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Numerical simulation of creep notched bar of P91 steel
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ABSTRACT. Numerous components designed for use at elevated
temperatures now exhibit multiaxial stress states as a result of geometric
modification and material inhomogeneity. It is necessary to anticipate the
creep rupture life of such components when subjected to multiaxial load. In
this work finite element analysis has been performed to study the influence
of different notches, namely blunt and medium notches on the stress
distribution across the notch throat during the creep exposure. Within the
FE model, a ductility exhaustion model based on the Cocks and Ashby
model was utilized to forecast the creep rupture time of notched bar P91
material. The lower and upper bound of creep ductility are employed in the
FE analysis. Different notch specimens have different stress and damage
distribution. It is shown that for both types of notches, the von Mises stress
is lower than the net stress, indicating the notch strengthening effect. The
accumulation of creep damage in the minimum cross-section at each
element across the notch throat increases over time. The point at which
damage first occurs is closer to the notch root for the medium notch than
for the blunt notch. The long-term rupture life predicted for blunt notch
specimens appears to be comparable to that of uniaxial specimens. The
upper bound creep ductility better predicts the rupture life for medium
notches.
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INTRODUCTION

odern boiler power plant design necessitates a better understanding of the material's high-temperature

performance in the presence of a multiaxial state of stress. These stresses are typically caused by geometrical
change and material inhomogeneity [1]. In general, uniaxial creep tests are used to investigate mechanical
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properties such as creep deformation of a material. However, data on the multiaxial response of the material under static
load at elevated temperatures is frequently required for engineering design applications.

The presence of a notch causes a non-uniform multiaxial state of stress, which causes non-uniform creep straining and
creep cavitation, resulting in a change in rupture life. The degree and distribution of multiaxiality ate dictated by the
volume of material surrounding the notch root, which is determined by the notch geometry and material creep ductility
[2,3]. The use of an axial notched bar tension test at the laboratory scale helps understand the multiaxial state of stress on
creep deformation and failure. The geometry of the notch determines a material's degree of multiaxility at a given
temperature.

Experimental studies have been conducted on the creep deformation and fracture behaviours of notched bar specimens.
Goyal [4] experimentally studied the effect of multiaxial stress on a U-type notch made of P91 material and found that the
decreasing notch root radius increased the level of constraint. Chang et.al investigate the multiaxial stress state of P92 on
uniaxial and notched specimens at 650°C and found that the notch strengthening effect in the presence of a notch [5].
The strengthening effect in the presence of the notch can be observed in the P91 material [6,7], Nimonic 80A[8], 2.25Ct-
1Mo [1] and Cr-Mo-V [9]. The strengthening effect was shown to diminish as applied stress decreased and rupture life
increased. The creep rupture behavior is to be governed by the von mises stress, maximum principal stress, and
hydrostatic stress [10].

In the damage analysis, the reduction in creep ductility under multiaxial stress states should be considered. Creep ductility
has shown a clear reduction, particulatly at periods longer than 10,000 hours for P91 and P92 material [11-13]. It is
suggested that the boron nitride particles cause long-term degradation in creep ductility in P92 material by accelerating the
formation of creep voids [13]. Creep ductility shows a strong stress dependency at a wider stress range. The stress-
dependent effect of creep ductility on creep crack growth has been investigated, and it is shown that increasing the
transition region size of creep ductility increases the transition of creep parametet, C* region size on da/dt-C* cutves [14].
The results of accelerated testing on a pre-compressed 316H material demonstrate that the creep ductility acquired by
accelerated testing can be utilized to forecast long-term creep failure [15].

FE analysis in conjunction with a damage mechanics model has been widely employed for creep damage and rupture life
prediction under multiaxial stress states, for example, the Kachanov Robotnov model [5,6,16,17], Spindler model|[18,19]
and Cock and Ashby model [5,9,20,21]. All these models correlate the ratio of multiaxiality and uniaxial ductility, to the
ratio of hydrostatic stress and the equivalent stress which is often known as triaxiality stress. This method has been widely
used in creep crack growth prediction [22].
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Figure 1: True stress strain behavior of ex-serviced P91 matetial tested at 25°C and 600°C

Improving the accuracy of high-temperature components' life evaluation methods is critical for rationalizing component
design and life management. Evaluating creep damaging behaviours of materials under multiaxial stress state would result
in a rational assessment. In this work, the prediction of creep rupture life under the multiaxial condition has been

petformed using FE analyses by employing Cocks and Ashby model. Finite element analyses were cartied out to study the
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influence of notch geometry on the stress distribution across the notch throat during creep exposure. The creep rupture
life under multiaxial conditions has been predicted using FE analyses by employing Cocks and Ashby model and ductility
exhaustion model. The predictions from the FE models are compared with the experimental data of the material from
previous research [23].

