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Abstract

In order to clarify the fatigue properties of stainless cast steel JIS SCS6 used as the turbine runner of hydraulic power generation
for about 27 years, fatigue tests were carried out by using tension-compression specimens , plane bending specimen and CT
specimens. The results are summarized as follows: The fatigue strength of tension-compression was lower than that of plane
bending. In order to examine the reason for that, fracture surfaces were observed by SEM. It is because that in the case of
tension-compression fatigue tests, the increase of volume of dangerous layer which was applied high stress led the increase of the
size of the casting defect included there for the loading mode and the shape of specimens. It suggests that casting defects
strongly affect the fatigue properties of aging stainless cast steel. Furthermore, according to the estimation of fatigue life, it is
clear that fatigue life of aged stainless cast steel can evaluate by using the casting defect size at crack initiation site and the stress
intensity factor calculated by defect size. In addition, to clear the fatigue crack propagation behavior, the relationship between the
fatigue crack growth rate and effective stress intensity range was examined by using the unloading elastic compliance method
which can observe the detailed fatigue crack closure behavior.

(© 2010 Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
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1. Introduction

Hydraulic power generation is a power generation technology as important as thermal power and nuclear power
generations. It has been paid to attention as a clean power generation technology with few carbon-dioxide emissions
during power generation. One of the important components of such hydraulic power generation includes the turbine
runner. In recent years, stainless cast steels, which has high strength and stiffness and excellent corrosion resistance
and weldability compared with conventional cast steels are widely used for the turbine runner material [1]-[3].
However, there are a lot of turbine runners which passed more than several decades after manufacturing and some
case that the turbine runner damaged by long-term use are reported. Therefore, appropriate maintenance method that
enables long-term operation while maintaining the reliability of existing equipment is required because it needs huge
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cost to repair and replace the damaged turbine runner. It is necessary to understand the fatigue properties and the
fracture mechanism of the turbine runner, in order to establish that maintenance method, although there are a few
reports of the fatigue properties of the stainless cast steel[4][5]. Therefore, in this study, in order to clarify the
fatigue properties of stainless cast steel for which several decades are used as the turbine runner of hydraulic power
generation, three kinds of fatigue tests were carried out and fatigue crack behavior was observed in detail. In
addition, the fatigue life prediction method of an actual power turbine runner was suggested in the bases of the
obtained knowledge.

2. Specimens and experimental method

2.1. Specimen

The material used in this study was stainless cast steel JIS SCS6 (equivalent to ASTM CA6NM) used as the
turbine runner of hydraulic power generation for about 27 years. Table 1 and Table 2 show the chemical
composition and the mechanical properties of SCS6 respectively. This material was machined into three kinds of
fatigue specimen shown in Fig.1 ((b) for plane bending fatigue tests, (a) for tension-compression fatigue tests, and
(c) CT specimens). In addition, specimen for plane bending fatigue tests has an elliptic shallow notch (stress
concentration factor K=1.26) at the center of it to localize a crack initiation site. The geometry of CT specimen
follows ASTM standard. After machining into specimen, the specimen surfaces were polished using SiC paper
(#180-#2000) and alumina powder (¢3.0um, ¢1.0pum, ¢0.1pm).

Tablel Chemical composition of JIS SCS6. (mass%)

C Si Mn P S Ni Cr N Al Ca O

0.49 0.50 0.83 0.040 0.004 3.62 12.82 0.027 | 0.010 |[<0.0005] 0.0063

Table2 Mechanical properties of JIS SCS6.

Vickers Hardness Yield stress [MPa] Tensile strength [MPa]
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(a) Plane bending specimen

Fig.1 specimen geometry
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(c) CT specimen

Fig.1 continued

2.2. Experimental method

The tension-compression fatigue tests were carried out using a servo-hydraulic testing machine. The plane
bending fatigue tests were carried out using an electro-magnetic type bending machine. The condition of fatigue
tests were unified in both fatigue tests (sine wave load; frequency: 20 Hz; stress ratio: -1). Furthermore, in the case
of bending fatigue tests, the small fatigue crack behavior was observed continuously by using a plastic replicas
technique. The fatigue crack growth tests by using CT specimen were conducted using a servo-hydraulic testing
machine as a frequency of 1~20 Hz and stress ratio R=0.05, dAK/(AK + da)=0.1. Moreover, the crack length and the
crack closure were measured by the unloading elastic compliance method [6]. Fracture surfaces were carefully
observed under a Scanning Electron Microscope (SEM) to identify the fatigue crack initiation sites and the fracture
mechanism.

3. Experimental results and discussion

3.1. Fatigue tests

Figure 2 shows the S-N curves. The vertical axis in this figure indicates the true stress amplitude in consideration
of the notch in the case of specimens for plane bending fatigue tests. As shown in this figure, tension-compression
fatigue test results indicate lower strength than plane bending fatigue test data. In order to examine the reason for
that, fracture surfaces were observed by SEM. Figure 3 shows a typical fracture surface of tension-compression test.
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It was observed that the fracture origin was the casting defect for this test. On the other hand, a lot of fracture origin
was observed in a fracture surface for plane bending test in all stress range, there were two types of fracture origin.
One of the fracture type whose fatigue crack initiation by slip deformation at surface and from the casting defects
near the surface (Fig.4). Another is the fracture type whose fatigue cracks initiate by multiple slip deformation at
surface only (Fig.5). As mention above, aging SCS6 used in this study has two types fatigue crack initiation
mechanism; (a) slip and defect origin type, (b) slip origin type. Therefore, in Fig.2, open marks show the result
which indicate s/ip origin type, and solid marks show the results which include defect origin type. It is clear that no
noticeable variations exist in the S-N curves of specimens whose crack initiates at the slip. However, the S-N curves
of specimens which indicate slip and defect origin type have wide variations, and the results using tension-
compression fatigue tests indicate lower strength than that using plane bending fatigue tests. In order to examine the
reason for that, the casting defect size which was fracture origin in each specimen was observed in detail.

