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Abstract: The fatigue and fracture behavior of nickel-based superalloy Inconel 718 was investigated up to the very high cycle
regime under rotary bending tests at room temperature. It was found that this superalloy can still fracture after exceeding 107 cycles.
Fractographic analysis revealed that there was a transition from fatigue crack initiation at multi-sites to single initiation with
decreasing stress levels. The fracture surface can be divided into four areas according to the appearance, associated with fracture
mechanics analysis of the corresponding stress intensity factors. The fracture mechanism dominant in each area was disclosed by
scanning electron microscope examination and analyzed in comparison with those obtained from the crack growth tests. Subse-
quently, life prediction modeling was proposed by estimating the crack initiation and propagation stage respectively. It was found
that Chan (2003)’s model for initiation life and the Paris law for growth life can provide comparable predictions against the ex-

perimental life.
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1 Introduction

Nickel-based superalloys are widely used for
key components of jet engines and gas turbines for
their high yield strength, excellent fatigue resistance,
and good corrosion endurance in severe conditions
(Chen et al., 2000; 2005). Much attention has been
paid to their fatigue behaviour due to the problem of
fatigue failures in aircraft systems induced by the
alternating stress in service (Chen et al., 2000;
Kobayashi et al., 2005). For the satisfactory cost/
performance ratio and excellent process capability,
Inconel 718 (IN718) superalloy has been predomi-
nantly used in aeronautic engine components, such as
turbine disc and shaft, compressor disc, compressor
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blade, and so on (Chen et al., 2005). During the past
few decades, extensive investigations have been
made on the low cycle fatigue (LCF) and high cycle
fatigue (HCF) properties of IN718, such as the effect
of temperature on the cyclic stress-strain response and
LCF life associated with the deformation micro-
structures (Fournier and Pineau, 1977; Reger and
Remy, 1988a; 1988b), the factors (temperature, en-
vironment, and loading parameters, etc.) influencing
fatigue crack growth (Bache et al., 1999; Remy et al.,
2007; Leo Prakash et al., 2009), the creep-fatigue-
oxidation interactions (Pineau, 1989; Leo Prakash et
al., 2009), the mechanism-based modeling of fatigue
life prediction (Alexandre et al., 2004), and so on.
Nowadays, the very high cycle fatigue (VHCF)
properties of high strength metals have become more
and more significant, ever since the finding of fatigue
failure beyond 10’ cycles in high-strength steels
(Masuda and Tanaka, 1986). The subsequent studies
on many ferroalloys (Murakami et al., 1991; Sakai et
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al., 2006) prove that the conventional fatigue limit in
HCF disappears in the VHCF regime and there is a
transition of fatigue crack initiation from the surface
to the internal defects at around 10°~107 cycles (Sakai
et al., 2002). Furthermore, it is recognized that the
gigacycle fatigue failure of high strength steels is
preferentially initiated from interior inclusions, giv-
ing the appearance of a fish-eye (Murakami et al.,
1991; Sakai et al., 2006). Recent studies on duplex
steels, e.g., the austenite/martensite and ferrite/
martensite duplex steels (Chai, 2006), reveal the
subsurface non-defect crack initiation after VHCF
fracture, indicating another type of initiation mode.
Compared to the comprehensive investigation and
understanding of the VHCF properties of steels
(Sakai et al., 2002; Wang et al., 2002) and Al-alloys
(Wang et al., 2006), few studies exist on nickel-based
superalloys, e.g., IN718 superalloy (Yan et al., 2003).
Yan et al. (2003) performed a rotary bending fatigue
test on IN718 and found that it did not show gigacycle
fatigue failure at room temperature, but did at 500 °C.
However, another study (Chen et al., 2005), under
ultrasonic frequency, revealed that fatigue fracture of
IN718 occurred between 10" and 108 cycles. Insofar
as the experimental work suggests, it is still argu-
mentative whether this superalloy under practical
loading would show VHCF or not. Furthermore, it is
known that the fatigue crack initiation process be-
comes increasingly important with the extension of
fatigue life. A deeper insight into VHCF damage is
expected to be achieved from this study under con-
ventional frequency, which would pave the way for
the safety evaluation after long-term service and the
long-life design of critical turbine components.

