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Abstract

Fatigue strength of Ni base superalloy IN 713LC was experimentally determined at 800°C
in air using load controlled cycling with tensile mean stress. The constant fatigue life diagram
has been constructed with particular attention to the influence of small stress amplitudes at
high mean stresses. The mechanism of Stage I initiation of fatigue cracks, the role of casting
defects and cavities and their effect on the fatigue strength have been discussed.
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1. Introduction

Several schemes have been proposed for the safe
design against fatigue at the presence of a mean stress.
Gerber, Goodman, Haigh or Soderberg diagrams have
been used in engineering practice since the beginning
of the last century, e.g. [1-3]. These diagrams repres-
ent constant fatigue life charts for a combination of
stresses (stress amplitude, o, and mean stress, oean)
in such a way that the regions where fatigue failure
will not occur, or will take place at a defined num-
ber of cycles, are demarcated. The constant fatigue
life diagrams express the general observation that the
fatigue lifetime at a given stress amplitude decreases
with increasing tensile mean stress. Because the em-
pirical determination of constant fatigue life diagrams
is time consuming and expensive due to considerable
experimental effort, it is not surprising that the data
for many engineering alloys are not available either
at all or not in sufficient extent. This holds also for
Ni base superalloys at high temperatures. Moreover,
the published constant lifetime curves are in general
shown as lines, without experimental points (e.g. [3]);
the scatter of relevant experimental data remains hid-
den.

Superalloys are employed in engineering practice
for components mechanically loaded at high tempera-
tures. A turbine wheel of a gas engine is an example of
a component loaded with high tensile mean stress and
superimposed cycling at high temperature. The tensile
stress component is a result of centrifugal forces and
bending moments from the streaming gas and the cyc-
ling comes from the inevitable vibrations. That is why
the high-cycle fatigue resistance was the original fa-
tigue property studied and developed for engineering
use. Later on the research attention has been focused
on the low-cycle fatigue and combination of low-cycle
fatigue with creep (e.g. [4]) because significant load-
ings appear during start-up and shutdown of engines.
The high-cycle fatigue data are less common than the
low-cycle results [5].

Nickel base cast superalloy IN 713 and its vari-
ant IN 713LC are alloys employed in the aircraft gas
turbine market. In spite of the application of IN 713
since the mid-1950s, leading European industrial com-
panies are still interested in the more reliable charac-
terization of the high temperature high-cycle fatigue
properties. Because the casting defects substantially
reduce the fatigue strength, “defect free” components
are required in engineering practice. In reality it means
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that the defect size is not allowed to exceed a crit-
ical size given by the resolution limit of defectoscopic
methods, which is usually some tenths of a millimetre.
On the other hand, the large scatter of experimental
high cycle S-N data indicates that the effect of defects
remains even in the nominally “defect free” alloy. In-
herence of imperfections is an inevitable problem not
only of conventionally cast superalloys, but shrinkage
porosity and individual pores can be found in Ni base
single crystals cast into temperature gradient as well.

Crystallographic crack initiation with extraordin-
ary long Stage I and crystallographic crack propaga-
tion are common features of all Ni base superalloys
at room and at high temperatures. Extensive Stage I
cracking has been reported many times both for the
cast polycrystalline alloys and for single crystals [6].
Crystallographic facets have been often observed on
fatigue fracture surfaces. River lines, fracture steps
and equiaxed dimples are typical morphological fea-
tures. Casting defects are frequently situated at the
crack initiation site [7-9]. The crystallographic frac-
ture surface is typical for low fatigue crack propaga-
tion rate (usually below 10~° mm/cycle), see e.g. [10].
Details of the fracture mode depend on the stress ra-
tio of minimum to maximum stress in a loading cycle
[11]. Ni base superalloys are face-centered cubic al-
loys and thus the deformation takes place on {111}
planes. The facets are often called cleavage facets and
they follow the {111} planes. The cracking due to the
heterogeneous planar slip on the {111} planes in (110)
directions is general and was observed not only under
symmetrical fatigue loading but e.g. also on notched
single crystals subjected to far-field compression [12].
The remarkable scatter of S-N data of cast superal-
loys seems to be related not only to the existence of
defects, but also with the extraordinary long Stage I
crystallographic crack initiation.

The aim of this work was to determine the life-
time diagram of a conventionally cast IN 713LC at
800°C. Special attention was paid to the influence of
small high-cycle vibrations on the lifetime. Fracto-
graphic observation has been accomplished with the
view to shed light on the influence of defects and
crystallographic Stage I crack initiation on the fatigue
strength.

2. Material and experiments

Polycrystalline superalloy IN 713LC was cast by
the company PBS Velka Bites, a. s. The semiproducts
for specimen preparation were conventionally cast
rods of 20 mm in diameter and of 100 mm in length.
Cylindrical button-end specimens of 5 mm in diameter
and with 35 mm long gauge length were machined
from the rods. The final operation was a fine grind-
ing.

