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a b s t r a c t

During a severe accident, steam generator (SG) tubes undergo rapid changes in the pressure and tem-
perature. Therefore, an appropriate creep model to predict a short term creep damage is essential. In this
paper, a novel creep model for Alloy 690 SG tube material was proposed. It is based on the theta (q)
projection method that can represent all three stages of the creep process. The original q projection
method poses a limitation owing to its inability to represent experimental creep curves for SG tube
materials for a large strain rate in the tertiary creep region. Therefore, a new modified q projection
method is proposed; subsequently, a master curve for Alloy 690 SG material is also proposed to optimize
the creep model parameters, qi (i ¼ 1e5). To adapt the implicit creep scheme to the finite element code, a
partial derivative of incremental creep with respect to the stress is necessary. Accordingly, creep model
parameters with a strictly linear relationship with the stress and temperature were proposed. The
effectiveness of the model was validated using a commercial finite element analysis software. The creep
model can be applied to evaluate the creep rupture behavior of SG tubes in nuclear power plants.
© 2021 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

During design-basis accidents in nuclear power plants, the
temperature of the steam generator (SG) tubes varies almost
negligibly and remains below 350 �C. At such temperatures, the
creep effects are negligible in Alloy 690. However, in postulated
severe accidents, much higher temperatures prevail. At these
higher temperatures, it is probable that plastic deformation will be
more extensive than at normal reactor operating temperatures, and
the creep effects may no longer be negligible [1e4].

Creep is an irreversible time-dependent nonlinear deformation
process: the strain is dependent on both the temperature and time,
rather than only on the stress. Generally, the process of creep in
metals starts when the temperature is above 0.3e0.4 times the
melting temperature. The most commonmethod of creep testing is
the simple application of a load (or constant engineering stress).
Using this method, the creep curve can be characterized by three
stages: the primary stage, where the creep strain increases initially
although the strain rate decreases with time; the secondary stage,
by Elsevier Korea LLC. This is an
where the strain rate remains constant; and the tertiary stage
where the strain rate increases rapidly and creep failure occurs. The
steady-state creep rate is known to have a power dependence on
stress that is known as the power-law creep, and an exponential
dependence on temperature, as shown in Eq. (1).

_εs ¼Asne�ðQ=RTÞ; (1)

where _εs is the steady-state creep rate, A is the creep constant, n is
the creep exponent, Q is the activation energy for creep, R is the
universal gas constant (8.31 J/mol/K), T is the temperature, and s is
the stress.

Various constitutive models have been developed to predict and
interpolate the creep behavior [5e11]: Norton's law (exponential
form for the primary stage), NortoneBailey, RCC-MR, Garofalo, and
Bartsch for primary and secondary stages, and theta (q) projection,
RabotnoveKachanov, Bolton, GrahameWalles, BakereCane, and
DysoneMcLean for all three stages. Modeling all three stages might
not be of interest for industrial structure designs; however, it is
extremely important for steam generator (SG) tube integrity
assessment during a hypothetical severe accident, such as, a station
blackout with a loss of auxiliary feedwater. SG tubes undergo rapid
changes in pressure and temperature, and the creep damage
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. Schematic creep curve showing the concept of q projection method.

Table 1
Chemical composition of Alloy 690 SG, steam generator, tube material.

element C Mn SI S P Ni Cr Mo

wt.% 0.020 0.493 0.265 0.0006 0.005 59/16 29.27 0.028
Element Cu Co Al Ti Nb N B Fe
wt.% 0.012 <0.010 0.165 0.245 <0.010 0.020 <0.0005 10.3
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accumulates within only several hours or days [12,13]. Therefore,
there is a need for creep models that can accurately simulate the
entire creep curve and evaluate the creep strain rate transitions
under various hypothetical accident scenarios.

