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Abstract

The understanding of hold time effects on the fatigue crack growth rate (FCGR) behavior above
500°C in Inco718 DA is a great challenge to develop an efficient model for predicting crack
propagation life. Trapezoidal wave shape signal fatigue tests from 500°C to 650°C with hold
times up to 3600 s were carried out on a small grain size (5-15 pm) alloy. FCGRs were measured
using potential drop technique. SEM observations were carried out to correlate the measured
FCGRs with the trans- or inter-granular aspect of the fatigue fracture surfaces. Using equations
developed in the frame of the Local Approach of Fracture (LAF) theory, predicted life and crack
growth rates are compared to experimental results. The emphasis is laid on time dependent
effects, in particular those associated with oxidation.

Introduction

Inco 718 alloy is a Ni- base superalloy which is widely used in the fabrication of a number of gas
turbine components, especially turbine disks, operating at high temperatures (up to 650 °C). Both
the low cycle fatigue (LCF) properties and the fatigue crack growth rate (FCGR) behavior of this
material have been investigated in some detail by a number of investigators (see e.g. [1-12]). The
creep crack growth (CCG) resistance of this alloy has also been examined (see e.g. [13-15]). This
alloy, like other Ni-base superalloys, is sensitive to oxidation (see below). These studies
constitute the basis for the application of a defect tolerance approach. However most of the tests
have been limited to relatively short hold times (< 300 s) at maximum load which are clearly too
small compared to in-service conditions. The recent work by Gustafsson et al. [10-12] constitutes
one exception. In the present study recent results of FCGR experiments on Inco 718 Direct Aged
(DA) have been gathered, including experiments with hold time 7,, up to 1 hour [16]. A model
ascribing the contribution of fatigue, creep and oxidation on the crack growth based on the Local
Approach of Fracture (LAF) was proposed. The first aim of the present work is to extend the
previous study.

It is well established that oxygen can have a very strong effect on the fatigue crack growth rate
behaviour of Inco718 [5, 17]. This environmental effect may manifest itself in two ways [18,
19]. Oxygen can have a short range effect leading to the formation of grain boundary oxides, or a
long range effect related to the diffusion of oxygen along boundaries with the formation of other
phases which can release known embrittling agents to the grain boundaries. It has been shown
that there is a minimum value (i.e. threshold) for the partial pressure of oxygen required for the
oxidation effect to be seen in this alloy. This threshold is related to the formation of the
protective film of Cr,O; oxide. Additional studies were carried out in which a pressure pulse of
oxygen (60s duration and 100MPa pressure) was applied at various times during a 10-300-10
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vacuum fatigue test. The 60s pressure oxygen pulse allows the more damaging spinels to form
without allowing enough time for passivation by formation of the denser Cr,O3 oxide. It was
clearly shown that the crack growth rate was accelerated when oxidation took place at the
beginning of the hold time. This suggests that any heat treatment that would allow more rapid
stress relaxation at the crack tip would reduce the sensitivity of Inco718 to environmental attack.
This, of course, is exactly what is met with the direct aging (DA) treatment which leads to
coarser precipitates and a somewhat increased creep rate [20]. The practical implication of these
studies on Inco718 is that heat treatments can be devised which reduce the environmental effects
observed in this material [21

In gas turbine design, the main load cycle is typically defined by the start-up and shut-down
operations of the engine. The loading varies from component to component but often is a
combination of both temperature variations and mechanical loads. These two events defining the
main load cycle are separated by few hours in the case of an aero engine, and weeks or months in
turbines for power generation. When searching for a model for predicting the interaction between
pure cyclic damage (PF), creep (C), oxidation (Ox) the following requirements will appear [10] :
(1) the interactions between the time dependent and cyclic load need to be separated, (ii) a
damage accumulation between the time dependent damage and the cyclic damage must be
considered. The second aim of the study is to propose a model mainly based on the equations
proposed in [16], however focusing on the description of the cyclic dependent (PF) and purely
time dependent (C) parts. As previously mentioned, oxidation effects will be discussed in the
paper. However the contribution of oxidation on the crack growth will not be modeled due to the
lack of further relevant data.

