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Abstract

The inelastic behaviour at notches in SC16 single crystals at 950 oC has been calculated using a
three-dimensional crystallographic viscoplastic model. For a h001i oriented round specimen with a
circumferentially V-shaped notch, the highest equivalent inelastic strain cumulated in each of the
two slip families, octahedral and cubic, arises for cubic slip systems. This maximum equivalent slip
is located not directly at the notch root, instead it is shifted a little away from there. Fractographic
observations show, that a similar shifting is present for the occurence of the main cracks. This in-
homogeneity of the stress-strain situation at notches in single crystals is taken into account at the
de�nition of a lifetime parameter based on the resolved shear stresses.

Short Introduction

In a gas turbine blade, LCF life controlling notches are given by �lm cooling holes which are required
to form a thin �lm of cooling air on the surface [9]. On the other hand, a considerable data base
has been performed in a previous gas turbine project at the BAM [12] on smooth specimens of the
single crystalline model material SC16 with di�erent orientations especially at 950 oC. Therefore, the
present investigation of the low-cycle fatigue (LCF) at notches in single crystals at high temperature
is build up on that data base for SC16.

Material and Experimental Procedure

The two phases nickel base superalloy SC16 is obtained after heat treatment and the microstructure
consists of 35 % cuboidal 0 particles with a mean edge length of 450 nm and about 5 % spherical
particles with a mean diameter of 80 nm [6].
At 950oC and on air constant strain amplitude fatigue tests with zero mean strain were performed
at uniaxial loading on smooth specimens with 9 mm diameter in the gauge length as well as on
circumferentially notched round specimens. The root of the V-shaped notch had two di�erent radii,
0.2 mm and 1 mm. The global strain amplitude measured by the extensometer with a 21.5 mm
gauge length over the notches was �0:15%.

Test Notch radius (mm) 4�Mises (MPa) Nf

1 0.2 1508 120
2 0.2 1508 127
3 0.2 1508 131
4 1.0 966 583

Table 1: LCF tests on h001i oriented SC16 circumferen-
tially notched round specimens at 950oC.
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The displacement control on notched specimens shall describe the important thermal strain control
in gas turbine blades [9]. The strain rate was 10�3 s�1 for all the tests.
Usually we �xed the lifetime Nf at the number of cycles to 5% stress drop in tension with respect
to a decreasing regression straight-line including points behind saturation. Except for the test 2, see
table 1, which was performed until rupture and an interrupted one, we stopped the tests at 10%
stress drop in tension. Some photomicrographs of the surface of these specimens were taken. Then
the specimens were broken at room temperature. Some micrographs of their fracture surfaces were
taken in order to characterize the crack growth mechanisms in the singles crystal for such geometries.

Experimental Results

Metallographic observations:

The fractographic observations of near h001i notched specimens (Fig. 1, 2) with a scanning electron
microscope (SEM) show two main cracks which occured perpendicular to the external load, but
indeed they arose not directely at the notch root, instead they are shifted a little away from there.
For a near h011i oriented specimen the main cracks seem to be concentrated at the notch root.
The \square shape" of the crack front (Fig. 3, 4) allows us to assume that the cracks do not grow
homogeneously in the depth. We drew the projection of the secondary crystallographic axes of the
material on the micrographs of the fracture surfaces. The direction [100] seems to be close to the
maximum crack growth in the depth.
Metallographic observations on a h001i notched specimen with 1 mm notch radius in an interrupted
test showed a relatively late initiation of a crack within the lifetime, although the stresses are much
higher at the notch surface. This seems to indicate the importance of the situation close to the
surface in the single crystal, because when a crack is observable there, then the lifetime is reached
not much later, at least at 1 mm notch radius.

500 mµ

200 mµ

Figure 1: Notch of the h001i SC16 specimen 3 with 0.2 mm notch radius after N = 250 cycles at 950oC.

2 mm

500 mµ

Figure 2: Notch of the h001i SC16 specimen 4 with 1 mm notch radius after N = 810 cycles at 950oC.
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Figure 3: Fracture surface of the h001i SC16 specimen 1
with 0.2 mm notch radius after N = 275 cycles at
950oC.
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[100]

Figure 4: Fracture surface of the h001i SC16 specimen 4
with 1 mm notch radius after N = 810 cycles at
950oC.

