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Planar-Biaxial Thermo-mechanical Fatigue Behavior
of Nickel-Base Superalloy Inconel 718 Under
Proportional Loading
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The planar-biaxial thermo-mechanical fatigue behavior of nickel-base superalloy Inconel 718
was studied for selected proportional loading conditions, in particular biaxial strain ratios of
1.0, 0.6, and � 1.0. The cyclic temperature loading with minimum and maximum temperatures
of 400 �C and 630 �C and a duration of 250 seconds was either In-Phase or Out-of-Phase to the
mechanical axes. Besides the multiaxial tests, uniaxial thermo-mechanical fatigue tests were
conducted In-Phase and Out-of-Phase with the same temperature cycle and cycle duration. The
performed thermo-mechanical fatigue tests were analyzed regarding the deformation and
lifetime behavior and compared with high-temperature isothermal low-cycle fatigue tests from a
previous work of the authors. On the side of the lifetime description, a strain- and a stress-based
approach were presented. For the planar-biaxial tests, the crack initiation mechanism and crack
paths were shown.
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I. INTRODUCTION

SUPERALLOY Inconel 718� (IN718) is a common
choice for many structural applications, which have to
be exposed to high temperatures up to approximately
650 �C and simultaneously applied mechanical loads.
These loads can cause damage to the material that
finally may lead to the failure of the component. Hence,
the knowledge of the resistance of the material is of high
interest. While many fatigue-related design decisions
rely on data of uniaxial quasi-static, isothermal (LCF),
and thermo-mechanical fatigue (TMF) tests, the influ-
ence of more complex and multiaxial fatigue loads, as
they occur in service of e.g., turbine disks, is not that
frequently investigated and described in detail. This
results in an absence of important design specifications,
calculation uncertainties, and thus additional added
safety factors.

Multiaxial loads often have a high influence on the
structural integrity of components. Calculations of
Waldren et al.[1] for fast rotating turbine disks showed
that high principal biaxial loads in the tangential and
radial directions occur. In their experimental investiga-
tions, quasi-static failure of a rotating steel disk
occurred under biaxial tension.
Due to non-constant loading conditions of such

multiaxially loaded components, for example, start-up
and shutdown procedures or different power demands,
the applied materials are consequently exposed to
complex multiaxial thermo-mechanical fatigue cycles.
For IN718, it was found that multiaxial fatigue

loading has a major influence on the TMF damage
and lifetime behavior.[2] Since fatigue crack initiation in
IN718 under TMF load is most likely to occur right at
or close to the surface,[3] the influence of service-relevant
multiaxial loading states at the surface on the
thermo-mechanical fatigue lifetime has to be studied.
On surfaces, a plane stress state is assumed and the
multiaxial loading state can be expressed by two
principal strain parameters on the surface plane e1 and
e2 and their orientations.
The type of biaxial loading is frequently expressed by

the biaxial ratio U (Eq. [1]) with a minimum value of
� 1, which is pure shear, and a maximum value of 1,
which describes equi-biaxial load.

U ¼ e2
e1

with e1j j � e2j j ½1�
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If the biaxial ratio U is constant and the principal
stress/strain system is not rotating over time within the
cycle, the fatigue load is considered proportional. Under
uniaxial load e1, the principal strain in the orthogonal
direction e2 is introduced by the materials’ transverse
contraction, calculated by the use of the Poisson ratio m
(Eq. [2]), which results in a biaxial ratio of U ¼ �m.

e2 ¼ �e1m ½2�

In rotating turbine disks, higher biaxial ratios U
occur. While most multiaxial investigations are per-
formed using tension–torsion setups, higher biaxial
ratios than that of the uniaxial case cannot be executed.
Although low biaxial ratios are relevant for many
applications, the influence of higher biaxial ratios than
U>� m on material behavior cannot be investigated
using those systems.[4] Here, a reasonable approach is
the usage of planar-biaxial setups, which are signifi-
cantly more complex than tension–torsion tests, but less
complex and cheaper than component-like spin tests. In
planar-biaxial setups, the usage of cruciform specimens
results in a non-trivial stress and strain distribution of
the specimen including its gauge area.