Material and experimental procedures

The chemical composition of the material is, in weight%: Niss 138Cri7.97Fe1731(Nb+Ta)s 4sMo,
97Ti1A10_56C00_14Mn0_ogCu0_03C0_023B0_0041. This heat of Inco 718 alloy was received as a forged
disk. It was given a conventional heat-treatment (720 °C — 8 h + 620 °C — 8 h) directly after
forging (DA). More details on the development of Inco 718 DA can be found in [22]. Inco 718
DA exhibits y FCC matrix grains with a small grain size (5 to 15 um). As shown in Fig. 1la,
particles of the stable phase & (NizNb) are formed along the grain boundaries, whereas small
strengthening v’ (Ni3TiAl) and y” (NizNb) are precipitated inside the FCC matrix grain (Fig. 1b).
Due to the presence of carbon and traces of nitrogen, this alloy is prone to the formation of
carbides and nitrides, which may precipitate either at the grain boundaries or within the y matrix
grains (not visible in Fig. 1a). Carbide size distribution in Inco 718 was given in [23].

FCGR tests were performed from 500°C up to 675°C under an air environment using KBr
specimens (Fig. 2a and 2b). The samples are 70mm long and the cross-sectional area of the gage
section is 8.3 x 3.5 mm2. A small EDM semi-circular notch (depth 0.3mm) was introduced and
the specimens were fatigue-precracked at room temperature (RT) and at a frequency of 10 Hz in
order to extend the notch over a distance by about 0.3mm using a K-decreasing signal (Fig. 2¢).
In this way the crack propagation tests start with a long crack with regards to the microstructure
of the material, away from the area affected by the EDM process and with a reduced plastic zone
ahead of the crack type. Then the specimens were heated up and tested at R ratio of 0.05 where R
= Konin /K max. It 1s important to mention that all crack growth tests were performed under constant
applied load, i.e. K increasing conditions. The tests were performed either under continuous pure
fatigue (PF) at 2 Hz or with a trapezoidal shape signal 10/X/10 where 10 is the time (in s) to
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reach the maximum load and to unload the specimen while X designates the hold time at Knmexin
seconds. Hold times for 90s, 300s, 1200s and 3600s were experienced. A potential drop
technique which was previously calibrated was used to measure the crack growth rate expressed
in terms of da/dN or da/dt, where N is the number of cycles and t is the total time (rising time +
hold time + unloading time). The stress intensity factor (SIF) K was calculated using an
expression which was calibrated previously. The measurement of the FCGRs was performed
following the standard ASTM E647-08.

Figure 1 a) Optical micrograph showing the crystalline structure of the material and S phase particles
located at the grain boundaries (in white); (b) SEM observations showing y andy precipitates in a grain.

Figure 2. KBr specimens used for fatigue crack growth rate measurements. a) and b). Picture of a KBr
sample in a front (a) and side view (b). The position of the EDM notch is indicated by the red mark. c)
Fracture surface of a specimen where the EDM notch (0.3mm deep), the fatigue pre-crack (0.6mm deep)
and the propagation area can be distinguished.

Scanning electron microscopy (SEM) was used to observe the fracture surfaces of the specimens.
A special attention was paid to the fracture surface character, i.e. transgranular with fatigue
striations or intergranular.

Results
Results of pure fatigue crack propagation experiments at 2Hz at various temperatures from 20°C
to 700°C are shown in Fig. 3. The data are expressed as normalized crack propagation rate da/dN

over Stress Intensity Factor (SIF) AK in MPaVvm. One can clearly observe that the crack
propagation rate steadily increases with increasing temperature over the whole investigated AK
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domain. The effect is attributed to the decrease of the static mechanical properties of the
material, especially the Young modulus and the vyield strength. The crack propagation
experiments were performed such that the initial value of AK is high enough to avoid any
threshold effects on the measured crack propagation rate.

