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Abstract – Creep rupture properties for Alloy 617 were investigated by a series of 
creep tests under different applied stresses in air and He environments at 800oC. 
The creep rupture time in air and He environments exhibited almost similar life in a 
short rupture time. However, when the creep rupture time reaches above 3,000h, the 
creep life in the He environment reduced compared with those of the air 
environment. The creep strain rate in the He environment was a little faster than 
that in the air environment above 3,000h. The reduction of creep life in the He 
environment is due to the faster creep strain rate. Alloy 617 followed Norton’s 
power law and the Monkman-Grant relationship well. As the stress decreased, the 
creep ductility decreased slightly. The thickness of the outer and internal oxide 
layers presented the trend of a parabolic increase with an increase in creep rupture 
time in both the air and He environments. The thickness in the He environment was 
found to be thicker than in the air environment, although pure helium gas of 
99.999% was used in the present investigation. The differences in the oxide-layer 
thickness caused detrimental effects on the creep resistance, even in a low oxygen-
containing He agent.  

 
 

I. INTRODUCTION 
 

A very high temperature reactor (VHTR) is one 
of the most promising Generation-IV reactor types 
for the economic production of electricity and 
hydrogen. Its major components are the reactor 
internals, reactor pressure vessel (RPV), piping, hot 
gas ducts (HGD), and intermediate heat exchangers 
(IHX), as shown in Fig. 1. The IHX among these is 
a key component. The heat of the primary helium 
(He) circuit transfers to the secondary helium loop 
through the IHX, because its component needs high-
temperature creep resistance in the He environment, 
and requires good oxidation resistance, corrosion 
resistance, and phase stability at high temperatures. 
[1-6]. 

At present, the Korea Atomic Energy Research 
Institute (KAERI) is developing a nuclear hydrogen 

development and demonstration (NHDD) plan of a 
capacity with 200 MWth in the thermal and core 
outlet temperature of 950oC. It has been carried out 
in a government funded project called “Development 
of Key Technologies for Nuclear Hydrogen” since 
2006 [7, 8]. Since the VHTR system is designed for 
a life span of 60 years operating at 950oC and 7 MPa 
in helium impurities, long-term creep and oxidation 
behaviors are considered as some of the most 
important material properties [9].  

Of the existing alloys, nickel-based Alloy 617 is 
the leading candidate for use in next-generation 
nuclear plant (NGNP) heat exchangers because it has 
the highest creep strength of solid solution alloys 
under consideration for temperatures above 850oC. 
However, until now, the ASME design code for 
Alloy 617 has not been developed for design use. 
Material works for developing the ASME NH code 
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for Alloy 617 are ongoing according to a NGNP 
research and development plan. Various material 
data for Alloy 617 which will be used for design 
application have been uploaded and gathered to the 
GIF (Gen-IV Forum) Materials Handbook Database 
(DB) website arranged by GIF countries. Thus, to 
develop the ASME NH Code through this plan, a 
number of creep property data should be provided to 
complete the database, and the creep behavior should 
be investigated through a systematical analysis with 
creep temperature and stress conditions in air and He 
environments, because the creep rupture time varies 
widely with the environment interactions between 
He impurities and Alloy 617 [10-14]. However, it 
has not been well established whether the test 
temperature and minor impure gases in He 
drastically affect the rupture time. The creep data for 
Alloy 617 in air and He environments are still 
insufficient for the design application, and the 
relationships between creep and oxidation 
behaviours are not yet well understood in terms of 
the He effect. 

In this study, the creep rupture data tested in 
Alloy 617 in air and He environments were obtained 
through a series of creep tests conducted with 
different applied stress levels at 800oC. The creep 
rupture properties in the air and He environments 
were comparatively investigated. In addition, the 
creep oxidation behaviour was examined by 
measuring an oxide-layer thickness formed in the air 
and He environments during the creep rupture time.  
 

 
Fig. 1: Major components of VHTR system for 
nuclear hydrogen production. 
 

II. EXPERIMENTAL PROCEDURES  
 
Commercial grade nickel-based superalloy, Alloy 

617 (Haynes 617) was used for this study, and was 
in a hot-rolled plate form with a thickness of 15.875 

mm. The chemical composition is given in Table 1. 
All element compositions are included in the ASTM 
specification. Creep test specimens in the air and He 
environments were fabricated in cylindrical form 
with a 30 mm gauge length and 6 mm diameter. The 
gage section was parallel to the longitudinal rolling 
direction. Circular grooves were machined at both 
ends beyond the shoulder region of these specimens 
to attach extensometers for monitoring the 
elongation during creep tests.  

