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A B S T R A C T   

The present work contributes to a better understanding of the effect of stress multiaxiality on the creep behavior 
of single crystal Ni-base superalloys. For this purpose we studied the creep deformation and rupture behavior of 
double notched miniature creep tensile specimens loaded in three crystallographic directions [100], [110] and 
[111] (creep conditions: 950 �C and 400 MPa net section stress). Crystal plasticity finite element method 
(CPFEM) was used to analyze the creep stress and strain distributions during creep. Double notched specimens 
have the advantage that when one notch fails, the other is still intact and allows to study a material state which is 
close to rupture. No notch root cracking was observed, while microstructural damage (pores and micro cracks) 
were frequently observed in the center of the notch root region. This is in agreement with the FEM results (high 
axial stress and high hydrostatic stress in the center of the notched specimen). Twinning was observed in the 
notch regions of [110] and [111] specimens, and <112> {111} twins were detected and analyzed using 
orientation imaging scanning electron microscopy. The present work shows that high lattice rotations can be 
detected in SXs after creep fracture, but they are associated with the high strains accumulated in the final rupture 
event.   

1. Introduction 

Ni-base single crystal superalloys (SXs) are used to make blades for 
gas turbines operating in aero engines and in fossil fired power plants 
[1–7]. In service, gas turbine blades must withstand mechanical loads at 
temperatures close to the melting point of superalloys, where creep, the 
time dependent plastic deformation of metals [8–14], determines their 
service life. Due to the complex geometry and thermal gradients, stress 
states are not homogeneous. Therefore, mechanical engineers and ma-
terial scientists are interested in the creep behavior of materials under 
multiaxial stress states [15–22]. In the present work we focus on circular 
notches, which produce triaxial stress states [23–27]. It is known that 
stress redistribution occurs in circular notched specimens during creep 
[28–35]. While there are high axial stresses in the notch root directly 
after loading, creep stress redistribution eventually results in a relatively 
more homogeneous triaxial stress state. 

We have recently used circular notched <001> miniature tensile 
creep specimens to investigate the differences between the creep 
behavior of uniaxial and circular notched creep specimens at same creep 

temperature and net section stress [35]. We also investigated how the 
kinetics of rafting is influenced by the redistribution of stresses in cir-
cular notched specimens [36] tested at 950 �C and a net section of 300 
MPa. These creep conditions were proven to be experimentally conve-
nient for studying the evolution of microstructure by investigating 
specimens from interrupted creep experiments. 

The present study was motivated by the work of Boubidi [37] with 
SC16 notched specimens, and of Basoalto et al. [38,39] and Ardakani 
et al. [40,41], who used circular double notched specimens for creep 
testing of superalloy single crystals. They conducted creep tests on 
uniaxial and double notched specimens loaded along <001>, <011>
and <111> directions at 850 �C and stress levels between 600 and 850 
MPa. They reported that the creep life of notched specimens was one 
order of magnitude longer than that of uniaxial specimens. Another 
conclusion was that lattice rotations up to 20� can be observed in 
ruptured circular notched specimens. Lattice rotations in single crystal 
superalloys have already been studied for uniaxial creep specimens 
[42–45]. Ardakani et al. [42] reported that almost no lattice rotation 
occurred in specimens uniaxially stressed in the [001] and [111] 
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directions, while large lattice rotations were observed in a specimen 
loaded along [011] direction. McLean et al. [45] predicted that speci-
mens of simple symmetric orientations exhibit little orientation change 
after creep exposure, while complex orientations or multiaxial stresses 
can result in large lattice rotations. 

Our previous work [35,36] showed that up to 306 h creep time, 
circular notched specimens only accumulated limited amount of creep 
strain at 950 �C and a net section stress of 300 MPa. This sheds doubt on 
the high degree of lattice rotations reported by Basoalto et al. [38,39] 
and Ardakani et al. [40,41]. The present work has three main objectives. 
First, to find out whether the high lattice rotations are associated with 
creep deformation, or whether they represent the geometric changes 
which occur during the final rupture event. This will be investigated 
using a novel circular double notched miniature tensile creep specimen. 
Second, the influence of crystallography on creep rupture will be 
investigated by testing double notched miniature specimens loaded 

Table 1 
Average chemical composition of single crystal superalloy ERBO/1 in wt.%.  

Al Co Cr Hf Mo Re Ta Ti W Ni 

5.8 9.3 6.2 0.1 0.6 2.9 6.9 1.0 6.3 Bal.  

Fig. 1. Double notch specimen investigated in the present work. (a) Photograph of specimen after machining. (b) SEM image of one of the two circular notches at a 
higher magnification. All dimensions given in mm. 

