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Abstract

In this paper, the effect of creep-fatigue loading condition on crack tip deformation and stress fields of Grade 91 steel at 6000C
at crack initiation and growth is studied. By using finite element debond analysis method, creep-fatigue crack growth tests using
C(T) specimens under various load ratios and hold times are simulated, and the effect of creep-fatigue load ratio and hold time
on the plastic zone, creep zone, crack opening profile, equivalent stress, crack-opening stress and triaxiality at crack initiation
and growth is presented. It is found that the crack tip deformation and stress fields under tension-compression creep-fatigue

loading are overall different from those under tension-tension creep-fatigue and pure creep loading, due to crack closure.
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ABSTRACT

In this paper, the effect of creep-fatigue loading condition on crack tip deformation and stress fields of Grade
91 steel at 600°C at crack initiation and growth is studied. By using finite element debond analysis method,
creep-fatigue crack growth tests using C(T) specimens under various load ratios and hold times are simulated,
and the effect of creep-fatigue load ratio and hold time on the plastic zone, creep zone, crack opening profile,
equivalent stress, crack-opening stress and triaxiality at crack initiation and growth is presented. It is found



that the crack tip deformation and stress fields under tension-compression creep-fatigue loading are overall
different from those under tension-tension creep-fatigue and pure creep loading, due to crack closure.
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NOMENCLATURE

a, ag crack length and its initial value

o back stress tensor

By net thickness of specimen

C" C” -integral

Aa crack growth length

E Young’s modulus

€ strain

€ creep strain

€re » €0¢ Primary and secondary creep strain

b €5, reference plastic and creep strain

m strain hardening exponent

n creep exponent

Ny cycles to failure

J J -integral

p equivalent plastic strain

Py plastic limit load

Prraz, Pmin applied maximum and minimum load
R load ratio (Ppin /Pmaz )

o stress

o stress tensor

op yield strength

Opeq Teference stress

ail}R RR field

0i; dimensionless stress function

0’0¢ yield strength at zero plastic strain

tn, creep-fatigue hold time

ts, end of primary creep time

W width of the specimen

ABBREVIATION

ASTM American Society for Testing and Materials
ASME American Society of Mechanical Engineers



C(T) Compact Tension
FE Finite Element

RR Riedel and Rice
Sp. Specimen

1. INTRODUCTION

In assessing structural integrity of high-temperature power-plant components, it is essential to understand
crack initiation and growth behaviour under creep and creep-fatigue loadings. High-temperature crack
initiation and growth behaviours of a Grade 91 steel under constant load have been investigated by many
researchers [1-10]. It is known that the creep crack initiation time and growth rate can be correlated with
the time-dependent fracture mechanicsC” -integral [11-18]. Under creep-fatigue cyclic loading condition, the
interaction of creep and fatigue is involved in the crack initiation and growth. Creep-fatigue crack growth
tests have been extensively performed [3, 19-29], but most of the tests were conducted under tension-tension
creep-fatigue loading condition [3, 21-27, 29]. On the other hand, creep-fatigue crack growth tests under
tension-compression creep-fatigue loading are limited [19-20, 28].

The previous study [28] showed that the crack growth rate under tension-tension creep fatigue loading was
generally well correlated by the C” parameter, but that under tension-compression creep-fatigue loading
was overestimated by the conventional approach using the C”parameter. To fully understand the singularity
of the crack growth behavior under tension-compression creep-fatigue loading, the effect of creep-fatigue
loading condition on crack tip deformation, stress and strain fields should be studied, but previous studies
[30-39] were only for pure fatigue loading condition, not for creep-fatigue loading condition.

In this study, creep-fatigue crack growth tests of Grade 91 steel at 600°C using the compact tension specimens
under various load ratios and hold times [28] are simulated by using finite element debond analysis to
investigate the effect of creep-fatigue loading condition on crack tip deformation and stress fields at crack
initiation and growth. Section 2 presents the creep-fatigue creep growth test data used in this study. Section
3 describes the FE analysis. The effect of creep-fatigue loading condition on crack tip deformation and stress
fields at crack initiation and growth is presented in Section 4. Section 5 concludes the presented work.

