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This study discusses the creep-fatigue strength for Mod.9Cr-1Mo steel at a high temperature of 823 K

under multiaxial loading. Low cycle fatigue tests in various strain waveforms were performed with a hollow
cylindrical specimen. The tests were conducted under a proportional loading with a fixed axial strain and
a non-proportional loading with a 90-degree phase difference between axial and shear strains. The tests
at different strain rates and the creep-fatigue tests at different holding times were also conducted to dis-
cuss the effects of stress relaxation and strain holding on the failure life. In this study, two types of mul-
tiaxial creep-fatigue life evaluation methods were proposed: the first method is to calculate the strain
range using Manson's universal slope method with considering a non-proportional loading factor and creep
damage; the second method is to calculate the fatigue damage by considering the non-proportional load-
ing factor using the linear damage law and to calculate the creep damage from the improved ductility
exhaustion law. The accuracy of the evaluation methods is much better than that of the methods used in
the evaluation of actual machines such as time fraction rule. The second method proposed by the authors
showed the highest evaluation accuracy. The first evaluation equation is slightly less accurate than the
second, but it is useful in that the evaluation procedure is easy.
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Introduction

ated with start-up and shutdown and creep damage during

Mod.9Cr-1Mo steel, known as typical high chromium fer-
ritic heat-resistant steel, has a good balance between a high
temperature strength and mechanical properties, and has
been widely used in thermal power plants. Because the ser-
vice conditions in such plants are complex due to mechani-
cal stress and thermal stress, structure materials undergo the
non-proportional multiaxial loading state in which the direc-
tion of the principal stresses and principal strains changes
with time. It is reported that the fatigue life under non-
proportional multiaxial loading is significantly lower than
that under proportional loading. High temperature structural
equipment in thermal power plants also suffers creep-fatigue
damage due to the combination of cyclic stresses associ-
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steady-state operation.' " Therefore, in order to design and
assure the integrity of high temperature structural equipment
under such severe conditions, it is essential to establish an
appropriate non-proportional multiaxial creep fatigue life
evaluation method.

The universal slope method,'? the linear damage law,'?
time fraction rule,'” the strain range partitioning method'”
and other representatives creep-fatigue life evaluation
methods have been proposed, and their validity and evalu-
ation accuracy have been studied. However, there are little
experimental data on non-proportional multiaxial loading at
high temperatures and the applicability of these evaluation
methods to the non-proportional multiaxial creep-fatigue
loading that frequently occur in actual industrial machines
have not been studied.

In this study, two types of non-proportional multiaxial

© 2021 The Iron and Steel Institute of Japan. This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs license (https://creativecommons.org/licenses/by-nc-nd/4.0/).


https://creativecommons.org/licenses/by-nc-nd/4.0/

ISIJ International, Vol. 61 (2021), No. 8

creep-fatigue life evaluation methods are proposed. The
first method is based on Manson’s universal slope method
with a strain range that takes into account the effects of non-
proportional loading factor and creep damage. However,
the parameters used to evaluate creep damage are focused
on simplicity and do not fully take into account the effects
of creep. To modify the fatigue life evaluation accuracy,
the fatigue damage is calculated using the linear damage
law, and the creep damage is calculated using the modi-
fied ductility exhaustion model'® in the second evaluation
method. The applicability of these two evaluation methods
to Mod.9Cr-1Mo steel at 823 K is discussed based on the
multiaxial creep-fatigue test results.

2. Experimental Procedure

2.1. Material and Specimen

The material used in this study is Mod.9Cr-1Mo steel
which is high chromium ferritic steel standardized in ASTM
A213-83. Its chemical composition is shown in Table 1.
Heat treatment was performed for a plate of Mod.9Cr-1Mo
steel. The normalizing condition was 1 050°C for 1.08 h,
while the tempering condition was 780°C for 1.42 h. Stress
relief treatment was performed at 740°C for 10.6 h. Figure
1 shows the shape and dimensions of the hollow cylinder
specimen with an outer diameter of 12 mm, an inner diam-
eter of 9 mm and a parallel portion length of 8 mm. The
inner and outer surfaces of the specimens are polished with
emery paper up to 2 000 grit, and the outer surface of the
specimens is buffed with alumina particles up to 1 um in
diameter before the tests.

2.2. Testing Machine

Two types of electro-hydraulic servo-type multiaxial
fatigue test machines are used in this study: one is capable
of applying an axial load to the specimen by computer con-
trol, and the other is capable of applying both axial load and
torsional torque. Axial and shear strains are measured using
an extensometer, which has two eddy current displacement
sensors. A high frequency induction heating system was
used to heat the specimen. The temperature at the gauge
section was controlled to 823 K by attaching a thermocouple
to 4 mm below to the gauge section.