Fig. 2. Examples for reasonable agreement between 
experimental and FEM creep curves prior to the onset 
of tertiary creep at 950 �C. Creep data are shown as 
strain ε vs. time t. (a) Stress dependence of [001] 
tensile creep (stresses: 270, 300 and 330 MPa as 
indicated). (b) Influence of crystallography on creep: 
[110] and [111] tensile creep data obtained for a 
stress of 300 MPa ([001] data see Fig. 2a). The empty 
symbols represent the experimental data [51], the 
solid lines show the simulation results.   

Fig. 3. (a) Ruptured [110] double notched tensile miniature creep specimen. (b) Schematic showing the longitudinal cross section of the longer part. (c) Schematic 
indicating the transverse cross section of the shorter part. The areas investigated with EBSD are indicated with red lines. 
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along [001], [110] and [111] crystallographic directions. Finally, 
attention will be paid to whether or not notch root cracking occurs in the 
circular notched specimens. When creep rupture occurs in one of the two 
notches, the other notch is still intact. There is a natural scatter in creep 
rupture times, which is related to the stochastic nature of creep damage 
accumulation, which was discussed in the literature [46,47]. However, 
this second notch is close to rupture and this allows to analyze micro-
structures shortly before rupture, in the absence of the high local plastic 
strains associated with the final rupture. 

2. Material and experiments 

2.1. Material 

The material investigated in the present work is the Ni-base single 
crystal superalloy ERBO/1 (CMSX4-type). Its average chemical compo-
sition is given in Table 1. The initial state microstructure consists of 
cuboidal γ0-particles (typical volume fraction: 75 %, crystal structure: 
L12 phase) and thin γ-channels (typical volume fraction: 25 %, crystal 
structure: FCC). The details of heat treatment and the initial state 
microstructure have been documented elsewhere [48]. 

2.2. Creep testing with double notched miniature tensile specimens 

The double notched miniature tensile creep specimens studied in the 
present work were developed based on our previous work [35,49] and 
following the recommendations from the code of practice for notched 
bar testing [50]. Three key factors were considered. First, the distance 
between the two notches should be large enough, so that the stress fields 
of both notches do not interfere with each other during creep. Second, 
the size of the specimens should be as small as possible which allows to 
take out specimens in different crystallographic directions from a stan-
dard sized laboratory slab or bar. Moreover, the specimen dimensions 
should be large enough to allow reproducible specimen manufacturing. 

To manufacture the double notched specimens, an iterative pro-
cedure is used [51]: First the material is aligned precisely using a Laue 
camera. Oriented uniaxial miniature specimens are then machined using 
electro discharge machining (EDM). Afterwards, notches are machined 
into these specimens in a computer numerically controlled (CNC) high 
precision lathe. We follow the procedure described in our previous work 
[35], except that two notches are machined instead of only one. Fig. 1a 
shows a photograph of the miniature double notched specimen after 
machining, and Fig. 1b shows a scanning electron microscope (SEM) 
image of the notch region at a higher magnification. The double notched 
specimen has a total length of 25 mm and an effective gauge length of 
11 mm, with a cylindrical cross section (shaft diameter D ¼ 3.9 mm), 
and two circular notches (notch root diameter d ¼ 2 mm and notch 
radius r ¼ 1.4 mm). The regions of the circular notches are polished 
using a 1 μm diamond suspension in the last polishing step. In the pre-
sent work we perform tensile creep tests until rupture at 950 �C and a net 
section stress of 400 MPa. Details of creep testing (heating rate, pre-load, 
time a temperature to establish thermal equilibrium, application of load, 
position of thermocouples, etc.) are reported elsewhere [51]. 

2.3. Finite element creep stress and strain calculations 

To study the stress and strain distributions in the double notched 
specimens during creep, finite element (FE) calculations are performed 
using the FE code Z-set. An anisotropic visco-plastic crystallographic 
phenomenological model from Meric and Cailletaud [52,53] is used, 
which accounts for yield, primary and secondary creep. FEM modelling 
was used to help rationalize the crystallographic shape changes of the 
specimens when loaded in different crystallographic directions. The 
total strain ε

e
is partitioned into elastic ε

e

e and plastic strain ε
e

p: 

ε
e
¼ ε
e

e þ ε
e

p (1) 

The elastic strain ε
e

e follows Hooke’s law: 

ε
e

e ¼ C
ee

� 1 : σ
e

(2)  

where σ
e

is the stress tensor, and C
ee
is the fourth-order tensor of the elastic 

modulus. 
The evolution of the plastic slip rate _γs is controlled by a classical 

Fig. 4. Color coded EBSD results obtained from the transverse cross sections 
shown in Fig. 3c for the three tensile loading directions: (a) [001]. (b) [110]. 
(c) [111]. 
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power law expression: 

_γs ¼ 〈
jτs � χsj � rs

K
〉nsgnðτs � χsÞ (3)  

where χs is the kinematic hardening, rs is the isotropic hardening, and τs 

is the resolved shear stress acting in the slip system s, which is the scalar 
product of the stress tensor σ

e
by the orientation tensor m

e

s: 

τs ¼ σ
e

: m
e

s (4)  

m
e

s is calculated as 

m
e

s ¼
1
2
ðns� lsþ ls� nsÞ (5)  

where ns represents the normal to the slip plane, and ls the slip direction 
for the slip system s. The macroscopic plastic strain rate _εp results as the 
sum of the plastic slip contributions from all N slip system s. 