Although even planar-biaxial isothermal LCF tests at
room temperature, e.g., References 5 through 7, or
elevated temperature, e.g., References 4, 8 through 14,
are relatively rare, the superimposed temperature
changes of a temperature cycle additionally increase
the experimental effort substantially. Up to date, just a
few planar-biaxial TMF tests using cruciform specimens
were reported so far, for example, on steel[15,16] and
Waspaloy.[17]

In this work, the planar-biaxial TMF deformation
and lifetime behavior of two batches of Inconel 718 were
studied for a temperature interval of 400 �C to 630 �C
using cruciform specimens. In total, eleven mechanical
strain-controlled experiments were performed under
proportional loading conditions using biaxial strain
ratios U = � 1.0, 0.6, 1.0. The results were compared
with uniaxial TMF reference tests on the same materials.
The influence of the multiaxiality on the deformation
behavior and the lifetime was evaluated using a modified
approach based on the crack opening displacement
strain range approach of Itoh and Sakane et al.[18] and
the Crossland[19] equivalent stress amplitude. Addition-
ally, the crack initiation mechanism was investigated
and the crack paths of the main cracks were presented.

A. Lifetime Descriptions

For uniaxial mechanical strain-controlled TMF loads,
the lifetime Nf depends on the mechanical strain
amplitude �a;mech, which is the sum of the elastic �a;el
and plastic �a;pl strain amplitude (Eq. [3]). Also, the
correlation between the elastic �a;el and plastic �a;pl strain
amplitude with the lifetime is frequently expressed by
exponential functions like the Basquin[20] (Eq. [4]) and
Manson-Coffin[21–23] (Eq. [5]) approaches using the

materials Young’s modulus E and material lifetime
parameters rf0, b, �f0; and c.

�a;mech ¼ �a;el þ �a;pl ½3�

�a;el ¼
rf0

E
2Nfð Þb ½4�

�a;pl ¼ �f
0 2Nfð Þc ½5�

This lifetime description has previously been applied
to IN718 under TMF load. In a work of Sun and
Yuan,[2] which included uniaxial TMF In-Phase (IP)
and Out-of-Phase (OP) tests of IN718, the Man-
son-Coffin Basquin curves were found to be intersecting
at 0.6 pct mechanical strain amplitude or a lifetime of
around 1200 cycles[2] while cycling the temperature
between 300 �C and 650 �C with a cycle duration of
180 seconds. At higher strain amplitudes than 0.6 pct,
the lifetime of the IP tests was lower than for OP loading
and vice versa for lower strain amplitudes. Deng et al.[24]

performed uniaxial IP and OP TMF tests in a temper-
ature interval between 350 �C and 650 �C, which
resulted in lifetimes in the range of 70 and 3,000 cycles.
Here, the IP tests gained lower lifetimes for the same
mechanical strain amplitude compared to the OP tests.
The same effect was found by Nitta and Kuwabara[25]

with a point of intersection of around 104 cycles.
When the material is not only loaded uniaxially, but

multiaxially with more than one principal loading
direction, the influence of the change of the loading
condition on the lifetime has to be considered. For such
loading cases, many models use a strain and stress
tensor and calculate a load parameter, for example, a
stress, strain, or energy dimension. In some cases, this
load parameter is also scaled by an extra parameter to
make its value equivalent to an uniaxial load.
In this investigation, a strain-based lifetime correla-

tion, which is a modified version of the crack opening
displacement (COD) strain range approach of Sakane
et al.,[4,14,18,26] was applied to the experimental results.
This approach consists of an equivalent strain amplitude
eCOD;a (Eqs. [6] and [7]) by using the maximum principal
strain amplitude eI;a and the strain amplitude of the
second surface direction eII;a or the biaxial ratio U. The
influence of the multiaxiality is considered by the
parameter m0. One scaling parameter b is used to
transfer the loading parameter to an uniaxial equivalent.

eCOD;a ¼ b 2� Uð Þm
0
e�I;a ½6�

e�I;a ¼
eI;a for� 1 � U � 0

Uþ 1ð ÞeI;a for 0<U � 1

�
½7�

The model was previously applied to perform a
strain-based lifetime correlation of planar-biaxial LCF
results of IN718, presented by the authors in Reference
12.
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On the side of stress-based approaches, the Crossland
model[19] (Eq. [8]) was used to calculate an equivalent
stress of a multiaxial stress state. Here, the octahedral
shear stress amplitude Dsoct=2 and the maximum hydro-
static stress component rh;max within a cycle were used,
as well as a model parameter a.

ra;Crossland ¼ Dsoct
2

þ arh;max ½8�

This approach already showed a good lifetime corre-
lation for planar-biaxial LCF tests at temperatures of
400 �C and 630 �C for IN718 in another work of the
authors.[27] To perform the calculations, the multiaxial
stress distribution has to be known for the specimen.
Hence, finite element (FE) analysis is needed including a
proper deformation model.