4 20°C -fatigue 2Hz
450°C -fatigue 2Hz
a 550°C -fatigue 2Hz
* 650°C -fatigue 2Hz
x 700°C -fatigue 2Hz

o0*

10 delta K (MPavm) 100

Figure 3. Fatigue crack propagation curves between 20°C and 700°C at 2Hz represented in the diagram
delta K (MPaVm) over a normalized crack propagation rate da/dN obtained using the following
experimental conditions: 20°C (dark blue diamonds), 450°C (light blue squares), 550°C (orange
triangles), 650°C (red disks) and 700°C (purple crosses).

However it can be observed that the first points acquired at 700°C do not fit with the following
points which form a line in the log-log diagram. This can be explained by the fact that the fatigue
long crack propagation threshold, which is around 5 MPaVm at room temperature, increases with
increasing temperature. In addition, the applied load at 700°C must be rather low compared to
lower temperature to account for the sharp decrease of the yield strength of the material above
650°C, giving a low initial AK. It has to be pointed out that only the results of crack propagation
experiments performed with R-ratio of 0.05 are shown in figure 3. The crack propagation
behavior of the material was also investigated at other R-ratio ranging from -1 to 1 in order to
characterize the crack closure effect from 20°C et 700°C. However those results which are out of
the scope ofthis study are not presented here.

Figure 4 shows results of hold time crack propagation experiments with hold times ranging from
90s to 3600s at 550°C (Fig. 4a) and 650°C (Fig. 4b). Data is expressed as normalized crack
propagation rate da/dN over AK in MPaVm. For each temperature, the pure fatigue crack
propagation curve at 2Hz in represented in order to quantify the hold time effect on the crack
propagation. For both temperatures, the hold time effect is clearly observed, as shown by the
steady increase ofthe crack propagation rate da/dN with increasing hold time.

At 550°C (Fig. 4a), the crack growth rate is already affected by a hold time of 90s since the crack
propagation rate is about twice faster than the pure fatigue crack growth rate. The effect is
emphasized with increasing hold time, up to about two decades when experiments with 1h hold
time are performed. It can be pointed out that the slope of the crack propagation curves obtained
from hold time experiments are close to the slope of the pure fatigue crack growth curve at
550°C. At 650°C (Fig. 4b), the hold time effect is more pronounced compared to 550°C.
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Figure 4. Crack propagation curves at 550°C (a) and 650°C (b) represented in the diagram delta K
(MPavm) over a normalized crack propagation rate da/dN obtained using the following experimental
conditions: pure fatigue cycling at 2Hz (magenta crosses), 1.5/90/1.5 (dark blue triangles), 10/300/10
(light blue squares), 10/1200/10 (orange diamonds) and 10/3600/10 (red disks).

For a hold time of 300s, the crack propagation rate at 650°C is about two decades faster than at
550°C, whereas only one decade is observed between the crack propagation rate of 300s hold
time tests compared to fatigue at 2Hz. This indicates that an increase of the temperature worsens
the hold time effect on the crack propagation rate. This point will be discussed later. Inversely to
what is observed at 550°C, the slope of the crack propagation curves obtained from hold time
experiments is higher than the slope of the pure fatigue crack growth curve. Finally, it can be
mentioned that the longer tests ran for two to three weeks at temperatures up to 650°C. Based on
internal studies, it was shown that no decrease of the mechanical properties of Inco 718 DA
occurred after annealing for thousands of hours at this level of temperature.