Fig. 1. Microstructure of IN 713LC, light microscopy.
a) Long dendrites in axial section, b) dendrites in trans-
versal section, ¢) grain morphology in transversal section.

The cast microstructure is dendritic in nature,
Fig. 1. Dendrites with long primary arms can be ob-
served in the axial section of rods, Fig. 1a. The struc-
ture in the transversal section can be seen in Fig. 1b.
Figure 1c shows that the grain size in the transversal
section of the cast rod is of the order of millimetres.
The microstructure as revealed by scanning electron
microscopy on the etched surfaces is shown in Fig. 2.
Dendritic regions with regular v/~ microstructure, in-
terdendritic areas with small cavities, voids, casting
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Fig. 2. Microstructure of IN 713LC, scanning electron mi-

croscopy. a) Dendritic and interdendritic regions, b) fine

regular /v microstructure in a dendritic region, c) colony

of irregular 4/ particles embedded in the fine v/ micro-
structure.

defects, carbides and colonies of large and irregular v/
particles can be seen in Fig. 2a. The dendritic regions
are characteristic with very fine regular ~/+' micro-
structure, Fig. 2b. An example of a colony of irregular
~' particles embedded in the fine v/+" microstructure
is shown in Fig. 2c.

High temperature fatigue tests at 800°C were con-

ducted at controlled load in a 100 kN resonant fatigue
testing machine. The controlled load parameters were
the load amplitude and the mean load. The frequency
of sine-wave loading was 105 + 3 Hz. The start-up
procedure of a fatigue test consisted of heating-up the
specimen in a high temperature furnace. The mean
load during the heating was held equal to zero. After
two hours the mean load was applied and than the res-
onant cycling was switched on. The start-up of the res-
onant cycling was characterized by a loading ramp of
a length of about 500 cycles. The temperature gradi-
ent on the specimen gauge length was smaller than
3°C/cm and the temperature maximum was in the
central part of the gauge length. The long-term tem-
perature stability was within 4+ 1°C. Fatigue tests were
conducted in laboratory air.

Fracture surfaces and microstructure were ob-
served by means of JEOL JSM 6460 scanning electron
microscope.

3. Results

The S-N fatigue data in the high-cycle fatigue re-
gion for load symmetrical cycling can be seen in Fig. 3.
The fatigue test results can be expressed by two lines,
one of which is a horizontal line characterizing the fa-
tigue limit o, = 160 MPa. The line is based on three
run-out specimens at the number of cycles exceeding
107. The second line in semilogarithmic co-ordinates
is the best fit of experimental points corresponding to
the broken specimens:

0a = TI6NP 091 (1)
where stress amplitude, o, is in MPa and N: is the

number of cycles to fracture. The coefficient of de-
termination R of the best fit is 0.73. The number of
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Fig. 3. S-N curve for symmetrical loading.



278 L. Kunz et al. / Kovove Mater. 44 2006 275-281

250 = —— N, e(5x105; 5x107)
o) — — 8 — N, &(5x105; 5x10°)
o B ~ ———N, (5x10°; 5x10%)
= 200
[0}
ko)
=]
= 150
Q
S
©
@ 100
o
»

S0 |
0 200 400 600 800

mean stress (MPa)

Fig. 4. Constant fatigue life diagram.

10 =
E =
r [ ]
o B
2 L
= L
o 'E
© [ Gpen=600MPa
£ C
oqll o 111

0 40 80 120 160
stress amplitude (MPa)

Fig. 5. Dependence of time to fracture on the stress amp-
litude for cyclic loading with the mean stress of 600 MPa.

Fig. 6. Fracture surface of a specimen ruptured at the
stress of 600 MPa.

cycles to fracture exhibits a considerable scatter. For
example, at the stress amplitude of 180 MPa two spe-
cimens were tested. One of them failed after 106 cycles,
while the second one endured 2 x 107 cycles without
failure.

Fig. 7. Initiation of a fatigue crack on a large internal cast-
ing defect followed by transcrystalline crack propagation.
Mean stress 350 MPa, stress amplitude 130 MPa.

Experimentally determined constant fatigue life
diagram is shown in Fig. 4. The points for the symmet-
rical cycling were calculated according to the Eq. (1).
Other experimental points represent particular meas-
urements for given combination of stress amplitude
and the mean stress. Distinct points distinguish the
fatigue life in such a way that intervals from 5 x 10*
to 5 x 10%, 5 x 10° to 5 x 10% and 5 x 10° to 5 x 107
cycles to fracture can be taken from the diagram. The
experimental points exhibit a scatter, which is inher-
ent to the cast alloys. Nevertheless, the experimental
data enable to construct lines denoting the reason-
able estimates for fatigue lives of 10°, 106 and 107
cycles. The lines in Fig. 4 correspond to the Gerber
parabola fitted to the experimental points; the corres-
ponding coefficients of determination are 0.97 for the
curve characterizing the life 107 cycles, 0.80 for 10°
and 0.87 for 10° cycles.

