning, i.e., grain boundary pin-
ning by carbides and embrittlement by carbide
coarsening, may be a possible explanation for the
increased creep rupture life and reduced rupture
strain in He + CH4 than in He and He + O2.
Clearly, additional studies are needed to validate
this line of reasoning.

Based on the microstructural and fractographic
observations described above, it appears that an
interplay of two factors is required for cleavage frac-
ture under creep loading:

(a) Lower applied stresses that, by themselves, are
not enough to overcome the required barriers
for deformation. Under such low stresses, the
environmental species (CO, H2, etc.) in helium
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gas have enough time to diffuse to preferential
areas (e.g., H2 at grain boundaries) and/or to
react completely with the alloying elements
to form phases, like coarse Cr23C6, that could
initiate cleavage cracking [25,27,31]. The fact
that cleavage fracture did not occur at higher
applied stresses indicates that environmental
effects were not significant enough to cause
cleavage fracture. Generally, higher applied
stresses can by themselves overcome the defor-
mation barriers, thereby precluding time-
dependent processes, like gaseous diffusion
and corrosion, to significantly affect deforma-
tion behavior.

(b) A favorable combination of environment,
temperature, and gas chemistry to form an
extensive distribution of coarse Cr23C6, which
could initiate cleavage cracking [31]. Even at
lower applied stresses, where the effects of
environmental species can be considerable,
the He and He + O2 specimens did not exhibit
cleavage fracture, suggesting that favorable
environmental conditions were not present
for coarse Cr23C6 precipitation.

Both the above factors (lower applied stress and
a favorable chemistry and environment) seem to be
required to act together to cause cleavage. In addi-
tion, micromechanisms that are unknown at this
time may be operating. A detailed microstructural
analysis to investigate the extent of carburization,
decarburization, and/or oxidation and the nature
of scaling and internal phase formation is in pro-
gress to understand the nature of corrosion/oxida-
tion occurring in the different environments and its
effect on the macroscopic creep response.

4. Summary

A preliminary investigation was conducted to
evaluate the effect of controlled amounts of impuri-
ties (methane and oxygen) in gaseous helium on the
creep response of Alloy 617 at 843 �C and 950 �C. A
helium test facility was set-up that ensured accurate
control of the impurities at the required level during
the creep tests.

Alloy 617 in He + CH4 environment shows the
lowest rupture strain and longest life at lower
applied stresses while in the He + O2 environment,
the alloy exhibits the shortest life. The reduction
in creep rupture strain in He + CH4 is attributed
to the occurrence of cleavage fracture.
In the pure helium environment, the alloy exhib-
its dislocation climb-controlled creep behavior with
a stress exponent of n � 5. The apparent activation
energy for creep, Q = 408 kJ/mol, was found to be
independent of stress in the pure He environment.
In He + CH4, the multiple regression analysis sug-
gested dislocation climb-controlled creep behavior
(n � 5) with an apparent activation energy for
creep, Q = 309 kJ/mol. However, analysis using
Norton’s law suggested that n � 5 at 950 �C, and
that n could vary with stress at 843 �C. The appar-
ent activation energy for creep is believed to be
stress dependent in the He + CH4 environment. In
He + O2, the multiple regression analysis indicated
a viscous glide mechanism for creep with n � 3,
while Norton’s equation suggested n � 3 at 950 �C
and n � 5 at 843 �C. The apparent activation energy
for creep was determined to be 270 kJ/mol. The
stress dependence of activation energy in the
He + O2 environment could not be conclusively
established.

Creep fracture in He and He + O2 environments
occurs by a ductile mode at all stress levels. In
He + CH4, the fracture mode was cleavage at
lower applied stresses and ductile at higher applied
stresses. It is believed that lower applied stresses
and a favorable environmental condition are
required to form a coarse network of Cr23C6 phase
that appears to initiate cleavage cracking. The
different fracture behavior/modes in different envi-
ronments and stresses clearly suggest a complex
interaction of the environment, stress, and temper-
ature with the alloying elements in the VHTR
operating conditions. The impurities in the helium
gas need to be tailored such that the Cr23C6 phase
provides an optimum level of grain boundary pin-
ning (to increase creep strength) without compro-
mising ductility. The results of this ongoing study
indicate a critical need to establish the performance
envelope for candidate materials for use in heat
exchangers and other components in VHTRs and
to specify the purity requirements for the reactor
helium for acceptable long-term performance of
materials in VHTRs.
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