II. EXPERIMENTAL DETAILS

A. Material

The studied batches of nickel-base superalloy IN718
were supplied in forged, solution annealed, and two-step
aged conditions. The heat treatment processes were
slightly optimized for their particular applications.
While this investigation focused on one material batch
of a gas turbine disk (material A), one test was
performed using the material of an aviation disk
(material B).

Quasi-static, uniaxial LCF, and planar-biaxial LCF
material properties of the batches at the minimum and
maximum temperatures of the TMF temperature cycle
of 400 �C and 630 �C were presented by the authors in a
recent study.[12] The results of warm-tensile tests showed
that the quasi-static strength of material B was slightly
higher compared to material A. The average grain size
of the batches with 8 lm, or 11 according to ASTM
E112, was comparable for both batches. Electron
Backscatter Diffraction (EBSD) and X-ray diffraction
(XRD) measurements revealed that there was no tex-
ture. Thus, for this investigation, an isotropic material
behavior was adopted.

B. Planar-Biaxial TMF Tests

In this investigation, eleven proportional mechanical
strain-controlled planar-biaxial TMF tests were per-
formed (Table I). Ten tests were conducted using
material A, and one was performed on material B.

The temperature cycle had minimum and maximum
temperatures of 400 �C and 630 �C. The constant cycle
duration of 250 s resulted in a constant temperature rate
of 1.84 K/s.

The two independent principal mechanical strains of
the surface plane in the gauge section e1 and e2 were
available for load control. Themechanical strain ratio for
each axis was Re ¼ �1. Regarding the mechanical cycles,
the same duration of 250 seconds and constant strain
rates were applied for each test. All tests were performed
with proportional multiaxial loading, specifically with

biaxial ratios U of � 1 (shear), 0.6, or 1 (equi-biaxial).
Different mechanical strain amplitudes eI;a and eII;a were
investigated, each resulting in slightly different strain
rates in combination with the fixed cycle duration. The
temperature cycles were either IP or OP relative to the
mechanical axes. In the case of the shear tests, the first axis
was IP and the secondOP. For the tests with biaxial ratios
U>0, both axes were either IP or OP.
The lifetime was defined by a drop of a force

amplitude of one of both axes of at least 10 pct relative
to a stabilized force amplitude. If no stabilization
occurred, a 10 pct drop relative to the beginning of the
turning point before failure was considered.
The planar-biaxial tests were carried out on a

servo-hydraulic test rig Instron 8800 (Figure 1(a)) using
cruciform-shaped specimens. The test rig contained two
orthogonal axes I and II with four independently
controllable actuators with a maximum axial force
capacity of 250 kN.
The cruciform specimens had four arms with clamp

sections, a ring, and a gauge area in the center. From the
end of one arm to the opposite one, the length was
196 mm. The gauge area had a thickness of 1.6 mm and
a diameter of 15 mm. Various biaxial strain states were
applied in the gauge area by radial forces acting on the
specimen’s arms. The planar-biaxial strain state was
measured using a planar-biaxial extensometer with
high-temperature ceramic rods (Figure 1(b)) with a
gauge length of 12.5 mm. The temperature was mea-
sured by a thermocouple type K spot-welded in the
specimens’ center on the side of the extensometer. The
heat was induced on the other side of the specimen using
an induction coil, which was powered by a high-fre-
quency generator. To gain higher cooling rates, the
clamps were continuously water-cooled.
Since the mechanical strain of both axes had to be

accessed for the performance of TMF tests and only the
total strain can be measured, the total strain had to be
compensated by the thermal strain induced by the
temperature changes. Therefore, the thermal strain was
fitted during multiple temperature cycles as a function of

Table I. Planar-Biaxial TMF Test Parameters[28,29]

No Mat

Normalized
Principal

Mechanical
Strain

Amplitudes Biaxial
Strain
Ratio U

Temperature Phase
Shift to Mechanical
Axes I and II

eI;a[pct] eII;a[pct]

1 A 0.535 0.535 1 IP
2 A 0.535 0.535 1 OP
3 A 0.467 0.467 1 IP
4 A 0.883 0.883 � 1 IP, OP
5 A 0.500 0.500 1 OP
6 A 0.500 0.500 1 IP
7 A 1.000 1.000 � 1 IP, OP
8 A 0.400 0.400 1 IP
9 B 0.683 0.410 0.6 OP
10 A 0.400 0.400 1 OP
11 A 0.603 0.362 0.6 OP
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temperature by a polynomial for each axis, while the
specimen was in a forceless condition. Later in the
planar-biaxial TMF tests with mechanical load, the
thermal strains were continuously subtracted from both
total strains to obtain themechanical strains of both axes.