In addition, SG tubes are generally made of Alloy 600 material;
however, the material has been replaced with Alloy 690, a
NieCreFe alloy, with a Cr content of up to 30 wt% to improve the
corrosion resistance [14,15]. Most of the studies on creep charac-
teristics and failures of SG tubes have been on Alloy 600 materials.
Argonne National Laboratory used the Alloy 600 material and
employed the LarsoneMiller method that is widely used in in-
dustry for simple calculations. However, there have been only a few
Fig. 2. Geometry and dimen
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studies on Alloy 690. The creep data for Alloy 690 are insufficient to
predict the creep behavior of SG tubes.

The q projection method [16] is known to accurately model the
shape of the entire creep curve and can be used to interpolate and
extrapolate the creep rate with respect to the stress, strain, and
temperature of various alloys. In addition, it has been modified
extensively for application in a variety of materials [5,9,17e19].
Many researchers have presented a creep curve fitting method
using the original and modified q projection methods. The experi-
mental creep curves cover a wide range of temperature and stress
load; therefore, an inadequate creep parameter can be produced
when the q parameters are fitted with the original q projection
method [5].

In this study, a new creep model for Alloy 690 SG tube material
is proposed; it is based on the q projection method that can
represent all three stages of the creep process. The original q pro-
jection method is not able to fit the tertiary creep region with a
large strain rate. Therefore, a novel modified q projection method is
proposed. The creep model parameters, qi (i ¼ 1e5) are determined
as strict linear functions of stress and temperature. Subsequently,
the creep model for Alloy 690 SG tube material is implemented to
the creep user subroutine for the commercial finite element anal-
ysis (FEA) code for the evaluation of the creep behavior of SG tubes.

2. Description of q projection method

The q projection method [16,20] is a creep-modeling method.
The creep strain, ε, at time, t, can be calculated using the following
equation:

ε¼ q1
�
1� e�q2t

�þ q3
�
eq4t �1

�
(1)

where qi (i ¼ 1, 2, 3, and 4) are the four q coefficients obtained from
the regression analysis of the experimental creep curves. For
isotropic materials, the model parameters, lnqi, can be assumed to
be a linear function of temperature, T, and stress, s, as follows:

lnqi ¼ ai þ bisþ ciT þ disT (2)

where ai, bi, ci, and di (i ¼ 1, 2, 3, and 4) are the material constants.
Eq. (1) can be divided into two exponential terms: the first term of
Eq. (1), q1ð1�e�q2tÞ represents the primary creep behavior, where
q1 is the total primary creep strain, and q2 is related to the primary
creep strain rate. Similarly, the second term, q3ðeq4t � 1Þ, represents
tertiary creep with q3 that scales the tertiary creep strain and q4
that determines the tertiary creep strain rate. Fig. 1 shows a sche-
matic diagram of the creep curve and the physical meaning of the
four q coefficients.
sion of creep specimen.



Fig. 3. Creep curves for Alloy 690 SG tube material.
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Fig. 4. Creep stages for Alloy 690 SG tube material.

Fig. 5. Normalized creep curves for stress and temperature change by the reference creep time and strain: (a) Normalization of stress (b) Normalization of temperature.

Fig. 6. Curve fitting results for Alloy 600 SG tube material obtained based on the original q projection method: (a) Normalized creep strain curve (b) Normalized creep strain rate
curve.
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Fig. 7. Curve fitting results for Alloy 600 SG tube material obtained based on the modified q projection method: (a) Normalized creep strain curve (b) Normalized creep strain rate
curve.

Table 2
Optimized q coefficients for the master curve for Alloy 690 SG material.

q1 q2 q3 q4 q5

43.739 0.0110 0.0548 2.3592 4.0424
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The q coefficients are obtained from the uniaxial creep testing
constant stress and temperature; ai, bi, ci, and di in Eq. (2) are
determined by fitting qi as a function of temperature and stress. It is
important to note that the q coefficients in the q projection method
are unique parameters that are related to stress and temperature.
Tuning the q coefficients with a linear relation over temperature
and stress from creep test data is extremely difficult. Yu et al. [5]
assumed that the distribution of the model parameters would be
piecewise in the temperatureestress space and used a few con-
straints such that all qi values would be positive and the higher
stress loads would provide a higher fitted model parameter, qi,
under the same temperature condition. However, the parameters
show no strict linearity with respect to temperature and stress.