As already mentioned, the data presented in figure 4 indicated that a hold time of 90s at 550°C is
sufficient to induce an acceleration of the cyclic crack growth rate. In this study, crack growth
tests at higher temperatures with shorter hold times were not performed. Similarly, the effect of
much longer hold times was not investigated. These tests could show a possible saturation of the
hold time effect at 550°C. Gustafsson et al. performed crack growth experiments with hold times
up to 6h on a solution heat-treated Inco 718. These authors did not observe a saturation of the
hold time effect at 550°C [10].
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The results of FCGR measurements, da/dN expressed as normalized values, are shown in figure
5 as a function of the test frequency f (Hz) for given values of AK: 35 MPaVm in figure 5a, 25
MPavm in figure 5b and 15 MPavm in figure 5c. In each graph, data points from pure fatigue
(2Hz) and hold time crack growth experiments performed at 500°C (light blue squares), 550°C
(red diamonds), 600°C (green triangles), 650°C (dark blue disks) and 675°C (magenta crosses)
are represented. In addition, the experimental domains of trans- and intergranular crack
propagation modes are indicated while the transition between those domains based on the
presented results is represented by pink squares. This transition also observed by Pédron on
solution heat-treated Inco 718 at 40 MPaVm (grain size of 50um) is represented by the orange
squares [14]. Regimes A and B refer to the transition domain between trans- and intergranular
propagation and the intergranular purely time dependent crack propagation domain and are
indicated in figure 5a, b and c. The characteristics of those regimes will be discussed in the
discussion part. Finally, it has to be mentioned that the colored horizontal solid lines in the trans-
granular regime and the colored dot lines in regime A and B are not fitted curves but only guides
for the eyes. The slopes are indicated on each diagram.The dispersion of the results will not be
discussed here. Possible explanations are, among others, the experimental procedures, as well as
the dispersion in the grain size of the material or in the residual grain orientation after forging.

In figure 5 (a, b and c), it is assumed that the crack propagation rate in the domain of high
frequencies, where trans-granular crack propagation occurs, is independent on the frequency and
only increases with increasing temperature and AK (see figure 4).This is represented by solid
horizontal lines in the graphs which indicates that the fatigue crack propagation is not influenced
by environmental effects and is only driven by crack tip blunting as shown in [3]. In this domain,
the horizontal lines are drawn longer towards lower frequencies for lower temperatures. This
representation indicates that the transition between trans- and intergranular crack propagation is
shifted towards higher frequencies as the temperature increases.

At the opposite in the domain of low frequencies (i.e. long hold times), one can observe that the
crack propagation rate is time dependent, which strongly indicates the influence of environment.
However one can observe different behaviors as a function of temperature and AK. At AK of 35
(Fig. 5a) and 25 MPaVm (Fig. 5b) above 550°C, the crack propagation rate increases linearly (in
a log-log diagram) with decreasing frequencies. This is indicated by a slope of 1 in the graphs.
Therefore the crack propagation rate here depends solely on the hold time applied during high
temperature cycling, here referred to as regime B where crack propagation occurs along the grain
boundaries. One can distinguish another behavior for the same two levels of AK at S00°C since
the increase of the crack propagation rate is not purely time dependent, as represented by the
slope of about 2/3 on the graphs. This behavior suggests that the crack propagation is not only
driven by the hold time at 500°C at the frequencies tested in this study. The crack propagation is
rather in a transition domain, which is noted as regime A in this paper, where mixed trans- and
intergranular propagation can be observed. Further experiments at 500°C with lower frequencies
would be necessary to investigate if regime B can be reached at S00°C. As already mentioned,
the pink squares represent the transition between trans- and intergranular propagation based on
the presented results. It can be noted that this transition seems to be relatively independent on the
level of AK, as least for high values of AK. However further experiments will be needed to
confirm this suggestion, especially with hold times lower than 90s. The transition between trans-
and intergranular propagation from Pédron is added in figure 5a for comparison [14]. It clearly
appears that the transition based on the results presented here is shifted towards lower
frequencies. Based on the fact that the crack propagation rate is higher in regime B than in the
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trans-granular propagation mode, it demonstrates that the Inco 718 DA tested here exhibits better
crack propagation properties compared to the conventional material tested by Pedron.