For an evaluation of the temperature distribution
within a temperature cycle and additional numerical
analyses, the dynamic heat field of a black-painted
specimen was measured using a thermal camera.

The planar-biaxial high-temperature setup and the
cruciform fatigue specimens were already the subject of
previous investigations on IN718, but also of other
superalloys and steels. A first equi-biaxial thermo-me-
chanical in-phase fatigue test was already performed
successfully on the superalloy Waspaloy using the same
setup by Kulawinski et al.[17]

C. Uniaxial Reference TMF Tests

Uniaxial mechanical strain-controlled TMF tests were
performed IP and OP with various mechanical strain
amplitudes with a constant strain ratio Re ¼ �1. To
gain a wider database of TMF tests, the same temper-
ature cycle with peak values of 400 �C and 630 �C was
chosen, as well as the cycle duration of 250 seconds was
kept constant. All tests were conducted using IN718 of
batch A.

In this uniaxial setup, only one mechanical strain was
measured and controlled. The transverse strain of the
surface was calculated by an effective Poisson ratio m
and a rule-of-mixture (Eq. [9]) proposed by Bannatine
et al.,[30] while the plastic Poisson ratio mpl was set to 0.5
and the elastic Poisson ratio mel was provided by the
material supplying companies. The resulting biaxial
ratios of the uniaxial TMF tests were slightly different
from each other and in a range of
U ¼ �m � �0:3 . . .� 0:5.

m ¼ meleel þ mplepl
eel þ epl

½9�

The tests were performed using a servo-hydraulic
universal testing system MTS Landmark 100 accord-
ingly to ASTM-E2368. The uniaxial specimens had a
gauge length of 16 mm and a gauge diameter of 7 mm.
Heating was performed inductively, and the strain was
measured using a high-temperature extensometer with a
gauge length of 12 mm.

III. RESULTS AND DISCUSSION

A. Temperature Distribution of the Cruciform Specimens

The dynamic temperature fields of a temperature cycle
are shown in Figure 2 at the times of the maximum and
minimum temperature. Due to the water-cooled clamps,
the specimens conducted the heat from the specimens’
centers through the arms into the clamp sections.
The thermal gradient induced slightly compressive

mean stresses in the center by a thermal expansion
gradient.
Focusing on the gauge area, the temperature distri-

butions at the highest tested temperature of 630 �C
along three different paths, which are drawn in
Figure 2(a), are presented in Figure 3. The indicated
temperature drop in the center was induced by the
welded thermocouple, i.e., by its geometry in combina-
tion with the lower heat emission coefficient, and is
therefore not relevant. Because the emission coefficient
of the black-painted specimen was adjusted to match the
temperature measured by the thermocouple, the real
temperature values could slightly differ from the mea-
sured one. Nevertheless, the homogeneity of the tem-
perature field within the gauge area with a gradient of
12 K at 630 �C was found to be suitable for the
conduction of TMF tests. Additionally, the tempera-
tures were low enough that they did not yield relevant
local temperature-induced phase transformation of c00-
to d-phase for the subjected test times.

(a) (b)

Fig. 1—(a) Planar-biaxial test rig (a) in the clamping section with a mounted cruciform specimen and removed induction coil and (b) with focus
on the gauge area from the other side with the applied induction coil. The blue lines with two applied ceramic arms mark the axes (Color
figure online).
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The temperature homogeneity of the gauge area was
analyzed in depth with multiple thermocouples welded
on the front and back side and a thermal camera by
Kulawinski et al. for isothermal[9] and thermo-mechan-
ical[17] planar-biaxial fatigue testing using the same setup
and a cruciform specimen of Waspaloy. In these
investigations, the difference between two thermocou-
ples on the front and back side was lower than 3 K and,
thus, the setup was found to be suitable for TMF
testing.