Various modified q projection methods have been proposed to
efficiently obtain better fitting results for the experimental creep
data for different materials. The methods introduced extra terms to
better accommodate experimental data for other different mate-
rials. The method in Ref. [18] introduced a linear term as follows:

ε¼ q1
�
1� e�q2t

�þ qm þ q3
�
eq4t � 1

�
; (3)

qm¼Asne�Q=RT : (4)

Day and Gordon [11] represented Eq. (5) to describe the creep
curve for Nickel-based Super-alloy.

ε¼ q3

�
1� e�t=q2

�
q8 þ q4

�
tþ q2

5e

�
et=q2 �1

��
q8

þ q7
t
q5
e
q6

�
t
q5
�1

�
q8 (5)
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q8 ¼
�
1� e�s=s0

�
: (6)

where s0 is creep threshold stress. Compared to the original q

projection method, these modified methods require additional
material properties, and have many fitting parameters.

3. Creep test for alloy 690 SG tube

As our test material, we used Alloy 690, whose chemical
composition is tabulated in Table 1. A series of creep tests was
conducted in the temperature range of 650e850 �C. An electro-
mechanical testing machine (R&B® Model RB-301) was used for
the uniaxial creep tests. Tube-type specimens without flattening
were used to measure the creep properties to maintain their me-
chanical properties during the manufacturing process. The speci-
mens were machined along the longitudinal direction of the tube.
The geometry and dimensions of the test specimens are shown in
Fig. 2. The outer diameter and thickness of the tubes are 19.05 mm
and 1.07 mm, respectively. In the creep tests, it is possible for
bending stress to occur due to the geometrical characteristics of the
half tube specimen. In this study, the jig was designed so that the
load line of the test machine could be located at the center of the
cross-section of the gauge section of the creep specimens to pre-
vent bending load. The strain of the specimen was determined as
the extension between the upper and lower loading pins divided by
the initial length of the reduced section of the specimen. The ma-
chine compliance was removed to precisely calculate the strain.
Fig. 3 shows the experimental creep strain curves for Alloy 690
under various temperatures and stress conditions.

4. New modified q projection method

The q projection method assures appropriate parameter fitting
results when the creep data under conditions of a narrow tem-
perature and stress span are used. The experimental creep curves
are fitted to Eq. (1) to produce a dataset of model parameters, qi.
Thereafter, the dataset should be iteratively modified several times
to satisfy the monotonicity requirement that creep strain increases
with temperature and stress [5]. In addition, it is necessary for the
parameters to be satisfied with the strict linear relationship
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between temperature and stress, as shown in Eq. (2) to accurately
predict the creep behavior through an implicit creep integration
scheme in finite element analysis (FEA), when the temperature and
stress vary with time. In this section, the q projection method is
employed to accurately predict the creep behavior of Alloy 690 SG
tube material.

Under creep conditions, the material undergoes three creep
stages: primary, secondary, and tertiary creep stages. Fig. 4(a)
shows the rate of normalized creep strain under 700 �C and
120 MPa. The primary stage, where the strain rate decreases with
time, appears in less than about 3% of the creep rupture time, tr, and
so it can be said the primary stage is negligible. In Fig. 4(b), each
creep stage was marked. As presented in Fig. 3, the creep curves of
Alloy 690 clearly show a negligible primary creep stage; however,
the tertiary creep stage is rather long. It is thought that the primary
creep is negligible because the Alloy 690 is so ductile so the primary
creep strain is relatively very small compared to the total of the
second and third creep strain. Additionally, as the stress increased,
the creep rupture time tended to decrease, and the creep rupture
strain, εr, tended to increase.