MATERIAL MODEL

The tensile deformation shows a significant decrease at high temperatures compared to the one at room temperature.

Creep properties of ex-service material were obtained from experimental data and analyzed with available literature as
discussed in [12]. The creep properties based on low stress and high stress region were tabulated in Tab. 1. .4 and # are
denoted as stress coefficient and stress exponent, respectively. The 44 and 74 are denoted as average stress coefficient
and average stress exponent, respectively where the application of average creep strain rate may be effective in accounting
for all three creep stages. The creep ductility of P91 material has shown a wide scatter over the wide range of stress [12].
The estimated creep ductility of 30% and 12% have been used in the FE analysis as the upper and lower bound value,
respectively.

I n this work, P91 material has been used. Fig. 1 shows the true stress strain curve of P91 material at 25°C and 600°C.

Region Sy n Ay (MPa/1) &

High stress 13
(>130 MPa) 1.0x10-33 13 2.0 x 10-31

Low stress 7
(6<130 MPa) 2.0x10-18 6 2.0 x 10-20

Table 1: Creep properties based on low stress and high stress regions at 600°C [12].

FINITE ELEMENT MODEL

v06.12. One-quarter of the specimen was modelled taking into the advantage of the symmetry of the specimens as

shown in Fig. 2. The specimen was modelled using four-node axisymmetric elements with reduced integrations
(CAX4R). The mesh sensitivity analysis has been performed on three different three mesh densities. The more refined
mesh had an influence on the predicted rupture time. However, in order to reduce the computational time, the most
optimal refined mesh with the total number of nodes, 16803 and the total number of element, 16434 were used. The
model has meshed in two major sections with a finer mesh around the notch throat as shown in Fig. 3. The smallest
element size ahead of the notch root is 0.02 mm x 0.03 mm. The boundary condition was applied as shown in Fig. 2
where the nodes along the bottom face were strained in the y-direction. The uniform stress was applied along the top face
of the model such that the desired net section stress across the throat is achieved.

Q two-dimensional axisymmetric (2D) finite element model of a notched bar specimen was modelled using Abaqus

CREEP DAMAGE MODEL

parameter, o is adjusted in the range from 0 to 1, where damage occurs when =1. The accumulated damage rate

Q ductility exhaustion approach is used to calculate the creep damage during the finite element analysis. A damage
is defined as the creep strain rate divided by the multiaxial creep ductility and is given by Eqn. (1) [24].

by

&

0=— M
&y

where &€ is the creep strain rate and 8; is the multiaxial creep ductility. The total damage at any time is the integral of the
damage rate and can be expressed by Eqn. 2 [24].
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w= jo’a-w )

In this work, the Cocks and Ashby model [20] was employed to account for the material's creep ductility under multiaxial
stress states. The model demonstrates that the ratio of multiaxility and uniaxial ductility, is associated with hydrostatic
stress, g, and the equivalent stress, g,, which is commonly referred to as triaxiality. The stress triaxiality in the model is
determined by the ratio of the mean stress to the von mises stress, and Eqn. (3) [24] describes the ratio of uniaxial to
multiaxial creep ductility. The user subroutine USDFLD was used to implement this equation in the ABAQUS code.

3 ~0. 2(n—0.
£ ginh| 27 209) | fop| 2202 0, 3)
& 3(n+0.5) (n+0.5) o,

b)

36mm

4 mm

Figure 2: Illustration of notched bar specimen; a) complete specimen, b) feature of notch throat

a) b)
Figure 3: FE Mesh; a) Blunt notch, b) Medium Notch.
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NOTCHED SIMULATION RESULTS

