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ABSTRACT 

For structure that is required long-term reliability, the fatigue is the key property of the materials. Therefore, we 
believed that the fatigue properties of the structural materials for the reactor had been fully inspected. Most of fatigue 
data were evaluated by the rotary bending test or the axial cyclic loading test. In the both test methods, normal stress 
amplitude is predominately affected on the fatigue behavior and the resultant cracks propagate in the open mode, Mode 1. 
In other words, the Mode 1 fatigue properties of the reactor structural materials were only warranted. Does Mode 1 
fatigue test alone warrant the reliability? 

In this report the S-N curves and the fatigue crack propagation behavior of 316 stainless steel, a low carbon steel 
(JIS SS400) and 2195T3 A1-Li alloy in all modes loading excluding Mode 1 were investigated. Two types of fatigue 
test method have been used, i.e., the bar torsion test and a cracked ring compression test. To limit the maximum shear 
location to the observation window, an eccentric torsion fatigue test specimen had been developed. Cracked ring 
specimen is a various uses fracture mechanics specimen developed by one of the authors. This specimen does also prefer 
for Mode 1 and mixed mode fatigue crack propagation test. To investigate the 3 dimensions torsion crack behavior, a 3D 
wire frame model computer program was developed. 

INTRODUCTION 

The fatigue characteristic of the material is important in the design for all structures. It is necessary to prepare the 
fatigue data completely especially for the nuclear reactor structure where the long-term reliability is the most important. 
In this field, recently, the data of very long life ()101°) and the fatigue excluding Mode 1 loading attract interest 
although the present nuclear reactor structures had be designed by using sufficient fatigue data. Up to now, structures had 
been designed using Mode 1 fatigue data even if they are expected to be loaded in Mode 2, in Mode 3 or in mixed mode 
(with or without Mode 1). However, it has poor basis that the Mode 1 fatigue data able to replace that of other mode 
fatigue. 

Does Mode 1 fatigue test alone warrant the reliability? For the static loading, the fracture strength also depends on 
the fracture mode, but it has been investigated already. The minimum Mode 1 fracture strength, plane strain fracture 
toughness, is the lowest in all loading modes. Therefore the plane strain Mode 1 fracture test warrants the reliability of 
the structure. For the dynamic loading, the comparison in the different loading modes had not been fully investigated 
Accordingly, the investigation on the action of the all modes in fatigue is necessary. 

There is a small number of fatigue data which loading condition is Mode 2,Mode 3 or mixed mode. The reasons 
are little demand to them and difficulty of the test work in comparison with the Mode 1 fatigue test. Although the test 
method of the static torsion test is established, the torsion fatigue test is not familiar and is rarely being carried out. 
Amount of the deformation in the torsion test is larger than that in the push-pull (axial loading) test, then the 
temperature tends to rise when the generated heat in the test volume exceeds the thermal conduction of the material. 
Then, the test frequency of the torsion fatigue test used to be lower than 1 Hz even for metalic specimen that has higher 
thermal conductivity. This means that it requires the test period of 100 times long in comparison with the Mode 1 test 
where the high speed of 100 Hz is available depending on the ability of the test machine. Low test frequency is a strict 
demerit in the fatigue test where most part of the cost is occupied by the plant costs. 

The crack initiated as Mode 2 or Mode 3 in the torsion fatigue test does not propagate so far as to fracture as the 
Mode 1 crack. Some Mode 2 surface cracks transform to Mode 1 and propagate in 45 deg. direction to specimen axis, 
but the propagation rate does not abruptly increase differing from the push-pull Mode 1 crack, because of it does not 
accompany the transformation to Mode 1 in the inside cracks. Therefore, a large number of cycles is required from the 
crack initiation to rupture, while a small number of cycles in the push-pull or the rotary bending Mode 1 fatigue test. 
The S-N curve of Mode 1 test may give the fatigue crack initiation property of the material, but that of torsion test does 
not, because the curve is expressed in the logarithmic scale with the number of cycles to rupture as N. Therefore, it is not 
rational to compare the S-N curve of the Mode 1 fatigue test with that of the torsion fatigue test if the value of N 
represents the number of cycles to rupture. Due to complicated mode transform behavior, the number of cycles to rupture 
is more scattered than the number of cycles to crack initiation. 