The loading frames used in the constant-load 
creep tests had a lever arm ratio of 20:1. A split 3-
zone furnace was used to heat the specimens in the 
air and He environments at 800oC. K-type 
thermocouples were used to monitor the 
temperatures within the gage section of the 
specimens. The materials of the pull rod and jig for 
the creep tests were used for a nickel-based 
superalloy to sufficiently endure the oxidation and 
thermal degradation during the creep test period. 
The creep tests were conducted under 100 MPa, 90 
MPa, 80 MPa, 70 MPa, and 60 MPa in air and 100 
MPa, 90 MPa, 80 MPa, 70 MPa, 60 MPa, and 50 
MPa in He environment at an identical temperature 
of 800oC. The overall creep rates were determined 
from elongations measured by extensometers 
equipped at the circular grooves. Creep strain data 
with elapsed times were taken automatically by a PC.  

Before the creep tests in the He environment, a 
vacuum chamber made for a quartz tube was purged 
three or four times by a vacuum pump to remove 
some impurities in the chamber. During the creep 
tests, a pure He gas of 99.999% in the present 
investigation was supplied to the specimens 
equipped in the quartz tube. The impurity 
concentrations in the pure He gas were O2 < 1.0 ppm, 
N2 < 5.0 ppm and H2O < 1.0 ppm. The flow rate of 
the He gas during the creep test period was 
controlled using a flow meter to under 20cm3/min. 
The control of the other impurities such as CO2, CO, 
CH4, and H2 in He gas simulating a VHTR condition 
will be investigated in further tests. A schematic 
diagram of the He-gas flow for creep tests in the He 
environment is shown in Fig. 2. The creep testing 
apparatus in the He environment was given in detail 
in the author’s previous study [9].  

   

III. RESULTS AND DISCUSSION 
  

III.A. Creep rupture properties   
 

The creep rupture data for Alloy 617 such as the 
rupture time, minimum creep rate, rupture 
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Table1: Chemical composition of Alloy 617 (wt. %) 

  C Ni Fe Si Mn Co Cr Ti P S Mo Al B Cu 

ASTM 
Spec. 

Min. 0.05 Bal. - - - 10.0 20.0 - - - 8.00 0.80 - - 

Max. 0.15 Bal. 3.00 0.50 0.50 15.0 24.0 0.60 0.015 0.015 10.0 1.50 0.006 0.50 

Haynes 
 617 

 0.08 53.11 0.949 0.084 0.029 12.3 22.2 0.41 0.003 <0.002 9.5 1.06 <0.002 0.0268 
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Fig. 2: A schematic diagram for creep tests in He environment 

elongation, and reduction in area were obtained by 
the creep tests in the air and He environments at 
800oC. From the creep tests, long-term rupture data 
reaching 16,777h (1.91y) under 60MPa in air and 
18,624h (2.12y) under 50MPa in the He 
environment were achieved. At present, a specimen 
for 50MPa in air is running under 15,000h in a creep 
machine. Using the creep experimental results, creep 
rupture properties between the air and He 
environments were comparatively investigated. 

Fig. 3 shows a comparison of typical creep 
curves for stresses in the air and He environments at 
800oC. The creep curve of Alloy 617 does not show 
“textbook creep” behaviour of well-defined primary, 
secondary, and tertiary creep stages. Alloy 617 
exhibits little primary creep strain, an unclear 
secondary creep stage, and an unclear onset of the 
tertiary creep stage; in addition, the tertiary creep 
stage is initiated from a low strain level. No 
difference was found in the shapes of the creep 
curves between the air and He environments. Alloy 
617 exhibits good ductility (>30 %) in spite of the 
long duration creep time of 16,777h at 800oC.  

Fig. 4 shows the plot of stress vs. rupture time in 
the air and He environments at 800oC. The creep 
rupture time in the air and He environments was 
almost similar during a short rupture time. However, 
when the creep rupture time reaches above 3,000h, 
the creep stresses in the He environment are slightly 
reduced compared with those of the air environment.  
Also, the creep strain rate in the He environment is 
faster than that in the air environment, as shown in 
Fig. 5. The reduction of the creep life in the He 
environment is due to the faster creep rate.  

