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Abstract 

 
Crack propagation tests were performed by using compact 
specimens made of Ni-based single crystal superalloy CMSX-4. 
Three types of specimens with different orientation were 
machined. The combinations of loading directions and machined 
notch directions were [010][100], [110][11

_

0] and [1
_

11
_

][121], 
respectively. Tests were performed at room temperature, 500°C, 
700°C and 900°C for each orientation specimen.  
 
In all specimens tested at room temperature, cracks propagated 
along slip planes (stage-I), resulting fracture surfaces composed of 
slip planes. In specimens tested at elevated temperature, cracks 
propagated along the machined notch direction (stage-II) at the 
beginning of the tests. FEM calculations were conducted for 
evaluating the relations between mode I-III SIFs and crack length 
for specimen with inclined cracks.  
 
Methods for evaluating stage-I and stage-II crack propagation 
rates were proposed. Stage-I crack propagation rates were 
correlated within the range of factor of 4 using resolved shear 
stress intensity factor range which was calculated from shear 
stress on a slip plane parallel to the stage-I crack plane. Stage-II 
crack propagation rates of all specimens were correlated in the 
range of factor of 3 with energy release rate calculated using 
anisotropic elastic moduli. It was suggested that the difference in 
the elastic moduli caused by the difference between specimen 
orientation and tested temperature influenced primarily stage-II 
crack propagation rate.  
 
While stage-II cracking was predominant, stage-I fracture surfaces 
were initiated near side faces in some specimens, and the areas of 
the stage-I fracture surface tended to expand to the inner regions 
of the specimens with crack propagation. The transition from 
stage-II to stage-I was evaluated by using resolved shear stress 
intensity factor range under plane stress condition.  
 

Introduction 
 
Blades and nozzles of gas turbine power plants are exposed to 
high temperature combustion gas during operation. In order to 
decrease temperature of a substrate, they are air-cooled internally. 
Thermal barrier and corrosion-resistant coatings are often sprayed 
on the outer surface. Though these treatments decrease substrate 
temperature and reduce damage efficiently, low ductility of 
coatings at relatively low temperature and thermal stress due to 
internal air-cooling sometimes causes coating cracks [1].  
 
At new 1500°C class gas turbine power plants, directionally 
solidified Ni-based superalloys are used for blade applications. In 

this type of superalloy, crack propagation behavior may be 
affected by crystal orientation. Since components of gas turbines 
are expensive, methods for evaluating the effect of crystal 
orientation on crack propagation behavior are required to make an 
adequate run-repair-replace criterion and to lower maintenance 
costs of these components.  
 
In this study, Ni-based single crystal superalloy was used to 
examine the effect of crystal orientation on crack propagation 
behavior. Many reports were already published describing 
anisotropic behavior of single crystal superalloys: tensile strength 

[2,3], fatigue strength [4-6], crack propagation behavior [7-24]. In 
regard to crack propagation behavior of single crystal superalloys, 
it is well known that cracks tend to propagate on {111} slip planes 
at low temperature, while cracks usually propagate normal to 
loading direction independent of crystal orientation at high 
temperature [7-9]. The former cracking behavior is called stage-I 
cracking, and the latter is called stage-II cracking. Several studies 
were performed investigating factors that influence crack 
propagation rate (CPR) and behavior, namely crystal orientation 
[7-11], temperature [12-14], environment [10, 15-17], loading 
frequency [14,18], microstructure and strength of γ’ phase [19]. 
CPR of polycrystals is usually evaluated by mode I stress intensity 
factor (SIF) range ΔKI. In case of single crystals, several 
parameters were proposed to evaluate CPR in addition to ΔKI, 
namely effective SIF range ΔKeff [7-9], resolved shear SIF range 
ΔKRSS [18, 21] and ΔKτ [22], resolved normal SIF range ΔKNS,  
ΔKr(eq) [18, 21] calculated from  ΔKRSS and ΔKNS.  
 
The criterion of the transition between stage-I and stage-II 
cracking were also studied [6, 17, 18, 20, 23]. Stage-I cracking 
prefers low temperature, high frequency, high SIF and vacuum 
condition, while stage-II cracking prefers high temperature, low 
frequency, low SIF and oxidizing atmosphere. Though a great 
number of prior studies have been carried out, the crack 
propagation behavior of single crystal superalloys are still not 
understood completely. No method has been developed for 
evaluating CPR under the load-temperature cycle that components 
experience in power plant applications.  
 