Stress distributions
he stress distributions throughout the notch throat in the notched bar analysis are not uniform. A normalized
distance from the notch root is required to determine stress distribution throughout the notch throat. Fig. 4 to 6

show the von-Mises stress, ¢, maximum principal stress, o1, and hydrostatic stress, g,, distribution, respectively
across the notch throat from the initial loading until steady-state life as a function of normalized distance from the notch
toot, #/a. The normalized distance is shown from the center of the specimen where /=0 is at the center and r/4=1 is at
the notch root.
From Fig. 4 it can be seen that after loading during the creep exposure the von-Mises stress is highest at the notch root
for both notch types. As the creep deformation takes place, stress redistribution across the notch throat was found to
change with creep exposure and approach stationary state. The stress redistributes and achieves its steady state after 42 h
of creep exposure. At the center of the notch, 7/4=0, the von Mises stress was significantly lower than that of 0.2% proof
stress of P91 material (287 MPa). At the notch root 7/a=1, the von Mises stress is still lower than the 0.2% proof stress,
suggesting that the localized plastic deformation at the notch root does not contribute to the stress distribution across the
notch throat from the beginning of creep loading for this material [6]. It is also seen in Figs. 4 (a) and (b) that the von-
Mises stress is lower than that of the net stress for both notch acuity at steady-state life which may indicate the notch
strengthening effect, as observed experimentally [6][25]. In general, it has been shown that von Mises stress regulates the
creep deformation and the creep cavity nucleation processes, maximum principal stress regulates stress-directed diffusion-
controlled intergranular cavity growth, and hydrostatic stress regulates continuum cavity growth [25]. It is envisaged that
the presence of relatively uniform von Mises stress across the notch plane will result in more or less uniform transgranular
creep cavity nucleation across the notch plane, depending on the degree of uniformity of the von Mises stress [24].

300.0 300.0
a) Blunt notch b) Medium notch
—— 0 h afterloading —— 0 h afterloading
250.0 - 250.0
- - - 0.001z, - - - 0.001z,
----- 0.5z,
= 200.0
o
2
b’.)
150.0 -
100.0 Tocccccccccccccccccccmmmmm ===
50.0 . . : : 50.0 : : : .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
r/a r/a

Figure 4: Von Mises stress distribution for a blunt and medium notch at net stress 187=MPa

The distribution of maximum principal stress o7, across the notch throat for the blunt and medium notch is shown in
Figs. 5 (a) and (b), respectively. As shown in Fig. 5 (a) after reaching steady-state life, the maximum principal stress
distribution shows a maximum value at t/a~0.6 which is more than the net stress for a blunt notch type. For the medium
notch specimen (Fig. 5(b)), the peak of maximum principal stress occurred closer to the notch root. The hydrostatic
stress, g, distribution across the notch throat for the blunt and medium notch is shown in Figs. 6 (a) and (b), respectively.
The hydrostatic stress distribution shows similar behavior to that of the maximum principal stress. The hydrostatic stress
remained below the net stress for both notches.

One of the factors that influence creep-rupture behaviour under multi axial stress states is triaxiality. Triaxiality is defined
as the ratio of hydrostatic stress, g,, and von Mises stress, g.. Fig. 7 shows the variation of triaxiality across the notch throat
for the blunt and medium notch. It can be seen in Fig. 7 that the triaxiality is maximum at notch throat distance of
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r/a=0.5 for blunt notch whereas the triaxiality is maximum near the notch root i.e /4=0.8 for the medium notch. The
medium notch has a maximum value of triaxiality neatly twice of the blunt notch. For both notch types, the triaxiality
across the notch throat is significantly higher than that for a uniaxial test specimen, ,/0.=1/3).

350.0 300.0
a) Blunt notch b) Medium notch
0 h after loading 0 h after loading
300.0 ~ ]
- - - 0001, 25001 ___ o001z,
o 2900 & 2000
o o
s =
S &
200.0 150.0
150.0 100.0 -
100.0 T T T T 50.0 T T T T
0 0.2 04 06 0.8 1 0 0.2 04 0.6 08 1
r/a ra
Figure 5: Maximum principal stress distribution for blunt and medium notch net stress = 187 MPa
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bE bE
100.0 A
750
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Figure 6: Hydrostatic stress distribution for blunt and medium notch bar at net stress =187 MPa.
Creep damage

