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Abstract: In this paper, the high cycle fatigue performance of solid solution state and aged Inconel
718 superalloys was studied at room temperature. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were used to analyze the original structural features and
fatigue deformation features of two kinds of alloys. SEM, laser scanning confocal microscopy, and
electron backscatter diffraction (EBSD) were used to analyze the secondary fracture features of
the fatigue fracture morphology and fatigue fracture profile. The results showed that the aging
treatment significantly affected the strength and plasticity of the alloy, which in turn affected the
fatigue performance of the alloy. After the aging treatment, the yield strength o5 and the tensile
strength oy, of the Inconel 718 alloy increased by 152% and 65.9%, respectively, compared with those
of the solid solution state, but the rate of elongation 6 and rate of contraction in the cross-section area
¢ decreased by 63.7% and 52.3%, respectively. The fatigue limit of the aged state was lower than that
of the solid solution state by 6.3%. The quadratic function relationship between the high cycle fatigue
limit 0_1 and the tensile strength oy, of the Inconel 718 superalloy at room temperature was 0_1 =
op - (0.869—3.67 x 107* - o). An analysis of the fatigue fracture mechanism showed that the fatigue
fractures before and after aging were all initiated in the grains oriented relatively unfavorably on
the surface of the sample, with a mixture of intergranular and transgranular propagation after the
transgranular propagation of several grains. The higher plasticity of the solid solution state Inconel
718 alloy resulted in a large number of slip deformation zones under high cycle fatigue loads, and
the plastic deformation was relatively uniform. The lengths of the secondary fractures were as high
as 120 um, which formed the single-source plastic fatigue fracture that promoted an increase in the
fatigue limit. After aging treatment, the higher strength of the Inconel 718 alloy made dislocation
slip difficult under high cycle fatigue loads, and the plasticity compatible deformation capability
was poor. When local dislocations slipped to the intragranular y” phase, v’ phase, or interfaces with
nonmetallic compounds (NMCs), plugging occurred. The degree of stress concentration increased,
causing the initiation of fatigue fracture; the secondary fracture was approximately 20 um. Brittle
cleavage due to multiple sources significantly reduced the fatigue limit.

Keywords: Inconel 718 superalloys; room temperature; high cycle fatigue

1. Introduction

The Inconel 718 superalloy (the trademark in China is GH4169) is a nickel-chromium-iron
(Ni-Cr-Fe)-based wrought superalloy that is precipitation-hardened and was successfully developed
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by the United States in the 1950s [1]. In the aging treatment process, the y” phase, which is coherent
with the matrix v phase (NizNb, body-centered tetragonal DO,; structure), and the vy phase, which is
semicoherent with the v phase (face-centered cubic LI, structure), disperses precipitation and hinders
dislocation motion, not only giving the Inconel 718 alloy a higher room temperature strength but
also allowing this alloy to maintain a comparatively high strength at high temperatures under 650 °C.
Thus, this alloy is widely used in the manufacture of turbine discs and blades for aircraft engines
and other key parts and components exposed to high temperatures and fasteners not exposed to
high temperatures. The high-frequency vibrations of an aircraft engine during operation generate
disturbance stress effects on the nearby parts and components, requiring the Inconel 718 alloy to have
not only good static strength and creep performance but also good fatigue performance. Therefore,
the research on fatigue performance of the Inconel 718 alloy has been widely concerned. According
to the specific service environment temperature and load of the parts, it can be roughly divided into
several aspects: high temperature [2]/medium temperature [3]/room temperature [4,5] low cycle
fatigue, high temperature [6,7] /room temperature [8]/low temperature [9,10] high cycle fatigue, and
ultra-high cycle fatigue [11,12] performance. Fournier et al. [13] found that the Inconel 718 alloy in the
solution treated and aged (ST + A) state had cyclic softening while in the direct aged (DA) state [14]
had cyclic hardening under high temperature. The ST + A state of the Inconel 718 alloy hardens
at the initial stage of circulation followed by fatigue softening under room temperature, which is
also noted in Inconel 718 alloys with different heat treatment processes [15] and long-term aging [5].
The cyclic deformation mechanisms were studied at different temperatures by Sanders et al. [16]
and Xiao et al. [17,18]. As for the relationship between fatigue life and strain amplitude, studies
have shown that both ST + A state [19] and DA state [20] Inconel 718 alloys meet the Manson-Coffin
relation at high temperatures, while ST + A state [4] alloys and other aged state [15] alloys meet the
bilinear Manson-Coffin relation at room temperature. According to the different factors affecting the
low-cycle fatigue performance, the influence of microstructure on the low-cycle fatigue life of notch [21]
and hot forged alloys [22], the influence of delta phase content [23] and thermal corrosion [24] on
low-cycle fatigue behavior, and the influence of frequency and waveform on fatigue crack propagation
rate [25] have been studied. Nowadays, the damage tolerance is increasingly applied to turbine blades,
Citarella et al. [26,27] have shown that even with a crack, the blade might avoid replacement if accurate
propagation of crack could validate such a maintenance choice, and Chang et al. [28] studied the
influence of solid-solution temperature on damage tolerance.

