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Abstract
Sustained loads have for some Ni-based superalloys been shown to give rise to
increased crack growth rate at elevated temperature. Such loads generate a history
dependent fatigue problem due to weakening and cracking of grain boundaries
during dwell times, later broken apart during subsequent load cycles. So far most
studies have focused on the interaction of load cycles, overloads, and temperature.
However, vibrations of different kinds are to some extent always present in
engine components, and an investigation of how such loads affect the dwell time
cracking, and how to incorporate them in a modelling context, is therefore of
importance. In this paper a study of the most frequently used gas turbine material,
Inconel 718, has been carried out. Mechanical crack propagation testing has
been conducted at 550◦ C for surface cracks with and without the interaction
of superimposed vibrational loads. Subsequent investigation of the fracture
behaviour was performed by scanning electron microscopy and the modelling
work has been conducted by incorporating the vibration load description within
a history dependent crack growth law. The obtained results show reasonable
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accuracy with respect to the mechanical test results.
Keywords: Dwell times, vibrational load, Crack growth modelling, Inconel 718,
High temperature
1. Introduction
Crack growth in Ni-based superalloys at elevated temperature has been seen to
be heavily influenced by the load mode the material it is subjected to. Depending
on the loading frequency, a significant difference can be seen in the crack growth
behaviour. For more rapid cyclic loading, transgranular growth is dominating
(as for most other metallic materials). However, this is not the case for lower
frequencies (i.e. dwell times) and sustained loads, which have been seen to
cause intergranular crack growth, see e.g. [1]. The latter situation has also been
shown to give rise to an increased growth rate per load cycle, see e.g., [2] where
examples of this can be found for Inconel 718. Several other studies over the past
decades have also shown the same phenomenon for different temperatures and
alloy compositions, see e.g. [3–12].
Much resources have been put into investigating the reason behind this dwell
time effect, but a complete description of the damage process has still not been
found. A number of theories have been developed, the two most commonly
referred to being dynamic embrittlement (DE), see [1], and stress accelerated
grain boundary oxidation (SAGBO), see [13]. Models for describing the damage
are either physically based ones, where an actual damage mechanism is described
in order to handle the crack growth behaviour, such as in [14], or of a more
phenomenological nature e.g. [15–17]. A third type has also been seen which
combines the two (physical and phenomenological) for describing the history
dependence. Examples of this can be found in [18, 19] which partially use input
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from FE simulations and in [2, 20] which are solely based on LEFM.
Studies of other load types than dwell time at max load have not been frequently seen. Some works have focused on overloads in combination with dwell
times, see e.g. [5, 21–25], load spectra with dwell times, see e.g. [20, 26, 27],
and thermo-mechanical crack growth with dwell times, see e.g. [19, 28–31].
Few studies have focused on one of the most common situations in an engine
environment, namely how vibrations affect the dwell time crack growth. Such
loads are present in the daily operating environment of land-based gas turbines as
well as aero engines, and have been shown to be a cause of fatigue and component
failure. How they affect the crack growth during dwell times (or sustained load)
in a high temperature environment is, however, relatively unknown.
Crack growth under vibrational load at elevated temperature has been studied
in e.g. [32] for Inconel 718 and in [33] for the Ni-based single crystal alloy PWA
1484. Both showed elevated crack growth for a superimposed vibrational load
on the dwell time load. Limited to only these few experimental studies, there is
a need for more investigations regarding how the growth mechanism, e.g. the
intergranular/transgranular relation, depends on the vibrational load, and of how
to model the vibration and dwell time interaction.
To contribute to this important, but still relatively unknown subject, an investigation of how the Ni-based superalloy, Inconel 718, is affected by superimposed
vibrational loads on dwell times is reported in this paper. Mechanical crack propagation experiments for various loading conditions with and without vibrational
loads, the latter for comparison reasons, have been conducted at 550◦ C. Following these experiments an investigation of the crack paths by scanning electron
microscopy to investigate the crack growth mechanism was performed. Further,
the effect of vibrational loading on dwell times has been modelled by using the
3

physically motivated phenomenological history dependent LEFM crack growth
model presented in [2, 20, 27, 31, 34].
2. Experiments
2.1. Method
Fatigue crack growth tests were performed in load control, at 550◦ C on Kbtype (surface crack) specimens (rectangular cross section of 4.3 × 10.2 mm)