2. SUMMARY OF CREEP-FATIGUE CRACK GROWTH TESTS

Creep-fatigue crack growth tests of Grade 91 at 600°C under various load ratios and hold times were per-
formed using compact tension (C(T)) specimens to investigate crack growth behavior under fully reversed
creep-fatigue cyclic loading condition [28]. The C(T) specimen had the thickness of 20 mm, net thickness
of 16 mm and width of 50mm. Chemical composition of the tested material is given in Table 1, together
with those of other similar materials, ASME Grade 91 [40] and European X10CrMoVNb9-1 [41]. Material
properties of these similar materials will be used for analysis in this paper.

Creep-fatigue crack growth test conditions for three tests are schematically shown in Fig. 1 and summarized
in Table 2. The plastic limit load Py was calculated using the following equation [42]
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where a is crack length; By is the net thickness; W is the width; op is the yield strength of material (in this
paper, gp =311 MPa is used). Among the test cases, the specimen 1 having the highest load ratio would be
the creep-dominant case and the specimen 5 having the shortest hold time would be the fatigue-dominant
case. For the specimen 3, the creep and fatigue effect would be comparable. These three creep-fatigue crack
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growth tests cases will be analysed in this paper. Test results for the crack length versus number of cycles
are shown in Fig. 2(a) and for load line displacement versus number of cycles in Fig. 2(b).
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Fig. 1. Schematic illustration of creep-fatigue loading condition.
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Fig. 2. Creep-fatigue crack growth test data (digitized from Ref. [28]): (a) crack length versus number of
cycles and (b) load line displacement versus number of cycles.

Table 1. Chemical composition of tested material (wt%) [28, 40-41].

C Si Mn P S Cr Mo Vv Ni Al Nb
Y. 0.09 0.24 0.44 0.003 0.001 8.78 0.94 0.21 0.04 0.013 0.08
Taka-
hashi
28]
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C Si Mn P S Cr Mo \% Ni Al Nb

Grade 0.08 0.20 0.30 . . 8.00 0.80 0.18 e . 0.06
91

Specifi-

cation

[40]

0.12 0.50 0.60 0.020 0.010 9.50 1.05 0.25 0.40 0.04 0.10
X10CrMoUN89- .. 0.30 . . 8.00 0.85 0.18 e e 0.06
1
Specifi-
cation
[41]

0.12 0.50 0.60 0.025 0.015 9.50 1.05 0.25 0.40 0.03 0.10

Table 2. Summary of test conditions [28].

Specimen R (=Ppazy

number Pz (KN) Prin (kN) P, (kN) Prin) ty, (h) ap (mm) Ny (cycles)
1 12.0 10.0 33.5 0.833 10 23.5 131

3 12.0 -12.0 33.3 -1.000 10 23.6 121

5 12.5 -11.5 31.3 -0.920 0.167 24.3 687

3. FINITE ELEMENT ANALYSIS
3.1 FE Debond Analysis

The creep-fatigue crack growth tests explained in Chapter 2 were simulated using the ABAQUS debond anal-
ysis option [43]. Figure 3 shows the FE mesh of the C(T) specimen, consisting of 1 4,964 two-dimensional
(2-D) plane strain second-order solid elements with reduced integrations (CPE8R). For loading and unload-
ing, the static structural analysis option, *STATIC, was used and for creep-hold, the quasi-static analysis
option, *VISCO, was used with the user-subroutine CREEP. The FE analysis was performed using the large
geometry change option (NLGEOM in ABAQUS). To simulate crack growth, the debond option in ABAQUS
was used using the *FRACTURE CRITERION, TYPE=CRACK LENGTH keyword option. The debond
analysis method is schematically described in Fig. 4, where the experimentally-measured crack extension
data were given as a function of time using the crack length criteria. The crack advances according to the
crack length input by releasing nodes. Outputs were the load-line displacement, crack tip stress and strain
fields.
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Figure 3. 2-D plane strain C(T) FE mesh for the debonding analysis
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Figure 4. Schematic representation of FE debonding analysis method
3.2 Cyclic Hardening Model

