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Effects of Stress Ratio and Microstructure on Fatigue
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The effects of microstructure and stress ratio on high cycle fatigue of nickel superalloy Nimonic 80A were
investigated. The stress ratios of 0.1, 0.5 and 0.8 were chosen to perform fatigue tests in a frequency of
110 Hz. Cleavage failure was observed, and three competing failure crack initiation modes were discovered
by a scanning electron microscope, which were classified as surface without facets, surface with facets and
subsurface with facets. With increasing the stress ratio from 0.1 to 0.8, the occurrence probability of surface
and subsurface with facets also increased and reached the maximum value at R = 0.5, meanwhile the
probability of surface initiation without facets decreased. The effect of microstructure on the fatigue
fracture behavior at different stress ratios was also observed and discussed. Based on the Goodman
diagram, it was concluded that the fatigue strength of 50% probability of failure at R = 0.1, 0.5 and 0.8 is

lower than the modified Goodman line.

Keywords Crack initiation, Goodman diagram, High cycle
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1. Introduction

Polycrystalline nickel superalloys are used extensively in a
wide range of environments and applications, such as hot
sections of gas turbines in the aerospace and power generation
industries due to their excellent strength and high oxidation
resistance at the service temperature. The fatigue behavior of
nickel superalloy during the service has been increasingly
focused in recent years. Jiashi Miao et al. (Ref 1) investigated
the high cycle fatigue behavior of nickel alloy Rene 88 DT at
room temperature with the stress ratio R = — 1. They proposed
that the crack initiation transition to small crack growth was
influenced by the twin boundaries and misorientation. Larrouy
and Cormier (Ref 2) studied the plasticity and damage
processes initiated near grain boundaries and identified the
microvolumes at the grain boundary as the crack initiation
location. The fatigue strength of nickel superalloy could be
determined by microstructures of the alloy and the external
work environment such as temperature. However, high cycle
fatigue (HCF) was determined as a key cause of numerous
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failures in USAF fighter engines (Ref 3, 4). Generally, the
“Goodman” diagram, a powerful material design tool and a
plot of mean stress and stress amplitude, was employed to
obtain the fatigue properties (Ref 5).

As well known, there are many factors which can affect the
fatigue crack initiation, propagation and fracture behavior, such
as environment (Ref 6-9), microstructure (Ref 10-14) and stress
ratio (Ref 15-18). Stephen D. Antolovich (Ref 19) reviewed
microstructural, deformation mode, environment and cycle time
of fatigue in nickel superalloys. Jiashi Miao et al. (Ref 1, 20)
systematically investigated the HCF and very high cycle fatigue
behavior of Rene 88DT from the perspective of microstruc-
tures. Guolei Miao et al. (Ref 21) performed high cycle and
very high cycle fatigue of FGH96 at 600 °C with the R = 0.05.
Three types of competing failure modes were observed. Findley
and Saxena (Ref 22) investigated the low cycle fatigue behavior
of Rene 88DT and observed two types of competing failure
modes which are sensitive to the grain size. Based on the
competing failure behavior induced by the microstructure and
stress ratio, a new statistical paradigm of fatigue variability
modes was presented by the Jha et al. (Ref 23, 24). They
showed that the competing behavior induced by the mean stress
and microstructure could provide accurate fatigue response by
the new paradigm.

In this paper, Nimonic 80A was chosen to investigate the
effects of microstructure and stress ratio on the HCF behavior.
The stress ratios of 0.1, 0.5 and 0.8 were selected to perform the
high cycle fatigue under a frequency of 110 Hz. The S-N
curves were plotted in terms of the stress amplitude and
maximum stress, respectively. All the fatigue fracture surfaces
were observed using scanning electron microscope (SEM),
while three failure types of crack initiation were observed under
different stress ratios. The statistical methods, including
probability of failure (POF) and lognormal cumulative distri-
bution function (CDF), were used, respectively, to analyze the
competition of the failure types corresponding to a specified
stress ratio. The Goodman diagram was plotted to gain a better
understanding of the effect of stress ratio on fatigue behavior. In
addition, the microstructure of fracture surface related to the
stress ratio was presented and discussed.
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2. Materials and Experimental Procedure

