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ABSTRACT
A circular notched round bar specimen produces multi-axial stress field when uni-axial stressisapplied in
the axial direction. This stress field is produced in practical component structure. Therefore the
characterization of creep crack growth rate under this condition is important for practical use. In this paper,
developed 12Cr ferritic heat resistant steel was noticed. High temperature creep crack growth tests were
conducted for a circular notched specimen for 12Cr ferritic heat resistant steel. And in order to investigate
multi-axial stress state of a circular notched specimen, we have conducted 3D FEM analysis. The stress
multiaxiality of a circular notched specimen increased as compare with that of CT specimen. Q* parameter
which predicts creep crack growth rate is derived for this specimen. On the bases of this Q* parameter, the

algorithm of predicting the life of creep growth is proposed.

1INTRODUCTION

Recently, since the coal fired fossil fuel power plants emit much more CO,, NOy, SOx under
operation, the development of the most efficient electric power plant technology is required to
minimize carbon dioxide emission. Under this situation, the 12Cr ferritic heat resistant steel has
been developed as boiler and turbine rotor material for most efficient electric power plant [1,2].
The fundamental mechanical properties [1] of 12Cr ferritic heat resistant steel has been clarified
by the charpy impact test and tensile test using the smooth specimen. However, when these
materials are used as component of a structure, cracks may occur due to the some kinds of
external loads which resultsin failure.

Therefore, part of the authors performed the creep crack growth test using CT specimens for
12Cr ferritic heat resistant steel, and the law of creep crack growth rate and the life of creep crack
growth has been obtained [3].

However, for actual component structure, the multi-axial stress field appears due to the
mechanical locality of component structures such as plastic constraint in spite of applied load
being uni-axial conditions, which results in structura brittleness [5]. Usually a round bar
specimen with a circular notch causes such local multi-axial stress field due to plastic constrain
[5].

Previoudly, the estimation of creep crack growth rate was conducted using a round bar
specimen with a circular notch for a creep ductile materia of Cr-Mo-V steel [6]. From this
experimental result, the effect of multi-axial stress on the creep crack growth rate was found to
cause the property of structural brittleness[6].

The Q* parameter of acircular notched specimen for 12Cr steel was derived. The law of creep



crack growth and the life of creep crack growth have been proposed [11]. In this paper, we
conducted 3D FEM analysis in order to investigate the effect of multi-axia stress of circular
notched specimen.

2 EXPERIMENTAL PROCEDURE

2.1 Material and Specimen

The material used is 12Cr ferritic heat resistant steel used for turbine rotor. The chemical
composition and mechanical properties of this material are shown in Table 1 and 2, respectively.
The geometry and size of a circular notched specimen is shown Fig.1. The circular notch is
machined and notch tip angle @ equals to 60° and notch depth & is 1.5mm. The stress
concentration of an initia notch is 3.95 [4]. The geometry and size of CT specimen is shown
Fig.2.

2.2 Test methods and testing conditions

The tests were performed using a lever arm high temperature creep testing machine. The test
temperatures were kept within £ 1 . The experimental conditions are shown in figures of
experimental results.

The crack length was measured by an electrical potential method. An electric current is applied
to the specimen and the value of an electric potential drop is measured. The crack length is
usualy calculated using Johnson's equation (1) for CT, CTT, SENT and SENB specimen [7,8].
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where a is the length of the crack (mm), a, is the initial crack length (mm), y is the haf length
between the terminals (mm), W is the width of the specimen (mm), Uy istheinitial voltage (u m),
U isthe actual values of potentia (u m).

However, Johnson’s formula [7] may not be applied to a circular notched specimen. Thus, the
crack length from atip of a circular notched specimen is measured by an electric potential drop
method using our proposed equation (2) [6,9].

For the crack extension behavior of a circular notched specimen for 12Cr steel, the crack front
shows a concentric circle of which the center was almost identical with the center of the original
round bar specimen with a circular notch, which is similar as that of Cr-Mo-V stedl [9], as shown
in Fig.3. The different of predict crack length from actual crack length was kept within 10%.
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where D isthe diameter of specimen (mm).

Table 1 Chemical composition of 12Cr steel Table 2 Mechanical properties of 12Cr steel
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Fig.1 Geometry and size of acircular notched
specimen Fig.2 Geometry and size of aCT specimen




Fig.3 Fracture surface of acircular notched specimen for 12Cr ferittic heat resistant steel

3 EXPERIMENTAL RESULTS
3.1 Estimation of creep ductility using QL* parameter
The QL*parameter is derived as amethod of evaluating creep ductility [10].
The QL* parameter is defined by equation (3).

RT
where t; is creep crack growth life (hr) obtained by integrating Q* parameter, & is steady state
creep rate (1/hr), M is constant, o 4 is gross stress (MPa), mis exponent of gross stress, 4 Hg is
an activate energy (kJmol), Ris the gas constant (=8.3145JKmal), T is the absolute temperature
(K).

It can be seen that the logarithm values of the life of creep crack growth, t;, has alinear relation
with the logarithm values of steady state strain rate, . QL* corresponds to the values of a
intercept of alinear relation at the value of log s =0, and it will correspond to the creep ductility
on the creep crack growth. With decreasing in QL*, the creep ductility decreases. Each straight
line does not become one and the same line. Therefore it is possible to estimate creep ductility by
using the QL* parameter as shown in equation (3) [10].