For the cyclic hardening model, three hardening models were used in this paper: a kinematic hardening
model determined from the tensile stress-strain curve of X10CrMoVNb9-1 from RCC-MRx [44] and two
Chaboche combined hardening models [45-46] with parameters for Grade 91 at 600°C, proposed by Kyaw
et al. [47] and Saad et al. [48].

The kinematic hardening model is based on the average tensile stress-strain curve of X10CrMoVNb9-1 from
RCC-MRx [44], which is given below:
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where € is the strain in mm/mm; o is the stress in MPa; Young’s modulus F =167,000 MPa; Cp
=1.0435;(R'10.2)moy =288 MPa; and a =37.88.

The Chaboche combined hardening model considers both kinematic and isotropic hardening. In the combined
hardening model, the yield functionF is defined as:
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where o is the stress tensor; o is the backstress tensor representing the translation of the yield surface; s is
the deviatoric stress tensor; a is the deviatoric part of the backstress tensor; and 02 is the yield strength at
zero plastic strain. In Eq. (3), Idescribes the expansion or contraction of the yield surface, defined as:
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where @) and b are the isotropic hardening parameters; andp is the equivalent plastic strain. The backstress
tensor, o is defined as:
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where N is the number of backstresses; oy is the k-th back stress tensor;Cj and y,. are the kinematic
hardening parameters for the k-th back stress tensor. In this study, the isotropic and kinematic hardening
parameters for Grade 91 at 600°C suggested by Kyaw et al. [47] and Saad et al. [48] were used, which are
summarized in Table 3. In Fig. 5, variations of the peak stress under the 1% fatigue strain range using three
hardening models used in this study are compared with the experimental result by Yaguchi and Takahashi
[49] for Grade 91, used for creep-fatigue crack growth test summarized in Chapter 2. The peak stress of
the kinematic hardening model is constant by definition, while those of two combined hardening models
decreases with the number of cycles. The peak stress of the combined hardening model by Saad et al. is
generally lower than that by Kyaw et al., but the trend of cyclic softening behaviour is almost the same with
each other. The model by Kyaw et al. is closest to the experimental result.

Table 3. The parameters of Chaboche combined hardening models.

E (MPa) o’ (MPa) @ (MPa) b C; (MPa) Vi Cs (MPa) V2
Kyaw et 128,700 214 -62.1 1.7 27,900 620 12,389 621
al. [47]
Saad et 139,395 220 -75.4 1.0 106,860 2,055 31,160 463
al. 48]
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Figure 5. Comparison of the peak stress variation under 1% of the fatigue strain range for three cyclic
hardening models.

3.3 Creep Strain Model

For the creep constitutive model, the creep strain model for X10CrMoVNDb9-1, equivalent to ASME Grade
91, at 600°C from RCC-MRx [44] was used, given by
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(4)

where £, is the creep strain rate in %/hr; €,. andé,, are the primary creep strain rate in %/h and secondary
creep strain rate in %/h, respectively. The primary creep strain model in RCC-MRx [44] is given by
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()

where € is the creep strain in %; o is the stress in MPa; K= 2.9372 x 1022;2 =-1.7717; and y =8.8293. For
zeroe . (at the first increment of analysis), the primary creep strain is calculated using
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(6)

where At, is initial time increment;C; =2.4622 x 1078;Cy» =0.3608; and n; =3.1854. The secondary creep
strain rate is given by
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where C' =6.1560 x 102°; and n =7.63. Under variable creep stresses, the creep straine; in Eq. (5) is
calculated using
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(8)

where €, is the strain at the end of the primary creep in %; and Ae is creep strain increment in %. C; ,
Cy , and n; are material constants which are the same as in Eq. (6); ¢, is the end of primary creep time in
hour, which calculated as below:
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(9)
where C5 =2.8690 x 10'7;ny =-6.9531.