Stress amplitude &, [MPa]
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Fig.3 fracture origin of tension-compression test [ 5,=460MPa, N=2.6 X 104]
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Fig.4 Fracture surface of plane bending test (slip and defect origin type) [380MPa,N=1.2 X 10°cycles]
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Fig.5 Fracture surface of plane bending test (slip origin type) [430MPa,N=6.6 X 105cycles]

The casting defect size (area)"” are measured in each fractures surface in both tension-compression fatigue and

plane bending fatigue tests, and plotted them in an external distribution (Fig.6). It is clarified that the casting defect
size in aging SCS6 used in this study was well fitted by an external distribution. Furthermore, casting defect size of
fracture origin in the specimens for tension-compression fatigue tests was larger than that for the plane bending
fatigue tests. It is because that in the case of tension-compression fatigue tests, the increase of volume of dangerous
layer which was applied high stress led the increase of the size of the casting defect included there for the loading
mode and the shape of specimens. So, it can be thought factor that the increase of the casting defect size which is
fracture origin led the decrease of the fatigue strength.
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From the results of fatigue tests and fracture surface observation mentioned above, it is clarified that the existence of
casting defects and their size strongly affect the variation of fatigue strength in aging SCS6. So, S-N curve of this
material was arranged in consideration of casting defects size which was fracture origin. Figure 7 shows the
relationship between the initial stress intensity factor K.x which was calculate by equation (1),(2) in consideration
of the casting defect size (area)"* which were fracture origins in each specimen and Ni/(area)”?. In addition, Ky
was calculated by equation (1) when the casting defect exists near the surface, by equation (2) when the casting
defect exists internal far from the surface.
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K =0.650+ v area (1)

max
Kmax =0.5¢V zvarea @)

Figure 7 shows that it is possible to rearrange the fatigue life curve by evaluating casting defect size which was
fracture origin and crack propagation life from their origins. Furthermore, it is possible to predict the fatigue life of
aging SCS6 by using equation (3) which was led from approximate line in this figure.

K -5.46
N¢ =[ max} area 3)

317.5

However, maximum defect size which will be in the actual turbine runner is required to apply the equation (3) to the
actual turbine runner. So, in his section, we added discussions whether it is possible to predict the maximum defect
size that will exist in a large structure from the defect size that exists in small specimen such as specimen for plane
bending fatigue tests by using a statistics of extreme value. In the case of specimens for plane bending fatigue tests ,
the volume of dangerous layer which was applied stress of 90% or more was ¥ 94pending=1 1.5[mm’]. On the other
hand, the volume of dangerous layer in specimens for tension-compression fatigue tests was Vrc =2747.5[mm"’].
Thus, the reflexive period 7;9,=239.5 can be obtained when the dangerous layer is defined as 90% of the loading
stress. So, when we calculated the maximum defect size which will be exist in dangerous layer of specimens for
tension-compression fatigue tests from the casting defect size of specimens for plane bending fatigue tests, the value
of maximum defect size were (aredqgo,)">=726.0[pm] as shown in Fig.6. Considering that the maximum defect size
(aream,y)"* which was actually observed in fracture surface of specimens for tension-compression fatigue tests was
749.0[um)], it is clear that it is possible to predict the maximum defect size with high accuracy. However, we write
in addition that a more detailed examination of defining method of a dangerous layer is necessary in the future.

3.2. Fatigue crack propagation behavior

Figure 8 shows the relationship between fatigue crack growth rate and stress intensity range 4K, effective stress
intensity rage AK.. This figure indicates linear relationship between da/dN and AK as show equation (4) (5).

da/dN =7x10712(AK)2-82 )

da/dN =2x10"2(AK ) > (5)

Furthermore, Fig.9 shows the relationship between the crack growth rate da/dN, which were observed in plane
bending fatigue tests by replicas technique, and stress intensity factor 4K, calculated by using Newman-Raju’s
equation. Small crack propagation behavior has particularly variation, so it shows a tendency that along long crack,
and the propagation rate was similar to a long crack one.
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4. Conclusion

In order to clarify the fatigue properties of aging stainless cast steel JIS SCS6 for which several decades are used as
turbine runner of the hydraulic power generation, three kinds of fatigue tests were carried out and fatigue crack
behavior was observed in detail. Furthermore, the fatigue life prediction method of an actual power turbine runner
was suggested base of the obtained knowledge. The following conclusion can be drawn.

(1) The S-N curve of aging JIS SCS6 used in this study indicates wide variation and the results using tension-
compression fatigue tests show lower strength than that using plane bending fatigue tests.

(2) From the observation of fracture surface, the fatigue crack of this material initiated at two types crack
initiation origin then the final fracture of specimen was occurred; slip origin type and include defect origin

e.

3) t%fe fatigue life of JIS SCS6 can be predicted by using its casting defect size (area)"’ and the initial stress
intensity range AK,x calculate there.

(4) Indicates linear relationship between the fatigue crack growth rate and the stress intensity range AK,
effective stress intensity range AK. in the case of long fatigue crack. However, crack growth rate of small
crack observed in plane bending fatigue tests has widely scatter.
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