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The use of fracture mechanics has traditionally concentrated on crack growth under an 

opening mechanism. However, many service failures occur from cracks subjected to mixed-mode 

loading. Hence, it is necessary to evaluate the fatigue behavior under mixed-mode loading. 

Under mixed-mode loading, not only the fatigue crack propagation rate is of importance, but 

also the crack propagation direction. In modified range 0.3_<a/W<0.5, the stress intensity 

factors(SIFs) of mode 1 and mode II for the compact tension shear(CTS) specimen were 

calculated by using elastic finite element analysis. The propagation behavior of the fatigue 

cracks of cold rolled stainless steels (STS304) under mixed-mode conditions was evaluated by 

using KI and Kn(SIFs of mode I and mode II). The maximum tangential stress(MTS) criterion 

and stress intensity factor were applied to predict the crack propagation direction and the 

propagation behavior of fatigue cracks. 
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Finite Element Analysis(FEA),  Maximum Tangential Stress(MTS) Criterion, 
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I. Introduction 

The stress conditions acting on a practical 

structure are complex, and thus most cracks exis- 

ting in practical structures are under mixed-mode 

loading conditions. Therefore, the demand for 

research on cracks under mixed-mode loading 

has been increasing recently. Many researchers 

have been attempting to verify crack initiation 

and propagation criteria under mixed-mode load- 

ing conditions (Qian and Fatemi, 1996a). Most 

research on mixed mode has focused on the de- 
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velopment of specimens and experimental method 

(Richard and Benitz, 1983), the determination of 

fracture toughness (Hallb~ick and Nilson, 1994; 

Hong and Kang, 1994; Oh, 2002), the prediction 

of propagation direction (Erdogan and Sih, 1963; 

Sih, 1974) and the evaluation of crack propaga- 

tion rate (Tanaka, 1974: Richard, 1986). 

However, a standard examination method in 

research on mixed mode is not established yet. 

For that reason, it is difficult to compare the 

findings achieved by various experimental me- 

thods (Qian and Fatemi, 1996b). Since no stan- 

dardized specimen geometries exist, the compact 

tension shear(CTS) specimen is frequently used 

to produce mixed-mode I / I I  loading under cyclic 

tension conditions. CTS specimen has advantages 

such that its shape is simple and the loading mode 

can be easily controlled using a loading device. 

However, a CTS specimen has a vulnerability in 
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shape at the connection with the loading device. 

Thereby it requires excessive notch, and we have 

some difficulties in high load tests, such as over- 

loads, in specimen. Consequently, the experi- 

mental range in CTS specimens is limited com- 

paring to the single edge notch tension /SENT) 

specimens. In general, the normalized crack size 

range from 0.44 to 0.7 has been examined using 

CTS specimen. Accordingly, the research on fa- 

tigue crack propagation behavior under mixed- 

mode loading in more general experimental con- 

ditions such as a short single edge notch is lac- 

king. Therelbre, research is needed to decrease 

the limitations in mixed-mode fatigue tests and to 

expand experimental conditions for CTS spec- 

imens. 

In this study, we evaluate the fatigue crack 

propagation behavior under the mixed-mode 1/11 

loading in a modified experimental range of CTS 

specimens. Detail contents in this study are as 

follows. 

First, a stress intensity factor (SIF) formula is 

determined and its evaluation is executed for 

0 . 3 ~ a / W ~ 0 . 5  of CTS specimens. 

Second, the relationship between mixed-mode 

loading conditions of crack tip and crack branch 

propagation angle was investigated. To predict 

the branch angle lbr propagating fatigue cracks, 

we examined the application of prediction criteri- 

on and its adequacy. 

Third, we examined variation of SIF for mix- 

ed-mode fatigue cracks in the initiation and 

propagation stages of crack behavior. The effect 

of mode II component was confirmed on fatigue 

crack propagation behavior. In order to calculate 

SIF on arbitrary mixed-mode fatigue cracks, the 

application of the results of the crack evaluation 

method was examined tbr deflected propagating 

cracks. 

2. Experiment and Finite Element 
Analysis 

2.1 Experimental materials 

The material used in the experiments was cold 

rolled stainless steel plates(STS304) ruled by KS 

D 3698. This material is mainly used for pipes of 

STS304 Under Mixed Mode Loading 797 

Table 1 Chemical composition of STS304 

Composition (weight percent, %) 

C Cr Ni Mn Si 

0.08 18.10 7.98 1.42 0.23 

Table 2 Mechanical properties of STS304 

Yield strength MPa 286 

Tensile strength MPa 618 

Hardness Hv 198 

structures, connecting gaskets and reinforcement 

of structures. The chemical composition and mec- 

hanical properties of experimental material are 

given in Tables 1 and 2. 