In general, the q coefficients are obtained from the experimental
creep curves at a constant temperature and stress. Suitable q values
are optimized by minimizing the error between the experimental
creep curves and predicted curves calculated using Eq. (1) [20]. The
Fig. 8. qi distribution with stress
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experimental creep curves exhibit dependence on temperature and
stress; the q values are determined from each creep curve. If a
master curve for the experimental creep curves can be established,
the q coefficients can be determined based on a single optimization.
In this study, it is assumed that appropriate normalization of creep
curves can minimize the temperature and stress dependence be-
tween the creep curves. Therefore, the experimental creep curves
were normalized against the reference creep rupture strain, εrr, and
reference creep rupture time, trr. The q values obtained from the
master curve are multiplied by the reference rupture strain and
time to obtain the q values for the creep strain curve under a spe-
cific temperature and stress. In this study, the reference creep
rupture time and strain for Alloy 690 SG tube material are pre-
sented as a linear function of temperature and stress, as follows:

lntrr¼26:399þ4:097�10�2s�2:486�10�2T�1:018�10�4sT

(7)

lnεrr¼1:875�2:088�10�2s �4:113�10�3Tþ3:453�10�5sT

(8)

The normalized creep strain curves are shown in Fig. 5, where
for different temperatures.



Fig. 9. Creep strain prediction results: (a) 650 �C (b) 700 �C (c) 750 �C (d) 800 �C (e)
850 �C.

Fig. 10. Schematic diagram and FE mesh for creep test specimen.
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Fig. 5(a) was obtained at 850 �C, over a range of different stress
levels, and Fig. 5(b) was obtained over a range of different tem-
perature levels. As shown in Fig. 5(a), all the creep curves
converged on a single curve, except for the load of 30 MPa. This is
thought to be attributed to different creep mechanisms between
relatively low and high applied stress, and the primary creeps did
not appear under the low-stress condition. The difference in creep
mechanisms will be verified in the future through fracture section
analysis of the material; in this study, the case of the low-stress
condition has been excluded. This exclusion is valid because un-
der accident conditions where the pressure and load increase
rapidly, most damage accumulates under high-load condition and
the damage accumulated under low-load condition is negligible.
The normalized curves in Fig. 5 demonstrate that the normalized
creep strain curves can be assumed to be relatively independent of
the temperature and stress under a given condition.

In this study, the master curve for Alloy 690 SG material was
obtained by fitting the q values to minimize the difference between
the curves in Fig. 5(b). Fig. 6 shows the creep and creep strain rate
curves. The fitting result with the original q projection method
1576
cannot appropriately fit the tertiary stage of the creep curves.
Therefore, a new modified q projection method was proposed to fit
the experimental creep curves in all the three creep stages with
improved accuracy, as follows:

ε¼ q1
�
1� e�q2t

�þ q3
�
eq4t

q5 �1
�
; (9)

where qi (i ¼ 1, 2, 3, 4, and 5) are the five q coefficients obtained
from the regression analysis of the experimental creep curves. qi
(i ¼ 1, 2, 3, and 4) is the same as the q coefficients in the original q
projection method, and q5 is independent of the temperature and
stress. The proposed modified q projection method fits both the
creep strain curve and the first derivative of the creep strain curve,
as shown in Fig. 7. The optimized q coefficients for the master curve
of the Alloy 690 SG material are presented in Table 2. The master
curve used for the curve fitting can be expressed as follows:

ε

εrr
¼ q1

�
1� e�q2 t

trr

�
þ q3

�
e
q4

�
t
trr

�q5

�1
�
; (10)

Following the determination of the q values for the master
curve, the q values, qT,s, for a specific temperature and stress, can be
determined using the reference failure strain and reference failure
time.

qT ; s1;3 ¼ εrr$q1;3; q
T ; s
2 ¼ q2

trr
; qT ; s4 ¼ q4

trrq5
; qT ; s5 ¼ q5 (11)

Fig. 8 shows the model parameters, qT ; si (i ¼ 1, 2, 3, 4), under
different values of temperature and stress, that strictly satisfy the
assumption that the model parameters are a linear function of
temperature and stress in the linear-logarithm coordinate, as
shown in Eq. (2). However, it is known that the assumptions for the
model parameters are not easily satisfied [5,18]. The linearity of the
model parameters is important for accurately predicting the creep
behavior through analytical analysis and FEAs. In particular, when
an implicit creep integration scheme is implemented in an FE (finite
element) solution, the assumption in Eq. (2) is very important
because the creep strain increment and the derivative of the creep
strain increment with respect to the stress should be defined.