In other words, the surveillance of crack is necessary to draw the reliable S-N curve. Even if the crack starts to 



propagate there is little decline in the torque. Therefore it is difficult to detect the crack initiation by load sensor of the 
testing system. These disadvantages prevent the accumulation of the torsion fatigue data. One of the authors participated a 
project for the collection of Mode 3 fatigue data of stainless steel SUS316NG for nuclear reactor structure and had 
interest in the relation between the Mode 1 fatigue test and other modes. 

E X P E R I M E N T A L  M E T H O D  

M a t e r i a l s  and  T e s t  S p e c i m e n  

The materials tested are SS400 carbon steel, SUS304 stainless steel and 2195T3 A1-Li alloy. Those chemical 
compositions and also static tensile properties are shown in Table 1. Although the SUS316NG stainless steel for the 
reactor structure was torsion fatigue tested, it was impossible to compare with the Mode 1 test results due to short of the 
material. There was no significant difference in the torsion fatigue crack propagation behavior between in SS400 steel 
and in SUS316NG stainless steel. 

A solid type torsion test specimen was used in this investigation, although the specimen with a hollow core gave us 
the fundamental information in the torsion loading due to homogeneous stress distribution. One of the purposes of present 
investigation is to establish a standard torsion fatigue method. And using the hollow core specimen the machining cost is 
fairly high compare with the solid type one, and it is also hard to keep the axial arraignment during the test. Another 
reason that adopted the solid type was to limit the crack initiate location by eccentricity. As mentioned above it is 
necessary to watch the crack initiation and propagation in the torsion fatigue test. If the location of the crack initiation 
does not be limited, overall length surrounding the test volumes must be monitored by high-resolution system for 24 
hours and it is impossible. Stress concentration such as a pin hole was often used to limit the crack initiate location in the 
torsion fatigue test, but the crack had propagated in Mode 1 from the initiation. That test method then, does not 
characterize the torsion fatigue behavior in the structure without sharp stress concentration. Test specimens used were 
processed to a gradual sandglass form in axial direction and eccentric (Fig.1 (a)).  The neck of the sandglass was 
polished in axial direction by #800 emery paper. 

Maximum shear stress in the eccentric torsion specimen is 

Tr r r =  x - a n d  Ip ~ 4  ~2/2t 2 _ = ~ + ~  (1) 
Ip 32 4 

where T is torque, d is diameter ( 15 mm), r is distance from torsion axis (8 mm) and t is eccentricity (0.5 mm). 
The fatigue crack propagation rate is a function of stress intensity factor range A K. In the case of surface crack 

the value of K at angle of 8 from surface was calculated as a half part of an elliptical or parabolic crack in the infinite 
body where a is a half of surface crack length, b is the depth, q is shear stress which is parallel to crack plane and incline 
o9 with surface. [1] 

Table 1 Chemical composition (wt.%) and static tensile properties of tested materials. 
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Fig.2 (a) Eccentric torsion fatigue specimen, (b) Ring specimen for Mode 1 and mixed mode crack propagation 
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The ring specimen is suitable for the fatigue crack propagation test and other fracture mechanics tests under Mode 
1 and Mode 1 + Mode 2 condition(Fig.1 (b))[2] .  The characteristic of ring specimen is having a relatively wide 
constant K region against crack length when being loaded in compression along the crack orientation. And it is supported 
by means of the finite element method. For Mode 1 