In this study, crack propagation tests were performed with three 
specimen orientations at RT, 500°C, 700°C and 900°C. Tensile 
tests were additionally performed to estimate anisotropic elastic 
modulus and tensile strength at temperature ranging from RT to 
1000°C. Three-dimensional FEM calculations were also 
performed for calculating mode I-III SIFs. The FE results were 
utilized to prepare the methods for evaluating stage-I and stage-II 
CPR. Finally, the transition criterion from stage-II to stage-I was 
studied.  
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Experimental and analytical procedures 

 
Material 
 
Single crystal superalloy CMSX-4 was cast in the shape of 
100mm×150mm×15mm plates. The weight% chemistry of the 
materials was 6.4%Cr, 9.5%Co, 3.0%Re, 6.3%W, 0.6%Mo, 
6.5%Ta, 1.0%Ti, 5.4%Al, 0.10%Hf, and balance Ni. Two kinds of 
plates with different orientation were cast. The combinations of 
the longitudinal direction and width direction were [010][100] and 
[010][101], respectively. Four plates were made for each 
orientation. The misorientations of the former is 1.5°-6.5° to the 
longitudinal direction and  1.5°-5° to the width direction, and 
those of the latter is 1.5°-5° and 0°-3°, respectively. The cast 
plates were solution treated at 1586K for 2 hours, 1573K for 10 
hours, 1586K for 2 hours, 1589K for 2 hours, 1591K for 2 hours 
and 1594K for 2 hours, and aged at 1353K for 4 hours and 1144K 
for 20 hours.  
 
Tensile tests 
 
To obtain elastic moduli and tensile strength, tensile tests were 
performed at RT, 400°C, 500°C, 600°C, 700°C, 800°C, 900°C 
and 1000°C in air. Three types of specimens with different 
orientation were machined with 20mm length and 4mm diameter. 
The tensile direction in those specimens were [100], [110], and 
[111]. The applied strain rate was 7.5%/min.  
 
Crack propagation tests 
 
Crack propagation tests were performed by using compact 
specimens whose width was W=40mm, thickness was B=10mm 
and machined notch length was a0=12mm. Three types of 
specimens with different orientation were machined from casted 
plates. The combinations of loading directions and machined 
notch directions were [010][100], [110][11

_

0] and [1
_

11
_

][121]. 
These are described as [100], [110] and [111] specimens in the 
following sections. Figure 1 shows the relations of specimens and 
octahedral slip plane. In each orientation specimen, tests were 
performed at RT, 500°C, 700°C and 900°C. A total of 12 tests 
were performed. Stress ratio was 0.05 and loading frequency was 
10Hz. All tests were performed according to ASTM E647 [24], 
and crack length was measured by unloading compliance method. 
In each specimen, pre-crack was introduced under each tested 
temperature and loading condition. Tests were performed under 
constant load except for [110] specimen tested at 900°C. It was 
tested under constant load before crack length reached 6mm, and 
then tested with decreasing load.  
 
 

Finite element analyses 
 
As stated above, the crack length was measured by unloading 
compliance method, where crack was assumed to propagate along 
machined notch direction. However, cracks in all specimens tested 
at RT and some specimens tested at elevated temperature grew at 
an inclined angle. Therefore, FEM calculations were performed 
for evaluating the relationship between unloading compliance and 
crack length for specimens with inclined cracks. FEM calculations 
were also conducted for evaluating the relations between mode I-
III SIFs and crack length for specimen with inclined cracks. In 
FEM calculations, anisotropic elastic moduli E, G and ν which 
were obtained from the tensile tests were used.  
 