B. Cyclic Deformation Behavior

1. Uniaxial tests
The curves of the normalized stress amplitudes over

the number of cycles for the uniaxial TMF-IP and OP
tests are shown in Figure 4. For both loading cases, the

material showed pronounced cyclic softening. While the
softening effect got weaker with increasing number of
cycles, a stabilization of the stress amplitudes occurred
only for lower mechanical strain amplitudes �a � 0:91
pct (normalized) for IP loading.
The softening behavior of IN718 was comparable to

the results of the investigations of Deng et al.[24] for
uniaxial TMF tests between 350 �C and 650 �C as well
as to the tests in a temperature interval of 300 �C and
650 �C of Sun and Yuan.[31]

In Figure 5, the IP and OP TMF tests of a certain
mechanical strain amplitude are compared with LCF
tests of the maximum and minimum temperature of the
same mechanical strain amplitude. Here, the stress
amplitudes of the TMF-IP and -OP tests were between
the isothermal tests. At high mechanical strain ampli-
tude (Figure 5(b)), the stress amplitudes were closer to
amplitudes of the LCF tests of the maximum temper-
ature. Besides that, the stress amplitudes of the IP and
OP tests were comparable with each other for the
majority of the cycles.
The normalized mean stresses vs. the number of cycles

are presented in Figure 6. In contrast to LCF tests,[12]

the material developed significant mean stresses over the
number of cycles. For the mechanical strain-controlled
tests, the mean stresses were negative for IP and positive
for OP loads. In addition, the absolute values were
increasing over the number of cycles. It is worth
mentioning, that the tests of the highest mechanical
strain amplitudes had lower absolute mean stress values
in the first cycles in comparison to their lower
counterparts.
The same trend of the mean stress development was

also presented in investigations by Deng et al.,[12] Sun
and Yuan,[31] and Schlesinger et al.[32]

2. Planar-biaxial fatigue tests
The normalized force amplitudes of the planar-biaxial

TMF tests are presented in Figure 7. Although only the
reaction forces applied on the specimens’ arms were

(a) (b)

Fig. 2—Temperature distribution of a cruciform specimen within a TMF cycle at its peak temperatures of (a) 630 �C (including measurement
lines for Fig. 3) and (b) 400 �C. The specimens’ geometrical contours are overlaid. In the gauge area, the temperature was higher than in the
specimens’ arms. In the center, the spot-welded thermocouple is visible.

Fig. 3—Temperature gradient along three different paths (presented
in Fig. 2) in the gauge area.
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measurable and the stresses are not that easily accessible
without the utilization of numerical simulations, the
decrease of the force amplitudes over the number of
cycles showed the cyclic softening behavior under
planar-biaxial TMF loading. For equi-biaxial loads,
the force amplitudes of both axes were overall similar,
what was expected due to the symmetrical loading
conditions.

In the shear case, the stress amplitudes of both axes
were different from each other (Figure 7(c)). The axis
which applied positive strain in the tensile direction in
the first cycle had a higher force amplitude throughout
the whole test, whereas the strain amplitude of the
second axis was lower. In comparison to the equi-biaxial

load, the shear load caused significantly lower force
amplitudes, even for the higher mechanical strain
amplitudes in each axis.
Such an influence of multiaxiality was also reported

for planar-biaxial LCF tests at 400 �C and 630 �C
performed by the authors.[12] This deformation behavior
can be explained by common equivalent stress hypothe-
ses, like that of von Mises. Here, under shear loading,
the stresses are lower since no hydrostatic stresses exist.
The normalized mean forces of the planar-biaxial

TMF tests are presented in Figure 8. In the tests with
biaxial ratios / of 1.0 and 0.6, both axes of a test were
either IP (Figure 8(a)) or OP (Figure 8(b)) relative to the
temperature cycle. Here, the same mean stress

(a) (b)

Fig. 5—Comparison of IP- and OP-TMF and isothermal LCF tests at temperatures of 400 �C and 630 �C with normalized mechanical strain
amplitudes of (a) 0.75 pct (low) and (b) 1.33 pct (high). The LCF tests had a constant strain rate of 10–3/s. Data were taken with permission
from Refs. [28, 29].

(a) (b)

Fig. 4—Normalized stress amplitudes vs. the number of cycles of the uniaxial TMF tests under (a) in-phase and (b) out-of-phase loading. The
labels indicate the normalized mechanical strain amplitudes. Reprinted and modified with permission from Refs. [28, 29].
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development as in the uniaxial TMF tests can be noticed
with negative mean forces for the IP load and positive
mean forces for the OP load. In addition, for the tests
with a biaxial ratio / of 0.6, both axes developed a
similar trend.