In this creep condition for Alloy 617, since the 
creep deformation corresponds to the power-law 
creep region, creep deformation is governed by the 
dislocation climb [1, 9]. Thus, the power-law 
relationship between the minimum creep rate and 
stress showed a good linearity, as shown in Fig. 6. 
The constants of Norton’s power law, n

m A  , 

can be reasonably obtained. The A values were 
obtained with about 3.25x10-20 (MPa-n h-1) in air, and 
1.63x10-15 (MPa-n h-1) in He, and the n values were 
7.8 in air and 5.5 in He. There was a slight 
difference in the air and He environments for the A 
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and n values. In addition, the Monkman-Grant (M-
G) plot showing the plot of the minimum creep rate 
vs. rupture time presents good linearity, as shown in 
Fig. 6. In the M-G relationships, 

MGmr Cmt  loglog , the plot exhibits no 

difference in the air and He environment. The m and 
CMG values were almost the same at 0.71-0.72 and 
0.23-0.25, respectively.  

Figs. 7 and 8 show the plots of elongation and 
reduction of area during a rupture as a function of 
stress in the air and He environments at 800oC. As 
the stress decreases, the creep ductility decreases 
slightly. It appears that the creep rupture ductility 
with respect to the stresses is almost similar between 
the air and He environments. The rupture elongation 
and reduction of area decreases with an increase in 
rupture time, as shown in Figs. 9 and 10. There was 
no difference in creep ductility between the air and 
He environments. 
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Fig. 3: Typical creep curves obtained in the air and 
He environments at 800oC. 
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Fig. 4: Comparison of stress vs. rupture time in the 
air and He environments at 800oC. 
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Fig. 5: Comparison of minimum creep rate vs. stress 
in the air and He environments at 800oC. 
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Fig. 6: Comparison of rupture time vs. minimum 
creep rate in the air and He environments at 800oC. 
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Fig. 7: Comparison of creep rupture elongation vs. 
stress in the air and He environments at 800oC. 
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Fig. 8: Reduction of area vs. stresses of Alloy 617 in 
the air and He environments at 800oC. 
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Fig. 9: Rupture elongation vs. rupture time of Alloy 
617 in the air and He environments at 800oC. 
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Fig. 10: Reduction of area vs. rupture time of Alloy 
617 in the air and He environments at 800oC. 
 

III.B. Fracture micrographs  
 
After the creep tests, fracture micrographs were 

observed for all of the tested specimens in the air 
and He environments at 800oC. Fig. 11 shows 
typical SEM fracture surfaces (Fig.11a and Fig.11b) 
and precipitates (c) formed in the crept specimens 
under 60MPa in air and 50MPa in He environment 
at 800oC. It indicates that the left-side photos are for 
an air specimen (tr=16,777h, 60MPa at 800oC), and 
the right-side photos are for the He specimen 
(tr=18,624h, 50MPa at 800oC). The fracture surface 
shows a combination of dimple rupture and 
dominant intergranular fracture. In addition, as 
shown in Fig. 12, which presents a typical OM 
structure on creep cracks along the grain boundaries 
for a crept specimen (tr=18,624h) under 50MPa in 
the He environment at 800oC, the creep cavities and 
cracks developed along the grain boundaries 
perpendicular to the applied stress. This structure at 
800oC is similar to that of the author’s previous 
study investigated in the air and He environments at 
850, 900, and 950oC [9]. The intergranular cracking 
is developed by the incorporation of minor cavities, 
formed on the grain boundary (GB) for prolonged 
creep duration. The cavities are widely distributed 
over the gage length of the specimen. Creep failure 
finally occurs by the incorporation of these cavities 
(or voids) introduced by the creep damage. These 
cavities are initially generated by precipitates 
formed along the GB. The precipitates become site 
initiating cavities. The fracture modes are not 
different in either environment.   

In addition, as shown in Fig. 11c, the 
precipitates formed in air and He environments 
during creep rupture time occur mostly along the 
GB. He specimens are more coarse and blocky than 
the air ones. Cavities and cracks occur on the GBs 
where the carbides are formed. In the author’s 
previous study [9], it was examined that 
cylindrically-shaped coarse carbides and Cr-rich 
M23C6 developed mainly on the GB. In the 
precipitate-denuded regions, the carbides developed 
near the GB. According to other studies on Alloy 
617, M23C6 carbide was found to be abundant at 
temperatures of 649 to 1093oC. Other carbides 
(Cr23C6), carbon nitrides [Cr Mo(C, N)], and nitride 
(TiN) were exhibited but were rare [10, 12].  
Accordingly, it was noted that the fracture mode of 
Alloy 617 at 800oC is clear to be the intergranular 
fracture along the GB, and the fracture modes are 
not different in both environments. The precipitates 
are mainly formed on the GB during creep exposure 
time, and they become site initiating cavities.  
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(a) SEM fracture in air (left) -60MPa and He (right) -50MPa at 800oC (low magnification) 