of Inconel 718 (bar material), heat treated according to AMS 5663 standard,
with an approximate grain size of 10 µm. To achieve a constant and stable
temperature throughout the test a resistance furnace with 3 heating zones and
thermocouples in contact with the specimen was used. The initial notch was
created by electro discharge machining (EDM), and the subsequent pre-cracking
was done at room temperature using a 10 Hz sine load with σmax = 650 MPa and
Rσ = 0.05 according to ASTM E647 [35]. Crack growth was monitored by direct
current potential drop (DCPD), while the subsequent stress intensity factor (SIF)
evaluation was done by assuming a semi-circular crack front [36]. In all tests the
point of consideration was the deepest point of the crack geometry, for which
the cracked area was evaluated through a pre-defined calibration curve based on
temperature induced beach marks under a cyclic load of 0.5 Hz for which post
mortem measurements of crack length and PD values were correlated with each
other.
2.1.1. Evaluation procedure
The use of a pre-defined calibration curve based on cyclic loading has been
proven to be an effective method for evaluating the effect of material damage
(weakening and embrittling of grain boundaries) caused by dwell times, here
4

denoted damaged zone. Comparison between some different evaluation methods
can be found in e.g. [12], where it was shown that the one used in this paper is
beneficial for dwell time crack growth.
2.2. Tests
Several test types were chosen to investigate the vibrational load interaction
on dwell time crack growth, where information regarding the crack growth on a
microstructural scale, and growth rates for model calibration, were to be gained.
The first test type consisted of a dwell time without any load reversals, i.e. sustained load, while the second one consisted of an identical sustained load with
a superimposed vibrational load of constant amplitude and a frequency of 10
Hz. For these tests, centered around the same mean stress value of 650 MPa, a
fixed ∆K value was chosen for a crack length of 2.5 mm (i.e. close to the end of
the test), defining the constant Rσ value used throughout the tests. These were
√
chosen to be at three levels, namely, ∆K =1, 3 and 5 MPa m. Next, a 2160 s
(1/10 of a transatlantic flight of 6 h) dwell time test was used to see the influence
of larger load reversals; here a Rσ = 0.05 load reversal was applied between each
cycle. Fourthly, the same 2160 s test type was used but with a superimposed
√
vibrational load, here only 1 test of ∆K 3 MPa m was performed. The load
reversal frequency for the major load cycles in the latter 2 test types was set to
0.5 Hz, while a load frequency of 10 Hz was used for the vibration load.
The next test type was developed in order to gain information of how the
material damage is affected by a larger cyclic load with Rσ = 0.05. This test type,
denoted mixed test, was initiated by a cyclic block followed by a sustained load
block, and finally ended by a cyclic block. The crack lengths for when to switch
block type were chosen based on experience; a more detail description about this
5

test type can be found in [2]. A similar mixed test type was then developed to
see the influence of vibrational load, e.g. the effect on the damaged zone length.
This type was set up in the same way, except for the first cyclic block which
was removed. On the sustained load a vibrational load was added (as previously
√
described), here also with ∆K=3 MPa m to give a good comparison with the rest
of the tests. Finally 1 cyclic test with Rσ = 0.05 and a load frequency of 0.5 Hz
was performed.
The different test types are illustrated in Fig. 1, while all tests are summarised
in Table 1. All test specimens originate from the same batch. Worth noting is,
that in [25] a study was carried out showing the influence of scatter in dwell
time and cyclic loading, which showed substantial scatter between batches with
respect to dwell time effects. For cyclic loads on the other hand, almost no scatter
between batches was found. Please note that the scatter was seen as a difference
in appearance between the crack growth rates vs. SIF, and that dwell time damage
was present in all tests, see also [37].
3. Experimental results
3.1. Dwell times with vibrational load
Results from the dwell time tests containing a superimposed vibrational load,
i.e. tests 03, 04, 05 and the first part of test 09, are seen in Fig. 2. An initial
transient was present in the beginning of each test, followed by a steady state
growth until (except for test 03 with R = 0.975) the crack growth increased when
closing in on the final crack length. This behaviour is not unusual for fatigue
tests in general, what differs from these is that the crack growth initiates from ∆K
√
levels as low as 0.4 MPa m, indicating the presence of dwell time damage from
the beginning. A cyclic growth seems unlikely at these low ∆K values. More
6