Figure 5 shows the influence of the stress amplitude
on the fatigue life for the constant mean stress in terms
of the time to fracture. Cycling with the stress amp-
litude of 50 MPa superimposed on the mean stress of
600 MPa results in fracture after 10 h (which corres-
ponds to the number of cycles 3.7 x 106), whereas
the loading with zero stress amplitude, i.e. pure creep
loading, results in shorter lifetime of about 8 h. For
the stress amplitudes exceeding 50 MPa, however, it
can be seen that the trend is reversed and a decrease
of time to fracture with increasing o, is obvious.

Fractographic observation provides the following
picture. The typical fracture surface corresponding to
the creep loading is of a ductile type. Fracture surface
morphology reflects often dendritic structure. An ex-
ample of such a region is shown in Fig. 6. Fracture
surfaces corresponding to the maximum on the t; vs.
0, diagram or to the decreasing part of the diagram
exhibit three distinct types of fracture. The first type
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Fig. 8. Crystallographic facets adjacent to the casting de-
fect.

Fig. 9. Crystallographic facets starting from the casting
defect. Detail from Fig. 8.

can be seen in Fig. 7. The fatigue crack started from a
relatively large internal casting defect. Its dimension
of some tenths of millimetre is just on the resolution
limit of conventional defectoscopy. The fatigue crack
propagated from the defect in a plane macroscopically
perpendicular to the maximum stress. A clear “fish
eye” can be seen. The fatigue crack propagation was
transcrystalline. The crack surface appearance under
small magnification changed suddenly when the crack
reached the surface and the laboratory atmosphere in-
terfered with the freshly created fatigue fracture sur-
face. The second type of crack initiation is shown in
Fig. 8. Crystallographic facets of mirror appearance
adjacent to the casting defect can be seen. They are
mutually inclined at high angles and at low magni-
fication they have high reflectivity. At higher mag-
nification they are shown in Fig. 9. Crystallographic
facets pass to the noncrystallographic fracture surface
in longer distance from the central casting defect; this

Fig. 10. Transition from crystallographic to noncrystallo-
graphic fracture. Arrows indicate decohesion.

Fig. 11. Crystallographic facet starting from the specimen

surface and transition to the noncrystallographic fatigue

crack propagation. Mean stress 0 MPa, stress amplitude
170 MPa.

distance is of about 1 mm in Fig. 8. An example of
the transition from crystallographic to noncrystallo-
graphic fracture is shown in Fig. 10. Crystallographic
fracture planes are flat and do not exhibit any ap-
parent morphological details related to the material
microstructure. A decohesion between facets, marked
by arrows, can be very often observed. The spacing
between facets makes some microns. The upper ar-
row in Fig. 10 denotes a short, evidently noncrystal-
lographic crack, which accommodates the decohesion
between the facets marked by the bottom arrows. The
noncrystallographic fracture surface (at the top right)
is rough when compared to the facet surface and is
covered by small bulges. Their dimension corresponds
roughly to the characteristic dimension of /4’ micro-
structure in dendritic areas. The third type of crack
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initiation observed differs by the absence of an appar-
ent defect. Crystallographic facets in this case do not
exhibit any relation to the structure imperfections and
often start from the specimen surface. Later on they
pass to the noncrystallographic fracture surface as in
the preceding case. An example is shown in Fig. 11.

4. Discussion

Considerable scatter of fatigue life is inherent to
the conventionally cast IN 713LC superalloy. Never-
theless, for a material, which does not contain de-
fects exceeding the resolution limit of conventional
defectoscopic methods, plausible constant fatigue life
diagram can be experimentally determined. For high
mean stresses and superimposed small stress amp-
litudes of frequency of 105 Hz an increase of lifetime
was observed. The dependence of ¢ on o, is non-
-monotonous. This observation corresponds to the old
experimental results showing a “nose” on ¢.-0mean
constant fatigue lifetime diagrams of heat resistant al-
loys in the high mean stress region [13, 14]. Because an
increase of relative time to fracture due to the influ-
ence of small stress amplitudes was reported also for
smooth and notched CMSX-4 and CM186LC single
crystals [9, 15], this seems to be a common feature
of the high temperature high-frequency loading of Ni-
-base superalloys.

