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The creep behavior of Ni—Cr—W alloy at 950 °C has been investigated by a novel creep testing system
which is capable of in-situ measurement of strain. Tubular specimens were pressurized with argon gas
for effective stresses up to 32 MPa. Experimental results show that the thermal fatigue reduces the creep
life of the tubular specimens and with the introduction of thermal cycling fatigue the primary stage
disappears and the creep rate higher than the pure thermal creep (without thermal fatigue). Also the

creep behavior of Ni—Cr—W alloy doesn't consist in the secondary stage. A new creep equation has been
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derived and implemented into finite element method. The results from the finite element analyses are in

good agreement with the creep experiment.

© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The very high temperature gas-cooled reactor is a promising
Gen-1V nuclear system. Its designed temperature output can reach
up to 950 °C, at which the efficiency of producing electricity and
hydrogen will surpass the capabilities of current plants [1]. The
intermediate heat exchanger (IHX) is a major component of the
Very High Temperature Gas-cooled Reactor (VHTGR) and will be
exposed to elevated temperatures and gas pressures up to 8 MPa
[2,3]. Under these conditions, resistance to time-dependent defor-
mation under sustained loading at elevated temperatures, or creep,
is a major factor in lifetime performance and limits available ma-
terials for selection. Currently, a solid solution strengthened
Ni—Cr—W Alloy 230 was considered to be one of the candidate
structural materials for IHX tubing because of its excellent me-
chanical and corrosion resistance at elevated temperatures [4].

Creep deformation behavior Alloy 230 was investigated at
various applied stresses from 750 °C to 950 °C [4—6]. It was found
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that the exhibition of the three classical creep regions (primary,
secondary, and tertiary creep) depended on the applied stress and
temperature. The primary and secondary stages of creep defor-
mation were clearly observed under 0.10 yield strength stress
exposure to 750 °C, 850 °C and 950 °C. At a higher stress level (0.25
yield strength), the tertiary stage appeared on early during creep
strain development when the temperature was higher than 850 °C.
Most of conventional creep tests were conducted using uniaxial
cylindrical specimens as shown in Fig. 1(a). However, most of IHX
design is tube-shaped structure in which the stress state is biaxial
as shown in Fig. 1(b). Hence, the cylindrical specimens used in
traditional creep tests do not represent well the real biaxial stress
condition of in-service IHX components. Compared to uniaxial
creep samples, the pressurized creep tube is a more efficient way to
investigate creep behavior. This is because miniature configuration
enables numerous tube-shaped samples loaded into a limited nu-
clear reactor at one time. Numerous studies have attempted to use
pressurized tube for irradiation and creep testing for materials,
which are exposed on multiple irradiation and high-temperature
corrosive environments in reactor [7—10]. To investigate the
biaxial thermal creep behavior of Inconel 617 and Alloy 230, Tung
et al. [11] and Mo et al. [12] adapted the original design (Gilbert
et al. [7]) of the creep tube for high -temperature creep tests. It was
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Fig. 1. Mechanical analysis of (a) uniaxial cylindrical specimen and (b) tube specimen.

found that for both alloys, tertiary creep accounts for a great
portion of the materials’ life, while secondary creep only accounts
for a small portion. To provide estimation of creep life for a larger
range of stresses and temperatures, a creep equation accurately
representing the creep strain development of both alloy tubes has
been derived in their work [11,12].

In the previous experiments, because of limitation of ex-situ
experimental system, creep measurement data could only be ob-
tained at the room temperature. Creep samples had to be cooled
and removed from the furnace at selected time intervals for these
measurements. These cooling and reheating processes results in
temperatures gradients in testing samples. Repeated temperature
gradients may introduce thermal fatigue [13]. Thermal fatigue is a
critical life-limiting factor for many structure materials in high
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temperature applications. For example, the strains and stresses of
reactor component vary between maximum and minimum values
due to thermal fatigue. This is the main reason for the failure of
structural components. Numerous studies have been devoted to
better understand the effect of thermal fatigue on Ni-based alloys
[14—22] Raffaitin et al. [15] demonstrated that for Nickel-based
superalloy, thermal cycling creep rates are faster than isothermal
creep rates. Vetriselvan et al. [22] also found that thermal fatigue
causes tube (9Cr 1Mo steel) failures, significantly reducing the
working life of the tubular components.

In the present paper, a new in-situ creep testing system has been
developed to study the biaxial creep of tubular specimens. The
diameter change of the specimens can be measured continuously in
the new testing system. A schematic diagram and photograph of
the key components of the in-situ creep testing system are illus-
trated in Fig. 2(a).