Results of experiments and analyses 
 
Tensile tests 
 
Figure 2 shows tensile strength and 0.2% yield strength obtained 
from the tensile tests. Tensile strengths of [111] specimens below 
600°C were the highest compared with [100] and [110] specimens. 
It is because Schmid factor of octahedral slip system in [111] 
specimen is the lowest. The ratio of Schmid factor in [100] and 
[110] specimens to that in [111] specimen are 1.5, and the ratio of 
the tensile strength in [111] specimen to that in [110] specimen 
was 1.67 at RT, 1.55 at 400°C and 1.49 at 500°C, which were 
close to the ratio of Schmid factors of these specimens. The 
tensile strengths of [111] specimens decreased with increase in 
test temperature probably due to the activation of cubic slip 
system. The strengths of [100] specimen showed peak values at 
800°C due to the dislocation pinning of octahedral slip system 
caused by dislocation’s partial cross-slipping to cubic slip system. 
The tendencies stated above agreed with previous studies 
qualitatively [2, 3].  
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Figure 2   Tensile strength and 0.2% yield strength. 
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Figure 1   Arrangement of octahedral slip systems for three kinds of specimens with different orientations. 

226



Table I shows Young’s moduli directly obtained by the tensile 
tests. The three independent elastic constants (E, G and ν) were 
estimated by following way. In each orientation specimen, 
Young’s moduli were linearly-approximated as a function of 
temperature. Elastic modulus E at each temperature was 
presumptively equal to linearly-approximated Young’ modulus of 
[100] specimen. Referring to previous report [25], Poisson ratio ν 
was assumed to be ν=0.4 in the range from RT to 900°C. At each 
temperature, moduli of rigidity G were calculated by using 
linearly-approximated Young’ moduli of [110] and [111] 
specimens with E and ν obtained above. Finally, moduli of 
rigidity G were estimated as the average value of the two 
calculated values. Note that, since Young’s moduli of [110] and 
[111] at 1000°C were not measured, G at 1000°C was determined 
by means of simple extrapolation from the values at lower 
temperature. Table II shows the estimated independent elastic 
constants.  

 
Table I   Young’s moduli obtained from tensile tests.  

 

(°C) [100] [110] [111] 
23 156 280 − 

400 158 247 290 
500 126 194 277 
600 117 − 293 
700 119 196 253 
800 105 189 268 
900 102 − 220 
1000 104 − − 

(GPa)    (“−” means unmeasurable value. ) 
 

Table II   Estimated three independent elastic constants in material 
coordinate system.  

 

(°C) E (GPa) ν G (GPa) 
23 162  0.4 138  

400 137  0.4 116  
500 131  0.4 111  
600 124  0.4 105  
700 118  0.4 99  
800 111  0.4 94  
900 105  0.4 88  
1000 98  0.4 82  

 
Crack propagation behavior 
 
Figure 3 shows fracture surfaces. All specimens tested at room 
temperature showed stage-I fracture, while all specimens tested at 
elevated temperature showed stage-II fracture at the beginning of 
tests. The angle between machined notch and crack propagating 
direction at specimen side-face is defined as θ. At room 
temperature, fracture surfaces were inclined at θ=45° for [100]RT, 
θ=90° for [110]RT, and θ=55° for [111]RT specimen, respectively. 
[100]RT and [110]RT specimens formed large ridges in their 
fracture surfaces. These ridges were composed of (1

_

11) and (1
_

11
_

) 
slip planes. [111]RT specimen formed fine ridges in its fracture 
surfaces as shown in Figure 4. These ridges were composed of  
(1

_

11) and (111
_

) slip planes.  
 
Figure 5 shows side faces of specimens tested above 500°C, in 
which the crack propagated from right to left. A white arrow in 
each figure corresponds to a machined notch tip. Above 500°C, 
most of cracks propagated approximately along the notch 

direction at the beginning of tests. While stage-II cracking was 
predominant, stage-I fracture surfaces were initiated near side 
faces in some specimens, and the areas of the stage-I propagation 
expanded to the inner side of the specimens with crack 
propagation. Notably, at [111]500°C and [111]900°C, stage-I 
fracture surfaces were expanded to the whole thickness, and they 
were inclined at θ=55° and θ=30° to the notch direction, 
respectively. Circles in Figure 5 indicate the transition points from 
stage-II to stage-I at specimen side faces.  
 