likely is that a ∆Kth value for cyclic crack growth to occur is located somewhere
√
√
between 1 MPa m (where test 03 ends) and 2.5 MPa m where the increased
crack growth rate for test 04 was seen. The motivation for the cyclic threshold
value is given in Section 3.2.
3.1.1. Incubation time
An incubation time was observed before the steady state crack growth commences, which also implies that the test started by a “dwell time” growth. The
incubation time behaviour related to dwell time crack growth has been studied
previously, see e.g. [2, 25, 38], where it was found to most likely be related to the
orientation of the crack through the grain boundaries when they begin to crack.
3.2. Effect on the damaged zone due to vibrational load
The mixed tests were used to investigate the effect of vibrational load on dwell
time cracking and in what way the damaged zone is affected. An evaluation of the
length of the damaged zone for the mixed tests with and without vibrational load
is seen in Fig. 3, where tests 08 and 09 are compared with test 10 (cyclic test)
for baseline data. It is seen that the damaged zone was reduced from its original
value of 0.5 mm for the dwell time test to 0.3 mm for the dwell time test with
superimposed vibrational load, thus indicating that the growth of the damaged
zone to some extent was restricted by the vibration cycles. Consequently, the
cyclic threshold value must have been overcome in order for the cyclic crack
√
growth to occur, where it in addition most likely is larger than the 0.4 MPa m
for test 04 as discussed previously.
Measurements of the damaged zone length have been conducted in many other
studies, and has been shown to depend on temperature and plane stress/strain
state. In [12] it was observed that heavy tunneling was present, indicating that
7

plane stress (reduced constraint) reduced the damaged zone length during the
sustained load tests. The equivalent stabilised length of 0.5 mm was in similar
studies, e.g. [2], shown to be valid for 550◦ C and the triaxial stress state found in
a Kb-specimen.
3.3. Dwell time crack growth rate
The crack growth rates for the dwell time tests without any vibrational load
are shown in Fig. 4 together with the dwell time tests including vibrational load
and the dwell time part of the mixed tests (with and without vibrational load).
As can be seen, the maximum crack growth rate of all tests, was the level set
by the pure sustained load tests. For the 2160 s tests it was noted that the major
load reversals reduced the growth rate, as the crack needs to re-orient through
the grain boundaries and sharpen itself from crack tip blunting after it has been
subjected to a load reversal significantly larger than that of the superimposed
vibration cycles, see also [24, 25]. Note that for the 2160 s tests the crack growth
rate is represented by 1 load cycle, i.e. the ramp-up, dwell time and ramp-down.
4. Microscopy
A Hitachi SU70 FEG analytical scanning electron microscope (SEM), operating at 1.5 – 20 keV, was used together with Electron Channelling Contrast
Imaging (ECCI) [39] to get high quality, high contrast pictures of the typical
microstructure.
When looking at the crack path of the four tests 03, 04, 05, and 07 in Fig. 5,
some similarities can be seen. In general all samples show intergranular crack
growth. Figs. 5a, b and d show more severe plastic deformation, than in Fig.
5c. What is also notable is how the crack branch lengths seem to increase when
8

the load ratio R is increased. This could mean that tests 03 and 04 with the
longer crack branches result in more dwell time damage and as the R value is
decreased as in test 05 the damage would be more cyclic. Even though the tests
show different cracking and damage mechanisms, they might give the same total
damage, i.e. result in the same crack growth rate as seen in Fig. 4.
When looking at the different crack tips a change in crack growth can clearly
be seen in Fig. 6, where Fig. 6d shows a quite sharp crack tip of test 07 (the 2160
s test with a vibrational load ratio of R = 0.93). That crack tip’s lightly pinched
look could be the effect of a load cycle. In Fig. 6a the dwell time test with a load
ratio of R = 0.975 shows some similar behaviour, but when looking at the dwell
time test with a vibrational load ratio of R = 0.93 in Fig. 6b, a more serrated
crack growth can be seen. More importantly, a transition in crack appearance
can be seen as the crack tip starts to show blunting. The blunting phenomenon is
clearly shown in Fig. 6c, where the crack tip of test 05, the dwell time test with
a load ratio of R = 0.88, is shown. A significant difference can be seen in the
microstructure between Figs. 6a, b, d and c, where Fig. 6c shows much more
signs of plastic deformation, such as slip bands.
5. Modelling
By describing the build-up and consumption of the damaged zone, a history
dependent crack growth law can be set up. In [2, 20, 27, 31, 34] the concept has
been used for various types of loadings, from simplified start and stop cycles to
complicated engine spectra. The model is built around scale factors dependent on
the damaged zone, increasing the crack growth rate when the damaged zone is
large and likewise reducing it when the damaged zone is small. The use of LEFM
makes the model applicable for most industrial applications and for incorporation
9