_εp
¼

XN

s¼1
_γsm
e

s (6) 

In the present work plastic deformation is assumed to take place by 
dislocation glide. Two families of slip systems are taken into consider-
ation, 12 octahedral slip systems {111} <1–10> and 6 cubic slip systems 
{001} <110>. Linear isotropic and kinematic hardening are considered, 
and slip system interaction is neglected. 

The parameters of the model used in the present work have been 
calibrated for uniaxial tensile creep data of the single crystal superalloy 
ERBO/1 in the temperature range of 950 �C. A large number of uniaxial 
creep tests for ERBO/1 have been carried out and reported in the work of 
Wollgramm et al. [51]. Fig. 2 shows the comparison of the experimental 
and numerical tensile creep curves. The empty symbols represent the 
experimental data and the solid lines show the simulation results. It can 
be seen that the uniaxial experimental and calculated strain values are in 
reasonable agreement, as long as the experimental data are not strongly 

affected by tertiary creep processes, as is the case for the 330 MPa data in 
Fig. 2a. In the present work we will use our FEM procedure to rationalize 
crystallographic shape changes in circular notched specimens. Due to 
the symmetry of the double notched specimen, only one notch is 
included in the FE calculation. 20-nodes 3D continuum elements 
(C3D20) are used in the finite element mesh (for details see manual of 
Z-set [54]). 

2.4. Scanning electron microscopy (SEM) and electron back-scattered 
diffraction (EBSD) 

When a double notched specimen fails, rupture occurs in only one of 
the two notches, while the other one is close to rupture. Fig. 3a shows 
the ruptured [110] double notched creep specimen. The specimen failed 
in the region of the lower notch while the upper notch is still intact. The 
rupture surface in the failed part of the specimen is not even, but its 
direction scatters around the minimum diameter cross section. Local 
shear events and shear steps can be clearly observed, which are just 
about to be recognizable in the intact notch region. The specimens 
loaded along the [001] and [111] directions are not shown here, but 
their ragged rupture surfaces also follow the minimum diameter cross 
sections. 

In the present work, a scanning electron microscope (SEM) of type 
Leo Gemini 1530 from Carl Zeiss AG is used to clarify the microstruc-
tural and crystallographic features, which govern fracture in the three 
loading directions [001], [110] and [111]. In a first step, the rupture 
surface features are documented. Then two types of cross sections are 
prepared, as schematically illustrated in Fig. 3b and c. One cross section 
was taken parallel to the loading direction from the center of the test bar, 
such that both the failed and the intact notch regions are intersected, 
Fig. 3b. The normal directions of these cross sections were [100] for the 
[001] loading direction, and [001]/[-101] for the [110]/[111] loading 
directions, respectively. Another cross section was prepared perpen-
dicular to the loading direction as close as possible to the rupture surface 
from the failed part of the specimen, Fig. 3c. 

The areas indicated by the red lines (2D projection of close to notch 
root circle) in Fig. 3c and the two red squares in Fig. 3b were prepared 

Fig. 5. Twin analysis in the transverse cross sections of the failed notches. (a) and (b) {111} pole figures indicating the matrix and different twin variants. (c) and (d) 
Twin bands showing different variants indicated by different colors. (a) and (c) [110] tensile loading. (b) and (d) [111] tensile loading. 
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for high resolution orientation imaging. For this purpose, the cross 
sections were polished with diamond suspension until 1 μm, and then 
vibropolished for 5 h (Vibromet 2, Buehler, Esslingen, Germany) in 
colloidal silica suspension MasterMet 2 with a particle size of 0.02 μm. 
Then electron back-scattered diffraction (EBSD) scans were performed 
using a SEM of type QUANTA 650 from FEI, equipped with a field 
emission gun. During the EBSD measurements, the specimens were tilted 
by 70� and an acceleration voltage of 30 kV was used at a working 
distance about 17 mm. The EBSD measurements were performed using a 
Hikari XP camera from EDAX Inc. The EBSD data are analyzed with the 
free MATLAB [55] toolbox MTEX [56,57]. Examples of EBSD results 
obtained in the present work are shown in Fig. 4, for the type of cross 
section shown in Fig. 3c. The plane normal of the three idealized cross 
section planes represent the creep loading directions. The color coding 
in Fig. 4 reveals a 4-fold symmetry after [001] and a 3-fold symmetry 
after [111] tensile creep testing. We will come back to this point later. 
Wrongly indexed data points and points from the embedding mass were 
identified using a manually adjusted threshold for the confidence index 
(CI index) and are presented as black regions in Fig. 4. The data sets were 
additionally rotated around the cross section normal (ND axis) to align 
the principal crystal axes with the reference coordinate systems, see 

Fig. 4. 
Moreover, an effort was made to analyze local deformation events. 