In this study, the HCF and VHCF properties of
IN718 superalloy were investigated under rotating
bending fatigue test at room temperature. With the
help of scanning electron microscope (SEM), frac-
tographic analyses were performed to disclose the

fracture features of specimens in different life ranges.

The predominant fracture mechanism in each region
of fatigue crack initiation/propagation was discussed
in association with the fracture mechanics calcula-
tion. Finally, based on the understanding of crack
initiation and propagation stages, the fatigue life was
approximately predicted by the sum of the life cycles
for the initiation and propagation of fatigue
cracks.

2 Material and experimental procedure

The material under investigation was a
nickel-based superalloy IN718 (GH4169 in China,
and Nc19FeNb in France) with a chemical composi-
tion (%, w/w) of 0.02C, 0.12Mn, 0.11Si, 0.009P,
0.001S, 18.67Cr, 3.09Mo, 0.09Co, 0.01Cu, 0.66Al,
0.90Ti, 18.67Fe, 0.004B, 5.12Nb and Ta, and bal-
anced Ni. The heat treatment of the alloy was as fol-
lows: solution at 970 °C for 1 h, water quenched,
directly aged at 720 °C for 8 h, then furnace cooled to
620 °C at a rate of 50 °C/h and aged at 620 °C for
another 8 h followed by air-cooling. The basic me-
chanical properties of this superalloy at room tem-
perature were obtained by tensile test (Table 1). A
typical micrograph of the IN718 superalloy is shown
in Fig. 1. The microstructure consists of grey blocks
of carbides and fine lenticular particles of & phases
(Ni3Nb) distributed in the matrix. The nearly equi-
axed grains of Ni-rich face-centered cubic (FCC)
solid solution (y phase) can be seen, exhibiting aver-
age grain size of around 10 pum.

Table 1 Mechanical properties of the IN718 superalloy
employed in this study (at room temperature)

0.2% yield Tensile

Elongation Reduction Vickers

stress  strength o o
(MPa) (MPa) (%) of area (%) hardness
1220 1390 23.0 39.5 426

Fig. 1 SEM micrograph showing the typical microstruc-
ture of IN718

The specimen is in the shape of an hourglass, as
shown in Fig. 2. The stress concentration factor is
calculated by finite element analysis with ABAQUS
to be a=1.024. Prior to fatigue testing, all the speci-
mens were polished to remove the scratches along the
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circumferential direction. Fatigue tests were per-
formed in ambient atmosphere at room temperature
using a four-axis cantilever-type rotating bending test
machine, which was operated at a frequency of
52.5Hz (i.e., 3150 r/min). This multi-type fatigue
testing machine was developed by the Research
Group for Statistical Aspects of Material Strength in
Japan (Sakai et al., 2002), which can be used to test
four fatigue specimens simultaneously. No evident
increase of temperature is found during the test due to
the relatively low frequency, as proposed by Sakai et
al. (2006). Hence, the effect of heat or oxidation can
be excluded in this study. A weight is appended from
the outer end of each specimen by a bearing and a
spring to generate stress ratio of R=—1.
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Fig. 2 Specimen for fatigue testing (unit: mm)

3 Results
3.1 S-N curve

Fig. 3 shows the S-N curve of IN718 obtained
from the cantilever-type rotary bending fatigue tests
at room temperature under the load ratio of R=—1. The
fatigue life increases with decreasing stress amplitude
and the S-N curve appears to continuously decline as
the life extends. Note that fatigue failure of this
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Fig. 3 Fatigue test S-N curve of IN718 at room tempera-
ture under R=—-1

superalloy continues to occur after exceeding 10’
cycles. The longest fatigue life of the fractured
specimens is 2.04x10° cycles, which takes more than
40 d of fatigue testing. The test result can be regarded
as the direct evidence of IN718 fracture in the VHCF
regime at room temperature.

3.2 Fractography

Each fatigued specimen was subjected to SEM
observations to examine the fracture features. Fig. 4
shows the overall appearance of the fracture surfaces
at different stress levels, with the initiation site
marked by arrow. At high stress levels, fatigue cracks
initiated from multiple initiation sites, as shown in
Figs. 4a—4c. In these cases, as the propagation of these
multiple cracks are not necessarily on the same plane,
the final coalescence of multiple cracks will lead to
macroscopic fluctuant fracture surfaces. With de-
creasing stress, the number of crack initiation sites
reduces correspondingly. Fracture due to a single
fatigue crack (visible on the fracture surface) be-
comes predominant for specimens with longer fatigue
lives (>10° cycles, e.g., Fig. 4d). In this case, the
fracture surface generated by the single main crack
generally has much less roughness. Furthermore, it
is indicated that the fatigue crack preferentially
takes place at the specimen surface in the conditions
in Fig. 4.