K = 2.24. P / B f - R  o ( 0.62 ( (a+Ri)/Ro ( 0 . 7 9 )  (5) 

where a is the crack length, P is 
the load imposed, B is the +!i P ~  
thickness, Ri and Ro are inside 
and outside radii of the ring 
respectively. If the crack tip 
moves away from the loading ~l \ x , ~  f t  ~ i J i 
line, the values of stress intensity 
factor for mixed mode should be 
obtained by numerical analysis. 
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The values in Fig.2 are those Fig.2 Stress intensity factor in the mixed mode condition calculated by the 
calculated by Nisitani with the body force method 
body force method [2] 

For Mode 1 fatigue crack propagation test, also the compact tension CT specimen was used being guided by ASTM 
E647 [3] 

Torsion fatigue test 
Tests were carried out at room temperature under condition of controlled cyclic axial push and pull by using a 

Shimazu 50 kN closed loop electro-hydraulic fatigue testing machine, operating at the cycling frequency of 1Hz. The 
movement of axial direction of the machine is transformed to the torsion by crank mechanism. The length of the crank 
arm is 100 mm and the maximum torque, is _+ 5 kNm. A 10 mm × 15 mm viewing field in where the crack initiation is 
expected is monitored by a CCD camera which output is recorded by a time-lapse video recorder with time marks. In this 
recorder pictures are recorded in an interval, then it is possible to record for 40 days in a volume of tape without loss 
the quality of the picture. The crack length was measured from the picture displayed on CRT or primed with the elapsed 
time. 

Two other CCD cameras in positions of 120 deg. and 240 deg. respectively around the specimen axis shifted from 
the main camera watch all circumference of the test volume of the specimen because some cracks initiate outside of the 
view field of the main camera. It is very difficult to light up the cylindrical surface homogeneously where parallel ray of 
light reflects in a sharp line. A ring shape fluorescent light tube was used for the specimen lighting, but still insufficient. 
Operating at the cycling frequency of 1 Hz, no temperature rise is observed even in the stainless steel specimen that has 
lower thermal conductivity. 



Mixed mode fatigue crack propagation 
The initial notch of about 0.3 mm width and 2 mm depth was 

cut from the inside of the ring by electric discharge machining along 
the direction of the load line. The potential drop method was used to 
measure the crack length. Calculated values based on electric potential 
drop were compared with results of the beach marking method. The 
space between the beach marks on the fracture surface agrees well with 
the increases in crack distance which were calculated from the 
potential drops. [ 4] 

The specimen in Fig.3 (a) was set to match the loading axis 
with the initial notch direction for Mode 1 aligned cracking. The 
specimen was repeatedly loaded by the closed loop electro-hydraulic 
fatigue testing machine. After the crack length for Mode 1 reached 
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Fig.3 Mixed mode testing by the ring specimen 

approximately 2 mm, the loading was interrupted, and the specimen was rotated in a given angle as shown in Fig.3 (b) .  
Then the fatigue crack continued to propagate under the mixed mode condition. 

3 dimensions crack 
Some torsion fatigue test specimens were interrupted the test after confLrrning the crack propagation and were 

investigated the morphology of the inside cracks. After cutting out the test volume from the specimen in a proper length, 
2 slits of the depth of 0.2 mm were inscribed along the specimen axis on the no crack observed surface for the coordinate 
marking. This piece was grinding down by a plane grinder perpendicular to the torsion axis of the specimen and observed 
the cross section every 0.1 ~ 0 . 4  mm to determine the 3 dimensions coordinates of the crack front. 

RESULTS 

Shear stress S-N curve 
Crack initiated under the tension-tension or 

tension-compression cyclic loading propagates in 
vertical direction to the loading axis and they are in 
Mode 1 condition. In the rotary bending fatigue test, 
Mode 1 crack also initiates and propagates because of 
existence of repeating tension-compression stress on 
the surface. Under such a simple axial loading the 
maximum shear stress acts on the plane inclined 45 
degr. to loading axis and is a half of the normal 
stress. Therefore the shear stress S for S-N curve is 
regarded as equivalence of a half of the normal stress 
and this conversion is used for the designing of the 
structures. 