To quantify the local deviations from the average reference orientation, 
the data sets were analyzed in four steps. First, a grain reconstruction 
procedure was applied with an angular threshold of 5� to separate ma-
trix orientations from orientations associated with twins. In a second 
step, the resulting data were presented in pole figures, Fig. 5a and b. The 
pole figures in Fig. 5a and b show results which were obtained for [110] 
and [111] loading. The six black point groups in Fig. 5a correspond to 
the four {111} planes of the matrix (there are only four but two appear 
on both sides of the projection). The four green and red data point 
groups represent {111} planes associated with the two twin variants. 
The directions where they coincide with the black data points of the 
matrix represents the twin planes. Two and three twin systems can thus 
be clearly identified during [110] and [111] loading, Fig. 5a and b. The 
colors introduced in Fig. 5a and b are used in the microstructural maps 
shown in Fig. 5c and d. 

In the third step, we calculated the average orientations of all matrix 
data points. Then, in the fourth step, the misorientations of all valid 
points were calculated relative to the determined average matrix 
orientation. The resulting data can then be plotted as color coded maps, 

Fig. 6. FEM results showing the stress and strain 
distributions (400 MPa net section stress and a creep 
period of 80 h). Left column: Axial stresses σL in 
central longitudinal cross sections. Middle column: 
Axial strains εL in central longitudinal cross sections. 
The crystallographic orientations given for each 
loading direction apply for both left and right images. 
Right column: Axial strains presented in transverse 
cross sections (crystallographic directions given). In 
order to outline the effects clearly, deformations were 
magnified by factors of 30 (for [001] and [110] 
loading direction) and 50 (for [111] loading 
direction).   
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Fig. 5c and d. Moreover, we identified the presence of twins for some 
selected data sets. For this purpose, we make use of the grain segmen-
tation performed earlier to isolate the average orientations of the 
different twin variants by using the orientation density function (ODF) 
provided by the MTEX software. We isolated the orientation of the twin 
variants and plotted each variant orientation and represent the results 
by using a unique color in a {111} pole figure, Fig. 5a and b. Finally we 
account for the frequency of grain boundary misorientation angles in a 
histogram and misorientation axes in an inverse pole figure, Fig. 13. 

3. Results 

Stress and strain distributions: Fig. 6 shows stress and strain distribu-
tions in the notch regions for the three loading directions which were 
calculated using the FEM procedure described above for a net section 
stress of 400 MPa and a creep exposure time of 80 h. We present three 
color coded images for each loading direction. Fig. 6a shows the FEM 

creep stress and strain analysis results for the [001] loading direction. 
The left image shows the distribution of the axial stress σL in the central 
longitudinal cross section as described in Fig. 3b. The image in the 
middle presents the corresponding distribution of the axial strain εL. The 
crystallographic orientations which apply to both images are indicated 
between the two figures. The figure on the right shows the axial strain 
plotted in the transverse cross section of the type shown in Fig. 3c 
(crystallographic axis indicated below the figure, for better visibility the 
deformation effect is magnified). This figure allows to appreciate the 4- 
fold symmetry associated with the [001] loading direction. The white 
arrow which points into [010] direction will be referred to later. Fig. 6b 
and c show the results for [110] and [111] loading directions, the results 
in the transverse cross sections (magnified) reveal the two fold and three 
fold symmetries associated with these two loading directions. In all 
cases, one can detect maximum axial stresses in the center of the spec-
imens and maximum axial strains in the notch roots. As we have shown 
previously [35,36], stresses redistribute during creep. And an analysis of 
our data (not explicitly shown here) shows that under the current creep 
conditions, stresses have already fully redistributed after a few hours. 
After stress redistribution, we can still observe the effect of anisotropy, 
but it is significantly less pronounced than the anisotropy associated 
with pure elastic loading [52,53]. Our results can also be presented in 
terms of the hydrostatic σH and von Mises stress σV. We compare these 
two stress quantities with the axial stress σL in Fig. 7, where we show 
stress profiles starting in the notch root and ending in the center, along 
the directions indicated by the white arrows shown in Fig. 6. Fig. 7 
shows that after 80 h of creep, the [110] specimen shows the highest 
axial stress and hydrostatic stress in the notch root and the highest von 
Mises stress, while [111] specimen has the highest σL and σH in the 
center of the notch and a low von Mises stress. 

Creep behavior: We monitor the creep behavior of the three specimens 
by measuring the elongation Δ as a function of time and normalizing it 
by the gauge length L of the double notched specimen (L: 11 mm, 
Fig. 1)). The ratio Δ/L can be thought of as an average strain εavg, which 
does not correspond to an actual physical strain because local strains 
change along the gauge length of the double notched specimens and 
have their maxima in the notch root. 