of most load types and situations as the only parameter that has to be tracked
through the load history is the length of the damaged zone, denoted D.
The model predicts the highest crack growth rates when reaching the stabilised
damaged zone length corresponding to the current triaxial state, which can be
seen when the da/dt vs. Kmax curve reaches a linear trend line [2]. Subsequent
consumption of the damaged zone, when e.g. a cyclic load is applied, also
increases the crack growth rate (with respect to baseline conditions). In short,
the time dependent growth rate takes the form, ȧt = f (C0t , nt , Bt , D, Dmax , Kmax ),
where Bt is a fitting parameter and where Dmax is the damaged zone length at
stabilised conditions. The parameters C0t and nt are the stabilised power law
parameters for dwell time crack growth. For sustained loading conditions, the
damaged zone will grow in front of the crack tip, and the growth rate increases
until the value of Dmax is reached, cf. [2, 34]. The cyclic crack growth rate
takes the form, ȧc = f (Cc , nc , Ac , Bc , D, Dmax , ∆K), where Ac and Bc are fitting
parameters, while Cc and nc represent the baseline parameters for cyclic growth.
5.1. Influence of vibrational loads
Some different approaches for what growth type to apply, time dependent
and/or cyclic, have been developed; in [2] only simplified start and stop cycles
were studied which gave very specified cases when to use what type of crack
growth type. Typical cycles such as a sustained load interrupted by one or several
rapid load reversals were simulated. In [20] more complex engine spectra were
analysed and simulated, where it was argued that the highest crack growth rate
of the two (dwell time or cyclic load) should contribute to the overall crack
advancement. One example is a slowly applied load ramp, which may be handled
by a time dependent description, as it is distributed over a long period of time.
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However, having a dwell time and a cyclic load (in this case superimposed
vibration cycles) active at the same time requires other ways of describing the
damage and crack evolution.
5.1.1. Interaction function
Based on the experimental results, it may be concluded that the effect of the
sustained load and the superimposed vibrational load must be handled simultaneously, as e.g. a linear superposition model, where the effects of the load types
are added together. In detail, a concept is proposed where the vibration load ratio,
denoted Rvib. , see Eq. (1), is to be used for the interaction between dwell time
and cyclic damage.

vib.
Kmin
Rvib. = vib.
Kmax

(1)

vib. is the maximum SIF from the mean value of the dwell time
In Eq. (1), Kmax
vib. is the corresponding minimum SIF value, see also Fig. 7.
load, and Kmin

Finally, to realise the Rvib. expression in the total crack growth description it
is proposed that the total crack growth rate should be applied as seen in Eq. (2).
This expression gives a total crack growth rate with a major part due to dwell time
growth (as it is applied as sustained load) and a cyclic growth depending on the
vibration load ratio.

ȧt tot. = ȧt × Rvib. + ȧc × (1 − Rvib. )

(2)

It is to be noted that the expression in Eq. (2) is only valid for the dwell time
part of a cycle and only to a certain extent of vibrational load. As an example:
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if Rvib. reaches beyond a few percent it should no longer be considered to be a
vibrational load on a dwell time but rather a load cycle by itself. To be more
precise, a vibrational load should be seen as a flutter on an engine spectra, e.g.
representing disturbances.
5.2. Cyclic crack growth threshold
By studying the crack growth rate for the lowest SIF values in Fig. 2, and
noting the high load ratios, it was motivated in Section 3 that a cyclic threshold
value must be present, denoted ∆Kth . The threshold value should be the same for
all tests at the temperature tested, i.e. 550◦ C. To include this in the modelling work
an industrially recognised expression was applied, namely the one in NASGRO
[40], (1 − ∆Kth /∆K) p see Eq. (3). This threshold value is assumed to only depend
on the material’s, resistance to withstand crack growth at 550◦ C.