2.2 Specimen and loading device 

To execute the fatigue crack propagation ex- 

periment under mixed-mode loading, CTS spec- 

imens and loading device (Richard and Benitz, 

1983) was used. The CTS specimens used in this 

experiment were revised in order to expand the 

experimental range in its machined notch length. 

The shape and dimension of specimens are shown 

in Fig. I. 

The modified loading device was based on the 

device designed by Richard and Benitz. A loading 

device which was able to make up various mixed- 

mode loadings in the specimen with uni-axial 

tensile load of fatigue tester by changing degrees 

of pin-hole was manufactured. Varying experi- 

mental conditions could be changed from mode I 

Fig. 1 
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Configuration of test specimen (unit : mm) 
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Table 3 Load conditions of fatigue tests 

Load type Tension-tension, constant amplitude 
¢ 

O'max 44 MPa Stress ratio 0.1 

Wave type Sine curve Frequency 10 Hz 

~- ~ p e r  

T thickness: 8mln 

Fig. 2 Configuration of loading device (unit : ram) 

to mode I1 using the loading device. The configu- 

ration and dimension of loading device are shown 

in Fig. 2. 

2.3 Experimental method 

The test machine used the present experiment 

was the INSTRON 1331, with electrical hydraulic 

tension-compression fatigue tester. The condi- 

tions of fatigue tests are shown in Table 3. The 

load states of the crack tip got into the phase of 

mode I and mixed mode I /II  by changing of the 

loading application angle (q~). In the case that q~ 

is 0 °, the load state of crack tip is mode I, while 

in the cases that ~b is equal to 30 °, 45 °, or 60 °, the 

load states of the crack tip are under mixed-mode 

I /II  loading conditions. The length of a fatigue 

crack was measured using a traveling microscope 

with a magnifying power of 100. The crack pro- 

pagation positions were measured from the origi- 

nal point in an established absolute system of 

coordinates. The length of a fatigue crack was 

calculated by measuring x and y coordinates 

values. The propagation angle of a branched 

fatigue crack was defined as the angle between the 

measured crack position and the x axis of a 

coordinate system. 

Loading point : A, B, C, D, E, F, G 
Mode I : A Mode II : G 
Mixed Mode (I and I1): B, C, D, E, F 

Fig. 3 Finite element analysis model 

2.4 Elastic finite element analysis 

The SIF was calculated by 2-dimensional elas- 

tic finite element analysis using NISA II and 

ENDURE of EMRC. The stress state of speci- 

men and loading device were supposed in 2- 

dimensional plane stress conditions. The model- 

ing of the loading device was partly simplified 

for convenience in analysis. The finite element 

model consisted of 2-dimensional 8-node iso- 

parametric elements and singular elements at the 

crack tip. The K~ and KH were calculated by the 

crack tip opening displacement(CTOD) method 

(NG and Lau, 1997). The model and constraint 

conditions are represented in Fig 3. The appro- 

priateness of modeling and accuracy of calculated 

results of SIF were examined by comparison be- 

tween theoretical (Tada et al, 1973; Murakami, 

1987) and FEM solutions of SENT specimen 

on K~. Their results showed an error range of 

about - -3% (Ong et al, 1989 ; H a n ,  1999). 

The Kl and Kli for mixed-mode l / I I  loading 

were calculated according to the following proce- 

dure. The SIF was firstly calculated when 

increment of crack length in the same crack plane 

was equal to 2 mm for 0.3~<a/W<0.5. Then it 

was calculated at each a /W as q~ was changed at 

15 ° difference from 0 ° to 90 °. 
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3 .  T e s t  R e s u l t  a n d  D i s c u s s i o n  

3.1 D e t e r m i n a t i o n  of  s tress  in tens i ty  factor  

equation for a modif ied  range 0 . 3 ~  

a / W ~ 0 . 5  

The SIF formula on CTS specimens was main- 

ly investigated in the range of normalized crack 

size(a/W) from 0.44 to 0.70 (Richard and Benitz, 

1983; Hallb~ick and Nilson, 1994; Hong and 

Kang, 1996). The investigated range in this study 

is that normalized crack size a /W is the range 

from 0.3 to 0.5. The formula of SIF on mixed 

mode in this range was determined by elastic 

finite element and numerical analysis. 