In Fig. 8 we show experimental and calculated creep data. Fig. 8a 
shows the average strains εavg recorded experimentally for the three 
loading directions as a function of time. These average strains are 
derived from the displacement of the whole notch region, where 
different physical strains accumulate for different cross sections. Fig. 8b 
shows the corresponding average strain rate data, _εavg, as a function of 
average strain εavg. Fig. 8c shows the data recorded during the first 100 h 
(the region highlighted by dashed rectangle in Fig. 8a) at a higher strain 
resolution, together with the FEM predictions (dashed lines without 
symbols). As far as strain accumulation is concerned, the creep behavior 
of the circular notched specimens are affected by damage processes from 
the beginning on. This is why our primary/secondary crystal plasticity 
model only predicts the right trends, while the calculated strain data fall 
short. Fig. 8d shows the corresponding strain rate data up to an average 
strain value of 0.1 (the region indicated by a dashed vertical line in 
Fig. 8b). Fig. 8d also shows the predicted average strain rate vs. average 
strain data obtained by FEM (dashed lines without symbols). 

From the experimental data shown in Fig. 8, the rupture times, 
rupture strains and the minimum average deformation rates are 
extracted and listed in Table 2. 

Fractography, microstructural and crystallographic investigations: Fig. 9 
shows SEM images of the rupture surfaces obtained for the three loading 
directions considered in the present work. The SEM fractographs were 
taken along the direction as indicated by the black arrow in Fig. 3c. The 
left column of Fig. 9 shows the overview SEM micrographs of the rupture 
surfaces. It can be seen that a common feature is that the macroscopic 
rupture surfaces are always perpendicular to the loading direction, 
suggesting that failure is normal stress controlled. The regions high-
lighted by black dashed squares are shown at a higher magnification in 

Fig. 7. Comparison of the axial stress, the hydrostatic stress and the von Mises 
stress at different positions of the notch root cross section. The results were 
obtained for directions along the white arrows shown in Fig. 5, starting in the 
notch root (distance x normalized by cross section diameter d equals 0: x/d ¼ 0) 
and ending in the center of the specimen (x/d ¼ 0.5). (a) Axial stress σL. (b) 
Hydrostatic stress σH. (c) Von Mises stress σV. 
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the right column of Fig. 9. The rupture surfaces of the [001] and [110] 
specimens (Fig. 9a and b) show finer morphologies than that observed 
on the [111] rupture surface, Fig. 9c. At higher magnifications one can 
identify local fracture features which point in certain directions as 
indicated by the dashed white arrows. The terraces on the rupture sur-
faces even allow to recognize the 4-fold, 2-fold and 3-fold symmetry 
predicted by crystal plasticity FEM calculations, Fig. 6. In case of the 
[110] loading direction there are local features which point into [11-2] 
and [1-12] directions. 

In Fig. 10 we show SEM information obtained from central longitu-
dinal cross sections, as indicated by the lower red rectangle in case of the 
[110] specimen in Fig. 3b. For reasons of comparability, the rupture 
surfaces are shown at top of the images (not at the bottom as schemat-
ically illustrated in Fig. 3b). The SEM micrographs in the first row of 
Fig. 10 show the ragged rupture surfaces, with the view directions 
indicated. The upper cross section in Fig. 10c shows that in case of the 
<111> specimen, the rupture surface deviates significantly from a di-
rection which is perpendicular to the loading direction. Four angles in 
the range of 40�–50� are indicated. It also appears, that the directions 
coincide with the alignment of dendritic features in this view direction 
(for better visibility, dendritic features are marked with white dots). The 
second row of Fig. 10 presents the EBSD results as color coded IPF (ND) 
maps (for color coding see standard triangle below the figure). 

The results presented in the second row of Fig. 10 clearly show that 
there are only minor changes in crystal orientations in the longitudinal 

cross sections of circular notched specimens. The EBSD micrographs 
presented in the third row of Fig. 10 allow to better appreciate local 
orientation differences. The images, presented as color coded misori-
entation to mean orientation maps (color coding presented below the 
figure as a continuous transition from 0 to 15�) show that there are 
orientation changes close to the rupture surface, which are particularly 
pronounced in Fig. 10a ([001] specimen) and 10c ([111] specimen). 
Without additional information, Fig. 10 does not help to decide whether 
these local changes have slowly evolved throughout the whole duration 
of the creep test or whether they represent final rupture events. 

Damage in notches shortly before rupture: Our double notch approach 
allows to obtain exactly this type of information. Fig. 11 shows analyt-
ical SEM results from the central longitudinal cross sections of the 
notches that did not fail. The upper row of Fig. 11 shows SEM micro-
graphs taken using BSE contrast. The second row presents the EBSD 
results as color coded orientation maps (color coding presented as a 
standard triangle below the figure). The third row presents EBSD data, 
evaluated as color coded misorientation to mean orientation maps (color 
coding presented below the figure as a continuous transition from 0 to 
15�). 