2 mm

Fig. 4 Overview of the typical fracture surfaces in HCF
regime. (a) 0;=697 MPa, N=1.481x10° cycles; (b) 6,=548
MPa, Ni=4.91x10° cycles; (c) 0,=525 MPa, N;=9.912x10°
cycles; (d) ;=519 MPa, N;=3.3894x10° cycles
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In addition, from the above fractographies, it is
found that the fracture surfaces of most specimens can
be generally divided by appearance into four typical
areas: (l) a relatively flat surface area at the initial
stage (indicated by dashed lines in Fig. 5); (Il) a dis-
tinctly rough area outside the initial flat area with
propagation traces (Fig. 5); (111) a wide fracture sur-
face with radial streaks along the crack propagation
direction; and, (1) dimples due to overload. The four
areas reflect the different stages during crack initia-
tion and propagation (Sakai et al., 2002). The corre-
sponding feature of each area will be further analyzed
below.

200 mm
Fig. 5 Fracture surface of a specimen fatigue tested at
0,=547 MPa, N=3.212x10° cycles (cpd: crack propaga-
tion direction)

When the stress amplitude is gradually de-
creased and approaching 520 MPa, the fatigue life
shows sensitivity on the stress level (Fig. 3). Asample
fractured beyond 10’ cycles was examined by SEM to
disclose the fracture behavior in the long-life regime.
The four areas depicted above are marked in Fig. 6a.
Fig. 6b is a magnification of the area marked by “I1”,
which shows the crack initiated from surface grains.
And the crystallographic fracture is similar as those
observed in HCF regime in Fig. 5. The facet is about
45° inclined to the specimen axis, indicating that the
fatigue crack grows along the planar slip on {111}
plane which is favorable in FCC superalloys
(Kobayashi et al., 2005; Ma et al., 2008). This is in
accordance with the in-situ SEM examination of
IN718 (Andersson and Persson, 2004) which proved
the dominance of transgranular crack growth mecha-
nism at room temperature under various SIF ranges
AK and maximum stress values.

A cleavage-like fracture is visible after the
cracks extend over several grains in depth and be-

comes predominant with the advance of crack length
(Area Il). The quasi-cleavage cracking feature is clear
in Fig. 6¢, which is about 300 um from the nucleation
site. In the early stage of Area lll, fine striations ap-
pear together with the quasi-cleavage fracture. With
the increase in stress intensity, the fatigue striations
become obvious (Fig. 6d), indicating the stable crack
propagation in Paris regime when the pure fatigue
crack growth is dominated by the usual plastic
blunting mechanism (Mercer et al., 1999). In the high
AK regime of Area 11, which is close to the center of
the sample section, the ductile-dimple fracture mode
can be observed in Fig. 6e, in addition to fracture of
particles ahead of the crack tip. Fig. 6f shows the
classical ductile-dimpled fracture mechanism in the
tensile overload region (Area 1V), which is similar to
the ‘static’ fracture mode in the high 4K fatigue re-
gime in Fig. 6e. The presence of secondary cracks
may be evidence of the extensive plastic deformation
ahead of the crack tip.