I 
--II--@= 0 ° KLI 40 

f f  -A- ~ :30 ° K, I ~l :J 
E - , , -  ~=3o" ~ t  : ' / "  

30 + ~ = 0 0  ° l q - - 4  . . . .  + - i / - ~  - -  
+ _ . _ . = 6 0  o K,, / 

20  . . . . . . . .  g S ' " = r ' = ' ~ : =  - - ' ~  - - ~ . . . .  i - -  

+ [ ? _  i , ,  
N 0 

0.28 0.32 0.36 0.40 0.44 0.48 0.52 

Normalized crack size, a/W 

~: loading application angle 
(a) K variation with various ~b 

--I-- a/W=0.30 K 
30 ~ i ._ _ ~ -~:w=0.30  K 

"-~ - - - -  ,A_ i - . -  ~/w=0 3s 

, ~ - - & - -  a/W=0.46 K z 
20 -O: - - - - -~ ,~T ~ I - -A--  a/W=0.46 Kn: 

: : n t . . ~ ' ~ , , , , _ . . ~  ~ ~ . 

~'~ 0 15 30 45 60 75 90 

Loading application angle, ~ (degree) 

a/W: normalized crack size 
(b) K variation with various a/W 

Fig. 4 K variation in CTS specimen by FEA 

The variations of calculated K[ and Ktt are 

shown in Fig. 4. Since the variation of K shows 

consistent aspect about ~b and a/W, the S1F for- 

mula on mixed mode can be obtained by a com- 

mon function with two factors. It was reported 

that the SIF on the CTS specimen is an indepen- 

dent function of ~b (Hallbiick and Nilson, 1994). 

The basic type is the same as Eq. (I), below, 

= W t -  cos ¢ A ( a / W )  
(l)  

Kit- P ,/~a s i n  ¢ fiE(a/W) 

where P is applied load, a is crack length, and 

W and t are width and thickness of specimen, 

respectively. ¢ shows loading application angle. 

The basic type of Eq. (1) can be find in the 

SIF formula for 0 . 5 ~ a / W ~ 0 . 7  (Richard, 1986; 

Hong and Kang, 1996). 

The SIF formula for a modified test range of 

0.3_<a/W~0.5 in this study could be arranged to 

a basic type that is the same as Eq. (2), below, 

where basic type of K~ is different from Eq. 1) 

for 0.44< a / W ~ 0 . 7  : 

- ~  cos ¢ fl (a/ W) 
(2) 

K , -  P v ~  Wt s i n ~  At(+~W) 

Then fx(a/W) and fn(a/W) at Eq. (2) were 

obtained by numerical analysis as follows. 

fi (a/W) =2.32158 - 14.36777 (a/W) +66.85752 (a/W) 2 

--117.66921 (a/W) a+ 89.72502 (a/W) 4 

fu (a/W) = --0.05741 +4.36076 (a/W) -4.46168 (a/W) z 

+2.48807 (a/W) 3 

The deviation on K~ and Kn obtained from Eq. 

(2) was estimated by comparing with the results 

of finite element analysis. Ka showed difference 

below 4.2 % for ~b<_60 °, for 60°<~b<90° ; when 

a /W is 0.3 the error was 19 % and when a /W is 

0.4 the deviation was 9 %. The convergence was 

improved with increase of a/W. On the other 

side, Ku showed only deviation below 0.46 

for 0°<~b<90 °. This result was estimated that as 

loading application angle and shear load increas- 

ed to short initial crack, K~ under mixed-mode 
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loading was influenced by size effect owing to the 

edge of specimen. However, KH was not influe- 

nced at 0.3<a/W_<0.5. The SIF for cracks under 

arbitrary mixed-mode loading could be calculat- 

ed by using the SIF formula (2) with ease. 

3.2 Propagation direction of fatigue cracks 

3.2.1 Branch propagation angle of fatigue 
cracks 

In this section, propagation aspect of cracks 

was examined by comparing the relationship be- 

tween mixed-mode loading condition and crack 

branch propagation angle with variation of ¢. 

Mixed-mode loading conditions at initial crack 

tip with variation of ¢ are represented as K~/ 

(KI+Kn)  by using K1 and KII obtained from Eq. 