Figure 5. Crack propagation results represented in the diagram f (Hz) over a normalized crack
propagation rate da/dN from 500°C to 675°C. The results are obtained after pure fatigue (2 Hz) and hold
time crack growth tests with tmfrom 90s (~1E-2 Hz) to 3600s (~2.7E-4 Hz) for AK=35MPaVm (a),
AK=25MPaw (b) and AK=15MPaVm (c). The pink squares represent the transition between the trans-
and inter-granular crack propagation domain based on our results in figures 7a and 7b. Orange squares
represent the same transition based on Pedron’s results in figure 7c (at 40MPaVm, Ref. 14).
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The crack propagation behaviors observed at 15 MPaVm (Fig 5c) as a function of the test
temperature are more complicated to analyze and will need further experiments to be clarified.
At 650°C (no data could be acquired at 675°C and 15 MPaVm), the crack propagation is purely
time dependent, as already observed in figures 5a and b for this temperature. However, this is not
observed at 600°C and 550°C where a slope of about 2/3 describes the evolution of the crack
propagation rate with frequency. Therefore inversely to what was observed at higher AK values,
it suggests that the crack propagation at those temperatures for a low value of AK occurs
following regime A. This is more pronounced at 500°C since a slope of about 0.5 describes the
evolution ofthe crack propagation rate as a function of the frequency.

In conclusion, the transition between the pure trans-granular crack propagation mode and regime
B cannot be accounted as a single line but rather as a domain, where both trans- and intergranular
crack propagation occurs (regime A). This domain seems to be dependent on the temperature,
frequency and level of AK. Hence crack propagation in regime B only occurs above 650°C for
low level of AK while at lower temperatures, crack propagation in regime A takes place. This
description can also be proposed for the crack propagation at higher values of AK. However
crack propagation in regime A only occurs at 500°C whereas crack propagation at higher
temperature is characteristic of regime B crack propagation.

The previous explanations concerning the FCGR behavior are supported by SEM analyses of
crack front surfaces after crack propagation tests in various conditions (Fig. 6). Numbers in
figure 6b and d were used to measure the inter-striations spacing. Figure 6a and b shows SEM
observations of fracture surface after a fatigue crack propagation test with 2Hz at 550°C. One
can clearly observe that the fracture mode is purely transgranular (Fig. 6a) with the presence of
fatigue striations (Fig. 6b). This mechanism is observed for tests performed in pure fatigue from
20°C to 675°C. In the regime B, the fracture mode is purely intergranular, as shown in figures 6e
and f for a test performed at 650 °C with hold time cycle of 10/1200/10. It is reminded that
regime B corresponds to the experimental domain where the crack propagation rate da/dN is
purely time dependent.

Figure 6. SEM observations of fracture surfaces. a) and b) 550 °C in pure fatigue cycling at 2 Hz (pure
trans-granular crack propagation); ¢) and d) 500 °C with hold time cycle of 10/300/10 at 30MPavm.
(mixed trans- and inter-granular propagation; e) and f) 650 °C with hold time cycle of 10/1200/10 (pure
inter-granular crack propagation).
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As shown in figure 5, the regime B is observed for temperatures above 500°C and AK above
15MPaVm.In the regime A, which refers to the transition domain between trans- and
intergranular propagation, the fracture surface is also predominantly intergranular, although less
brittle than that observed in regime B. In this particular condition as shown in figure 6¢ and d for
a test performed at 500°C and with hold time cycle of 10/1200/10, the fracture mode is mixed,
with areas showing features of intergranular and transgranular fracture. As shown in figure 5, the
regime A is observed at 500°C between AK level of 35MPaVm and 25MPaVm, and below 600°C
at 15MPaVm.

The creep crack growth (CCG) rate, which can be here understood as the crack growth rate
measured in regime B (high temperature, large AK, and low frequency), is represented in figure
7. The CCG rate da/dt expressed as normalized values is plotted versus K (MPaVm). The solid
lines represent the mean creep crack propagation rate between 550°C and 650°C obtained from
results presented in this study and the dispersion of the data is indicated. Our data is compared to
the results obtained by Gustafsson et al. [10] and Pedron and Pineau [5, 14] under similar
conditions and those reported by Sadananda and Shahinian [15] using fatigue precracked
specimens under creep loading. A good agreement between both sets of results is observed
which suggests that crack propagation in regime B is not too much dependent on microstructural
details. The results obtained by Sadananda and Shahinian [15] are also included in figure 7 but,
as these authors have investigated the propagation of a fatigue precrack under constant load, the
results obtained by Sadananda and Shahinian and corresponding to the “steady” state regime
only are included in figure 7 to avoid the transient regime. Their results are also close to ours and
to those of Gustafsson et al. [10], reinforcing our hypothesis on the moderate effect of
microstructure in this regime of crack propagation. Finally, one can observe that the slope of the
(da/dt)er curves drawn in figure 7 is between 2 and 4.