dac
∆Kth p
nc
= Cc ∆K
1−
dN
∆K

(3)

5.3. Modules
The damaged zone size D is the history variable that controls the crack growth
rate. With the expression developed for considering the vibrational loads, the
threshold value expression and the modelling concept in [20], a tool for solving
the dwell time interactions with the vibrational load is at hand. Below the details
of the rest of the components are given in order for completing the model.
5.3.1. Plastically induced crack closure
The dwell time tests with superimposed vibrations should have a very small
amount of plastically induced crack closure. The other tests include load reversals
at R = 0.05, which makes it necessary to include a crack closure function. Here
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the one by Newman [41] was chosen, see Eq. (4), where α is a constraint
parameter, σ0 the flow stress, and c a superscript denoting a cyclic load value.

 max R, A + A R + A R2 + A R3 
R≥0
0
1
2
3
f=
 A +A R
−2 ≤ R < 0
0
1

c
A0 = 0.825 − 0.34α + 0.05α 2 [cos (πσmax
/2σ0 )]1/α
c
A1 = (0.415 − 0.071α) σmax
/σ0

(4)

A2 = 1 − A0 − A1 − A3
A3 = 2A0 + A1 − 1
∆Keff. =

1− f
∆K
1−R

5.3.2. Time dependent crack growth
A time dependent crack growth function with a growth rate based on the
damaged zone is seen in Eq. (5), c.f. [20]. Maximum crack growth rate is
received as the damaged zone, D, approaches the asymptotic value of Dmax .

ȧt =

D
nt
×Ct Kmax
Dmax






Ct = C0t 
1
−
exp





−Bt 

D 
1−
Dmax

(5)
Bt ≥ 0

5.3.3. Cyclic crack growth
Cyclic crack growth is also affected by the damaged zone, see e.g. Fig. 3,
in which a large damaged zone contributes to a high crack growth rate. An
expression for the cyclic crack growth is seen in Eq. (6) where the rate decreases
rapidly with decreasing damaged zone length. The “cyclic time” denotes the time
13

for a load cycle to complete.


1
∆Kth p
nc
ȧc =
× ScCc ∆Keff. 1 −
cycle time
∆K
Bc

D
Sc = 1 + Ac
Ac , Bc ≥ 0
Dmax
5.3.4. Total crack growth rate

(6)

Based on the suggestion from [20] regarding time and cycle dependent crack
advancement, it is proposed that the same should be used when having the
superimposed vibrational loads during a dwell time, thus letting the largest one
control the crack growth. As the dwell time and the vibrational load interact
by the function in ȧt tot , see Eq. (2), and the cyclic damage by ȧc , see Eq. (6),
controls large load reversals (loads which cannot be considered as flutter from
engine vibrations, i.e. in this paper everything below R = 0.88), the following
crack growth advancement rule is found, see Eq. (7).

ȧ =


 ȧt tot.
 ȧ

c

ȧt tot. > ȧc

(7)

ȧc > ȧt tot.

5.3.5. Damaged zone evolution
For the evolution of the damaged zone it is proposed that a mechanism-based
growth rate, ṁ, allows for a damaged zone to build-up, while the crack growth
rate, ȧ in Eq. (7), either slows the build up or completely consumes it. In Eq.
(8) the described concept can be seen. For a more detailed description of this
function and the other modules in this model see references [2, 20, 27, 31, 34].
Ḋ = ṁ − ȧ