Concerning circular notched specimens and CT specimens, the logarithm values of the life of
creep crack growth, t;, were plotted against the logarithm values of steady state creep strain rate,

&s , for 12Cr steel and Cr-Mo-V steel as shown in Fig.4.

From these results for Cr-Mo-V steel, the data band of circular notched specimens falls into
lower position as compare with those of CT specimens which results in decreasing QL*. This
will be due to the local multi-axial stress field induced by plastic constraint of a circular notched
which isrelated to the structural brittleness, however applied load is uni-axia tensile condition.

On the other hand, for 12Cr steel, the data bands of circular notched specimens and CT
specimens takes amost same position, and the effect of local multi-axia stress on QL* is not so
remarkable.

QL =tf 5= Mag]exp(—ﬂJ , ©)

3.2 The effect of multi-axial stress of a circular notched specimen
In order to investigate the effect of multi-axial stress of a circular notched specimen, we
conducted 3D FEM analysis using the following constitutive law,
e=Ac" @
where ¢ iscreep strain rate (1/hr), values of A and n of norton’s law are shown in Table 3[12].
MSC Marc of FEM analysis code was used. The stress triaxial factor TF is given by

TF =(o1+0p+03)/0gq | (5)

where 01, 0, 0 jarevauesof principal stressand o o isvon Mises's equivalent stress.



Values of stress triaxia factor TF of a circular notched specimen and a CT specimen for 12Cr
steel and Cr-Mo-V steel are shown in Fig.5.

From Fig.5, Value of stress triaxial factor TF of a circular notched specimen is much larger
than that of a CT specimen both for Cr-Mo-V and 12Cr steels. This will be due to the multiaxial
stress field induced by plastic constraint around a circular notch tip, which is related to the
structural brittleness.

For Cr-Mo-V stedl, this result corresponds to characteristics of creep ductility as shown in
Fig.4.

On the other hand, for 12Cr stedl, there are difference of TF between a CT specimen and a
circular notched specimen similar as that of Cr-Mo-V steel. However, concerning creep ductility,
the difference between of a circular notched specimen and a CT specimen is not so remarkable
which is different from that of Cr-Mo-V steel as shown in Fig.4. This comes from following
result: A circular notched specimen of Cr-Mo-V steel increases steady state creep strain rate and
decreases the life of creep crack growth as shown in Fig.6. That is, property of structura
brittleness appears. On the other hand, for a circular notched specimen of 12Cr stedl, the life of
creep crack growth doesn’t shorten as compared with that of a CT specimen as shown in Fig.7
which results in creep ductilities for both a circular notched specimen and a CT specimen take
the same data band. In addition, this result shows, martenstitic strengthened structure in 12Cr
steel resists structural brittleness induced by TF.

Therefore, it is important to construct the law of creep crack growth corresponding to the
lower band of creep ductility for 12Cr steel. On the basis of Q* parameter concept, the law of
creep crack growth was derived by the following equation, which assured the accuracy of life
time up to 3000hr.

tf = exp(— 44.38-10.93InKi, + 72T'92 ><103j . (6)

W added 12Cr steel
Circular Notched Specimen
630 650 670
t=270027h] t=637hr | t=122.8hr

i 10788N [I l:l .
10*E =446 25hr | t=106.7hr | 4=28.23nr
E 12749N A Symbol A A

t=10237hr| t=28.7hr | t=4.89nr

14710N
. > O [
\\\/Cr—Mo—V CTspecimen

W added
12Cr steel
02 | CTspecimen N .
E I:I N Cr-Mo-V

.~ Circular notched specimen

Rupture time t £, hr
H

IN100

10-1- T R R TTT R T R R .......: 0
10° 10 10* 10° 10° 10! 10

Steady state creep rate € ss 1/hr

Fig.4 The relationship between the life of creep crack growth, t;, and steady state creep strain rate,
&g, for 12Cr steel and Cr-Mo-V steel.



Table 3 Creep properties of 12Cr and Cr-Mo-V stedl
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3 CONCLUSIONS

(1) For Cr-Mo-V steel, value of stresstriaxial factor TF of a circular notched specimen is much
larger than that of a CT specimen. This will be due to the multiaxial stress induced by
plastic constraint around a circular notch tip, which is related to the structural brittleness.
This result corresponds to characteristics of creep ductility.

(2) For 12Cr steel, there is aso difference of TF between a CT specimen and a circular notched
specimen. However, concerning creep ductility, the difference between of a circular notched
specimen and a CT specimen is not so remarkable which is different from that of Cr-Mo-V
steel. Thiswill be due to the fact that martendtitic strengthened structure in 12Cr steel resists
structural brittlenessinduced by TF.

(3) It isimportant to construct the law of creep crack growth corresponding to the lower band
of creep ductility for 12Cr steel. On the basis of Q* parameter concept, the law of creep
crack growth was derived by the following equation, which assured the accuracy of life time
up to 3000hr.

tf = exp(— 44.38-10.93In K, + 72T'92 ><103]
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