Regarding the shear tests with a biaxial ratio / of
� 1.0 (Figure 8(c)), one axis was IP and the other OP
with the temperature cycle. While the OP axis showed a
positive mean force development, the IP axis started
with a negative mean force, which was also slightly
increasing over the number of cycles. The shear test with
a normalized mechanical strain amplitude of 0.883 pct
was interrupted and restarted, which resulted in the
negative offset of the mean forces, but had only a small
influence on the force amplitudes (Figure 7(c)).

C. Fatigue Lifetimes

1. Uniaxial loading
The lifetimes of the uniaxial TMF tests are presented

in Figure 9(a) together with data of isothermal LCF
tests at 400 �C and 630 �C on the same material,
presented in another investigation by the authors.[12]

At high mechanical strain amplitudes, the IP tests had
lower lifetimes than the respective OP tests. Here, the
lifetimes of the OP tests were around the lifetime of the
630 �C LCF tests. For low amplitudes, the OP tests had
lower lifetimes than the equivalent IP tests. The point of
intersection was found to be close to a lifetime of around
1000 cycles. The lifetimes of the 400 �C LCF tests were
higher than the TMF tests in all studied cases. Never-
theless, the higher lifetimes of the TMF-IP tests tended
to be between the lifetimes of the isothermal fatigue tests
of both temperatures.

The results are similar to the results of the investiga-
tions of Sun and Yuan,[2] Deng et al.,[24] and Nitta and
Kuwabara.[25] In all investigations with a mechanical
strain ratio of R� ¼ �1, the IP tests gained lower

lifetimes for high mechanical strain amplitudes com-
pared to the OP tests. The same behavior was also found
for other polycrystalline superalloys, such as Nimonic
90[33] or MAR-M247 LC.[34]

In superalloys under TMF loading, the number of
cycles to facture is mainly driven by crack propaga-
tion.[35,36] A possible explanation for the different
behaviors of the two TMF cases is that in the low
lifetime regime, crack propagation under IP loading is
higher than under OP loading. This was demonstrated
for a temperature cycle between 427 �C and 649 �C with
IP and OP loading and a strain range of 1.15 pct by Kim
and Van Stone,[37] and additionally for superalloy
RR1000 by Pretty et al.[38]. In the high lifetime regime,
this effect may not be the dominant factor, whereas the
developed mean stresses (Figure 6), higher oxidation
damage, and a lack of crack closure could be more
relevant for lifetime reduction of the OP tests.[39]

In the Manson-Coffin plot with the plastic strain
amplitude calculated at half lifetime (Figure 9(b)), a
non-linearity in the double-logarithmic relation was
found like it is well-known for uniaxial LCF tests at
temperatures of 427 �C or lower.[40,41] Hence, the TMF
lifetimes were fitted using a dual-slope Coffin-Manson
approach and slightly different Basquin parameters. At
higher lifetimes or lower mechanical strain amplitudes, a
change of the Manson-Coffin exponent c to more
negative values occurred. Like for LCF tests, this effect
can be explained by a transition of the materials’
deformation behavior.[40,41] The deformation is sup-
posed to be homogeneously distributed in the
microstructure for higher strain amplitudes, while for
lower ones, the plastic deformation occurred only in
selected grains.[41]

The Manson-Coffin exponents c of the OP tests were
more negative than the IP counterparts for the same
lifetimes. The trend of the different exponents can
furthermore be found in the investigations of Sun and

(a) (b)

Fig. 6—Normalized mean stress vs. the number of cycles of the uniaxial (a) IP- and (b) OP-TMF tests. Data were taken with permission from
Refs. [28, 29].
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Yuan.[2] Interestingly, the lifetimes of the OP tests at
higher strain amplitudes and the IP tests at lower strain
amplitudes could be fitted with one Coffin-Manson fit,
what can be explained by a common fatigue mechanism
responsible for the lifetime determination. Besides that,
one OP test at high lifetime was in line with this
description.

The Basquin parameters were fitted for each interval
and differed slightly from each other, mainly due to
scattering.