2.1 Material Microstructural Characterization

The material used in the study is polycrystalline nickel-
based superalloy, Nimonic 80A. The nominal alloy chemical
composition is: 0.05% C, 20% Cr, 1.6% Al, 2.5% Ti, Ni
(balance) (mass percent). The received material was processed
by the forge and aging heat treatments, i.e., 1080 °C/8 h/
AC + 850 °C/24 h/AC + 700 °C/16 h/AC (AC: air cooling).
The electron backscattering diffraction (EBSD, Oxford Instru-
ments) was employed to analyze the microstructure characters,
as shown in Fig. 1 which the alloy has a poor texture. The grain
boundary (GB) map is given in Fig. 1(b), where the red lines
represent X3 twin boundaries. The fraction of X3 twin
boundaries is about 55% in the alloy. The average grain size
is about 100 pm. The ultimate tensile strength (UTS) and the
0.2% yield strength at room temperature (RT) were about
1223.5 and 797.8 MPa, respectively. A Vickers hardness test
(FLC-50VX) was performed to obtain the hardness at RT with
100 g load applied for 15 s. The test path was the cross section
of the gauge segment, and test spacing was approximately
100 pm. Finally, the average hardness value of Nimonic 80A
was obtained as 366 HV.

2.2 Fatigue Experimental Procedure

Fatigue tests were performed at RT and laboratory air
condition in the high cycle fatigue regime using the push—pull
high frequency fatigue test equipment (QBG-100) based on
ISO 1099:2006 fatigue test standard (Ref 25). The frequency of
110 Hz and stress ratios (R) of 0.1, 0.5 and 0.8 were applied.
Cylindrical specimens with a gauge diameter of 4.5 mm and a
gauge length of 27.69 mm showed in Fig. 2 were used in the
test. Prior tests, all specimens were mirror polished along the
gauge length. After fatigue tests, fatigue fracture surfaces of
tested specimens were examined using SEM to define the
different regions including crack initiation, crack propagation
and finally fracture regions.

3. Results and Discussion

3.1 S-N Curves and Fatigue Fracture Surfaces Fractography

Figure 3 shows the S—N curves of nickel superalloy
Nimonic 80A with the specified stress ratios of 0.1, 0.5 and
0.8, expressed in the stress amplitude and maximum stress. The
red, green and blue lines are the fitted curves with 50%
probability of failure at the above stress ratios, respectively.
Obviously, all six curves show continuously declining patterns.
It is noted that with increase in the stress ratio, the fatigue limit
in terms of stress amplitude (o,) decreases (Fig. 3a), and the
fatigue limit in terms of maximum stress (o) Increases
(Fig. 3b), respectively. Moreover, fatigue lifetime decreases
with the increase in the stress ratio at a given stress amplitude.
The trend of the stress amplitude and the maximum stress at
different stress ratios versus fatigue lifetime is reversed. The
fatigue strength represented by the maximum stress is about
840 MPa (R = 0.8), which is larger than the yield strength of
alloy, and the fatigue strength increases with increase in stress
ratio, as shown in Fig. 3(b). Obviously, the tensile mean stress
induced microcrack open; on the other hand, the microcrack tip
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Fig. 2 Schematic of HCF specimen (in mm)
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Fig. 1 EBSD characterization of grain microstructure. (a) inverse pole figure map; (b) grain boundary map; (c) pole figure map
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will close if there is the plasticity distributed in the crack
initiation region.

Based on SEM observations of the fracture surfaces, there
are three failure types of the crack initiation mode. Figures 4, 5,
and 6 show the details of such three failure types, respectively,
i.e., surface without facets, surface with facets and subsurface
with facets. The similar phenomenon reports were observed by
Liu et al. (Ref 16, 26) with Ti alloy and Miao et al. (Ref 21)
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with nickel superalloy. The enlargement of crack initiation
region is shown on the right of each SEM image.

Figure 4 displays the fracture morphology of the crack
initiation originated from the surface without facets, which is
named as “surface without facets™ for failure type I. Liu et al.
(Ref 16) studied the effect of stress ratios on high cycle fatigue
behavior of Ti alloy. They also observed the same failure type.
Figure 4(c) gives the schematic of type I. As it is shown, the
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Fig. 3 S-N curves of the Nimonic 80A alloy with stress ratio of 0.1, 0.5 and 0.8. (a) stress amplitude, g, vs. Ny, (b) maximum stress, Opax VS.
Ny (surl: surface without facets; sur2: surface with facets; sub: subsurface with facets)

(o) Crack initiation site

Surface without facets

Fig. 4 Typical failure type of surface without facets, R = 0.1, gynax = 940 MPa, Ny = 8.4 x 10 (a) low magnification; (b) enlargement of initi-

ation region; (c) schematic of failure type I

2536—Volume 27(5) May 2018

Journal of Materials Engineering and Performance



Surface with facets

Fig. 5 Typical failure type of surface with facets, R = 0.5, gpax = 740 MPa, Ny = 3.305 x 10°. (a) low magnification; (b) enlargement of initia-

tion region; (c) schematic of failure type II

entire fracture surface can be divided into three typical regions
by the red dashed lines. The region I covers the smooth area
which is the crack initiation site; the region II is a rough area
without facets with many river-like ridges along the crack
propagation direction; the region III is comparatively flat with
fatigue stripes along the crack growth direction. Thus, the
region II and III need to be defined in the crack propagation
regions (Ref 27).