Fig. 6 Fracture surface of a specimen tested at 0,=520
MPa, N=2.66265x10" cycles. (a) Overview of fracture
surface; (b) Crack nucleation site and the initial crack
propagation; (c) Quasi-cleavage fracture at a distance of
300 um from the nucleation site; (d) Striations corre-
sponding to stable crack propagation (about 1 mm from
nucleation site); (e) High 4K regime of rapid crack
growth (about 1.7 mm from nucleation site); (f) Tensile
overload region of the specimen
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Two other specimens with fatigue lives longer
than 10’ cycles were examined carefully under SEM.
Fig. 7 shows the crack nucleation site (Area I) and
crack propagation in the early stage (Area IlI), re-
vealing single fatigue crack for both specimens.
Furthermore, it is noted that the fatigue fracture ini-
tiation site is shifted inwards (Sakai et al., 2002; 2006;
Wang et al., 2002; Yan et al., 2003), tending to
originate from the subsurface grain, as indicated by
dashed lines in Figs. 7a and 7b. As there are no evi-
dent inclusions in this superalloy like those widely
found in high-strength steels (e.g., SUJ2), fish-eye
was absent in the VHCF fracture of IN718 insofar as
we observed. For the specimen with the longest life of
2.04x10° cycles in Fig. 7b, large radial ridges can be
observed in the propagation direction in Area Il after
the crack nucleated from the subsurface. It can be
further seen in Fig. 7b that there are many tyre pat-
terns formed beyond the initiation zone, which is
somewhat unusual and rarely reported in IN718 su-
peralloy. However, other researchers (Chu et al., 2008)
also observed tyre patterns with a uniform interval of
about 10 um along the propagation direction in the
directionally solidified superalloy DZ951. Explana-
tion for this behavior is unavailable in literature to
date, and it appears similar to the ridges formed dur-
ing fatigue crack propagation, but with a smaller scale
(Chan and Leverant, 1987; Mercer et al., 1999). Ad-
ditional investigation is underway to examine the
dislocation substructure, which may help to under-
stand the fracture behavior and disclose possible ef-
fects of the precipitates. The classical striation type of
fracture in Area Ill, and the ductile dimples due to
overload in Area IV are quite similar to the specimen
(0:=520 MPa, N;=2.66265x10’ cycles) in Fig. 6.

" 100 um

Fig. 7 Crack nucleation site and the initial crack propa-
gation of fatigued specimen. (a) 0,=522 MPa, N;=2.099x
107 cycles; (b) 6,=520 MPa, Ni=2.04x10® cycles (cpd: crack
propagation direction)

4 Discussion
4.1 Fatigue crack initiation

The above fractographic observations revealed
that the fatigue crack initiation sites were different
depending on the stress amplitude and fatigue life.
This dependence is demonstrated in Fig. 8. It is found
that the fatigue crack initiation exhibits a transition
from multiple origins to single origin with increasing
fatigue life. Fatigue fracture in the high cycle range is
caused by the gradual growth of microcracks initiated
in slip bands on the specimen surface, because the
surface has favorable conditions for the nucleation
and growth of cracks compared to the interior region
due to geometric-mechanical conditions (Forsyth,
1957; Suresh, 1998). It is featured in the rotary
bending fatigue test that the normal stress on the cross
section has a radial gradient, which makes the crack
preferentially initiate from the outer surface. In
comparison with uniaxial tensile fatigue, it is believed
to be more difficult for fatigue damage accumulation
to occur at internal defect under rotary bending
loading due to lower interior stress.

Moreover, under high stress levels, crystallo-
graphic slip systems can be activated in more than one
surface grains at different locations, leading to initia-
tion at multi-sites (Suresh, 1998; Chu et al., 2008).
This is similar to the multiple cracks in other materi-
als due to stress concentrators, such as oxide layer
(Fournier et al., 2008), casting micropores (Ma et al.,
2008), and pickling pits (Chaussumier et al., 2010).
On the other hand, with a low stress level, only the
most easily-operated slip can be induced by the lo-
calized plastic deformation during crack nucleation.
Noted that specimens with a single initiation site
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Fig. 8 Number of crack initiation sites versus fatigue life
cycles
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generally show longer fatigue life than those with
multiple fatigue origins under comparable stress.

4.2 Fatigue crack propagation

To clarify the fatigue fracture mechanisms in
different stages of HCF or VHCF, the dimensions of
the marked regions on each fracture surface (as shown
in Fig. 6) are measured. It is expected that the crack
will propagate after the formation of the relative flat
area (Area 1) in the vicinity of the crack origin, i.e.,
the surface semi-elliptical (Fig. 5 and Fig. 6b) or

subsurface elliptical or circular zone (Figs. 7a and 7b).

Area | is generally on the order of several grain di-
ameters, which is identified to be the initiation region
subsequently in this section. The nominal stress in-
tensity factor (SIF) at the initiation site can be calcu-
lated (Anderson, 1991; Murakami et al., 1991):

for surface crack initiation,

K =onb F,/E(K), 1)

for subsurface crack initiation,

K =0.50/m/area, , , (2)

where ois the applied nominal stress level (MPa), b is
the semi-minor axis of the ellipse (m), F, is the shape
factor (Anderson, 1991), E(k) is the second ellipse

integral (Anderson, 1991), and ./area,, is the size of

subsurface crack initiation site (m).