(2). These are shown in Fig. 5. From Fig. 5, it 

was confirmed that mixed-mode loading condi- 

tion at each initial crack tip changes constantly 

with variation of ¢. The branch propagation 

angle of fatigue cracks(0p) in this experiment 

was defined as the angle between propagated fa- 

tigue crack and initial crack when crack propaga- 

tes up to 0.2 mm. As ¢ changes, the measured 0p 

at a /W=0 .3  are as follows. In the case of ¢ =  

30 °, 0p were measured as 30°--32 ° which show 

differences of about --6 % for ¢. In the case of 

¢ = 4 5  °, 0p are 40°--43 °. These show differences 

from about --7 ,q6o to --10 % for ¢. In the case 

of ¢ = 6 0  ° , Op were measured to be 480--54 ° , 

1.0 

0.9 

~=  0.8 + 

0.7 
;2 
c~ 0.6 

0.5 • 

0.4: 

0.3 

0.2 

- m -  ~= 150 - v - -  ~= 60 ° 

- * -  ~= 30° - 0 -  O = 75 ° 
-A-- O = 45" 

• • ....... • ....... • .... • 

• o - ~ Q  ~ Q ~ O  

V . . . .  V ~ v ~ v ~ - v  

i l i i i i i 

0.3 0.34 0,38 0.42 0.46 0.5 

Normalized crack size, a/W 

Fig. 5 K~/(K,+Kx~) with ¢ 

which show the differences from --10 ~o to --20 

%for  ¢. 

Op did not agree with ¢. As mode II component 

increased, the difference between Op and ¢ in- 

creased. As Op have values of constant extent 

with variation of ¢, it was known that there is 

a constant relationship between Op and mixed- 

mode loading state. 

It is estimated that the experimental deviation 

of branch propagation angle increases as mode 

II component increases due to state of crack tip, 

material condition, deviation of loading trans- 

mission in experiment and complexity in mec- 

hanism of crack initiation. As a result, it was 

found that the fatigue crack under mixed-mode 

loading propagated toward direction which has 

constant range in branch propagation angle with 

stress state of initial crack tip. 

3.2.2 The application of the prediction cri- 
terion 

It was confirmed that 0p can be predicted by 

using constant relationship between K~/(K~+ 

KH) and the crack propagation angle as des- 

cribed in the previous section. In this section, 0o 

under mixed-mode loading were predicted by 

using prediction criterion based on stress. The 

comparison between prediction and experimental 

results gave information for properness in apply- 

ing the prediction criterion. The applied predic- 

tion criterion used in this study is the maximum 

tangential stress(MTS) criterion (Erdogan and 

Sih, 1963). 

MTS criterion assumes that fatigue crack pro- 

pagation occurs in perpendicular to maximum 

principal stress go according to the stress com- 

ponents in the polar coordinate system as shown 

in Fig. 6. Hence 0p subjected to mixed-mode 

loading can be calculated through the following 

formula : 

tan 0p K~ 1 K I  2 
2 ) 1 , z  = 4Kn - + 4 ( (  Kn ) +8  (3) 

The properness in applying the MTS criterion 

on prediction of propagation angle was inves- 

tigated by comparing prediction with experiment. 

This was represented in Fig. 7. In the cases of 
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Fig. 6 
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Comparison with the MTS criterion and 

experimental crack propagation angle 

~b=30 ° and ~b=45 °, two results showed good 

agreement. However ,  when ~b is 60 ° with a large 

mixed -mode  ratio, the predicted result showed 

that it has wide deviat ion relatively. From this 

fact, it was reconfirmed that SIF ratio (K~/Kz~) 

with var ia t ion o f  ~b is a governing factor for crack 

propagat ion angle. It was also clarified that the 

crack branch propagat ion angle of  fatigue crack 

under mixed -mode  loading could be predicted by 

using the MTS criterion. 

3.3 The propagation behavior of fatigue 
cracks 

3.3.1 The variation of stress intensity factor 
on propagating cracks 

To investigate the propagat ion behavior  of  

m i x e d - m o d e  fatigue cracks, the variat ion of  SIF 

30 

=_ 
25 

2 0  

15 
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Fig. 8 K 
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\ .  . ,At 

I I I i i 
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Crack length, a (ram) 

variation on crack propagation by FEA 

in the crack propagat ion process was investigated 

in this section. To calculate K with propagat ion 

of  cracks, the propagat ion paths of  mixed -mode  

fatigue crack were reflected to finite element mo- 

dels. The  analyses were performed for both 

models of  ~b=30°(MC30) and ~b=60°(MC60).  

The reflected propagat ion path was modeled with 

the assumption that crack length was a straight 

line per I mm unit. Then K, and KtI were cal- 

culated for the crack length propagat ing up to 1, 

2, 4, 6 and 8 mm respectively. The compar ison of  

calculated results was shown in Fig. 8. 