2. Materials and methods

The composition of the Alloy 230 used in this experiment is
given in Table 1 from a certified test report (heat number:
XX58A7UK). In contrast to the typical cylindrical specimens used in
uniaxial creep test, pressurized tubes with an outside diameter of
4.5720 mm and wall thickness of 0.2540 mm were used in this
investigation. The detailed dimensions of the specimen can be seen
in Fig. 2(b) based on tube thermal creep analyses in Garner et al.
[23]. Tubular specimens were pressurized with argon gas for
effective stresses up to 32 MPa.The stress inside the tube can be
determined by the middle wall effective stress, which is calculated
based on von Mises criterion [24]:

V3R3
Oaff = —5————— 1
eff R RZ h (1)
where oy, is given by
PR? R3
op=—s—1—|14+-2 2
"R R [ R%J @

Rg, Rj and Ry, are the outer, inner, and mid-wall radii, respectively.
P is the internal gas pressure.
Both ends of the specimens were welded using the electron
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Fig. 2. (a) Schematic diagram of the in-situ creep system and (b) tubular specimen of Alloy 230.
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Table 1

Chemical composition of Alloy 230 for tube specimens (weight%).
Al B C Co Cr P Fe
0.37 0.03 0.11 0.19 22.39 0.008 1.55
Mn Mo Ni S Si Ti W
0.5 1.36 BAL 0.02 0.38 0.01 14.26

Table 2

The rupture time compared with Tung's experiment of Alloy 230 at 950 °C [11].

Effective Stress Ex-situ system In-situ system In-situ/Ex-situ

(MPa) (hours) (hours) ratio
23 115 216 1.88
18 237 410 1.73

beam welding technique, which can reduce the defects that might
induce early rupture. Before exposure of specimen in the test
environment, the sealed tube was purged six times in order to
minimize the oxidation of the inner wall when the specimen was
inserted into the furance. The outer surface of creep tubes was
exposed to air at 950 °C. The furnace was then heated to the
working temperature, followed by 30 min stabilization of the
temperature. High purity argon gas (99.998%) was employed to
pressurize the specimens, and the gas pressure was controlled and
monitored by a pressure controller, Mensor CPC8000. The outer
diameter at the middle of the pressurized creep tubes was
measured each second during the experiments by optical micro-
meter. After rupture, the specimen was vented, and withdrawn out
of furnace.

3. Results and discussion

To examine the thermal fatigue behavior on tube-shape Alloy
230 specimens, creep tests of the Alloy 230 pressurized tubes
without thermal fatigue effect under the same testing conditions
and heat number as in Tung [11] were conducted using the new in-
situ testing system. The results are listed in Table 2 and compared
with Tung's data. It can be seen that the rupture times in present
experiment are significantly longer than in Tung's work, which
indicates the ex-situ measurement may include the thermal-
fatigue damage in the creep life estimation, and can be more con-
servative compared to the in-situ creep strain measurement where
the creep tube deforms continuously. The deteriorated effect of
thermal cycling fatigue present in ex-situ biaxial creep test at
elevated temperature is significant and should be avoided. It is
postulated that the ex-situ system experiments would predict
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much shorter creep life at comparable effective stress levels than
the in-situ system.

The creep strain curves of Alloy 230 at different pressures from
18 MPa to 32 MPa at 950 °C is shown in Fig. 5(b). It can be seen that
the ruptured times of the tubular specimens have a strong rela-
tionship to applied pressure and the time to failure dramatically
decreases with increasing of applied pressure.

To evaluate the thermal cycling fatigue effect, creep experiments
coupled with thermal-fatigues were designed. In contrast to the
conventional creep experiments, the specimens were cooled to
ambient temperature after 1-h and 4-h isothermal exposure. They
then reinserted in the furnace for a second exposure, and this
process was repeated until the end of the creep life. Fig. 3(a) shows
the diameter strain development of Alloy 230 with pure creep, 1-
h and 4-h interval creep under the pressure 32 MPa at 950 °C. It
can be observed that the thermal cycling fatigue reduces the creep
life of the tube and the frequency of thermal cycling has little in-
fluence on creep life. To further determine the impact of thermal
cycling fatigue on the three classical creep regions (primary, sec-
ondary, and tertiary creep), the creep strain rate curves are depicted
in Fig. 3(b). It illustrates that with the introduction of thermal
cycling fatigue the primary stage disappears and the creep rate
higher than the pure creep.

To determine whether the alloy exhibited three classical creep
regions (primary, secondary, and tertiary creep) with respect to
applied stress, Fig. 4 shows the creep strain rate plotted as a
function of the average strain on a semi-log scale. It can be seen that
the tertiary creep takes a greater portion of all these curves and it
occurs early during the test without secondary creep, which is
consistent with the previous study [11]. Similar results have been
observed for Ni-based alloy under an applied uniaxial stress state,
including Inconel 738 alloy [25], Inconel 617 alloy [12] and 718 alloy
[26].