The above creep constitutive model was implemented within ABAQUS using the CREEP user-subroutine
[43].

4. RESULTS
4.1 Load-Load Line Displacement Results

The creep-fatigue crack growth tests of Grade 91 at 600°C were simulated using the FE analysis method
described in Section 3.1 with the material models given in Sections 3.2 and 3.3.

The simulated load-line displacement results are compared with the experimental data in Fig. 6. It shows
that, regardless of the cyclic hardening model used, all FE analysis results are very close and are overall in
good agreement with experimental data. It shows that deformation behavior of Grade 91 at 600°C under
creep-fatigue loading can be well simulated, provided appropriate creep strain model is chosen. The reason
is that creep deformation is more dominant than plastic deformation in all cases; creep deformation occurs
globally but the plastic deformation is concentrated only near the crack tip (this will be presented in Section
4.2). In the subsequent sub-sections, the combined hardening model by Saad et al. [48] which is closest
to experimental result shown in Fig. 5 is used as representative model for FE analysis among the three
hardening models, and only the results using the combined hardening model by Saad et al. [48] will be
presented.
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(a) (b)
Figure 6. Load-line displacement versus number of cycles from experiment and FE analysis: (a) specimen 1
and (b) specimen 3 and 5.

4.2 Plastic and Creep Zone Sizes

The effect of creep-fatigue loading conditions (the load ratio Rand the hold time ¢, ) on the plastic and creep
zone sizes at the crack initiation (Aa = 0 mm) and growth (Aa = 2 mm) is presented in this sub-section.
The regions for showing the plastic and creep zone are shown in Fig. 7.

r 3

Region for showing < B growth
plastic zone (g,> 0.2%)

Figure 7. Regions for showing plastic and creep zone

The effect of the load ratio (R ) and hold time (¢, ) on the plastic zone size are shown in Fig. 8. The
contours in Fig. 8 indicates the plastic zone where the equivalent plastic strain is greater than 0.2 %. Both
at initiation (Aa = 0 mm) and growth (Aa = 2 mm), the plastic zone size is dependent mainly on the load
ratio, whereas the hold time effect is minimal.

Corresponding results for the creep zone size are shown in Fig. 9. The contours in Fig. 9 indicates the creep
zone where the equivalent creep strain is greater than 0.2 %. At initiation (Aa = 0 mm), the creep zone
size under tension-compression loading (R < 0) is much smaller than that under tension-tension loading (R
> 0), and the creep zone size becomes larger with the longer hold time. The same tendency is observed at
crack growth (Aa = 2 mm), but the effect of the load ratio becomes weaker and the effect of the hold time
is more dominant than that of the load ratio at crack growth.
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Figure 8. Effect of loading condition on the plastic zone size: (a) at Aa = Omm and (b) at Aa = 2mm.
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(a) (b)
Figure 9. Effect of loading condition on creep zone size: (a) at Aa = Omm and (b) at Aa = 2mm
4.3 Crack Opening Profiles

The effect of creep-fatigue loading condition on the crack opening profile is shown in Fig. 10. The crack-
opening displacement in Fig. 10 is defined as the half of the vertical displacement of the crack surface
(considering the symmetry). When the crack opening displacement becomes zero, it suggests the crack
closure. Figures 10(a) and (c) show the crack-opening displacement under the maximum load (P =P;,q, ) at
Aa = 0 mm and Aa = 2 mm, respectively, whereas Figs. 10(b) and (d) show the crack-opening displacement
under the minimum load (P = P, ) at Aa = 0 mm and Aa = 2 mm, respectively.