 
Figure 6 shows the fracture surface of the [110]500°C specimen 
which had a valley at specimen mid-thickness. This valley was 
caused by stage-I cracking on {111} slip plane similar to that of 
[110]RT specimen. Figure 7a shows the fracture surface of 
[111]900°C. In [111]900°C, the fracture surface showed V-shape 
patterns with an angle of 60° in the early stage of the test (Figure 
7b), and changed to cuboidal patterns (Figure 7c), and finally 
changed to stage-I ridge pattern which was formed by coalescing 
of cuboidal patterns. V-shape patterns and cuboidal patterns 
indicated that cracking occurred by the activation of octahedral 
slip and cubic slip, respectively.  

Figure 3   Fracture surfaces 
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Figure 4   Fracture surfaces of [111] specimen tested at room 
temperature. 
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Figure 5   Side face of fractured specimens. Circles indicate the transition points from stage-II to stage-I cracking at side faces of 
specimens. Arrows show machined notch tips.  

Figure 6   Fracture surface of [110] specimen tested at 
500°C. 

0.5mm0.5mm0.5mm

100µm100µm

(a) (b)

(c)

Figure 7 (a): Fracture surface of [111] specimen 
tested at 900°C.  

(b): Observation of octahedral slip.  
(c): Observation of cubic slip.  

(a) Stage-I secondary crack in [100] specimen  
tested at 500°C 

(b) Stage-II secondary crack in [100] specimen 
tested at 900°C 

Figure 8  Side viewings of secondary cracks. 
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Figure 8a shows the side view of the secondary crack of 
[100]500°C specimen where stage-I cracking has occurred. The 
crack tip was sharp, and some slip lines emanating from the crack 
tip along secondary crack direction were observed. On the other 
hand, Figure 8b shows the side view of the secondary crack of 
[100]900°C specimen where stage-II cracking was predominant. 
The crack tip was blunt, and γ’ phase was deformed preferentially 
in front of the crack tip at angles of ±45° from the secondary 
crack plane.  
 
FE analysis 
 
The influence of crack inclination to the loading direction on the 
unloading compliance was evaluated by FEM calculation. FEM 
calculation was performed using MSC-Marc 2010 [28]. For this 
purpose, two-dimensional FEM calculations were carried out 
under plane strain condition. The influence of three-dimensional 
crack inclination on SIFs was also evaluated by FE analyses. 
Figure 9 shows FE model of [100]RT as an example. SIFs were 
calculated using stress distribution at crack tip. Since fracture 
surfaces of [100]RT specimen had thickness-directional symmetry, 
halves of the whole specimen thickness were modeled. Calculated 
SIFs were corrected by following equation.  
 

'' a
W
af

BW
FK ii π⋅⎟

⎠
⎞

⎜
⎝
⎛⋅=    ( i=I, II, III )  (1)

 
F is the loading force, B is the thickness, W is the width. a’ is the 
projected crack length. With the exception of [110]RT specimen, 
a’ is calculated by a’=a0+Δa･cosθ where Δa is crack length from 
machined notch tip. In case of [110]RT specimen where crack 
propagated as an angle of θ=90°, a’ is calculated by a’=a0+Δa. 
The shape function fi(a’/W) is determined by using FE results in 
each specimen which showed stage-I cracking. Figure 10 shows 
the shape function fi(a’/W). For evaluating stage-II CPR, 
anisotropic energy release rate g was additionally calculated by 
virtual crack extension method.  
 
 

 

 

 

Figure 10   Shape functions for mode I-III stress intensity 
factors of five specimens where stage-I cracking were 

observed. 
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Discussion 

 
Stage-I crack propagation rate 
 
Figure 8 indicated that the crack propagation mechanisms of 
stage-I and stage-II were different. In case of stage-I cracking, 
crack propagated along the slip lines which caused cumulative 
fatigue damage on a slip plane. The amplitude of slip deformation 
of each slip system is related to the resolved shear SIF range 
ΔKRSS, which is calculated by shear stress resolved on {111} slip 
plane in <101> slip direction. Decohesion of damaged slip plane 
is caused by normal stress on the slip plane whose intensity can be 
defined by resolved normal SIF range ΔKNS. Since a slip plane has 
three slip directions, there are three ΔKRSS on a slip plane. Though 
in some previous studies largest ΔKRSS among twelve slip systems 
was used to correct stage-I CPR, there are three ΔKRSS on a slip 
plane. When crack propagates on a slip plane, few slip systems on 
the cracking plane are thought to act. Therefore, resolved shear 
SIF range ΔKτ was used, which is calculated by shear stress 
resolved on a slip plane and to an arbitrary direction in which 
shear stress is maximized. By using the SIF parameters stated 
above, stage-I CPR was evaluated. Stress distribution around 
crack tip is calculated by the following equation.   