The variat ion of  K appeared in propagat ion 

process is as follows. In the case of  ~b=30 °, when 

the fatigue crack propagated up to l mm from the 

initial crack tip, Kn/Kz decreased greatly from 

0.34 to 0.025. When the crack propagated up to 

8 mm K , J K ,  were determined to be 0.02. In the 

case of  ~b:60  °, Kn /KI  decreased rapidly from 

1.09 to 0.065 and when the crack propagated up 

to 8 mm, Ktt/Kz recovered to 0.08. 

In the crack initiation process, K. increased and 

KI~ decreased suddenly. F rom this fact, it was 

found that the crack initiation occurred toward 

K, dominant  condit ion.  Kz increased cont inuous-  

ly as the crack length increased in the crack 

propagat ion process. Kn decreased rapidly but 

does not converge to 0 entirely, so Kn recovered 

gradual ly as the crack propagated.  The larger the 

loading components  of  mode II are, the faster the 

recovery o f  Kn showed. Also,  the effect ratio in 

propagat ion process increased gradually. 
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From the above, l:atigue cracks under mixed-  
3 0xl0 ~ 

mode loading occurred toward KI dominant  con- 

ditions (Song et al, 2001 ; Tong  et al, 1997). Also, ~ 2s~m" 

the effect o f  Kt was kept consistent in the pro- 
Z ,~ 0xl0 s 
d - pagat ion process. Kn decreased rapidly in the '.-9 

crack initiation process and recovered gradual ly ~'  t~xl0 ~ 

with propagat ion of  cracks. Kn affected in the 

crack propagat ion  process continuously.  The el- .~ 10×10' 
7 

fect of  KII was largely recovered in a relative 50~10 ~ 

manner  under loading condit ions of  a large mode 

I1 component .  Therefore,  the effect o f  Kn in pro- 

pagation process of  fatigue cracks has to be 

reflected to evaluate of  m ixed -mode  fatigue Fig. 9 

cracks continuously.  

3.3.2 Fatigue life and evaluation method of 
mixed-mode fatigue cracks 

In this section, the behavior  aspect evidenced 

by the Kn effect was confirmed in crack initiation 

and propagat ion processes. In the previous sec- 

tion, the variat ion of  K~ and Ku examined by 

finite element analysis reflected the propagat ion 

path. In this section, the calculat ion method of  K 

for m ixed -mode  cracks is investigated, where the 

crack propagates toward an arbitrary posit ion 

from the initial crack plane. To calculate K, the 

evaluat ion method of  the crack that was pro- 

pagating toward deflection direction from the 

initial crack plane was examined. 

Kn effect was confirmed by compar ing  of  initi- 

ation and propagat ion life shown as ~b changes. 

The initiation life and propagat ion life were 

defined as a number  o f  cycles when the crack 

propagates up to 0.1 mm and 10ram. The above 

definit ions were made by considering the observ- 

ed ease of  crack and deformat ion degree o f  spec- 

imen. The initiation and propagat ion life of  

cracks are shown as in Fig. 9. Fat igue cracks 

under m ixed -mode  loading initiated about  10-- 

30 % faster than the cracks under the mode 1 

condit ions.  Also,  the propagat ion life of  mixed 

mode decreased compared to mode I condi t ion 

( ¢ = 0 ° ) .  

In the cases of  ~b=30 °, 45 ° and 60 ° , the pro- 

pagat ion life showed about  20 0/60, 50 %, and 60 % 

reduction in regular order, respectively. The initi- 

ation and propagat ion lives of  m ixed -mode  fa- 

• Fatigue initiation lit~ 
",it . . .  • Fatigue life 

' " .  - . . . . . .  Linear fit " . . .  
' . . . .  • 

' ' " . . . . . .  ''"...... 
A " - . . .  

• . n  . . . . . . . . . . . . . . . . . . . . . . . .  • . . . . . . . . . . .  • . . . . . . . . . . .  n . .  

l i i i ~ i i 
0 10 20 30 4 50 60 

Loading application angle, ~ (deb~ee) 

The l~tigue life with the variation of loading 

application angle 

o o o  
Y 

- -  X 
ao lap I 

o o o  

I \p 
(a) projected length 

P (~o't' O-Op 

o o o  
Y 

o o  

(b) rotating length 

a0 : machined notch length or pre-crack length 
ao : projected crack length 
0p : crack propagation angle 
0ey/: effective loading application angle 

Fig. 10 K evaluation on crack propagation 

tigue cracks decreased compared to life in mode 

1 condit ion.  As mode 1I loading component  in- 

creased, the reduction ratio of  propagat ion life 

became larger. It was confirmed that mode II 

component  induced increase of  propagat ion rate 

in propagat ion behavior  of  m ixed -mode  fatigue 

cracks. 