Fatigue life results:

A lot of axial strain controlled LCF tests at high temperature were already carried out at the BAM
on SC16 smooth specimens [12]. Despite of the relatively scatter, the fatigue diagram at 950 oC
and 10�3 s�1 strain rate, Fig. 5 (above), shows essentially no dependence of the lifetime on the
orientation of the single crystal at the same stress range as also found in [4]. Of course, the stresses
itself arise in dependence on the crystal orientation. For example, at the same total strain range,
the lifetime is lower for near h011i orientation as for near h001i orientation, but the stress range is
higher at h011i. Thus, we obtain within a scatter band a very simple assessment rule, see Fig. 5.
It is noteworthy that the inelastic strain range increases, too, at h011i orientation due to the higher
elastic sti�ness (Young's modulus) in this direction.
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Figure 5: Experimental fatigue life for di�erent orientations depending on the axial stress range (above) and on the maximum resolved
shear stress range simulated (below) for the single crystal superalloy SC16 at uniaxial loading for di�erent charges (X,VM).
The maximum Mises stress range 4�Mises in the h001i specimen with 1 mm notch radius (above) and the maximum resolved
shear stress range 4�max at maximum equivalent slip in that specimen (below) are inserted.
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The number of cycles to failure of the notched specimens are given in table 1. The maximum e-
quivalent Mises stress range at the notch is calculated by FE method for the stabilized cycle. The
tested notched specimens lived signi�cantly longer than the smooth ones at the same maximumMises
stress at the notch. Compare, for example, the lifetime at maximum Mises stress range in the h001i
specimen with 1 mm notch radius, Fig. 5 (above), with the experimentally obtained lifetime for that
specimen 4 given in table 1.

Finite Element analysis of the LCF tests in the framework of crystal plasticity

Presentation of the model and identi�cation of the parameters:

For single crystals the viscoplastic deformation results of the e�ects of dislocation motion on crys-
tallographic planes by slip processes:

_�
�

p =
18X
g=1

_g s(lg 
 ng) (1)

Where lg and ng respectively are the slip direction and the normal to the slip plane of slip system
g which de�ne the symmetric second order tensor. As at room temperature [3], we consider both
octahedral (twelve) and cubic (six) slip systems at high temperature. We used the same approach of
the constitutive equations written for small deformation and given in [7]:

_g =

*
j� g � xgj � rg

k

+n

sign (� g � xg) (2)

rg = ro
g + qg

�
1� e�bvg

�
(3)

_xg = j _gj (c sign( _g)� d xg) (4)

We will call equivalent slip cumulated in a slip family G, the following quantity:
P
g2G

vg, where vg is

the cumulated slip of the slip system g. The material has an elastic behaviour with cubic symmetry
until the distance computed from the resolved shear stress � g and the kinematic hardening variable
xg reaches the critical resolved shear stress rg of the slip system g.

slip family k n ro q b c d
MPa MPa MPa MPa

Octahedral 700 4.7 4.6 3.9 3.7 96536 1050
Cubic 1172 2.4 17.3 -4.4 2.7 77081 1056

Table 2: Material constants of SC16 at 950oC.

An analysis of monotonic and cyclic behaviour of SC16 smooth specimens at 950oC and at di�erent
orientations shows the necessity to take into account the local kinematic hardening and the viscosity.
These observations con�rm the ones already done for single crystal nickel base superalloys [7]. From
a large experimental data base available at the BAM (tests for di�erent orientations and strain rates)
we calibrated the viscosity (k, n) and the hardening parameters (c, d, ro

g, qg, b) for each slip family
with a classical technique of numerical optimization process [10]. We give in table 2 the constants of
the model implemented in the FE program Z�eBuLoN [5].
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Model predictions and confrontation with the experimental results:

Conditions of the FE analysis

We give in this section the results of the calculations of two notched specimens used for the LCF
tests with a notch radius of 0.2 mm and 1 mm. We performed the �nite element calculations for the
single crystal ideally h001i oriented to reduce the size of the problem. It is particularly the case for
our LCF tests specimens which deviation of the [001] crystallographic axis is within 5o. Moreover,
due to the cubic symmetry, we only need to mesh one eighth of the structure, which is of the length
of the extensometer. The mesh of the 0.2 mm (respectively 1 mm) notched radius specimen has 642
(respectively 690) isoparametric and quadratic elements. The LCF tests have been carried out with
displacement control and we prescribed in the calculations the displacement of the extremity of the
structure in order to describe the experimental value at the location of the extensometer: �0:15%
displacement amplitude related to the gauge length of the extensometer and 10�3

s
�1 as its rate.

Viscoplastic stress-strain behaviour at notches

Contrary to the results of a uniaxial test of a h001i single-crystal smooth specimen, the presence of
the notch activates both slip system families (Fig. 6, 7). The equivalent strain of the cubic slip is
higher as the one of the octahedral slip and it is not located exactly at the notch root. The curves
given in Fig. 10 represent the variation of them along the circumference too. The variable r is the
radial coordinate starting at the notch root describing the line on the curved notch surface over the
radius at a certain circumferential coordinate. They give a more precise idea of the weak variation
of the equivalent inelastic strain along the circumference.

1.14 %

In %

0.1 0.3 0.6 1.0

0.25 %

In %

0.10 0.13 0.17 0.22

Figure 6: Equivalent slip for the octahedral slip system for two
notch radii (0.2 mm (left) and 1 mm (right)) of a h001i
specimen.
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Figure 7: Equivalent slip for the cubic slip system for two notch
radii (0.2 mm (left) and 1 mm (right)) of a h001i spec-
imen.