Besides of the ability to fit the lifetime for each test
condition using the Manson-Coffin and Basquin
approach, the mechanical strain amplitudes were not
sufficient to describe the influence of the different
temperatures under LCF loading and the impact of
the TMF loading conditions, as also observed for other

superalloys, such as René 80.[42] To integrate the
influence of various temperatures on the lifetime calcu-
lation, other approaches have to be considered, also to
take non-symmetrical nature of environmental TMF
damage into account, as reported by Lancaster et al.[43]

Besides that, also a Basquin life equation was used for
the prediction of longer TMF tests for RR1000[44,45] in
combination with a crack growth model, while different
phase shifts between axial strain and temperature were
tested.
While a complete model including the temperature

influence has still to be developed or adapted, the
uniaxial description could be suitable to evaluate the
influence of the multiaxial loading on the TMF lifetime,
while the main TMF parameters are hold constant.
Focusing on the multiaxial material behavior, the
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Fig. 7—Normalized force amplitudes of the planar-biaxial TMF tests with (a) IP loading, (b) OP loading, and (c) shear with IP and OP loading.
For each test, the force amplitudes of both axes are drawn in a similar color. Three of four equi-biaxial IP tests were aborted by extensometer
displacement, marked with arrows. Reprinted and modified with permission from Refs. [28, 29] (Color figure online).
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influence of the strain or temperature rate on the lifetime
was not investigated due to the constant cycle duration
of 250 seconds. The influence of shorter cycle durations
on the lifetime will be presented in a further study.

2. Multiaxial loading
Out of the eleven proportional planar-biaxial TMF

tests, eight tests were performed until the end of the
lifetime with the initiation of a visible technical crack.
Among the four equi-biaxial IP tests, three tests were
interrupted by an unintended displacement of exten-
someter arms on the specimens’ surface throughout the
tests with no visible technical cracks initiated.

Regarding a strain-based lifetime description, the
modified COD strain amplitudes vs. lifetimes are shown
in Figure 10(a). For the description, two different param-
eter sets were used, one for the low and the other for the
high lifetime regime. The transition between the two sets

was at 1600 cycles. The equivalent strain amplitude was
then used in combination with the uniaxial IP and OP
Manson-Coffin and Basquin fit, to predict the lifetime
(Figure 10(b)). The shear tests were predicted using the
uniaxial OP Manson-Coffin and Basquin fit.
The model correlated the planar-biaxial and uniaxial

tests ofU � �m nearby the corresponding uniaxial IP and
OP tests and yielded a conservative lifetime prediction,
besides of one equi-biaxialOP test, whichhadaprediction
deviation of 3. The interrupted equi-biaxial IP tests were
not over-predicted. Regarding the shear tests, the life-
times were conservative compared to both the uniaxial IP
and OP tests. Even if no uniaxial TMF reference data of
material B were available, the lifetime description was
comparable with the results of material A.
Using FE simulation, a coupled deformation model

was considered to describe the cyclic material effects
subjected to different uniaxial and multiaxial loading

φ=1
φ=1
φ=1
φ=1

φ=1
φ=1
φ=1

φ=0.6
φ=0.6

φ=−1
φ=−1

(a) (b)

(c)

Fig. 8—Normalized mean forces of the planar-biaxial (a) IP, (b) OP, and (c) shear TMF tests. For each test, the force amplitudes of both axes
are drawn in the same color. Reprinted and modified with permission from Refs. [28, 29] (Color figure online).
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conditions. In detail, the model consisted of the
approaches of Chaboche for the kinematic hardening,
Perzyna for the rate dependency, and Voce for the
isotropic hardening. The material parameters of the
deformation model were calibrated on uniaxial isother-
mal CLCF tests and were already used for the deforma-
tion calculation of planar-biaxial LCF tests.[27] With this
model, the deformation behavior of the tests was simu-
lated until stabilized force amplitudes were calculated.

Considering the planar-biaxial TMF tests, the stress
and strain distributions were calculated for one equi-bi-
axial IP and OP until stabilization with the same
parameter set.

With the calculated stress distribution of the gauge
area, the lifetime of the uniaxial, one equi-biaxial TMF,
and LCF tests at 630 �C were correlated using the
Crossland equivalent stress amplitude with a precision
of factor 3 (Figure 11). One equi-biaxial TMF-IP test,
which was a run-out, could have been non-conserva-
tively predicted.
As an alternative stress-based equivalent, the model of

Sines et al.[46] was tested without satisfactory correla-
tion. Also, the energy-based model of Smith–Wat-
son–Topper[47] was not successfully applied regarding
a multiaxial TMF lifetime prediction.

(a) (b)

Fig. 9—Uniaxial TMF lifetime with fits for IP and OP loading (a) in comparison to LCF tests of 400 �C and 630 �C of the authors[12] and (b)
Coffin-Manson plot with the normalized plastic strain amplitude vs. lifetime. Data were taken with permission from Refs. [28, 29].