Table 1. Chemical composition of the material tested (wt.%).
C Si Mn P S Cr
0.096 0.280 0.440 0.007 0.002 8.480
Ni Mo A% Nb Al N

0.050 0.880 0.200 0.076 0.005 0.050
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Fig. 1. Shape and dimensions of the specimen (mm).

© 2021 1S

2300

Failure life is defined as the number of cycles when the
axial stress amplitude decreased to 3/4 of that at the varia-
tion from steady state or specimen breakage observed.

2.3. Strain Waveforms

The loading mode are two types as shown in Fig. 2, they
are the push-pull loading (PP) and the circle-shaped load-
ing (CI). The PP test is the proportional strain loading test
and the CI test is the non-proportional strain loading test in
which axial strain (€) and shear strain (7) have 90° phase
difference.

Figure 3 shows schematic image of strain waveforms for
proportional and non-proportional loading. In PP tests, they
were carried out with triangular waveforms with different
strain rates, and with the waveforms holding strain on the
tensile or compressive side. The strain rates in the tests with-
out strain holding were 0.2%/s, 0.01%/s, and 0.002%/s. In
this paper, they are denoted as PP-FF, PP-SS, and PP-SS*,

£
y/V3
5
Proportional loading
& y/V3
I"—- £
D t —==Y
Non-proportional loading
Fig. 2. Strain paths employed.
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Fig. 3. Strain paths employed: (a) Proportional loading, (b) Non-

proportional loading.
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respectively. The strain holding times of the creep-fatigue
test were 3, 10, and 30 minutes. In this paper, they are
denoted as PP-TH (3 min), PP-TH (10 min), and PP-TH (30
min) for tensile holding tests and PP-CH (3 min), PP-CH
(10 min), and PP-CH (30 min) for compression holding
tests, respectively. The strain rate of tests with strain holding
was 0.2%/s as well as that of PP-FF.

In CI tests, they were carried out with sine and cosine
waveforms with different strain rates, and with the wave-
forms holding axial strain on the tensile or compressive side.
The Mises equivalent strain rates in the tests without strain
holding were 0.2%/s and 0.01%/s. In this paper, they are
denoted as CI-FF and CI-SS, respectively. The axial strain
holding times of the creep-fatigue test were 3, 10, and 30
minutes on the tensile side, and 3 and 10 minutes on the
compressive side. In this paper, they are denoted as CI-TH
(3 min), CI-TH (10 min), and CI-TH (30 min) for tensile
holding tests and CI-CH (3 min) and CI-CH (10 min) for
compression holding tests, respectively. The Mises equiva-
lent strain rate of tests with axial strain holding were 0.2%/s.
The Mises equivalent strain ranges in all the tests for both
PP and CI tests were set to 0.7%.

3. Experimental Results and Discussion

3.1. Deformation Properties

Figure 4 shows stress amplitude variation with the cycle
for PP and CI tests. The vertical axis shows the stress ampli-
tude ratio (Oeq/Ocq max), Which is the stress amplitude in one
cycle divided by the maximum value in the test, and the
horizontal axis shows the failure life ratio N/Nr.

Figures 4(a) and 4(b) show the effect of strain rate and
holding time on the stress amplitude variation in PP tests,
respectively. These figure show that the stress amplitude
decreased with decreasing strain rate and increasing holding
time. The stress amplitude decreased largely in PP-TH (10
min) than in PP-TH (3 min), but the stress decrease was
similar to that in PP-TH (30 min). These results indicate that
the creep damage in PP-TH (3 min) is smaller than those in
other tensile strain holding tests.

Figures 4(c) and 4(d) show the effect of strain rate and
holding time on stress amplitude variation in CI tests,
respectively. These figures show that the decrease in stress
amplitude with decreasing strain rate and the increasing
holding time in the CI test was as large as that in the PP
test. Thus, the effects of strain rate and tensile holding time
on cyclic softening were not almost same but in similar
tendency between PP and CI.

3.2. Creep-fatigue Life Results

Figure 5(a) shows the failure life in the PP test normal-
ized by that in PP-FF test, and Fig. 5(b) shows the failure
life in the CI test normalized by that in PP-FF test.

In Fig. 5(a), the failure life of PP-SS is slightly larger than
that of PP-FF, and that of PP-SS* is about the same as that
of PP-FF. In tensile holding tests (TH), PP-TH (3 min) had
a larger life than PP-FF, and PP-TH (10 min) and PP-TH
(30 min) had the same life as PP-FF. On the other hand, in
compression-holding tests (CH), the life of PP-CH (3 min)
was similar to that of PP-FF, but the failure life of PP-CH
(10 min) and PP-CH (30 min) was significantly smaller than
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Fig. 4. Variation of stress with life ratio: (a) PP-FF and PP-SS*,
(b) PP-TH (3 min), PP-TH (10 min) and PP-TH(30 min), (c)
CI-FF and CI-SS, (d) CI-TH (3 min), CI-TH (10 min) and
CI-TH(30 min).
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that of PP-FF.