 

        
(b) SEM fracture in air (left) -60MPa and He (right) -50MPa at 800oC (high magnification) 

 

      
(c) Precipitates formed in air (left)-60MPa and He (right)-50MPa (matrix) 

 
Fig. 11: Typical SEM fracture surface and precipitates formed in the crept specimens under 60MPa in the air 
and 50MPa in the He environment 800oC. (Left side photos are for the air specimen (tr=16,777h, 60MPa 
@800oC), and right side photos are for the He specimen (tr=18,624h, 50MPa @800oC) 
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Fig. 12: A typical OM structure showing creep 
cracks along grain boundaries of a crept specimen 
(tr=18,624h) under 50 MPa in the He environment 
at 800oC. 
 
 

III.C. Oxidation structures in the air and He 
environments   

 
To investigate the oxidation microstructures, all 

the rupture specimens after the creep tests were 
observed by SEM fracture micrographs.  

Fig. 13 shows typical cross-sectional views of 
crept specimens under 60MPa in air (a) (tr=16,777h, 
1.91y) and (b) He (tr=18,624h, 2.12y) at 800oC. For 
the air specimen, the creep rupture parts reveal a 
typical inter-granular fracture surface. There are a 
few large surface cracks along the specimen surfaces 
and crack voids. All specimens reveal a clear outer 
Cr-oxide layer with a smooth surface and density 
structure, which was observed at 850°C, 900°C, and 
950oC [9]. For the He specimen, the fracture 
microstructures are similar to the air specimens: 
however, the outer oxide layer shows a rough 
surface and porous structure, and the internal oxide 
layer includes large cracks. Owing to high oxygen-
partial pressure, there are thicker Cr-oxide layers 
along the ruptured and cracked surfaces compared 
with the air specimens, as shown in Fig. 13c and Fig. 
13d of the enlarged magnifications. There were also 
thin Cr-oxide layers along the large cracked surfaces. 
This is thought to be from the low oxygen-partial 
pressure in the He environment. In these specimens, 
a delaminated layer of the Cr-oxide layer is not 
observed. In addition, it can be seen that outer-oxide 
layer thickness in the He environment is higher than 
that in air environment, as shown in Fig.14a and Fig 
14b.  

For the He sample, its structure is more porous 
and smooth than that in the air environment. The 
connection of the surface oxide layer in the He 
samples is broken by the cracks. On the other hand, 
for the air sample, the connection is continuous 
without cracks or breaks, and the structures are very 
dense over the gage length. The dense oxide layer is 
formed owing to a high oxygen concentration in the 
atmosphere, and it provides a proper protection layer 
from the surface oxidation. In the internal oxide 
layer, the He sample is deeper in Al-oxide 
intergrowth, and the interconnection between the 
surface oxide layer and matrix is weak. The 
structure is also porous and bared. Accordingly, the 
oxidation features in the air and He environments 
can be summarized as in Table 2.  

Fig. 15 shows the changes of outer-oxide layer 
thickness measured for the crept specimens in the air 
and He environments 800°C. For each sample, the 
average thickness was measured from more than 26 
points from the surface images. As the creep rupture 
time increases, the thickness plots the trend of a 
parabolic increase. The increase of the outer-oxide 
layer thickness shows a smooth slope. Under about 
3,000h in creep rupture time, the thickness in the air 
and He environment is almost the same, and above 
about 3,000h in creep rupture time, the thickness in 
the He environment is higher than that in the air 
environment, but the difference is within 5-6 m.   

Fig. 16 shows the change in internal-oxide layer 
depth measured for the crept specimens in the air 
and He environments at 800oC. The thickness of the 
He environment has a slightly higher value than that 
of the air environment, but there is a small 
difference within about 5 m. The thickness 
increases slowly with an increase in the creep 
rupture time. The internal-oxide layers are formed 
between the surface and matrix, and they are mainly 
composed of Al-oxide (Al2O3). The internal oxide 
acts like a chain between the outer oxide layer and 
matrix. Measuring the exact depth of the internal 
oxide layer is hard, but the depth increased with an 
increase in creep time. It seems that an excessive 
internal oxide layer with micro cracks affects the 
mechanical properties. From the change results of 
the internal- and outer-oxide layer thicknesses, it 
was found that the thickness in the He was thicker 
than in the air, although a pure helium gas of 
99.999% was used in the present investigation. The 
differences in the oxide layer thickness caused 
detrimental effects on the creep resistance, even in 
the low oxygen-containing He agent used in this 
study.   
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(a) Cross-sectional view in an air specimen (tr=16,777h, 60MPa @800oC) (x200) 
 

(b) Cross-sectional view in a He specimen (tr=18,624h, 50MPa @800oC) (x200) 
 

100m

Cr2O3

tr=16,777h
60MPa@800oC in air 

 
(c) Enlarged magnification in the air specimen (a)  

 

tr=18,624h
50MPa@800oC in He 100m

Cr2O3

 
(d) Enlarged magnification of in the He specimen (b) 

 
Fig. 13: SEM micrographs of the high and low magnifications for long-term ruptured specimens under stresses 
of 60MPa (tr=16,777h ) in air and 50MPa (tr=18,624h) in He environments at 800°C. 