At initiation (Aa = 0 mm), crack blunting occurs at the maximum load in all cases, as shown in Fig. 10(a).
The most blunting occurs for the specimen 1 (R = 0.833 and #;, = 10 hrs), and blunting is depressed with
decreasing the load ratio and hold time. As shown in Fig. 10(b), crack closure is observed only in the
specimen 5 (R = -0.92 and #, = 10 min).

At crack growth (Aa = 2 mm), a large difference in the crack opening profile between tension-tension and
tension-compression loading is observed. For the tension-compression loading cases (specimen 3 and 5), both
crack blunting and closure occur, as shown in Figs. 10(c) and (d). On the other hand, in tension-tension
loading case (specimen 1), the sharper crack profile is maintained during loading and unloading cycles.

As the specimen is unloaded and re-loaded elastically for the tension-tension loading, the crack opening
profile changes only slightly during loading and unloading and thus the crack growth behavior is similar to
that under pure creep loading. On the other hand, the crack growth behavior under the tension-compression
creep-fatigue loading is quite different from that under the pure creep loading. The crack closure occurs under
compressive loading, which initializes creep-redistributed crack-tip stress states, re-activates the transient
deformation, and as a result, the crack blunting occurs.
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Figure 10. Effect of loading condition on crack opening profile: (a) at loading (P = Pp,q, ) and Aa = Omm,
(b) at unloading (P = Py, ) and Aa = Omm, (c) at loading (P = Py, ) and Aa = 2mm and (d) at
unloading (P = Py ) and Aa = 2mm

4.4 Variation of Equivalent Stress Ahead of the Crack Tip

The effect of the creep-fatigue loading condition on the equivalent stress distribution at the maximum load
(P =Ppqs ) is shown in Fig. 11. At initiation (Aa = 0 mm), equivalent stresses near crack tip in all
cases are almost same as shown in Fig. 11(a), but with increasing the distance from the crack tip, the
equivalent stress for the tension-tension loading case (specimen 1) decreases more rapidly than that for the
tension-compression loading case (specimen 3 and 5).

At growth (Aa = 2 mm), the equivalent stress for the tension-compression loading case is overall higher than
that for the tension-tension loading case, as shown in Fig. 11(b). It is because of the crack closure under
compressive loading, which initializes stress relaxation by creep; under the tension-tension loading, initially
creep-relaxed stress distribution is maintained during crack growth. High equivalent stress at growth under
tension-compression loading causes rapid creep deformation, which is previously reported as re-activation of
transient creep deformation by Takahashi [28]. Meanwhile, both at initiation and growth (Aa = 2 mm), the
hold time rarely affects the equivalent stress distribution.
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Figure 11. Effect of loading condition on equivalent stress field at maximum load (P = P4, ): (a) at Aa =
Omm and (b) at Aa = 2mm

4.5 Variation of Stress Triaxiality Ahead of the Crack Tip
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Figure 12. Effect of loading condition on stress triaxiality field at maximum load (P = P ): (a) at Aa =
Omm and (b) at Aa = 2mm

The effect of the creep-fatigue loading condition on the stress triaxiality is shown in Fig. 12. At initiation
(Aa = 0 mm), not much difference can be seen between three test cases, as shown in Fig. 12(a). However,
at growth (Aa = 2 mm), the stress triaxiality of the tension-tension loading case (specimen 1) is the highest,
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and that of the tension-compression loading with the short hold time (specimen 5) is the lowest, as shown
in Fig. 12(b). The effect of the hold time on the stress triaxiality is not so significant.

Takahashi [28] has reported from experimental data of Grade 91 steel that the predicted crack growth rates
using the C” parameter were overly conservative for the tension-compression creep-fatigue case. This may be
because that the low stress triaxiality induced by crack blunting under tension-compression loading condition
can increase resistance for crack growth, compared to the cases of the tension-tension loading and pure creep
condition. This will be discussed further in the next sub-section.