Calculations of torsionally loaded tubular specimens have shown the inhomogeneity of the viscoplastic
strain along the circumference [7]. More recently at the BAM it was con�rmed with experimental
results and even for tension-torsion tests the good agreement between the FE model and the local
measurements at room temperature [3].
Due to the complex state of stress in the notch con�guration within the single crystal a similar
inhomogeneity of the strain is expected at a notch according to the model. Unfortunately it is
impossible to use the same local measurement, on one hand because of the high temperature and on
the other hand because of the geometry. If we take the maximum equivalent slip as relevant variable
for the crack initiation at the surface and if we take into account the relative precision of its location's
measurement, the experimental results are in accordance with the FE analysis, see Fig. 8, 9.
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Figure 8: Comparison Experiment (Fig. 1) - FE simulation. Specimen 3 with 0.2 mm notch radius.
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Figure 9: Comparison Experiment (Fig. 2) - FE simulation. Specimen 4 with 1 mm notch radius.

A lifetime parameter for LCF at notches in single crystals

The tested notched specimens lived signi�cantly longer than the smooth ones at the same maximum
Mises stress, see table 1 and Fig. 5 (above). This notch e�ect is usually observed [2]. That means that
the maximum value at least of this equivalent stress alone can not give the fatigue life at notches.
Moreover, the experimental results for the location of the macro-cracks described in the previous
section indicate us to take into account in the lifetime assessment rule the full inhomogeneity of the
strain and stress situation on the surface.
The resolved shear stresses on such slip systems, which represent not the full stress state but are
physical components of it, are the more adequate loading quantities for a crystal. Thus, a possible
choice of critical variable for damage is to take at the point of maximum equivalent slip, the value of
the maximum resolved shear stress for this slip family.
For example we give in Fig. 11 the distribution of the resolved shear stress for the cubic slip along
the circumference of the 1 mm notch radius specimen at the loading amplitude of the �rst cycle
where SC16 at 950oC is already cyclic saturated essentially. The origin of the angle corresponds to
the point which is in the plane [100] and where the equivalent cubic slip is maximum, Fig. 10.
Thus we have a maximum resolved shear stress range of about 320 MPa. This stress is not the
highest resolved shear stress at the inhomogeneously strained notch. It is strongly determined by the
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anisotropy of the material. On the other hand we simulated all the LCF tests given in Fig. 5 for a
homogeneous volume element. From that we obtained their maximum resolved shear stress ranges,
taken from the 18 values of the two slip families (cubic and octahedral), versus the number of cycles
to failure (Fig. 5, below). Thus it is possible to draw a straigth line in this log-log representation
if we assume that the scatter is acceptable. If we report the value of the critical damage variable in
this fatigue diagram we assess a lifetime of about 940 cycles which is within a factor of 2 compared
to the experimental lifetime of 583 cycles for this 1 mm notch radius specimen given in table 1. The
assessed lifetime at 0.2 mm notch radius is lower than the experimental one within a factor of 2.5.
As a result, the number of cycles to failure of the performed LCF tests on notched specimens are
comparable to the lifetimes of smooth specimens at the same maximum resolved shear stress value
at maximum equivalent slip.
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Figure 10: Equivalent slip for each slip system family on
the surface of the notch (radius 1 mm) at two
circumferential coordinates, [100] and [110].
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Figure 11: Resolved shear stresses along the circumference
of the 1 mm notch radius specimen at the axi-
al height of maximum inelastic strain of one slip
family, i.e. of cubic slip. The angle of 0o cor-
responds to the [100] secondary crystallographic
axis.

Besides the inhomogeneity of resolved shear stresses and slip on the surface, decreasing stresses be-
hind the notch root are present within a critical volume for crack initiation. [1] has already suggested
that such stress gradient should be taken into account. A gradient dependent criterion for high-cycle
fatigue was developed in [8]. So, one can put forward the same idea to low-cycle fatigue and single
crystals in order to include in lifetime assessment the inuence of the small size of the highly loaded
volume at sharp notches on the lifetime.

Conclusion

In strain-controlled uniaxial LCF tests on SC16 smooth specimens at di�erent orientations, 950 oC
and 10�3

s
�1 strain rate, essentially no dependence of the fatigue lifetime on the orientation was

found at the same stress range.
Fractographic observations on h001i oriented notched specimens showed that the main cracks are
located not directly at the notch root, instead they are shifted a little away from there. This
corresponds to the similarily shifted maximum equivalent slip that is cumulated on cubic slip systems
according to the numerical analysis.
The lifetimes of the performed LCF tests on notched single crystal specimens can be assessed from
the cycles to failure of the smooth specimens taking as lifetime parameter the maximum resolved
shear stress value present at the location of maximum equivalent slip in the notch.
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