The failure morphology of failure type II is presented in
Fig. 5, in which the crack initiation was developed from the
surface with facets randomly distributed at the initiation site, as
shown in Fig. 5(a) that is cleavage facets failure and named
“surface with facets.” The similar failure type was observed in
nickel alloy by Miao et al. (Ref 21). Figure 5 (c) shows the
schematic of type I, which can also be divided into three
regions the same as discussed of type II. The facets are the
cleavage failure type located in the surface area which indicates
that the crack initiates from the cleavage and propagate along
the cleavage (Ref 28).

Type III is named as “subsurface with facets” which means
crack initiation arises from the subsurface with many facets
randomly distributed in the initiation region, as shown in
Fig. 6(a), with the similar phenomenon reports by Liu et al.
(Ref 16, 26) and Jiashi Miao et al. (Ref 20). Again, the fracture
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surface can also be split into three regions including crack
initiation rough area (region I), crack propagation regions
(region II and III). Figure 6(c) shows the schematic of failure
type III. As the stress ratio increases, the facet area expands,
and the density of facets clearly increases.

Based on the fracture morphology observation, the occur-
rence probability of failure type is plotted as a function of the
stress ratio, as shown in Fig. 7, where the occurrence proba-
bility of surface and subsurface with facets is first increased
with the increasing stress ratio, and reaches the maximum value
at R = 0.5, then, surface with facets minor declines and
subsurface with facets slowly increases until R = 0.8. The
trend of surface without facets quickly declines from R = 0.1 to
0.5, after that the decline becomes minor. Thus, it can be seen
that the R = 0.5 is a key point, with which the same trend is
also observed in Fig. 3. However, it is well known that the
increasing stress ratio leads to increase in the maximum stress
and results in the restraint of surface initiation and activation of
the subsurface initiation (Ref 16). This is in accordance with the
experimental observations.

Figure 8 shows the lognormal cumulative distribution
function (CDF) at different stress ratios, in which the exper-
imental data are dealt with the lognormal probability space
based on the linearization of the CDF (Ref 23, 24, 29). From

Volume 27(5) May 2018—2537



Subsurface with facets

Fig. 6 Typical failure type of subsurface with facets, R = 0.8, 0yax = 990 MPa, Ny = 1.7664 x 10°. (a) low magnification; (b) enlargement of

initiation region; (g) schematic of failure type III
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Fig. 7 Occurrence probability of failure types with a function of
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Fig. 8(a), it is noted that the trend of the fitted curves, except
for the black fitted curve, is similar at R = 0.1. However, at the
lowest stress level of ¢, = 243 MPa, the experimental data
present a step-like shape with the CDF response. This step-like
shape of the CDF was reported previously (Ref 15, 30, 31). It is
well known that such the shape developed from the superpo-
sition of two failure mechanisms at the same stress level and
described in the function by Jha et al. (Ref 29, 30), in which
one is dominated by crack growth (lower life failures), and
another is controlled by the crack initiation (higher life failures)
due to the effect of the mean stress. For RT fatigue tests, there
are three failure types, i.e., surface without facets, surface with
facets and subsurface with facets, as shown in Fig. 4, 5 and 6.
In addition to that, there is no exact source of crack initiation in
a SEM. Thus, the competing mechanisms of step-like shape is
surface (lower parts of shape) and subsurface (upper parts of
shape) crack initiation failure, respectively. In Fig. 8(b), all the
experimental points are fitted in a linear fashion with variable
slopes at R = 0.5. However, the slopes of the CDF lines with
increase in the mean stress at R = 0.8 have little change, as
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Fig. 8 Probability of failure plots with stress amplitude at different stress ratios. (a) CDF plots at R = 0.1; (b) CDF plots at R = 0.5; (¢c) CDF

plots at R = 0.8

shown in Fig. 8(c), with the similar phenomenon reported by
Tanaka and Laz (Ref 32, 33).