Figure 9   FEM model for [100] specimen tested  
at room temperarture. 
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(a) da/dN vs ΔKτ
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Figure 11  Stage-I fatigue crack propagation rates 
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θ is the angle of the crack propagating direction, and r is distance 
from crack tip. fij

I (θ) - fij
III(θ) for anisotropic material are 

described in the reference [29, 30].  
 
Considering the x’-y’-z’ coordinate in which y’-axis is parallel to 
arbitrary slip plane normal, Kτ, KNS and Kr(eq) are calculated as 
follows.  
 

22

0
2lim zyyxr

rK ′′′′
→

+= σσπτ
  (3)

''0
2lim yyrNS rK σπ ⋅=

→
  (4)

22
)( NSeqr KKK += τ  (5)

 

In case of stage-I cracking, θ is 0 since crack propagate on a slip 
plane. Kτ and KNS are calculated as follows.  
 

2222

0
2lim ⅢⅡ KKrK zyyxr

+=+= ′′′′
→

σσπτ (6)

ⅠKrK yyrNS =⋅=
→ ''0

2lim σπ  (7)

 
Figure 11a-c show stage-I CPR plotted against ΔKτ, ΔKNS and 
ΔKr(eq), respectively. It can be seen from Figure 11 that stage-I 
CPR of the five specimens shows the best correlation with stage-I 
CPR (mm/cycle) and ΔKτ (MPa·m0.5). That was approximated by 
the following equation.  
 

11.5101069.8/ τKdNda Δ⋅= −  (8)
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The solid-line in Figure 11a corresponds to equation (8) and 
dotted-lines correspond to the factor of 4 of equation (8). When 
stage-I CPR was corrected by ΔKNS, CPR data of [111]RT 
specimen was plotted on lower ΔKNS side compared to  those of 
[100]RT and [110]RT. It is because that the crack inclination 
angle to the thickness direction of [111]RT was larger than those 
of [100]RT and [110]RT. The same tendency was observed when 
ΔKr(eq) was employed. From the above, the influence of normal 
stress on stage-I cracking was small compared to shear stress.  

Figure 13    Coefficient C of equation (8) as a function 
of temperature. 
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In this study, however, crack closure was not measured. Another 
fatigue crack propagation tests were performed at RT, 500°C, and 
900°C using same specimen geometry, material, and stress ratio. 
As the result, closure ratio U at room temperature was 0.88-1.00, 
so crack closure at room temperature was thought to be small. 
Crack closures at 500°C and 900°C were also measured to be 
small.  
 
Stage-II crack propagation rate 
 
From Figure 8b, it is assumed that stage-II crack propagated by 
alternating slip at the crack tip. As it is difficult to determine 
activation slip systems which contributed to the deformation at 
crack tip for stage-II cracking, ΔKτ, ΔKNS and ΔKr(eq) were not 
used to evaluate stage-II CPR. Figure 12a and 12b shows the 
stage-II CPR plotted against ΔKI and energy release rate g 
(MPa·m), respectively. Stage-II CPR showed better correlation 
with energy release rate g in which the changes of elastic moduli 
caused by the difference of specimen orientation and tested 
temperature were considered. Dotted-lines in Figure 12 show the 
range of factor of 4 in each graph. It is suggested that anisotropic 
elastic moduli influenced CPR primarily. The relation between 
stage-II CPR (mm/cycle) and g (MPa·m) was corrected by the 
following equation.  
 

mgCdNda ⋅=    (8) 
 
Using common coefficient m=1.29, coefficient C for each 
specimen was calculated. Figure 13 shows the relation between 
the coefficient C and temperature.  
 