Nishihara and Endou had investigated on the 
effect of testing method, bending and torsion, on the 
fatigue strengths of a Cr-Ni-Mo steel, a Cr-Ni steel 
and a Si steel in detail (Fig.4)[5J. In the figure, 
values of the normal stress of bending test have been 
replaced by one half of those. If curves agree each 
other respectively, above-mentioned conversion is 
correct. For the case of stress ratio =-1 ( v m = 0 or 
o m-- 0), v a / o  a -- 0.5 relation is established. 

However, Buchman reported the relation of v a / o  a 
-- 0.9 in a cast iron fatigue test result[6] and there 

are some reports in those v a / o  a <> 0.5. Authors 
have not found the case where v a / o  a is obviously 
less than 0.5, and the v a / o  a -- 0.5 conversion 
seems to be in conservative. 

There is a remarkable difference in the 
propagation life between the torsion fatigue testing 
and uniaxial one, and it seems to be a cause of the 
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divergence from v a/o a ~ 0.5 relation. Crack initiation S-N curves of torsion fatigue test were plotted using the 
video record, and compared with those of Mode 1 fatigue testing (Fig. 5). In the figure, the value of v a/o a is about 
0.6 although it is expected both curve agree each other because the value of Mode 1 stress reduced to be one half. More 
experimental researches on the material and environment dependency of the conversion coefficient are necessary. 

F a t i g u e  c r a c k  p r o p a g a t i o n  r a t e  

On the plain specimen surface all torsion fatigue cracks initially propagated parallel or perpendicular to the torsion 
axis that were maximum shear stress directions and altered propagating direction to about 45 deg. shift from the axis that 
was maximum normal stress direction. Mode 2 fatigue crack propagation rate was calculated by the video record before 
altering the direction but it was impossible to calculate the Mode 3 crack propagation rate. A K-da/dN relations of 
Mode 2 crack is shown in Fig. 6 with that of Mode 1 crack. The values of KII were evaluated by Eq.(3) as a half part of 
an elliptical or parabolic crack in the inf'mite body. The plots of both Mode 1 and Mode 2 propagation rate are distributed 
overlap each other, and the conversion relation of A Ku/A KI-- 0.5 may be expected because the value of Mode 1 
stress intensity factor range reduced to be one half in the figure. This indicates Mode 1 fatigue crack propagation data 
can be applied to design a structure where the Mode 2 crack propagate rate has to be considered. 

For Mode 1 and Mode 2 mixed condition Eq. (6) and Eq. (7) were proposed by Tanaka [7] and by Richard et al 
[8] respectively as equivalent stress intensity range. 

AKIn, ~ - x/AK 2 + 2K~/ (6) 

Agmi  x =- -~ (AK I -[- z~K 1 +6AK 2 (7) 200 

Supposing these equations are effective in all --~eq 
mixed ratios the conversion coefficient A KII/A KI ~ 150 
becomes 0.82 and 0.70 respectively. We would d' 
like to modify the Eq. (6) to Eq. (8) in which the 
coefficient A KII/A KI becomes 0.5. 

Z~m, x : ~/Z~I + 4 K  2 

iof AKI : 0  AKmi x = 2AK/z 

(8) 
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Mixed mode fatigue crack propagation rates 
were plotted against the equivalent stress intensity 

factor calculated by the Eq. (8) and compared 
with Mode 1 test results (Fig.7). The results of 10 -5 
the mixed mode tests are in higher rate side of 
Mode 1 regression line, and also in the non 
conservative side, even if considering the scatter ~ 10 -6 
of the fatigue propagation data. It is necessary to o 
accumulate the mixed mode fatigue crack o 
propagation data because this tendency would be ~ 10 -7 
emphasized if Eq.(5) or Eq. (6) is used. 