 



Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-41376 
 

 

9 
 

 
(a) In air (tr=16,777h, 60MPa @800oC) 

 

 
(b) In He (tr=18,624h, 50MPa @800oC) 

 
Fig. 14: SEM micrographs of the oxide layers 
formed during the creep time, in the air specimen (a) 
under 60MPa and He specimen (b) under 50MPa at 
800oC.  
 

Table 2: Difference of oxidation structures in air 
and He environments.  

 Air  Helium  

Outer 
surface 
oxide 

Rough surface  
Dense oxide 

Smooth surface 
Porous oxide 

Without cracks With broken cracks

Internal 
oxide  

Uniform 
(good connection) 

Discrete 
(weak connection) 

Cavity 
size 

Small and shallow Large and deep 
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Fig. 15: Change of outer-oxide layer thickness with 
rupture times of the crept specimens in the air and 
He environments at 800oC. 
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Fig. 16: Change of internal-oxide layer thickness 
with rupture times of the crept specimens in the air 
and He environments at 800oC. 

 
From the investigation of oxidation structures in 

the air and He environments for alloy 617 at 800oC, 
it can be seen that in the He environment, the creep 
cavities and voids remained more severe on the 
grain boundary than that in the air environment. 
While in the air environment, the creep cavities and 
voids were not as much as in the He environment. 
An oxidation layer (Cr2O3) was formed on the 
surface of alloy 617. The oxidation layer became 
thicker in accordance with a decrease in stress. The 
deterioration of the creep resistance in the He 
environment was due to the microstructural changes 
such as the thickness of the surface oxide layer, the 
depth of the internal oxidation, and the depth of the 
Cr-depleted zone. These changes were attributed to 
the enhanced diffusion of the oxidizing agent and 
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the gaseous reaction products along the grain 
boundary. It is known that the creep properties of the 
material will have detrimental effects when the 
carbide depleted zone is enhanced, and they are 
dependent on various microstructure features such 
as surface cracking along the grain boundary, voids 
below the surface, and voids in the matrix [10]. The 
reason why the surface oxide layer formed much 
deeper inside in the He than in air can be explained. 
Oxidation is a diffusion controlled process. Once the 
surface of a metal begins to oxidize, subsequent 
oxidation can take place only when oxygen ions 
diffuse through the oxide and react with the metal 
ions at the metal-oxide interface. As the oxide layer 
thickens, the diffusion distance increases and the 
rate of oxidation decreases. The density of oxide 
formed on Alloy 617 by annealing in air is much 
more than that formed in He, which tends to make 
the oxygen ion diffusion more difficult, while the 
much lower density of the oxide on the surface 
formed in the He ambience tends to make the 
oxygen ions diffuse easier, and increase the 
diffusion distance of the oxygen ions.  

 
 

IV. CONCLUSIONS 
 

A series of creep tests was performed under 
different applied stresses for Alloy 617 in air and He 
environments at 800oC, and experimental creep data 
were obtained. The results showed that the creep 
rupture time in the air and He environments was 
almost similar in the short rupture time. However, 
when the creep rupture time reaches above 3,000h, 
creep stresses in the He environment are slightly 
reduced compared with those of the air environment. 
The creep strain rate in the He environment was a 
little faster than that in the air environment at above 
3,000h. The reduction of creep life in the He 
environment was due to the faster creep strain rate. 
Alloy 617 followed Norton’s power law and the 
Monkman-Grant relationship well. As the stress 
decreased, the creep ductility also decreased slightly. 
The thickness of the outer and internal oxide layers 
showed a parabolic increase with an increase in 
creep rupture time in both the air and He 
environments. It was found that the thickness in the 
He environment was higher than in the air 
environment, although a pure helium gas of 
99.999% was used in the present investigation. The 
differences of the oxide-layer thickness caused 
detrimental effects on the creep resistance, even in 
the low oxygen-containing He agent used in this 
study. 
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