The initiation mechanism of fatigue cracks in IN
713LC can be of three different types. Cracks may
start on casting defects either at the surface or in
the interior of a cast component and propagate right
from the beginning in a noncrystallographic manner
by Stage II mode in a plane nearly perpendicular to
the principal stress. This type of crack propagation
was observed in the case of presence of large casting
defects or shrinkage porosities, having usually dimen-
sions above the resolution limit of defectoscopic meth-
ods. No distinct features were observed on the Stage II
fracture surface. Indeed, the fatigue strength depends
on the defect size, which is further reflected by the
scatter of S-N data.

Basically, the most important crack initiation
mechanism is the Stage I cracking. This type of ini-
tiation is often in an apparent relation to the casting
pores or smaller defects, which are below the resolu-
tion limit of conventional defectoscopic methods. This
has been reported e.g. in [7] and corresponds to our
fractographic observation on IN 713LC, Fig. 8. On
the other hand, in many cases no apparent interac-
tion between the crystallographic facet and pores can
be detected. An example is shown in Fig. 12. Flat
crystallographic facet intersects the shrinkage porosity
without any sign of the development of a plastic de-
formed zone. Particularly the small pores (marked by
A and B) obviously cut by the crystallographic plane

Fig. 12. Crystallographic facet. A, B — small casting pores,
C — steps on the facet, D — shrinkage surface rising above
the plain of facet.

without any apparent strain concentration support the
idea of decohesion along this plane. Simultaneously,
no evidence of rubbing can be seen in Fig. 12. Sharp,
not damaged steps are visible at the fracture surface
(marked C) as well as parts of shrinkage surface rising
clearly above the plain of decohesion (marked by D).

Slip-band decohesion model has been proposed for
the explanation of the crystallographic crack growth
by Duquette et al. [7] more than three decades ago.
The Stage I fatigue cracking is based on the weaken-
ing of slip planes coplanar with the crack tip, and sub-
sequent failure proceeds by a combination of local nor-
mal and shear stress. The crack propagates along the
{111} plane. Obrtlik et al. [16] and recently Petrenec
et al. [17] studied the localization of the cyclic plastic
deformation in IN 713LC in a broad temperature in-
terval. They observed highly inhomogeneous disloca-
tion arrangement and development of dislocation-rich
slabs in the form of thin bands and ladder-like bands
parallel to the {111} planes passing through the
matrix and 4’ precipitates. Formation of persistent
slip bands running through the v matrix and +" pre-
cipitates both in dendritic and eutectic regions were
observed in single crystals of CMSX-4 and CM 186LC
at 850°C fatigued at high tensile mean stress [8]. Per-
sistent slip bands lying along the traces of the {111}
crystallographic planes producing a “zig-zag” path,
which may be the nucleus of a fatigue crack, were doc-
umented in [18].

The experimentally observed large scatter of S-N
data can be rationalized in the following way. The
crack initiation Stage I in many engineering alloys
terminates usually after some microns of propaga-
tion along the slip plane inclined approximately 45°
to the direction of the applied stress. Then follows
the transition to the Stage II propagation perpendic-
ular to the principle stress. In cast Ni base superalloys
typically occurs heterogeneous cyclic slip activity on
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the {111} planes. The dimension of active planes is of
the order of millimetres. Persistent slip bands repres-
ent weakened planes, which are suitable for decohe-
sion. The decohesion due to cycling results in a form-
ation of internal cracks which may substantially differ
by size. The dimension, orientation and the spacing
between the crystallographic facets (see Fig. 10) are
dependent on the microstructure and on the intens-
ity of the slip activity in the neighbouring persistent
slip bands. That is why the fatigue lifetime of particu-
lar specimens can vary substantially. The slip activity
on suitably oriented {111} planes may be supported
by larger casting inhomogeneities due to their stress
concentration effect. On the other hand, the persist-
ent slip band being once active, can intersect smaller
casting pores without any signs of additional plasticity
and the decohesion takes place in a manner shown in
Fig. 12. From this point of view the most decisive for
the crack initiation seems to be the slip activity in
persistent slip bands and their “length”; small cast-
ing defects, usually below the resolution limit of the
defectoscopic methods seem to be irrelevant to the fa-
tigue crack initiation.

5. Conclusions

The constant fatigue life diagram of IN713 LC has
been experimentally determined for temperature of
800°C and loading in laboratory air.

Small cyclic component of 105 Hz frequency super-
imposed on the mean stress is safe and does not reduce
the lifetime. The time to fracture even increases with
increasing stress amplitude. The reverse of this trend
is determined by the change of damage mode from
ductile to fatigue that occurs with increasing HCF
amplitudes.

High scatter of S-N data and experimental points
of constant lifetime diagram were explained by the
presence of casting defects and long Stage I fatigue
crack initiation. The fractographic observation sup-
ports the slip band decohesion model of crack initi-
ation and the decisive role of persistent slip bands in
fatigue crack nucleation.
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