Values of the SIF ranges at the initiation sites
(4Kjyni) are summarized in Fig. 9, which appear to be
within a range of 9-15 MPa-m"? at room temperature.
Moreover, the test results of crack growth obtained by

other researchers are plotted in Fig. 10 for comparison.

The fatigue crack growth (FCG) test by Mercer et al.
(1999) was carried out by single edge notched bend-
ing (SENB) specimens and another research was on
compact tension (CT) specimens (He et al., 2006),
whereas Chen et al. (2000)’s was performed by rotary
bending. It was found that the SIF values calculated
above are roughly comparable with the crack propa-
gation threshold AKy, for this superalloy (Fig. 10).
This agrees with the above assumption that the initial
facet area roughly corresponds to the crack initiation
zone, beyond which the fatigue life is dominated by

crack growth. However, as the tests in Fig. 10 are
mainly in long crack regime without the stage of
small crack propagation, Fig. 10 is employed here for
comparative discussion. Furthermore, 4K, decreases
slightly with increasing fatigue life, which is similar
to the results in SUJ2 (Shiozawa et al., 2001). It is
rationalized that a crack nucleated internally at a
lower stress amplitude can propagate under a smaller
SIF.
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Fig. 9 Fatigue life versus AKj,;, 4Ky, or 4K}y,
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Fig. 10 Crack growth rate as a function of 4K for IN718 at
room temperature in different tests

SENB: single edge notched bending; CT: compact tension;
RB: rotary bending; R: stress ratio

The SIF values at the outer boundaries of Areas
Il and 11, i.e., 4K;; and 4K, are calculated by Eq. (1)
and plotted in Fig. 9 in terms of the fatigue life. 4K,; is
distributed in the range of 19-29 MPa-m? which
implies that Area Il roughly corresponds to the stage
between near-threshold regime and lower Paris re-
gime (Fig. 10). The SIF level is close to the test result
of He et al. (2006) in Fig. 10, probably due to the
same source (composition and heat treatment, etc.) of



Ma et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2010 11(10):727-737 733

IN718 superalloy material. In the near-threshold re-
gime, the mechanism of fatigue crack propagation is
by transgranular, crystallographic fracture in favored
crystallographic slip systems induced by separation of
atomic bonds directly ahead of the crack-tip, as re-
ported in (Mercer et al., 1999).

Striations can be observed in upper Paris regime
as the crack propagates stably during RB loading
cycles. The 4K values when striations are dominated
in Fig. 6 are approximately in the range of 37-55
MPa-mY2. This is coincident with Mercer et al.
(1999)’s observation that the classical striations cor-
responding to greater levels of plasticity was ob-
served at SIF ranges >35 MPa-m“2. In addition, re-
sults of 4Ky, in Fig. 9 fall within a band of 70-80
MPa-m*? regardless of the fatigue life, which ap-
proximately accord with the fracture toughness K,c or
the fatigue fracture toughness of IN718 superalloy.

Consequently, the four areas defined by three
dashed lines on the fracture surface correspond
roughly to the crack initiation zone, near-threshold
regime, Paris propagation regime followed by rapid
propagation, and catastrophic fracture of tensile
overload, respectively. The fatigue fracture mecha-
nism dominated in each regime is comparable with
the results of Mercer et al. (1999) and He et al. (2006)
in fatigue crack growth tests.

4.3 Theoretical modeling of fatigue life

Previous researches (Antolovich and Jayaraman,
1983; Murakami et al., 1991; Kobayashi et al., 2005)
have addressed the important roles of microstructure
in fatigue crack initiation and propagation in metals.
Recent fatigue-crack-initiation models try to incor-
porate microstructural parameters in a more direct
and explicit manner (Tanaka and Mura, 1981;
Venkataraman et al., 1991; Chan, 2003; Alexandre et
al., 2004). Tanaka and Mura (1981) proposed dislo-
cation models for treating fatigue crack initiation at
slip-bands, inclusions and notches. Considering the
dislocation-dipole mechanism along the slip band
operating in a surface or subsurface grain, which
finally leads to the fatigue crack initiation due to the
stored energy in the dislocation dipoles, the number
of cycles to crack initiation was given by

40,

(47 -27,)°N, ZM’

®)

where Az is the shear-stress range, z; is the friction
stress of dislocation, u is the shear modulus, d is the
grain size, v is Poisson’s ratio, and W; is the specific
energy per unit area along the slip band.