Characteristic locations are marked with white arrows for reference. 
The BSE micrographs presented in the upper row of Fig. 11 clearly reveal 
pore to micro crack transitions in the center of all three specimens (most 
pronounced in the [001] specimen, left SEM image). The color coded 
orientation maps in the second row of Fig. 11 suggest that there are only 
minor changes in overall crystal orientation in the longitudinal cross 
sections. The data evaluation presented in the last row (misorientation 
to mean orientation) shows that there are misorientations associated 
with localized deformation bands and with large local strains accumu-
lated at micro crack tips. In the cross sections of the specimens loaded 
along the [110] and [111] directions we find twin like features. 

Identification of twins: The procedure described in Fig. 5 can be used 
to identify twins. Fig. 12a and b show the color coded inverse pole fig-
ures from the areas marked with white rectangles in Fig. 11b and c (the 
longitudinal cross sections of the intact notches). Fig. 12c and d show the 

Fig. 8. Creep data of the double notched specimens tested at 950 �C and 400 MPa net section stress. Average strain (εavg) and average strain rate ( _εavg) data are 
shown. (a) and (b): Full creep curves. (c) and (d): Creep data in the primary and secondary creep regimes together with FEM predictions (dashed lines without 
symbols). (a) and (c) Average creep strain as a function of time. (b) and (d) Average creep strain rates as a function of strain. For details see text. 

Table 2 
Creep rupture times, minimum deformation rates (derived from average strains) 
and rupture strains (average strain at rupture). Creep conditions: 950 �C, 400 
MPa net section stress. For definition of average strains see text.  

Loading direction Rupture time/h Minimum rate/s� 1 Rupture strain/- 

[001] 219 9.10e-9 0.036 
[110] 153 1.05e-8 0.019 
[111] 243 1.45e-8 0.030  
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areas marked with white rectangles in Fig. 4b and c (the transverse cross 
sections of the failed notches) at higher magnifications. The crystallo-
graphic orientations of the samples are indicated next to the figures. 

Fig. 13 shows histograms of rotation angles together with the rota-
tion axes in standard triangles corresponding to the data sets in Fig. 12c 
and d. The data for [110] and [111] tensile loading are presented in 
Fig. 13a and b. One can see that for both loading directions a majority of 
rotation axes are parallel to <111> directions. Moreover, most associ-
ated rotation angles represent 60� angles (sharp maxima at 60� in the 
histograms of Fig. 13a and b). This suggests that they represent coinci-
dence site lattice (CSL) 

P
3 twin boundaries [58–60]. No effort was 

made to quantify twin densities. But one can conclude from the results 
reported in this section that they yield significant contributions to 
deformation during the final rupture events. 

4. Discussion 

Damage accumulation, creep stress and strain analysis: The present 
work was motivated by research from the McLean group [38–41], who 
were the first to combine circular double notch creep testing of the single 
crystal superalloy CMSX-4 with orientation imaging SEM. They 
observed notch strengthening at 850 �C and net section stresses between 

600 to 850 MPa, i.e. their circular notched specimens exposed to net 
section stresses in this range failed later than uniaxial tensile specimens 
under equivalent uniaxial stresses. As has been discussed in the litera-
ture [28,61–67], this is typically due to the absence of notch root 
cracking. The absence of notch root cracking and the fact that pores and 
micro cracks are more frequently observed in the center of the notches 
for all three loading directions can be clearly seen in Fig. 11. One 
possible reason is the fast redistribution of the high notch root stress in 
loading direction during creep [35]. It is shown that under the creep 
conditions studied in the present work, creep stresses redistribute within 
the first few hours. After redistribution, both the axial stress and the 
hydrostatic stress are higher in the center of the notch than in the notch 
root (Figs. 6 and 7), which is also in good agreement with the fact that 
micro pores and micro cracks are observed in the center of the speci-
mens, Fig. 11. This represents mechanical support for the notch 
strengthening results reported in Ref. [38]. The FEM results of the strain 
and strain rate evolution during creep of double notched specimens 
shown in Fig. 8c and d predict the right trends, but do not fully repro-
duce the experimental creep curves. However, not surprisingly, there is 
a much better fit than that predicted using isotropic FEM calculations 
which are merely based on a simple Norton law [35]. This is quite 
typical for creep stress and strain analysis, where it is more difficult to 