Figure 9 shows that the life limit behavior (the minimum,
mean and 0.1% POF lifetime) is the function of the stress level
with stress ratios of 0.1, 0.5 and 0.8. It is well known that the
0.1% POF lifetime is the most conservative and most important
design parameters during fatigue regime. All the minimum,
mean and 0.1% POF lifetime decreases as stress level increases,
but with different responses. Jha et al. (Ref 23, 24) studied the
fatigue variability behavior of titanium alloy with this method
and had similar results. They believed that it is evidence of the
existence of different competitive failure mechanism. All the
mean life is larger than the minimum and 0.1% POF life at
R =0.1, 0.5 and 0.8. Clearly, 0.1% POF life is the biggest at
0, = 243 MPa in Fig. 9(a) due to the lowest stress level. This
indicates that the mean, minimum and 0.1% POF life behavior
should be governed by different mechanisms (Ref 24), same as
that discussed in Fig. 8. With increasing the stress level, the
difference is gradually declined. The distribution trend of
R = 0.5 and 0.8 is similar. However, with increase in the stress
ratio, the fatigue strength decreases. As shown in Fig. 9,
another consequence of the response is that 0.1% POF lifetime
decreases with increase in the stress amplitude under every
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stress ratios (0.1, 0.5 and 0.8). And with increase in the stress
ratio, the stress amplitude decreases and the mean stress
increases, which induced the microcrack open and result in
fatigue strength decreases. This is in agreement with the
experimental results in Fig. 3(a).

3.2 The Effect of Stress Ratio on Fractographic Feature
of Fatigue Fracture Behavior

Based on the SEM observation of the failure surfaces, this
work attempts to estimate the influence of stress ratios on the
fractographic feature of fatigue fracture behavior. Typical
fracture surface was selected at each stress ratio including crack
initiation, propagation and finally fracture regions, respectively.

Figure 10 presents the fatigue fractographic fracture surface
at R = 0.1 with the maximum stress of 590 MPa and lifetime of
1.0081 x 10°. The overall fracture surface reveals the distinct
regions of fatigue (crack initiation and propagation) and
overload (final fracture region), as shown in Fig. 10(a), in
which the initiation region is almost at 90° to the far-field stress
direction. The highly magnified observation in Fig. 10(b)
presents the crack initiation with facets (region I) and radial
river-like ridges along the crack propagation direction
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(region II). The region of stable crack growth with about
1.579 mm from the crack initiation region displayed in Fig. 10(a)
shows the fine and orderly fatigue striations and radial river-like
streaks along the crack propagation direction mixed with some
random striations, as shown in Fig. 10(c). Ductile dimples and
some deformation caused by brittle fracture are also observed at
the final fracture region, as shown in Fig. 10(d). This indicates
that the failure mechanism is dominated by the locally ductile
microplasticity and brittle fracture (Ref27).

Figure 11 displays the fracture surface at R = 0.5 with the
maximum stress of 740 MPa and number of cycles to the
failure 3.305 x 10°. The crack initiation and early propagation
regions are flat and featureless in Fig. 11(a), where the failure
mechanism is controlled by transgranular fracture. With a high
magnification, Fig. 11(b) reveals the radial river-like ridges
along the crack propagations direction. A high-magnification
observation of the stable crack growth region which is about
1.365 mm from the crack initiation region reveals clearly that
the striations and microscopic cracks are randomly distributed,
as shown in Fig. 11(c). Ductile dimples and a few deformations
caused by brittle fracture present in the final fracture region are
shown in Fig. 11(d). These features also present an evidence of
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the principal ductile and isolated brittle fracture mechanisms at
the final fracture region.

Figure 12 shows SEM images of the fracture surface related
to the stress ratio (i.e., R = 0.8) with a maximum stress of
990 MPa and fatigue failure cycles of 1.7664 x 10°. It is
visible that the crack initiation region is different from the other
regions in the overall fracture surface, as shown in Fig. 12(a).
Careful high-magnification observation of the initiation and
propagation regions, Fig. 12(b) reveals the cleavage facet and
intergranular fracture. Very small and randomly distributed
striations are also presented in this region. The final fracture
region is covered with dimples and deformation caused by
brittle fracture, as shown in Fig. 12(c). This is attributed to the
occurrence of both ductile and brittle failure mechanisms.