nt
ṁ = Ct Kmax

(8)
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5.4. Calibration
A combined optimisation of tests 01, 02 and 08 (i.e. the dwell time parts) was
used for determining the parameters C0t , nt and Bt . Test 08 was used to determine
Dmax as seen in Fig. 3. Test 08 and 10 were used for determining the cyclic power
law parameters Cc and nc , in which Cc was closure-corrected according to Eq.
(4). The transient parameters, Ac and Bc , for the cyclic growth were determined
using the second cyclic part of test 08 (the mixed test). The value of α was
set to correspond to the approximate triaxial state of the Kb-specimen and σ0
was taken from a tensile test. For a more detailed explanation of the calibration
procedure the reader is referred to [2]. Finally, the cyclic threshold parameters
were determined using the information shown in Fig. 3. The value of ∆Kth was
√
chosen to 1.3 MPa m (as indicated in test 09 where the D had changed to 0.3
mm instead of 0.5 mm), i.e. on the SIF that test 04 was initiated, and the value of
p was determined using an optimisation of tests 04, 05 and 09. The latter test, 09,
was used with the constraint that the damaged zone was measured to 0.3 mm (see
Fig. 3) at the end of the vibration dwell time block. The optimisation process was
done by the use of LS-OPT [42] and the complete set of parameters is found in
Table 2.
6. Simulation results
The result of the simulations performed in this paper must be looked at
cautiously. In the calibration procedure only test 09 was available to see how the
damaged zone was affected by the vibrational load. This gave a D equal to 0.3
mm instead of the 0.5 mm measured for a pure sustained load test, leading to
some uncertainties regarding the evolution along the fracture path to the point
where D was determined in test 09. How the vibrational load affects D before this
15

point in time therefore remains unknown. The resulting simulations of the tests in
Table 1 are therefore to be seen as examples of how the model performs when
superimposed vibrational loads/flutter are present.
In Fig. 8a the results from tests 03, 04 and 05 are shown (corresponding to
Fig. 2), and the damaged zone evolution for each test is shown in Fig. 8b. Note
that test 04 has a starting crack length of 0.5 mm which gives a higher initial
SIF value, thus an increased growth rate of the damaged zone which explains the
more rapid growth than for test 03 with R = 0.975. It can also be seen that test 09
(the mixed test with vibrational load) ends at a damaged zone distance of 0.28
mm which is in line with the measured one of 0.3 mm (from the second block
of cyclic load). In Fig. 8b it can also be seen that the damaged zone fluctuates
√
somewhat in test 05 and that it drops dramatically in test 04 (∆K 5 MPa m and
√
3 MPa m, respectively). This can be explained by the competitiveness of the
damage mechanism based growth rate, ṁ, and the crack growth rate, ȧt tot. . As
the damaged zone grows longer, ȧt tot. is dominating and consumes the zone, and
likewise when the damaged zone is short, then the damaged mechanism based
growth rate, ṁ, is dominating and contributes to the build-up of the damaged
zone. Consequently, a competitive process takes place between the two, giving
the fluctuation like behaviour seen in Fig. 8b. Finally, please note that the model
for test 09 is not shown in Fig. 8a, as this result is exactly the same as for test 04
only that it ends at 1.8 mm as in Fig. 2.
When examining the results in Fig. 8a it can also be seen that the final
transients of the tests are not captured by the model, i.e. the crack growth
becomes unstable due to SIFs (Kmax ) closer to the fracture toughness value. More
experimental and modelling work need to be conducted in order to capture this
behaviour.
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The remaining 2160 s tests with and without vibrational load, i.e. tests 06
and 07 respectively, are used to validate the model as no part of these tests have
been used in the parameter optimisation process. In parity with Fig. 4, the dwell
time crack growth rate is the same with or without a vibrational load as the major
load reversals have the overall influence on the crack growth rate. In Fig. 9a the
crack growth rates for tests 06, 07 and 10 (for comparison purposes) are shown.
One load cycle represents the ramp-up, the sustained load and the ramp-down,
thus giving an increased growth rate for the 2160 s dwell time tests compared
to the cyclic load test. In Fig. 9b the damaged zone evolution is shown, and it
can clearly be seen how the vibrational load is affecting the damaged zone but
does not give any major difference in the stabilised crack growth rate. Note that
the initial crack length is longer for test 07 than for test 06 (with and without
vibration respectively) which in parity with Fig. 8b gives a higher growth rate of
the damaged zone evolution. It can also be noted that the crack growth rate is
slightly overestimated for both tests towards the final crack length. More tests
from several different batches are needed in order to receive data for a more
comprehensive evaluation.
Finally, in Fig. 10 the crack growth rate per time increment is seen and shows
that the da/dt level for the dwell time tests is never exceeded (as mentioned in
Section 3.3). Here only the time dependent parts of test 08 and 09 are plotted.
7. Discussion and conclusions
The results from the superimposed vibrational load show that no higher crack
growth rate than for a dwell time test is achieved, indicating that the crack growth
rate lost in dwell time growth is gained by the cyclic vibration growth. The
damaged zone length is seen to be reduced by the vibrational loads, see e.g. Fig.
17