The basic model of Tanaka and Mura (1981) in
Eq. (3) has been modified by Venkataraman et al.
(1991) to consider different initiation mechanisms.
An extension of this model was made by Chan (2003)
to include the crack size and some relevant micro-
structural parameters as

8cM 24%h?

Ao —2M7, PN =———— 5 —
[ N 0.0057(1—v)d®

(4)

where M is the Taylor factor for the optimally ori-
ented grain, taken to be 2 (Chan, 2003), h is the
slip-band width, and c is the crack depth at crack
initiation.

It can be seen that Eq. (4) describes the inverse
relationship between fatigue initiation life and the
grain size, which agrees with the experimental ob-
served influence of grain size on fatigue performance
(Venkataraman et al., 1991; Chan, 2003; Kobayashi et
al., 2005). Moreover, it attempts to relate the fatigue
initiation life to the fractographic feature of each
specimen quantitatively through the crack initiation
depth c. For IN718 herein, we take d as the grain size
in the crack initiation zone. The term Mz represents
the fatigue limit stress, as suggested by Chan (2003).
Regarding the continuous descending S-N curve in
this study, it is taken as the fatigue strength at 4x10°
cycles for instance, i.e., approximately 519 MPa,
which is a more conservative choice than the fatigue
limit at 10" cycles. h is specified as 0.015 um, which
is close to the slip-band width of IN100 superalloy
(Chan, 2003).

On the other hand, the fatigue crack propagation
life can be calculated, assuming that the crack growth
rates evaluated from Fig. 10 are valid as soon as the
crack is long enough for stage Il propagation. A
similar assumption is also used in the research of
martensitic steel (Fournier et al., 2008). The number
of cycles needed for the crack to grow from the initial
size ap to the final crack length a; i.e., the crack
growth life Ny, is given by

N - aé1—n/2) . af(1—n/2)
P Cac"Bn"*(n12-1)’

()
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where the geometry constant g, = 0.5Vn (Anderson,

1991), aq is taken as the crack initiation depth ¢ in the
following calculation. as is set equal to the sample
radius (2 mm), beyond which the sample is regarded
as fractured. Ao is the applied stress range which
assists the crack propagation. C and n follows the
Paris law:

da N
W=C(AK) ; (6)

It is widely used that the total fatigue life can be
estimated by the sum of fatigue crack initiation life
and propagation life. Another study on IN718
(Alexandre et al., 2004) with different grain sizes
conducted life prediction based on the Tanaka and
Mura (1981) model for Stage I initiation and Tomkins
(1968) model for crack growth. In this study, the total
fatigue life is obtained by summing up Eq. (4) and
Eq. (5):

N, =N, +N, = 8cM 7’
T T 0.0051(1- v)(do — 2M 7, )2
cl-n2) _ af(l—nlz) (7)

+ n pn_n/2 )
Cac"p'n""(n/2-1)

For IN718 at room temperature, the Paris pa-
rameters can be obtained from the crack growth test
data in Fig. 10. By curve fitting, the two parameters
are given as

C=3x10", n=4. (8)

Finally, Eq. (8) is substituted into Eq. (7), to-
gether with other material parameters, to obtain the
total fatigue life. Noted that for the specimens with
crack initiation at multi-sites in this study, some as-
sumptions should be made in the calculation of fa-
tigue life. Strict treatment of multi-cracking and
coalescence can be found in literature based either on
complex numerical simulation (Chaussumier et al.,
2010) or on stochastic analysis introducing the crack
density conservation law (Fedelich, 1998). Generally,
assumptions on the distribution of crack size and
location, crack evolution, coalescence condition, and
so on should be used, which makes the life prediction

quite complicated. Others roughly estimate the crack
density and many simplifications are done to reflect
the decrease of fatigue life by multi-cracks (Fournier
et al., 2008). Considering that it is beyond our un-
derstanding of the cracking of IN718 to rigorously
handle the multiple cracks, an eclectic treatment is
adopted here. That is, for those specimens with more
than one initiation site, only the primary crack which
occupies the largest portion of fracture surface is
measured and used in the life calculation. It is based
on the understanding that the primary crack controls
the final rupture of the specimen. Furthermore, for
multi-cracking specimens, the crack initiation length
¢ would be smaller than that of single-crack specimen,
reflecting the influence of multiple cracks and coa-
lescence, whereas the original model of Tanaka and
Mura (Eq. (3)) does not take into account this effect.