In Fig. 5(b), the failure life of CI-FF was about half of
that of PP-FF, which is consistent with the results of previ-
ous studies.!”!'® This is due to the fact that in the CI test,
the principal axes of both stress and strain are continuously
rotated by one rotation during one cycle, which increases
the number of active slip systems compared to the PP test,
and consequently the number of cracks.'”* The life of
CI-SS was comparable to that of CI-FF. In all tensile strain
holding tests, the failure life of them was larger than that
of CI-FF, and CI-TH (10 min) had the largest life. This can
be attributed to the fact that the effect of non-proportional
loading decreased with the increase in the effect of creep.
In the non-proportional loading environment, the effect of
creep deformation due to low strain rate and tensile holding
mitigates the effect of principal axis direction change on
failure life. This suggests an increase in the effect of creep
and a decrease in the effect of non-proportionality, resulting
in a larger failure life.”” For the compression-holding tests,
the failure life was lower than that of the CI-FF, as was the
case for the PP test. However, it is presented that a decrease
of failure life is not due to creep because this is reported to
be due to mean stress and tensile strain developed during
loading.>

© 2021 1S

3.3. Applicability of Present Fatigue Life Evaluation
Method

The life prediction was performed by using the time frac-
tion rule, which has been widely used in the evaluation of
actual machines. The value calculated by the time fraction
rule was used as the creep damage, and the number of fail-
ure cycles was estimated by the linear damage law. A com-
parison between the predicted life and the actual measured
life is shown in Fig. 6. As shown in Fig. 6, the method pre-
dicts a shorter failure life than the actual failure life in many
conditions, and the maximum error was about a factor of 5.
Therefore, the method is specifically inappropriate for life
prediction of non-proportional loading with strain holding.

4. Proposed Non-proportional Multiaxial Creep-
fatigue Life Evaluation Method

4.1. NMCFLE Method
Manson’s universal slope method, which is expressed as
Eq. (1), is often used to estimate the cyclic failure life Ny

Ag:_;Ef_A¢0u+4§ﬁA¢06 ................... (1)

where Aeg, o3, E, and & is total strain range, the tensile
strength, Young’s modulus, fracture ductility, respectively.
The Mises equivalent strain range (Aé&,) is used instead of
Ag for multiaxial loading conditions such as the CI tests.
The non-proportional creep strain range (Aéwp) is used
instead of Ae for non-proportional loading or creep condi-
tions. Aexp which takes into account the effects of non-pro-
portional loading and creep is expressed as follows.'”2627)

Aenp = (l+O(KSfNP)K\/A81 .................... (2)

where Ag is the maximum principal strain range for non-
proportional loading. ¢ is a material constant that represents
cyclic hardening or softening factor under non-proportional
loading and is calculated as follows.

=SB0 s 3)
OB
where oy is the yield stress or 0.2% proof stress under uni-
axial tensile test, and S is a material factor that takes into
account differences in the crystal structure, with S = 1 for
FCC. materials and S = 2 for BCC. materials.'7*%*"

The fyp called the non-proportional loading coefficient is a
parameter that expresses the severity of the non-proportional
loading of the strain path and calculated as follows.

T

fNP = mjc |el X eRSl(t)|ds, Lpath = J.CdS (4)
where Si(f) is the maximum absolute value of principal
stress and principal strain at time ¢ and Sk, is the maximum
value of Si(#) during one cycle of the load path. e, and er are
the unit vectors in the Si(¢) the direction shown in Fig. 7. C
is the integral path of the stress-strain path and “X” is the
external product. Ly is the sum of the total path length. fxp
is the proportional loading factor and 0 < fyp < 1 for non-
proportional loading.'”-227

In addition, Ky and Kg are parameters that describe the
creep effect on the effective strain rate and the degree of
reduction in the effect of non-proportional loading due to
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Fig. 7. Definitions of principal strain range and mean principal
value.

creep relaxation.?®

where k, B and y are material constants, derived from the
experimental results of the PP and CI tests. vy is the testing
frequency where creep damage can be neglected and v; is
the test frequency of the test to be evaluated. This evaluation
method is named “NMCFLE (Non-Proportional Multiaxial
Creep-Fatigue Life Evaluation) Method”.