In order to evaluate the creep damage accumulation, the FE analysis used a ductility exhaustion approach with the Cocks
and Ashby damage model. The damage is calculated when the element attains @=1.0. The predicted time to rupture was
taken when a few elements reach w=1.0. Two-dimensional contour plots of creep damage across the notch throat for
blunt and medium notch are shown in Figs. 8 (a) and (b), respectively. The blunt notch shows the most uniform
widespread of damage and the medium notch shows the most localized damage. The maximum damage is observed to
occur near the notch root at first and then shifts toward the notch subsurface as it reaches a steady-state as shown in Fig.
8. In Fig. 8, the location of damage starts at the notch root from the beginning until the time to failure which is similar to
the micrograph seen in the test specimen [12]. The most severe region of damage is seen along the notch throat for both
types of the notch.
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Fig. 9 shows the evolution of damage for both notch acuities for the net stress = 187 MPa. Damage evolutions across the
notch are shown at 0.25 #, 0.5 #, and # = #., where # is rupture time. It can be seen that the damage accumulation at each
element across the notch throat increases over time. It can also be seen that the point at which damage first occurs is
closer to the notch root for the medium notch than for the blunt notch. This is expected given that the maximum triaxial
stress state is closer to the notch surface for the medium notch than for the blunt notch. Similar behaviour has been
reported for P92 steel [26] where an increase in notch acuity results in the damage location moving closer to the notch
toot.

1.2

Blunt notch PN

- = =Medium notch e N

1.0

0.0 - T . .
0 0.2 0.4 0.6 0.8 1
r/a
Figure 7: Variation of triaxiality across the notch throat for the blunt and medium notch at #= 0.5#-
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a) b)
Figure 8: Creep damage contour at net stress = 187 MP at #= 0.5/ for a) blunt and b) medium notched

Prediction of rupture time

In this work, the predictions of rupture time were based on FE analysis coupled with Cocks and Ashby model. The
rupture times were predicted when the few elements attain the damage, w =1. It is shown that the prediction of the
rupture time using Cocks and Ashby model in Eqn. (3) is strongly dependent on the creep ductility. To predict the rupture
time, the lower and upper bound creep ductility of 12% and 30%, respectively, have been used in the FE.

Fig. 10 (a) and (b) shows of prediction of rupture time plot with net stress for the blunt and medium notch, respectively.
The uniaxial and notched bar test data were also plotted in the same figures. The regression lines have been included for
all the notches. It can be seen in both figures, the rupture life of notched specimens is higher than that of uniaxial
specimens indicating the notch strengthening effect as observed experimentally. It is expected that with increasing notch
acuity the rupture life increases hence the notch strengthening is enhanced.
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The Cock and Ashby model has been utilized to predict the rupture life by using the lower and upper bound creep
ductility of 12% and 30%, respectively. It can be seen in Fig. 10 (a) that for the blunt notch, lower bound creep ductility
(0.12) predicts the rupture life better than upper bound creep ductility (0.30). The prediction of the long-term rupture life
for the blunt notch specimen seems to coincide with the uniaxial data which may indicate that in long-term test data the
blunt notch may exhibit similar behavior to that of the uniaxial specimen. For the medium notched in Fig. 10 (b), the
upper bound creep ductility predicts the rupture life better than the lower bound creep ductility. At the same net stress,
the medium notches always have a longer predicted lifetime than the blunt notch.

12 12
a) Blunt notch b) Medium notch
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1.0 1.0 4
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Figure 9: Damage evolution across the notch throat at net stress of 187 MPa for a) blunt notch and b) medium notch
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Figure 10: FE Prediction of rupture life using ¢, =0.30 and 0.12 for a) blunt notch and b) medium notch.

CONCLUSIONS

he FE analyses have been performed on P91 material for the blunt and medium notched bar. A ductility
exhaustion model has been used within the FE model by employing the Cocks and Ashby model.

e The stress distribution for blunt notched specimens showed a more uniform distribution compared to the
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medium notched specimen. The von Mises stress is lower than the net stress for both notch acuity which
indicates the notch strengthening effect as observed experimentally.

e As defined in the Cocks and model, the triaxiality contributes to the creep rupture behaviour under a multiaxial
stress state. It is shown that the triaxiality is maximum at notch throat distance of /a = 0.5 for blunt notch
whereas the triaxiality is maximum near the notch root, i.e r/4=0.8 for the medium notch. The medium notch has
a maximum of triaxiality neatly twice of the blunt notch.

e Creep damage evolution has shown that the blunt notch shows the most uniform widespread of damage and the
medium notch show the most localized damage

e  Creep ductility of 12% and 30% predicts the rupture life well for blunt and medium notched bars, respectively.
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