Figure 7. Crack growth propagation test results represented in a diagram K in MPaVm over a normalized
da/dt corresponding to regime B (purely time dependant with intergranular crack propagation). The solid
lines represent the mean creep crack propagation rate between 550°C and 650°C obtained from results
presented in this study and the dispersion of the data is represented. Results by Gustafsson et al.
(diamonds) [10], Pedron and Pineau (triangles) [5, 14] and Sadananda and Shahinian (circles) [15] are
shown.
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Discussion
Introduction

This study has largely confirmed that Inco 718 alloy is very sensitive to hold time effect when
tested with a trapezoidal wave shape signal at elevated temperature (> 550°C). The experimental
results have shown that this hold time effect can be decomposed into two regimes, named A and
B. In regime A, the fatigue crack growth rate at a given AK varies with (t;,)® where o < 1. This
is a transition regime not discussed here but elsewhere [16] before the appearance of regime B
which is purely time-dependent, i.e. in which oo = 1. This regime B occurs at higher frequency
when the test temperature is increased (see Fig. 5a, b and c). The transition between the “pure”
fatigue regime corresponding to higher frequencies and time dependent regimes A and B is
associated with a modification in fracture mode from transgranular to intergranular. This
transition does not seem to change too much with the value of AK (compare Fig. 5a and b). A
close examination to figure Sa indicates that this transition occurs in our DA material at a smaller
frequency as compared to a conventionally heat treated 718 alloy with a larger grain size [5].

Further experiments showing the influence of environment and thermo-mechanical loading on
the FCGR behavior of Inco 718

Other studies [5, 19] have shown that oxidation is responsible for this hold time or frequency
effect, as indicated previously. A recent study by Viskari et al [19] on an alloy (Inco 718+) close
to Inco 718 and using the most sophisticated techniques such as atom probe tomography has
shown that oxygen enrichment occurred over 20nm below the protective chromium-rich oxide
and that oxygen diffusion into the matrix was enhanced by crystallographic defects.

Many studies devoted to the interaction between oxidation and mechanical loading have also
shown that oxygen has an effect only on in the presence of a significant visco-plastic strain [24-
26]. This means that, as indicated in the introduction and demonstrated in [18], the most severe
part of a hold time corresponds to the start of stress relaxation. In the presence of a partial
unloading which limits the stress relaxation ahead of the crack tip, the hold time effect can be
largely reduced. This is shown in figure 8 [24, 25]. A strong effect of partial unloading is
observed, especially at low K. (not shown here) where only those corresponding to Kpeax =
30MPavVm are reported. Figure 8 shows that the fatigue crack growth rate can be reduced by
almost two orders of magnitude when the unloading ratio is larger than 0.20. This effect of
partial unloading was also shown in other Ni-base superalloys, such as N18 [24] and Astroloy
[27].

Another way of reducing tensile stresses ahead of the crack tip in a component under constant
overall loading is to rapidly increase the temperature for a certain time, 7, and to intermittently
repeat the process. This possibility was also explored in Inco 718 [24, 25]. The applied
temperature-load time cycle is shown in figure 9a where a short increase in temperature (T yax —
Tgase Line) 1S Imposed just at the start of the 300s hold time for only 30s. The base line
temperature was maintained at 650°C while Tyax was fixed at 675°C. Figure 9b shows that this
anisothermal cycle generates a significant decrease of the crack growth rate, especially at low K
values where the short temperature excursion produces sufficiently large effects to annihilate the
hold time effect observed under purely isothermal conditions at 650°C.
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Unloading from peak (0/0)

Figure 8. Results on alloy Inco 718 tested at 650°C showing the reduction in crack propagation rate
produced by the application of a hold time after a peak load [24].