(a) (b)

Fig. 10—(a) Normalized modified COD equivalent strain amplitude vs. lifetime of all TMF tests using two different parameter sets. Regressions
of the equi-biaxial IP and OP tests are close to the uniaxial lifetimes. (b) Predicted vs. experimental lifetime for all TMF tests of material A.
Data were taken with permission from Refs. [28, 29].
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Multiaxial non-proportional TMF loading conditions
were not investigated in this work. For such loading
conditions, the presented approaches with amplitudes of
scalar values are most likely not suitable. The influence
of more complex non-proportional planar-biaxial TMF
loading conditions on the deformation and lifetime
behavior of IN718 may be the subject of further
investigations.

D. Crack Initiation and Crack Paths

The paths of the cruciform specimens’ main cracks
and their initiation positions are presented in Figure 12.
Fatigue crack initiation occurred within the gauge area
or at the beginning of the first radius at the surface. For
three out of four equi-biaxial IP tests with the numbers
1, 3, and 8, no crack was visible.

For many tests, more than one fatigue crack initiation
position was observed in the main crack surface, as
presented for two cruciform specimens in Figure 13.
Interestingly, the most initiation locations on the main
cracks were found for the OP tests with a biaxial ratio /
of 0.6 when the main cracks grew along the first radius.
Regarding the other tests, less fatigue crack initiation
sites were detected. In some tested specimens with
technical cracks, no exact crack initiation position was
found, like for specimen no. 10.

Due to the different oxidation colors of the crack
surfaces, some information may be gathered regarding
the temperature and time exposure. While some initiated
cracks or positions were most likely to be exposed for
longer times at high temperatures, like the right crack
with a darker color in Figure 13(a), other positions or
cracks were not that long exposed and had a brighter
color. Here, the initiation sites at the beginning of the
radius of the OP tests with a biaxial ratio / of 0.6 had

the darkest color and therefore probably the cracks
which were initiated first.
Crack initiation, also of secondary cracks (Figure 14),

took place at non-metallic inclusions in the surface area
as previously reported for room and high-temperature
fatigue tests.[48–51] In the presence of elevated tempera-
tures, the oxidation of carbides resulted in a volume
expansion and caused substantial deformation of the
surrounding matrix.[48] In the case of the occurrence of
multiple fatigue crack initiation spots on the main crack,
a combination of the separate cracks had to occur.
These positions were visible as step-like structures
(Figures 13(a) and (b)).
The initiation of multiple secondary cracks at carbides

supports the assumption, that the crack growth phase is
the most relevant phase for the TMF lifetime determi-
nation, compared to the initiation process, as reported
by References 35, 36.

(a) (b)

Fig. 11—(a) Normalized Crossland equivalent stress amplitude vs. lifetime for material A for the tests with performed simulations and (b)
predicted vs. experimental lifetime. Uniaxial and planar-biaxial LCF tests were taken from another publication of the authors,[12] and data were
taken with permission from Refs. [28, 29].

First radius

Plane gauge area  

Fig. 12—Crack paths of the main cracks of the cruciform TMF
specimens. The mechanical axes are labeled I and II. Positions of
fatigue crack initiation are marked by ‘‘x.’’ Reprinted and modified
with permission from Ref. [29].
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IV. CONCLUSIONS

The proportional planar-biaxial TMF behavior of
Inconel 718 was investigated for various biaxial ratios U
for a temperature cycle with minimum and maximum
temperatures of 400 �C and 630 �C, respectively. The
main conclusions of this investigation are as follows:

� IN718 showed cyclic softening under proportional
TMF loading.

� Axes under IP loading developed negative and axes
under OP loading had positive mean stresses.

� An equivalent strain amplitude based on a modified
model of Itoh et al.[14,18,26] yielded a satisfying
lifetime prediction for the tests with a biaxial ratio
U � �m in combination with the uniaxial Man-
son-Coffin and Basquin IP and OP fits. The shear
tests were predicted too conservative.

� The Crossland equivalent stress amplitude was a
successful parameter for a stress-based TMF lifetime
correlation. Here, the TMF lifetimes of two simu-
lated planar-biaxial and uniaxial TMF tests were
correlated by the uniaxial LCF fit at 630 �C, which
was the cycles’ maximum temperature.

� Initiation of fatigue cracks occurred at the gauge
areas’ surfaces at non-metallic inclusions.
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permission from Ref. [29]) and (b) No. 4 (shear, TMF, material A).

(a) (b)
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