Fig. 9. SEM fractographs of the failed notches after tensile creep loading in [001], [110] and [111] directions. Creep test conditions: 950 �C and 400 MPa net section 
stress. Left column: Overview images of rupture surfaces. Right column: Rupture surface features at a higher magnification. Crystallographic orientations and 
crystallographic rupture surface features are indicated. Tensile creep loading directions: (a) [001]. (b) [110]. (c) [111]. 
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predict the right strains (because of the strong stress dependence of the 
strain rate _εeσn) than stresses (which only weekly depend on strain rate 
σe _ε1=n) [68]. The symmetric distribution of deformation in the trans-
verse notch root cross section predicted by crystal plasticity FEM in 
Fig. 6 is in good agreement with the symmetric distribution of local 
lattice rotations observed using orientation imaging SEM, Fig. 4. These 
effects are very small and can be easily overlooked. In order to make 
them visible, magnification factors between 30 and 50 were applied. 
Also, in the color coded inverse pole figures in Fig. 4a and c, some effort 
was made to identify the four orange regions/three violet regions, where 
the lattices have rotated towards <101>/<001> directions under 
[001]/[111] tensile loading conditions. No effort was made to adjust the 
color coding such that these local orientation differences become visible 
in Fig. 4b for [110] loading. For this loading condition, a slight geometry 
change from circular to oval can be directly observed in the inverse pole 
figure (Fig. 4b) and in the SEM micrograph of the rupture surface, 
Fig. 9b (image on the left). 

On lattice rotation in circular notched SX creep specimens: Our previous 
results [35,36] have shown, that at uniaxial and net section stresses of 
300 MPa, uniaxial specimens accumulated significant amounts of plastic 
strain (> 20%) while circular notched tensile specimens hardly show 
any detectable deformation (< 0.04 mm accumulation in a gauge length 

of 7 mm) [35]. Basoalto et al. [38] reported that for uniaxial loading, 
large lattice rotations are only observed in creep specimens with tensile 
axis which deviate from the high symmetric <001> and <111> orien-
tations. They showed that for a specimen loaded in the precise <111>
direction, only minor misorientations within 2� were observed. They 
also claimed (Fig. 9 in Refs. [38]) that very high lattice rotations 
accompany localized deformation associated with mechanical twinning. 
In a later paper [39] they reported that the misorientations in the intact 
notch of a double notched specimen loaded in <111> direction were of 
the order of �5� in the notch center, and that higher lattice rotations are 
only observed in the notch root region. From the results reported in 
Ref. [38–41] it is not clear whether the formation of twins and the 
associated lattice rotations govern all stages of multiaxial creep. Ac-
cording to the results obtained in the present work, high lattice rotations 
are observed in the notch regions, but not confined to the notch root. In 
the failed notches, large misorientations always occurred in regions very 
close to the rupture surfaces (Fig. 10), and in the intact notches, large 
lattice rotations are only observed close to micro pores and micro cracks. 
This suggests that large lattice rotations accompany the high strain 
events associated with final rupture. The lattice rotations observed on 
the transverse cross sections very close to the rupture surfaces in Fig. 4 
are also related to final rupture events. One cannot conclude that high 
symmetry uniaxial testing leads to little lattice rotation while circular 

Fig. 10. Microstructural and crystallographic results obtained from the central longitudinal cross sections of the ruptured notch close to the rupture surface (as 
indicated by the lower red rectangle in Fig. 3b, turned upside down). Upper row: BSE micrographs, for magnification see scale bar below the figure. Middle row: 
Results from conventional orientation imaging EBSD, for color coding see crystallographic standard triangle below the figure. Bottom row: Evaluation of local 
misorientations to mean orientation, for color coding see graded transition bar below the figure. Loading directions: (a) [001]. (b) [110]. (c) [111]. 
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notched multiaxial testing does, as was concluded in Ref. [38]. 
Observation of deformation twins: It has been reported in the litera-

ture that twinning is a deformation mode which can occur during low 
temperature and high stress creep of single crystal Ni-base superalloys 
under uniaxial and multiaxial stress states [21,40,42,69–73]. Twins are 
associated with dislocation ribbons, where four individual dislocations 
combine to facilitate γ0-phase cutting. Twins are known to form on 
{111} planes with displacement vectors of type <112>. The slip di-
rections and slip planes together with the Schmid factors which act in 
these micrographic crystallographic shear systems under [110] and 
[111] uniaxial loading are listed in Table 3. 

The fact that twins are observed after creep of SXs at intermediate 
temperature was already reported by the McLean group [40,42]. In the 
present work we have shown that for [110] loading twins formed in a 
relatively larger region in the notch, while for [111] loading twinning is 
confined to areas very close to micro cracks and rupture surfaces, 
Figs. 10–12 (difficult to see due to small image sizes but possible to 
appreciate). The current study also went one step further and identified 
the different twin variants, Figs. 5, 12 and 13. The fact that two 
respectively three twin variants are identified during [110] and [111] 
tensile creep testing is in line with the fact that two respectively three 
microscopic crystallographic twin systems (indicated in bold in Table 3) 
are most strongly promoted during [110] and [111] loading. We have 

also shown that twinning is associated with misorientations of 60�

around <111> rotation axes, Fig. 13. However, twinning does not 
necessarily result in large-scale lattice rotations of the matrix sur-
rounding the twins, as can be clearly seen in the middle row of Fig. 11. 
Further work is required to study the spatial distribution of damage in 
the notch root cross section and the effect of the multiaxial stress state on 
dislocation plasticity. 