AK (MI'unw )

Figure 9. Application of a temperature excursion during a fatigue cycle with a tensile hold time. (a)
Sketch showing the temperature/load-time cycle. (b) Results obtained on Inco 718 with a base line
temperature of 650°C and a maximum temperature of 675°C [24].

Fractographic observations indicated that the fracture mode under these anisothermal conditions
was predominantly transgranular as observed in continuous fatigue (i.e. no hold time). Further
experiments in which the temperature excursion was larger (650-700°C) showed that the fatigue
crack growth rates were not reduced as compared to those measured under purely isothermal
conditions at 650°C. This suggests that under these conditions the detrimental oxidation effect
largely dominates the beneficial effect of crack tip stress relaxation. Further details can be found
in [24]. The above experiments in which either the load is decreased during the hold time or the
temperature is slightly increased clearly demonstrate that, in the presence of a strong interaction
between oxidation and viscoplasticity, purely isothermal tests are not sufficient to assess the
crack growth rate resistance of the Ni-base superalloys, such as Inco 718. It is certainly possible
that the operating conditions in a jet engine mimic, to some degree, the test condition just
described thereby producing large reduction in propagation rate and giving an added measure of
durability and safety to the engines.
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Modeling hold time effect on faticue crack growth rates of In 718 at elevated temperature

In the absence of a detailed analysis of the local crack tip stress-strain field and a better
knowledge of the micro-mechanisms of damage due to oxygen, only simple models can be
proposed. A simple model based on a linear summation of three components is proposed to
describe the crack propagation during hold time loading, i.e.:

(), =68, + (), + @), -t m

The three components in Eq. 1 are successively analyzed in more detail. (da/dN)pr represents the
“pure fatigue” (PF) components. This contribution to FCGR which is temperature dependent but
not environment dependent has already been discussed by Clavel and Pineau [2, 3]. A simple
Paris law, modified by Elber’s formula which describes the closure effect, is used to ascribe the
fatigue contribution to the CGR:

(j—;) = C(AK)™  with AK.q = (aR + b)AK 2)
PF

with C and m the Paris coefficients, 4K . the effective SIF, a and b the Elber coefficients and R
the R-ratio. Although experimental details are not given there, it has to be mentioned that the
pure FCGR contribution is validated on a database including tests from 20°C to 675°C for R-
ratio ranging from -0.5 to 0.5 and over a AK domain from 10 to 90 MPavm.

The second term in Eq. 1 represents the « oxidation » (OX) component. It is assumed that no
crack propagation takes place during the hold time, #,,, provided that 7,, < ;. However oxidation
occurs at the crack type and produces a damaged zone which might correspond to the area
evidenced by Gustafsson et al. [12, 13]. These authors showed that the extent of this area was
proportional to (t,,)* where oo = 0.25. One attempt has been made to relate this exponent o[ ]to
the calculated concentration in oxygen along the grain boundaries [16]. However in the absence
of values for the diffusivity of oxygen, through the matrix and the grain boundaries, it has been
difficult to conclude unambiguously about the quantitative analysis of intergranular damage due
to oxidation in regime A.

The acceleration in FCGR in the purely time dependent domain (regime B) might be simply
related to creep damage which is oxidation dependent. Riedel and Rice [28] have shown that the
viscoplastic strain in creeping solids with a Norton type law can be written as:

2n/(n+1)

e = FELOD (K /F) 6

In this expression /' is a numerical factor which is an increasing function of temperature. This
factor is equal to 8.34.107 at 650°C for plane strain conditions [29]. In Eq. 3, 7 is in h, X in
MPavm, r in m, n is the exponent of the stationary creep law. In our material it was found that »
~ 13 at 600°C and n ~ 6 at 650°C. In a previous study, it is assumed that » ~ 10 at 650°C [29].
Assuming that crack initiation takes place during the hold time, when a critical strain g is
reached over a characteristic distance X,, Eq. 3 predicts that:

Kznti = .B(gc)n+1(Xc)n =C (4)
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where o is a constant. In this expression, &, may be strongly dependent of temperature and
environment as underlined by Diboine and Pineau [29] (see Fig. 9 in [29]). It was shown that #; ~
10s at 650°C, and K =25 MPaVm. These values inserted in Eq. 4 lead to C ~ 9.10° with 7 in s and
K in MPaVm. The critical distance X, appearing in Eq. 4 is an adjustable parameter. However
this distance must be lower than the creep zone size, Ry, which is given by [28]:

R,, = Gt2/(~Dg?2 ()

with G = 10 for R,, (m), 7 (h) and K (MPavm) [29]. G is an increasing function of temperature.
Eq. 5 leads to Ryp ~ 10um at 650°C and for n = 10 and K = 25 MPavVm. This value is very close
to the grain size of our material, d, which could be taken as a critical distance, X, appearing in
Eq. 4. We have thus two ways of evaluating #;. The first way uses Eq. 4, but in this expression g,
which is dependent on oxidation is an unknown function of time. The second way uses directly
Eq. 5 written as:

K"t = (d/6) "V (6)

In the absence of accurate measurements of the initiation time, #, it is difficult to go further in
the development of an analytical model for fatigue crack propagation based on fracture
mechanics of creeping solids. This is the reason why we prefer to use directly the experimental
creep crack growth (CCG) curves to model the regime B where the crack propagation rate is
purely time dependent.

The pure CCG rate of Inco 718 has been investigated by a number of authors [5, 15, 29].
However, the test procedure used by these authors is completely different from ours. They start
from a fatigue precrack and then maintain the load constant. This procedure does not allow
investigating the initiation and the propagation of a crack in a continuously creep-oxidation
damaged material. Our test procedure allows us avoiding the tail of the curves observed in most
CCG rate measurements reported in the literature. An attempt was made to model these transient
curves observed in stainless steel [30]. These tails lead to an apparent threshold which is load
and time dependent, as clearly shown elsewhere [29]. In our tests the CCG rate component is
simply obtained by noting that for long 7y, the third term in Eq. 1 is much larger than the two
other ones. This means that the CCG rate, (da/dt), at a given temperature, can simply be
obtained using Eq. 1 with long hold times only (3600s at 550 °C, 1200s at 600 °C and 650 °C).
The results can be observed in figure 7, where a good agreement between our results and results
by Gustafsson et al. [10] and Pédron and Pineau [5, 14] under similar conditions and those
reported by Sadananda and Shahinian [15] using fatigue precracked specimens under creep
loading.

Conclusions

1. This study has confirmed that In 718 exhibits a strong dependence to hold time, tm, effect
when tested at elevated temperature (550°C — 675°C) in air environment with fatigue cycles
including long hold times (< 1h). These results are in good agreement with other results
published in the literature and extend the data basis published on this material. However crack
propagation data acquired during hold time is missing in the present data. Further experiments
will allow measuring such data in order to obtain more understanding on the crack growth
during hold time to set up our damage-accumulation based fatigue crack growth model.
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2. Using other results published in the literature it is shown that the hold time dependence is
related to a combination of creep strain accumulation (occurring essentially at the onset of
stress relaxation) and detrimental effect of oxidation.

3. Two regimes (A and B) have been defined when there is an acceleration of crack propagation
rate in the presence of a hold time. Regime A corresponds to an acceleration as (t,,)* where a
< 1, while regime B is purely time dependent (a0 = 1). In both cases the fracture mode
becomes intergranular. The transition between the pure fatigue regime (high frequency) and
the intergranular regime occurs at increasing frequency with increasing test temperature.

4. A simple linear damage accumulation law has been proposed to account for hold time effect.
This law includes three terms: (i) a pure fatigue component, (ii) an oxidation component
(regime A) and (iii) a pure creep component (regime B).

5. The creep component gives rise to a crack growth rate proportional to hold time, tm. This
component is the most important at increasing temperature and hold time. It has been shown
that the crack growth rate in regime B is an increasing function of hold time and temperature
with apparent activation energy close to 300KJ/mole which might correspond to the activation
energy for oxygen diffusion along the grain boundaries.
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