4.2. Mod NMCFLE Method

Although the evaluation method proposed in the previous
section is relatively easy to use for fatigue life estimation,
especially for creep damage, the parameters used to evalu-
ate creep damage are focused on simplicity and do not fully
take into account the effects of creep. Therefore, a modified
fatigue life evaluation method that takes into account the
reduction in ductility and the relaxation curve during load
holding are also proposed in this section.

A linear damage law is used to estimate the failure life
(n). Components materials are considered to be damaged by
the accumulation of fatigue damage (Dy) and creep damage
(Dc), and its failure life is estimated as the point at which
the accumulated value reaches to 1 in the law.

Multiaxial creep-fatigue life evaluation is attempted by
defining Dy and D., respectively.

Dy is defined as Eq. (8) using the provisional failure life
(Nf) at when creep damage does not occur.

Ny is derived using Eq. (1), and the Aéwp in Eq. (1) is
newly defined with the following parameters, taking into
account the non-proportional load and the reduction of the
non-proportional effect induced by creep.

Ae'xp = (L+ 0K, fup)AET coovevvniiinn, )

This parameter is derived from Eq. (2) by removing the
variables for creep damage evaluation.

D, is calculated using the modified ductility exhaustion
law proposed by Takahashi et al.'® based on the idea that
the ductility reduction is due to creep damage.

D, = j’”

0

1 1
5
where 7 is the holding time of one cycle. In the relationship
between rupture time and rupture ductility in creep tests, o
is the rupture ductility at a sufficiently high strain rate where
no creep damage is expected to occur, and J is the rupture
ductility at a long time after constant creep damage.

& 18 the inelastic strain rate and requires a change in the
inelastic strain rate during holding. To this end, we approxi-
mate the mid-life stress relaxation data for each test. From
that approximation, the inelastic strain rate is defined as a
function of time as follows.

& = Amo ol‘mil

" Eexp (At")
where 0y is the initial stress at the beginning of strain hold-
ing, A and m are the material constants calculated from
the experimental stress relaxation curve fitting, £ is the
longitudinal modulus, and ¢ is the elapsed time. Thus, creep
damage is assessed by the degree of reduced ductility and
creep relaxation. This evaluation method is called the “Mod
NMCFLE (Modified Non-Proportional Multiaxial Creep-
Fatigue Life Evaluation) Method” in this work.

4.3. Applicability of Proposed Fatigue Life Evaluation
Method

A comparison of the predicted life and the measured
life obtained by the NMCFLE Method is shown in Fig. 8.
Almost all the tests were evaluated within a factor of 2,
although only a few of them were evaluated within the range
of a factor of 1.5. The figure also shows that the failure life
of most of the tensile and holding tests tends to be evalu-
ated on the conservative side. It is suggested that the creep
damage was overestimated because the effect of creep on
the tensile hold was small in this study.

A comparison of the predicted and measured life obtained
by the Mod NMCFLE Method is shown in Fig. 9. It can be
seen that almost all the tests were evaluated within a factor
of 2 scatter band, and the number of failure lives evaluated
within a factor of 1.5 increased compared to the life predic-
tion results in Fig. 8. Furthermore, it can be seen from the
same figure that all the tests with non-proportional loading
are evaluated within a factor of 1.5. This result indicates that
the proposed method in this work can predict the failure life

© 2021 I1SIJ
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with a small scatter within a factor of 1.5 for most of the tests
regardless of the loading path, holding time, and strain rate.

Thus, the prediction accuracy of both the NMCFLE
Method and the Mod NMCFLE Method is improved over
that of the time fraction rule. In addition, the Mod NMCFLE
Method showed the highest prediction accuracy.

5. Conclusions

In this paper, two types of multi-axial creep-fatigue life
evaluation methods for non-proportional loading are pro-
posed: the first one takes into account the effects of non-
proportional loading and creep when calculating the strain
range parameters using Manson’s universal slope method.
The second was to use the linear damage law to calculate
fatigue damage using Manson’s universal slope method and
the non-proportional strain range, and to calculate creep dam-
age using fracture ductility reduction rate. The failure life
could be evaluated within a factor of 1.5 for most of the tests,
and the improvement of prediction accuracy was confirmed.

Although the prediction accuracy of the NMCFLE
method is lower than that of the Mod NMCFLE method,
the Multiaxial Creep-Fatigue Life Evaluation Method is
more convenient in terms of the ease of parameter calcula-
tion and the small amount of test data required. Therefore,
it is appropriate to use the NMCFLE method for simple
life prediction. Mod NMCFLE Method is suitable for more

© 2021 1S
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accurate life prediction with a smaller error.
These results indicate that the two evaluation methods

proposed in this paper can satisfy a wide range of users’
needs in terms of prediction accuracy and convenience of
evaluation formulas.
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