3, indicating that care must be taken when conducting simulations of dwell time
tests with engine vibrations and flutter. Most studies that involve dwell times
have only considered sustained load which is rarely the case in real situations.
The incorporation of engine vibrations in the modelling work becomes important
in order to predict more accurate crack growth. The effect of the vibrations will
(with the model presented) increase as ∆K increases, as seen in the evolution of
the damaged zone in Fig. 8b.
7.1. Effect on cyclic threshold
Another important aspect to consider from the dwell time tests with a vibrational load is the determination of threshold values at elevated temperature.
Conducting tests with high mean stress, and keeping Kmax constant, may cause
cyclic loads to show a lower threshold than normally expected if no dwell time
damage would be present. This behaviour is clearly seen in Fig. 2 where test
03 with the vibrational load ratio of R = 0.975 immediately shows an increased
crack growth rate. Most likely, the effect is not from cyclic crack growth but
rather from the dwell time cracking.
7.2. Crack branching
The dwell time crack growth phenomenon used for explaining the embrittling
of the grain boundaries is, in a context of high temperature crack growth, accompanied by other effects. As mentioned in Section 4 the crack growth is, especially
during the cyclic and vibrational loads, affected by local plastic deformation at
the crack tip and by the high temperature the material itself is also affected with
changed properties. Some of these effects could have affected the crack branching
seen in Fig. 5 and the blunting in Fig. 6.
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From the investigation of the crack paths it was shown that a higher load ratio
contributed to longer crack branches. This will most likely be due to that the crack
has sought new paths through the grain boundaries, which has not been disturbed
by any cyclic load, which might otherwise interfere with the dwell time damage.
Consequently, the shorter crack branches for the decreased load ratio (i.e. from
one test to another) shows interaction from the cyclic load, giving the crack less
mobility for growing when a dwell time is present. Another result from this is
that the crack grows in a more straight line than with more dwell time damage.
However, a more in depth study is required to confirm these hypotheses.
8. Summary
Dwell time crack growth with superimposed vibrational loads has been investigated in this paper. Mechanical experiments have been conducted on surface
crack specimens of Inconel 718 at 550◦ C for dwell time tests with and without
vibrational loads. Subsequent investigation by SEM was conducted to show the
cracking behaviour, and modelling work was performed using the damaged zone
concept. By describing how the dwell time interacts with the vibrational loads,
larger load reversals, and cyclic threshold, reasonable results were gained with
respect to the mechanical tests.
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Nomenclature
A

fitting parameter

B

fitting parameter

C

power law constant

D

damaged zone length

DCPD

direct current potential drop

DE

dynamic embrittlement

EDM

electro discharge machining

K

stress intensity factor

S

scale function

SAGBO

stress accelerated grain boundary oxidation

SIF

stress intensity factor

a

crack length

ȧ

crack growth rate

ṁ

damage mechanism based growth rate

n

power law constant

α

constraint parameter

∆K

stress intensity factor range

σ

stress

R

load ratio

Subscripts
c

cyclic value

t

time dependent value
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Figure 1: Schematic illustrations of the different test types plotted as load vs. time. (a) Dwell, (b) dwell + HCF, (c) 2160 s, (d) 2160
s + HCF,
mixed, (f) mixed
+ HCF and (g) of
cyclic.
Figure
1:(e)Schematic
illustrations
the different test types plotted as load vs. time. (a) Dwell,

(b) dwell + vibration, (c) 2160 s, (d) 2160 s + vibration, (e) mixed, (f) mixed + vibration and (g)
cyclic.
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Table 1: Performed tests with data for each test type, block 1 (block 2, block 3).
Test no.

Test type

R

√
∆K at 2.5 mm [MPa m]

f [Hz]

σmax [MPa]

σmin [MPa]

astart [mm]

afinal [mm]

01

Dwell

-

-

-

650

-

0.49

2.50

02

Dwell

-

-

-

650

-

0.49

2.50

03

Dwell + vib.

0.975

1

10

658

642

0.40

2.60

04

Dwell + vib.

0.928

3

10

674

626

0.50

2.60

05

Dwell + vib.