5. Summary and conclusions 

In the present work, we use a miniature double notched specimen to 
investigate the anisotropic creep rupture behavior of the Ni-base single 
crystal superalloy ERBO/1 at 950 �C and a net section stress of 400 MPa. 
We conduct tensile creep tests in three loading directions [001], [110] 
and [111]. One advantage of using miniature tensile creep specimens is 
that only small amount of material is needed and therefore specimens 
can be taken out from laboratory scale single crystal slabs. A key 
advantage of testing double notched specimens is that after one notch 
fails, the other notch is still intact and represents a material state shortly 
before rupture. This allows to characterize the microstructural damage 
shortly before the onset of final rupture. From the results obtained in the 
present work the following conclusions can be drawn: 

Fig. 11. Microstructural and crystallographic results obtained from central longitudinal cross sections of the second notch which did not rupture. Upper row: BSE 
micrographs, for magnification see scale bar below the figure. Middle row: Results from conventional orientation imaging EBSD, for color coding see crystallographic 
standard triangle below the figure. Bottom row: Evaluation of local misorientations to mean orientation, for color coding see graded transition bar below the figure. 
Loading directions: (a) [001]. (b) [110]. (c) [111]. 
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(1) The anisotropic finite element stress and strain analysis (FEM) 
performed in the present work yields three results: First, there is a 
reasonable agreement between FEM predictions and measured 
displacements during creep of double notched specimens. Sec-
ond, after stresses have redistributed under creep conditions, the 
maximum principal stress and hydrostatic stress are highest in the 
center of the specimens and lowest in the notch root, while the 
von Mises stress is almost homogeneous all over the notch root 
cross section. And finally, the deformation symmetry ([001] 
loading: 4-fold, [110] loading: 2-fold and [111] loading: 3-fold) 
predicted by crystal plasticity based FEM calculations can be 
experimentally confirmed.  

(2) In agreement with the FEM predictions, no notch root cracking 
was observed in the notch root and pores and micro cracks 
formed in the center of the intact notches. This was observed for 
all three crystallographic loading directions, which indicates that 
the maximum principal stress and hydrostatic stress are dominant 
parameters of the load spectrum.  

(3) Mechanical twinning was observed and the twins were identified 
as <112>{111} type of planar faults, in agreement with what has 
been reported for low temperature and high stress creep in the 
literature. A micromechanical analysis showed that the expected 

Fig. 12. Inverse pole figure orientation maps. (a) Longitudinal cross section of the intact notch after [110] rupture. (b) Longitudinal cross section of the intact notch 
after [111] rupture. (c) Transverse cross section of the failed notch after [110] rupture. (d) Transverse cross section of the failed notch after [111] rupture. 

Fig. 13. Histograms showing distributions of rotation angles together with spread of rotation axes of the twins in inverse pole figures. (a) [110] tensile loading. (b) 
[111] tensile loading. 

Table 3 
Twelve microscopic crystallographic twin systems together with the corre-
sponding Schmid factors (SFs) during [110] and [111] tensile loading. The slip 
systems with the highest Schmid factors are indicated in bold.  

Slip direction Slip plane SFs in [110]experiments SFs in [111]experiments 

[211]  (111) 0.236 0 

[121]  (111) 0.236 0 

[112]  (111) 0.471 0 

[211]  (111)  0.236 0.157 

[211]  (111)  0.236 0.157 

[112]  (111)  0.471 0.314 

[211]  (111)  0 0.314 

[121]  (111)  0 0.157 

[112]  (111)  0 0.157 

[211]  (111)  0 0.157 

[121]  (111)  0 0.314 

[112]  (111)  0 0.157  
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two/three twin variants were indeed detected after <110>/ 
<111> tensile creep testing. In case of the <110> loading, 
twinning was not confined to the notch root regions or areas close 
to micro cracks, but was observed in wider regions of the notches.  

(4) Local maximum misorientations in circular notched miniature 
tensile creep specimens after rupture can be as high as 15�. This 
was, however, only observed in regions close to rupture surfaces 
(ruptured notches of double notched specimens) and micro 
cracks and pores (central regions of intact notches of double 
notched specimens). One important result of the present work is 
that these high lattice rotations do not evolve gradually 
throughout multiaxial creep testing. They are associated with the 
high strain events (necking) which occur during final rupture.  

(5) What remains to be investigated is how the microstructural 
damage (pores and micro cracks) is spatially distributed and how 
the multiaxial stress state in combination with the crystallo-
graphic loading direction affects dislocation plasticity. Further 
work is under way to clarify these points. 
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