Fig. 11. Comparison of FEA results obtained based on the creep strain model: (a) 700 �C (b) 800 �C.
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In this study, the proposed new modified q projection method
uses the master curve (Eq. (10)) of creep curves so the q coefficients
for all creep curves can be determined by a single optimization.
Also, the method uses just five unknown parameters as shown in
Eq. (10), and when the added parameter, q5, is 1.0, the modified
method is the same as the original method.

Fig. 9 illustrates the comparison of the creep curves predicted
using the modified q projection method and the experimental data.
The predicted curves show all three-stage creep processes; it can be
observed that the prediction and experimental results are in
agreement under all temperature and stress conditions. The red
shaded region bounded by two red dashed lines in Fig. 9(b) in-
dicates the ±20% prediction error intervals in the creep time for the
case of 100 MPa; this shows a relatively large prediction error.

The prediction capability of the proposed creep strain model is
considered to be sufficiently accurate for evaluating the creep
behavior of Alloy 690 SG tube material. Further refinement of the
proposed creep strain model and its application for SG tube rupture
prediction will be conducted in the future.

5. Simulation of creep strain

In the previous section, a creep strain model for Alloy 690 SG
tube material was proposed using the modified q projection
method. To accurately predict the creep rupture of the SG tube
based on the proposed creep model, the creep strain model should
be implemented based on an FE solution. A user creep subroutine
was defined using the creep strain increment and the derivative of
the creep strain increment with respect to the stress. FEA was
conducted to verify the user creep subroutine for the creep tensile
test, under the creep test conditions described in Section 3.

Fig. 10 shows a schematic diagram and FE mesh for the creep
specimen. The gauge sectionwas modeled only for the FEA because
a deformation of the specimen occurred in this particular section
during the creep test. The reduced integration 8-node brick
element (C3D8R in the ABAQUS element library [21]) was used. The
FEA of the creep test was conducted using ABAQUS (version 2018),
and the user creep subroutine was used to apply the new proposed
creep strain model based on the modified q projection method.

Fig. 11 shows the creep strain curves obtained from the FEA and
the developed creep strain equations (Eqs. (7)e(9) and (11)). For all
temperature and stress conditions, the characteristics of all three-
stage creep regions were simulated. The simulation results
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showed good agreement with the prediction results obtained using
the creep equation. Therefore, the appropriate implementation of
the user creep subroutine using the commercial FEA code ABAQUS,
is confirmed. The creep strain model and the user creep subroutine
can be applied to evaluate the creep rupture behavior of SG tubes in
conjunctionwith time hardening, strain hardening, and life fraction
rules.

6. Conclusions

A new creep strain model for Alloy 690 SG tube material was
proposed. The creep model is based on the modified q projection
method that can be model the tertiary creep stages with a large
strain rate. In addition, a master curve for the experimental creep
curves was established that was subsequently used to optimize the
creep model parameters, qi (i ¼ 1e5). The master curve could
significantly reduce the effort to optimize the model parameters as
well as ensure that the model parameter would maintain strict
linearity for temperature and stress. The proposed creep strain
model could well predict the results of the creep experiment under
a wide range of temperatures and stress conditions. Subsequently,
the creep model for Alloy 690 SG tube material is implemented to
the creep user subroutine for the commercial FEA code for the
evaluation of the creep behavior of SG tubes. The creep strainmodel
and the user creep subroutine can be applied to evaluate the creep
rupture behavior of SG tubes during a sever accident in conjunction
with time hardening, strain hardening, and life fraction rules.
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