4.6 Characterization of Crack-tip Stress Fields using Fracture Mechanics Parameters

Crack tip hoop stresses calculated from the FE analysis under creep-fatigue loading are compared with
analytical crack tip stresses from RR (Riedel and Rice) fields [18] which are theC *-controlled crack-tip
stress fields under steady state creep conditions for a power-law creep material. The stress fields are given
by
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(11)

where (r, 0) are the polar coordinate at the crack-tip;g;; is a dimensionless stress function depending on m
or n and 0 for Grade 91 at 600°C considered in this paper,op =311 MPa; aey =0.002;¢y = 6.47x103 1/h; n
=7.63; and the integration constant I,, =4.66 for n =7.63. Based on the reference stress approach [50], the
fracture mechanics parametersC” can be calculated using
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(13)

where reference stress o,c, is defined by the plastic limit load P, ,0,c, =09 (P/Py );Efef andég,; are the
reference plastic strain and reference creep strain rate at the corresponding reference stress, respectively;
and K is the stress intensity factor.

The crack-tip hoop stresses at the maximum load and the end of hold time are compared with the RR stress
in Fig. 13 at crack initiation (A¢ = 0 mm) and growth (Ae = 2 mm). For the tension-tension loading
case (specimen 1), shown in Fig. 13(a) and (b), the crack-tip stresses are slightly changed during the hold
time, and are close to the RR stress both at crack initiation and growth. This suggests that the stress field
is similar to that under pure creep condition. On the other hand, the tension-compression loading cases
(specimen 3 and 5) show quite different crack-tip stresses from that under pure creep condition. For the
tension-compression with long hold time (specimen 3), shown in Fig. 13(c) and (d), the crack-tip stresses
decrease significantly during the hold time, and the crack-tip stress at the end of hold time is close to the
RR stress both at crack initiation and growth. For the tension-compression with short hold time (specimen
5), shown in Fig. 13(e) and (f), the crack-tip stress remains similar during hold time and is much higher
than the RR stress both at crack initiation and growth. The difference between tension-tension and tension-
compression loading condition arises from initialization of the creep-relaxed stress caused by compressive
loading, which is mentioned in Section 4.4. Furthermore, for tension-compression cases (specimen 3 and
5), the hoop stresses near the crack tip are close to or lower than the RR stress, due to formation of local
creep-dominant zone, cyclic softening, and large deformation of crack tip (blunting). The effect of the cyclic
softening is appreciable in the specimen 5 at crack growth, as shown in Fig. 13(f).
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Figure 13. Comparison of crack-tip hoop stresses at the maximum load and the end of hold time with the
RR fields at crack initiation (Aa = 0 mm) and growth (Ae = 2 mm): (a)-(b) specimen 1, (¢)-(d) specimen
3 and (e)-(f) specimen 5.

5. CONCLUSION

In this paper, the effect of various creep-fatigue loading conditions on crack-tip fields are investigated via
the FE debond analysis using experimental creep-fatigue test data of Grade 91 steel at 600°C. The following
conclusions are drawn:

The crack-tip deformation and stress fields during crack growth under tension-compression creep-fatigue
loading is overall different from those under the tension-tension creep fatigue and pure creep loading, due
to crack closure. The crack closure under compressive loading initializes creep-redistributed stress states,
re-activates transient creep deformation, promotes crack-tip blunting and reduces the stress triaxiality. This
is the reason that the predicted crack growth rates using the C* parameter were overly conservative for the
tension-compression creep-fatigue case.

For the tension-tension creep-fatigue case, the crack-tip stresses can be well characterized by the C* param-
eter both at crack initiation and at crack growth, whereas those under tension-compression creep-fatigue
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loading cannot be correlated either with C* parameter. To characterize the crack-tip stress field under
tension-compression creep-fatigue loading, the effects of local creep-dominant zone and cyclic softening should
be considered.
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