Generally, CPR is increased with increasing temperature. 
However, the coefficient C of [100] specimen is larger at 500°C 
compared to other temperatures, and that at 700°C is slightly less 
than that at 900°C. D.W.Maclachan et.al [6] performed the fatigue 
tests of single crystal superalloys CMSX-4 and RR2000 at 550°C, 
750°C and 950°C under 10Hz, and found that fatigue life at 
550°C was shorter than those at the other temperatures. They 
pointed out that the dependence of high-cycle fatigue strength on 
temperature was related to the dependence of γ’ strength on 
temperature. In this study, tensile strengths of [100] tensile 
specimen at 700°C and 900°C were higher than 500°C due to the 
increasing of critical resolved shear stress of octahedral slip 
system of γ’ phase with increasing temperature.  That was the 
reason why CPR of [100] 700°C and [100]900°C were lower than 
that of [100]500°C. On the other hand, the coefficient C of [110] 
specimens increases with increasing temperature, and that of 
[110]900°C was the largest among all orientation and temperature 
specimens. The reason is as follows. The cubic slip system 
becomes easier to act by thermal activation above 600°C for [110] 
specimens in which cubic slip planes lie in ±45° direction from 
machined notch plane. The coefficient C of [111] specimens is 
lower than the other orientation specimens. The reason is that in 
[111] specimens octahedral slip planes lied asymmetrical to the 
machined notch plane and therefore the alternating slip is difficult 
for stage-II cracking.  

Figure 14   The relation between crack propagation rates and stress intensity parameters, where transitions from stage-II to stage-I 
were observed at specimens side faces.  
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The transition from stage-II to stage-I cracking 

in condition was 
quivalent to that under plane stress conditions.  

ecause stage-I CPR was faster than 
age-II CPR in this region.  

 

 
Conclusions 

0°C 
 each orientation specimen. The results were the following:  

1. 
mperature 

2. 

y factor on a slip plane 

3. 

sted 

4. 

ition is higher than that under plane strain 

5. 

ered from specimen orientations and 
tested temperatures.   
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As shown in Figure 5, the transition points from stage-II to stage-I 
differed with specimen orientation and temperature. Figure 14a 
shows the relation between CPR and ΔKI at each transition point 
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Figure 15 shows the stage-II CPR plotted against ΔKτ under plane 
stress condition as shown in Figure 14c, in which the black-solid-
points represent the transition points. Note that the specimens in 
which transition was not observed in Figure 5 were plotted by ΔKτ 
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occurs at high ΔKτ region b
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Crack propagation tests were performed by using compact 
specimen made of single crystal superalloy CMSX-4. Three 
different orientation specimens were tested. The combinations of 
the loading direction and the machined notch direction are 
[010][100], [110][110] and [111][121]. Tests were performed 
under 10Hz in air at room temperature, 500°C, 700°C and 90
in
 
 

All specimens tested at room temperature showed stage-I 
fracture, while all specimens tested at elevated te
showed stage-II fracture at the beginning of tests. 
Mode I-III stress intensity factors of stage-I cracks were 
calculated by finite element analysis in which the 
experimentally obtained stage-I fracture surfaces were 
faithfully modeled three-dimensionally. Stage-I crack 
propagation rates were correlated in the range of a factor of 4 
with resolved shear stress intensit
parallel to the stage-I crack plane. 
Stage-II crack propagation rates of all specimens were 
correlated in the range of a factor of 3 with energy release 
rate calculated using anisotropic elastic moduli. It was 
suggested that the difference of elastic moduli caused by the 
difference between specimen orientation and te
temperature influenced stage-II crack propagation rate.  
At elevated temperature, stage-I fracture surfaces were 
sometimes observed near the specimen side faces. In some 
specimens, stage-I cracking nucleating near specimen side 
faces expanded to the interior with crack propagation. The 
transition from stage-II to stage-I cracking is related to 
resolved shear stress intensity factor range. The reason why 
stage-I cracking has occurred near specimen side faces is that 
the resolved shear stress intensity factor range under plane 
stress cond
condition.  
To evaluate the criterion of the cracking mode transition, 
stage-II crack propagation rates were plotted against resolved 
shear stress intensity factor range under plane stress 
condition. These stage-II data intersected with stage-I crack 
propagation rate data which were plotted against resolved 
shear stress intensity factor range. Crack propagation rate 
data when the transitions from stage-II to stage-I were 
observed at specimen side faces were located into the band of 
stage-I data, in spite of the fact that stage-II crack 
propagation rates diff
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