As we mentioned above, the steady creep state is not present in
Alloy 230 creep behavior at 950 °C. Hence, it is necessary to develop
a suitable constitutive equation which fit the above experimental
data and can describe the creep stages accurately and represent the
biaxial stress distribution of pressured tube. Previously, Gilbert and
Blackburn [10] have formulated a creep equation in the form:

ec =Adey cosh™! (1+Bt) + Colyt™ + Dol t>> 3)
where ¢. is the creep strain, t is the time and the remaining
quantities are temperature dependent parameters. The equation
(3) can accurately represent the creep strain behavior of 316
stainless steel creep tubes which contains a linear dependence of
the creep strain on stress at low stress levels with a much stronger
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Fig. 3. Conventional creep test at loading 32 MPa, 1-h and 4-h interval creep of alloy 230 at 950 °C (a) creep curves and (b) creep strain rate.
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Fig. 4. Creep strain rate for Alloy 230 at 950 °C with applied stress of (a) 18 MPa, (b) 23 MPa, (c) 28 MPa and (d) 32 MPa. The blue and red lines in the figures represent primary and
tertiary creep, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. (a) 1/8 finite element model for pressurized creep tube, (b) Comparison of experimental results with finite element analyses of Alloy 230 at 950 °C with effective stresses of

18 MPa, 23 MPa, 28 MPa and 32 MPa.

stress dependence appearing at higher stress levels. For Alloy 230
and 617 tubes, Mo et al. [12] have modified equation (3) to fit their
experimental results and creep strain becomes:

ec=A0ey cosh™' (1+Bt) + Caljpt™ (4)

The creep equation (4) can adequately represent the results of
the biaxial creep strain development for Alloy 230, particularly in
high and medium stresses. However, for lower stresses the

computed creep curves do not fit well to the experimental results
[12]. The deviation for low stresses is attributed to the deficiency of
long-term creep data, which influences the accuracy of fitting be-
tween experimental data and the creep equation. This is an obstacle
to the development of a better sets of temperature-dependent
constants and stress-dependent constants.

The in-situ measurement system used in this study can provide
more accuracy creep data to fit the parameters in equation (4) to
reduce the deviation at low stress levels. Furthermore, the value of
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Table 3

Values of exponent in the creep equation for Alloy 230 at different effective stresses.
Alloy 230 18 MPa 23 MPa 28 MPa 32 MPa
n 132 137 139 1.5

n in creep equation not only be regarded as a temperature
parameter as in Mo et al. [12] and Gilbert et al. [10] but also as
pressure-dependent parameter. Table 3 shows the values of n at
different effective stresses. As you can see from the table the value
of n is a function of effective stress, increasing moderately with the
stress level.

A finite element model which represents one-eighth of creep
tubular specimen is shown in Fig. 5(a). The model was used to
verify the creep test results and the creep equation (4). The finite
element model has 560,090 nodes and 129,000 elements. 8-noded
tetrahedral reduced integral three-dimensional solid element was
used in finite element analyses. equation (4) has been implemented
into commercial FE solver ABAQUS via a user-defined subroutine
CREEP. The creep tests have been simulated at 950 °C with four
effective stresses (18 MPa, 23 MPa, 28 MPa and 32 MPa). The pa-
rameters in equation (4) are fitted according to creep test results.

The experimental and finite element results are plotted together
in Fig. 5(b) showing good agreement between the results of the
experiments and finite element analyses. This newly derived creep
equation (4) could be extended to a large range stress to estimate
creep life and understand the creep properties of Alloy 230. In
addition the creep equation can be used to assess the structural
integrity of components at elevating temperature.

4. Conclusions

In summary, a new in-situ creep system was built to carry out
creep tests for tubular specimens and to examine the biaxial creep
behavior of Alloy 230 at 950 °C under effective stress of 18 MPa,
23 MPa, 28 MPa and 32 MPa. The main findings from these creep
tests are listed below:

1. Thermal cycling fatigue reduces the creep life of the tube-shap
creep specimens and, with the introduction of thermal cycling
fatigue, the primary stage disappears accompanied by a higher
creep rate than pure thermal creep.

2. The creep curves are mainly composed of a primary stage and a
larger percentage tertiary stage without a significant steady-
state creep stage. The tertiary regime takes a greater fraction
of creep life.

3. Acreep equation was developed based on biaxial creep data and
implemented into finite element method via a user-defined
subroutine to simulate creep behavior of pressurized tubular
specimen. The experimental data and the results of finite
element method are in close agreement with each other.
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