Replacing the expression of N; in Eq. (7) by that
of Eq. (3), the total fatigue life model based on Tanaka
and Mura’s can be obtained analogously. The fatigue
lives predicted by both Tanaka and Mura’s model and
Chan’s model are plotted with the experimental re-
sults in Fig. 11. Rational coincidence can be seen in
most cases, i.e., the predicted results fall into the
double-error band indicated by dashed lines. For the
data point beyond the error band, the experimental
fatigue life is unusually long; although it is subjected
to a high applied stress. As a whole, Tanaka and
Mura’s model gives more conservative prediction
than that of Chan’s model, especially in the long life
regime. It may be understood that Tanaka and Mura’s
model only considers the lifetime to initiate a crack
with a size comparable to the grain diameter (Fournier
et al., 2008), whereas the crack initiation zone may
cover several grains as observed in fractography,
which partly explains why Tanaka and Mura’s model
underestimates the fatigue life. In general, calculating
initiation life by Chan’s model gives a relatively good
life prediction of IN718 superalloy in the examined
life regimes.

Noted that this model has the advantage of pro-
viding the proportion of the life consumed under each
phase of crack initiation and crack propagation, and
furthermore, the parameters involved are material
constants or derived from ordinary test results. The
model shows that the life cycles attributable to crack
initiation become increasingly significant with de-
creasing stress amplitude. For those specimens
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Fig. 11 Fatigue life prediction based on fatigue crack ini-
tiation and propagation

fatigued in high cycle regime, most of the fatigue life
is consumed in Areas | and Il, whereas Paris crack
propagation in Area Il takes relatively much less
time, especially for long life fatigue. In the VHCF
regime, the proportion of crack initiation life can be
even more than 99% according to the model calcula-
tion, in agreement with Wang et al. (2002)’s results on
high-strength steels. Test data of IN718 superalloy
under completely reversed uniaxial fatigue (Socie,
1983) revealed that in LCF (<10° cycles), it took less
than 40% of fatigue life to generate a crack of 100 pum,
whereas this crack did not appear until about 90% of
the total life cycles in HCF (10°~107 cycles). It is thus
increasingly accepted to predict the long fatigue life
in terms of crack initiation and growth.

5 Conclusions

Nickel-based superalloy IN718 was subjected to
RB fatigue tests up to the long life regime at room
temperature. The conclusions obtained in this study
are summarized as follows:

1. Fatigue failure of IN718 can still occur after
2.04x10% cycles at room temperature and the S-N
curve appears in a continuously decreasing manner.

2. Fractographic analysis reveals a transition of
fatigue crack initiation from multi-sites to single site
when decreasing the stress amplitude, controlled by
crystallographic slip in near-surface grains.

3. The fracture surface can be divided into four
typical areas according to the appearance. Fracture
mechanics analysis indicates that these four areas
roughly correspond to (1) the crack initiation zone, (1)

near-threshold regime, (111) Paris propagation regime
followed by accelerated propagation regime, and (1V)
the final catastrophic fracture due to overload, re-
spectively.

4. The fatigue fracture mechanism dominated in
each regime is comparable with those reported in
FCG tests. Fatigue crack propagate in a transgranular,
crystallographic fracture manner in the initiation and
near-threshold regime. Quasi-cleavage fracture to-
gether with some fine striations is favorable in lower
Paris fatigue regime. Relatively coarse striations are
predominant in the upper Paris regime, governed by
the classical crack-blunting mechanism. Accelerated
crack growth in the high 4K regime was attributed to
ductile-dimpled fracture mode, accompanied with the
fracture of distributed particles. In the tensile over-
load region, ductile dimples similar to static tensile
overload and secondary cracks are common.

5. A total life prediction is performed based on
the estimation of fatigue crack initiation and propa-
gation, incorporating microstructural and fracto-
graphic parameters, which compares favorably with
the experimental fatigue life.
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