The propagated fatigue crack under mixed-  

mode loading deflected from the initial crack 

plane and was situated in an arbitrary position. 

The crack evaluat ion method has to be consi- 

dered in calculat ion of  SIF on a m ixed -mode  

fatigue crack that deviates from the initial crack 

plane due to a / W  factor. There are crack evalua-  

tion methods on mixed -mode  fatigue cracks re- 

presented in Fig. 10. The method applied in 
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Fig. 11 Comparison of K variation 

this study is method (b) shown in Fig. 10. The 

method (b) applies actual crack length, which 

rotates to the x axis of the initial crack plane and 

effective loading application angle (~beff). 

The validity of this evaluation method was 

verified by comparing two SIFs calculated from 

the evaluation method and finite element analysis. 

The comparison of two results is shown in Fig. 

11. In the case of ~b=30 °. KI agreed with each 

other, while in the case of ~b=60 °, the difference 

of K~ showed within I0 %. However, KH showed 

great difference in both cases. The crack evalua- 

tion method that applies actual crack length and 

~beff caused overestimated results of Kn. When Kn 

compared with K~, Ku occupied about 2 % and 

6 % in proportion of SIF in cases of ~b=30 ° and 

60 ° . The improvement of evaluation methods for 

mixed-mode fatigue crack is necessary because 

Ka consistently has an influence on propagation 

behavior of crack. 

From above results, we could see that the 

initiation and propagation lives of cracks are 

decreased by increasing mode II loading compo- 

nent as ~b increases. It was confirmed that the 

crack evaluation method has to be considered in 

calculation of K for mixed-mode fatigue cracks 

which were propagating toward an arbitrary po- 

sition. Because the method that applies actual 

crack length and effective load application angle 

produces over estimation of Kn. we could know 

that the method has to be improved. 

4. Conclus ions  

In this study, the mixed-mode fatigue test and 

elastic finite element analysis for the revised ex- 

perimental range in CTS specimen were executed. 

The conclusions obtained from the facts for 

propagation behavior of mixed-mode fatigue 

crack are as follows. 

(1) To remove limitations in mixed-mode fa- 

tigue tests and expand experimental conditions 

for CTS specimens, the investigation was ex- 

ecuted in the modified experiment range of 0.3--<- 

a/W_<0.5. The SIF formula on mixed-mode 

loading in 0.3_<a/W<_0.5 could be expressed as 

follows. 

, = ~ c o s  ~bg"cos 3 ~ f , ( a / W )  

A]~- P f ~ d  sin ~b fu ( a~ W) 
Wt 

fx (a/W) =2.32158-14.36777 (a/W) +66.85752 (a/W)2 

- [  [7.66921 (a/W)a+89.72502 (a/W) 4 

lit (a/W) = -0.05741 +4.36076 Ia/W) -4.46168 (a/W) 2 

+ 2.48807 (a/W) a 

(2) Fatigue cracks under mixed-mode loading 

propagated toward deflected direction from ini- 

tial crack plane depending on the stress state that 

is governing the crack tip. The propagation 

angle of fatigue crack branching did not agree 

with the loading application angle. The branch 

propagation angle of mixed-mode fatigue cracks 

could be predicted by using the maximum tangen- 

tial stress criterion. The prediction results have 

wide error scattering as mode II loading compo- 

nent increases. Hence, when mode II components 

increase, it is found that the importance of the 

prediction for crack propagation direction be- 

come larger. 

(3) Fatigue cracks under mixed-mode 1/11 

loading propagated in the direction that K, in- 

creases and Kn decreases suddenly from initial 

crack tip. Then it becomes a condition thai mode 

I is dominant but Ku does not converge to 0, so 

Ku was recovered as crack propagates gradually. 

Ku has a continuously influence on the propaga- 
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tion process of fatigue cracks. 

From this fact, increase of mode ll component 

induced the reduction in crack initiation and 

propagation life. It was shown that the crack 

evaluation method has to be considered in calcu- 

lation of K for mixed-mode fatigue cracks which 

were propagating toward an arbitrary position. 

Because the method that applies actual crack 

length and effective load application angle prod- 

uces overestimation of results, we confirmed that 

the method has to be improved. 
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