0.880

5

10

690

610

0.40

2.58

06

2160 s

0.05

-

-

650

32.5

0.35

2.46

07

2160 s + vib.

0.05

3

10

650

32.5

0.49

2.80

08

Mixed

0.05 (-, 0.05) - (-, -)

0.05 (-, 0.05)

650 (650, 650)

32.5 (-, 32.5)

0.20 (0.53, 1.80)

2.60

09

Mixed + vib.

0.928 (0.05)

3 (-)

10 (0.05)

674 (650)

626 (32.5)

0.50 (1.80)

2.60

10

Cyclic

0.05

-

0.05

650

32.5

0.23

2.57

27

10−4
03, R=0.975
04, R=0.93

da/dN [mm/cycle]

10−5

05, R=0.88
09, R=0.93

10−6
10−7

10−8

0.4

0.6 0.8 1
1.5√ 2
∆K [MPa m]

3

4 5 6

Figure 2:2:
Crack
growthgrowth
rate for the
dwell
time
testsdwell
with superimposed
loads.
Figure
Crack
rate
for
the
time testsvibrational
with superimposed HCF loads.

28

da/dN [mm/cycle]

10−1

08 Mixed
09 Mixed with vib.
10 Cyclic

10−2
Dmax

10−3

10−4
30

35√
∆K [MPa m]

40

FigureFigure
3: Damaged
zone
with
anddependent
withoutdamage.
HCF load.
3: Crack growth
rate length
for all tests
with time

29

da/dt [mm/s]
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Figure 5: Crack path for the different tests. (a) Test 03, dwell time with an HCF load of R = 0.975, (b) test 04, dwell time with an
HCF
load of
= 0.93,paths
(c) testfor
05, dwell
time with
an HCF
load 17
of
0.88 and
(d)with
test 07awith
2160 s dwell
HCF
load of
Figure
5:RCrack
different
tests.
(a) Test
03,R =
dwell
time
vibration
loadwith
of Ran=
0.975,
R = 0.93.

(b) test 04, dwell time with a vibration load of R = 0.93, (c) test 05, dwell time with a vibration
load of R = 0.88 and (d) test 07 with 2160 s dwell with a vibration load of R = 0.93.
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(a)

(b)

(c)

(d)

Figure 6: Crack tip for the different tests. (a) Test 03, dwell time with an HCF load of R = 0.975, (b) test 04, dwell time with an

HCF load
of R = 0.93,
testdifferent
05, dwell time
with (a)
an HCF
R = 0.88time
and (d)
test 07,
2160 s dwellload
with an
of
Figure
6: Crack
tips(c)for
tests.
Testload
03,of dwell
with
a vibration
ofHCF
R =load
0.975,
R = 0.93.

(b) test 04, dwell time with a vibration load of R = 0.93, (c) test 05, dwell time with a vibration
load of R = 0.88 and (d) test 07, 2160 s dwell with a vibration load of R = 0.93.
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√
Table 2: Model parameters, units in MPa, MPa m, m/s and m/cycle; Dmax in mm.

C0t

nt

Cc

nc

Bt

Ac

Bc

Dmax

α

σ0

p

∆Kth

3.6 × 10−14

3.8

3.0 × 10−10

2.3

4.8

215

2.1

0.5

2.5

1100

3.0

1.3
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0.5
03, R=0.975
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05, R=0.88
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09, R=0.93

0.4
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10−8

Model 03 R = 0.975
Model 04 R = 0.93

D [mm]

10−4

Model 05 R = 0.88
Model 09 R = 0.93
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Figure 8: Simulation results for the dwell time test with an superimposed HCF load. (a) Crack growth rate as function of SIF and
(b) damaged
zone evolution.
Figure
8: Simulation
results for the dwell time test with a superimposed vibrational load.

Crack growth rate as function of SIF and (b) damaged zone evolution.
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Figure 9: Simulation results for the 2160 s tests. (a) Crack growth rate as function of SIF and (b) damaged zone evolution.

Figure 9: Simulation results for the 2160 s tests. (a) Crack growth rate as function of SIF and (b)
damaged zone evolution.
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Figure 10: Time dependent crack growth rate for all tests in Table 1.
Figure 10: Time dependent crack growth rate for all tests in Table 1.
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