3 D  c r a c k  m o d e l  

To investigate the three dimensions character- 
istics of the observed cracks a 3D crack model 
computer program was developed. A wire flame 
model was carefully selected from the surface 
model, the solid model and the wire flame model 
because of the easiness of drawing perspective of 
the crack and lower CPU load for the dynamic 
display. Coordinates were selected as y-axis to be 
on the torsion specimen axis, and x- and z- axes 
to be on the minimum section of the specimen 
where the eccentricity were in x direction and the 
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maximum shear stress expected to be at y=z=0 and x=+d/2. 
The flow of the program is as follows :@construction of the frame line s, (~ input the crack data,@arrangement of 

crack data to the line elements,@rotation around y axis of all coordinate points,@ rotation around x axis the points,@ 
shift to z direction to keep out from the screen,@ projection coordinate points on the screen from a given view point, @ 
movement to the center of CRT,@scaling, and @draw lines and paint crack areas on request. 

The rotation, movement, projection and scaling of the coordinate points were made by doing following 4x4 matrix 
multiplication. 

(XcRT YCRT 0 1)=(x y z 1)xR (9) 

w h e r e  R = R 4 X R 5 x R 6 X R 7 X R 8 (10) 

Matrixes of R4 ,Rs ,R6 ,R7 ,R8 are as follows. 

Rotation around the y axis for O 
COS Oy 0 -- sin Oy 0 

0 1 0 0 

R4_. SoOY 0 COSOy 0 

Shift to z direction for Zs 

1 0 0 0 

0 1 0 0 
R 6 = 

0 0 1 

0 0 z s 

Movement of the center of CRT 

1 0 0 0 

0 1 0 0 
Rs= 0 0 1 0 

1 XD/2 YD/2 0 

To change the scene, for example expansion of 
the crack model, every coordinate points should be 
recalculated by Eq. (9) and Eq. (10), but it is not 
necessary to do multiplication of the Eq. (10) on 
every point. After doing multiplication of the 
Eq. (10), every coordinate points do multiplication 
of the Eq. (9). For rotating the model, the angle is 
increased 1 or 2 deg. every time by timer signal, 
the matrix R is computed by the Eq.(10), and 

all coordinate point computed by Eq. (9) and, then, 
smooth animation is displayed. 

Three dimensions cracks are shown in Fig.9 to 
Fig.12 with the specimen surface photographs. 

Persistent slip band 
The persistent slip bands were observed all cross 

sections of SS400 steel specimen. All bands were on 
the x-axis of the 3D model and main cracks were located 
on the bands. (Fig.13). The depth of Mode 3 cracks were 
larger than those expected from the value o f /k  Kni and 
estimate coefficient of crack propagation law was more 
than five times of that of Mode 2. To investigate the 
effect of eccentricity on PSB and the depth of Mode 3 
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crack, non-eccentric specimen was tested. No clear deference 
was observed. Mode 3 crack propagation behavior should be 
investigated in detail for the reliability of the reactor 
structures. 

SUMMARY AND CONCLUSION 

Mode 2, Mode 3 and mixed mode S-N relations and 
the fatigue crack propagation rates of structure material were 
investigated to establish the reliability of structures. It was 
confhTned that common used conversion coefficient for the 
fatigue design, v a /o  a -- 0.5, is almost reasonable, but 
the A KII/A KI-- 0.5 relation for fatigue crack propagation 
rate was a little ambiguous. There may be the risk of non 
conservative result using ordinary proposed relation for 
/kKI +/kKIi mixed mode crack propagation. 

To investigate the non Mode 1 fatigue behavior in 
structure materials 3D crack display program was developed. 
The depth of the Moe 3 fatigue crack is unexpectedly deep. 
Mode 3 crack propagation behavior should be investigated in 
detail for the reliability of the reactor structures. 

Fig. 9 A 3D model of the fatigue cracks 
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