The aim of this study is attempted to assess and establish the
influence of stress ratio on fatigue properties and fractographic
feature. There are many dimples found covering the final
fracture surface, which indicates the “locally” ductile failure
(Ref 34, 35). The crack propagation region becomes small and
the final fracture region size increases with increasing the stress
ratio. With increase in stress ratio, the maximum stress
increases, and the mean stress also increases, which results in
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Fig. 10 SEM observations at R = 0.1, Gpax = 590 MPa, Ny = 1.0081 x 108. (a) Overall fracture surface; (b) high magnification of crack initia-
tion and propagation region; (c) high magnification of stable crack growth with striations; (d) the final fracture region

the suppression of surface crack initiation and activation of
the subsurface crack initiation with facets, in other words,
maximum stress controls the cleavage failure, the stress
amplitude dominates the slip deformation, as shown in Fig. 3,
4,5, 6 and 7. And at low cyclic stress and enhanced lifetime
with three stress ratios, crack initiation originates from twin
boundaries (Ref 36) and the density of slip decreases with
decreasing the cyclic stress (Ref 37) which is in agreement
with the experimental results in Fig. 3. This also can explain
why crack initiation predominately originates from facets on
the surface and in the subsurface area at 10°-107 cycles. At
high cyclic stress and resultant low lifetime with stress ratio of
0.1, 0.5 and 0.8, plastic deformation takes place in all surface
grains. Then, deformation incompatibility of adjacent grains is
appeared due to the different misorientations of each grain
(Ref 38). Thus, stress concentration at grain boundaries is
presented which is the crack initiation sites in the low cycle
fatigue regime.

3.3 The Effects of Mean Stress on Fatigue Strength

Figure 13 presents the relationship between stress amplitude
(0,) and mean stress (g,,) based on the Goodman diagram
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approach. This is the useful tool for investigating the effect of
mean stress on the fatigue strength. The red solid line is the
modified Goodman approximation, which gives a linear
relationship between the fatigue limit at R = — 1 and the
ultimate tensile strength. The modified Goodman is usually
treated as conservative results because of the high safety margin
for designing and engineering purpose.

All the fatigue strength obtained for R = 0.1, 0.5 and 0.8 are
lower than the modified Goodman line. However, the results of
R = 0.1 are closer to the Goodman line than others. The failure
behavior of R = 0.1 is mainly controlled by surface initiation.
With increase in the stress ratio, the maximum stress increases
and the mean stress increases, and the failure behavior
transforms from surface initiation to mixed with surface and
subsurface initiation which crack was revealed at a vacuum-like
environment and fatigue crack growth rate was lower in
vacuum than in air (Ref 6, 39). Also, at given stress amplitude,
with increase in stress ratio, the mean stress increases and result
in the crack initiated from surface to subsurface. In order words,
the surface and subsurface initiation can be retrained and active,
respectively, at a high stress ratio or high mean stress. As
shown in Fig. 13, the high stress ratios (0.5 and 0.8) have lower
than low stress ratio (0.1) because the subsurface crack
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Fig. 11 SEM observations at R = 0.5, Gax = 740 MPa, Ny = 3.305 x 10°. (a) Overall fracture surface; (b) high magnification of crack initia-
tion and propagation region; (c) high magnification of stable crack growth with striations; (d) the final fracture region

initiation needs much more time than surface crack initiation at
same mean stress.

4. Conclusions

1. For stress ratios of 0.1, 0.5 and 0.8, the S—N curves
based on the stress amplitude and maximum stress show
a continuous decline trend. With increase in the stress ra-
tio, the fatigue limit expressed in stress amplitude de-
creases and maximum stress increases.

2. Three crack initiation failure types are observed and
grouped into the surface without facets, surface with fa-
cets and subsurface with facets. The occurrence probabil-
ity of failure types is defined with a function of the stress

2542 Volume 27(5) May 2018

ratio. With increase in the stress ratio, the occurrence of
surface with facets and subsurface with facets increases
first and then gradually declines and that for surface
without facets continuously decreases.

Evaluation of microstructure of fatigue crack initiation,
propagation and fracture locations at stress ratios of 0.1,
0.5 and 0.8 shows that transgranular and intergranular
fracture dominates the crack initiation and early crack
propagation. With increase in the stress ratio, the maxi-
mum stress and mean stress increases, and result in the
failure mechanism transforms from surface to subsurface,
while the crack propagation region decreases and the fi-
nal fracture region gradually increases.

The high cycle fatigue limit obtained for R = 0.1, 0.5
and 0.8 is lower than the modified Goodman line. And
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Fig. 12 SEM observations at R = 0.8, 0yax = 990 MPa, Ny = 1.7664 x 10°. (a) Overall fracture surface; (b) high magnification of crack initia-
tion and propagation region; (c) the final fracture region
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the high stress ratio can retrain the surface initiation and
activate the subsurface fatigue crack initiation. Mean
stress has a very obviously influence on the fatigue
strength of this alloy as evidenced by the shape of the
Goodman diagram, which must be considered in damage
tolerant design for HCF.
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