The aforementioned studies may consider the reason that aging treatments substantially increase
the static strength of the Inconel 718 alloy. The researchers almost always used aged (DA or ST + A)
state Inconel 718 alloy with the zigzag curve phenomenon that occurs on the plastic section from the
hysteresis loop [29,30] and cyclic softening under high temperature low cycle fatigue; under room
temperature low cycle fatigue, the dual-slope Manson-Coffin relationship between the cyclic strain
and fatigue life and the softening that occurs immediately following hardening in the initial stage
of the cycle are both attributed to y” phase shearing in the aged state. However, Rae et al. [31] and
Praveen et al. [32] studied the low cycle fatigue characteristics of ST state Inconel 718 alloy at room
temperature and found that the ST state was the same as the aged state alloy, as the ST state presented
the zigzag curve phenomenon on the plastic section from the hysteresis loop [31] and satisfied the
dual-slope Manson-Coffin relationship between the cyclic strain and the cyclic softening and low cycle
fatigue life immediately following hardening in the initial stage of the cycle [32]. These results show
that, under low cycle fatigue at room temperature, the ST state and the aged state alloys follow the
same trends. However, experimental results in the literature [32] also demonstrated that when the
total strain amplitude was within the range of 0.625-0.95, the life of the ST state with low strength
was higher than that of the ST + A state with high strength. It is regrettable that the author did not
explore in detail the reasons behind this phenomenon and simply attributed the phenomenon to the
insufficient plasticity of the ST + A state.
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Therefore, under low cycle fatigue at room temperature, ST state Inconel 718 alloy has a longer
life than that of the ST + A state. It is unknown if this phenomenon is unique to low cycle fatigue
or does it also exist for high cycle fatigue, or if the specific reason is an issue that is as yet unsolved.
In addition, the specific relationship between the tensile strength o}, and the fatigue limit o_; of the
Inconel 718 alloy at room temperature remains to be answered. In connection with the aforementioned
questions, this paper intends to study the high cycle fatigue behavior of the ST state and the ST + A
state Inconel 718 alloys at room temperature and to carry out systematic comparative observations
of high cycle fatigue (HCF) fractures. The corresponding relationship between the o}, and o_; of the
Inconel 718 alloy is fitted according to the test results in anticipation of providing an experimental and
theoretical basis for studying the HCF of Inconel 718 alloy at room temperature.

2. Materials and Methods

2.1. Experimental Materials

The material used in this study was the Inconel 718 superalloy with a chemical composition
(mass fraction/%) of the following: 0.04 C, 0.22 Mn, 0.009 P, 0.002 S, 0.26 Si, 18.15 Cr, 52.1 Ni, 0.04 Cu,
3.09 Mo, 0.51 Al, 0.92 Ti, 0.09 Co, 4.96 Nb, and 0.005 B, with the remainder as Fe. The ST process was
as follows: 980 °C x 1 h, air cooling. The ST + A process was as follows: 980 °C x 1 h, air cooling,
720 °C x 8 h, furnace cooling to 620 °C x 8 h, air cooling. The original structures of the two states
are as shown in Figure 1. Since the solid solution process of the two states was the same, the ST state
and the ST + A state did not have obvious differences in terms of average grain size,  phase and
nonmetallic compound (NMC) content, morphology, and distribution, as well as the size, content, and
distribution of the annealing twins. The average grain size was approximately 15 pm, and  phase and
NMCs were present at the grain boundaries and within the grains, which contained certain amounts
of annealing twins. Figure 2 shows the transmission electron microscopy (TEM) image of the original
structures. The ST state that had not undergone aging treatment had an extremely small amount of
v” phase precipitation from the process of 980 °C air cooling to room temperature (Figure 2a), and
the ST + A state had a large amount of y” phase precipitation after standard bipolar aging treatment.
The mechanical properties of the ST state and ST + A state Inconel 718 alloys at room temperature are
shown in Table 1. The yield strength o and tensile strength oy, of the ST + A state increased by 152%
and 65.9%, respectively, compared with those of the ST state, but the rate of elongation 4 and the rate
of contraction in the cross-section area ¢ decreased by 63.7% and 52.3%, respectively.

Figure 1. Scanning electron microscopy (SEM) picture of Microstructures. (a) Solution treated (ST)
state; (b) solution treated and aged (ST + A) state.
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Figure 2. Transmission electron microscopy (TEM) picture of Microstructure, (a) ST state; (b) ST +
A state.

Table 1. The mechanical properties of Inconel 718 at room temperature.

State os/MPa  o,/MPa 8/% ©/%

ST 528 940 43.5 63.1
ST+A 1332 1560 15.8 30.1

2.2. Experimental Methods

The smooth fatigue sample designed according to GB/T3075-2008 is shown in Figure 3. After
the sample was processed, fine sandpaper and polishing cloth were used to manually polish and
grind in the axial direction to remove the machining marks perpendicular to the axis. Subsequently,
solid solution and aging treatments were carried out separately in a vacuum atmosphere furnace
(Hua Wei Company, Heze, China); then, the room temperature HCF tests at 107 instances were
carried out on the ST + A and ST samples on a QBG-100 high-frequency testing machine (Qian Bang
Company, Changchun, China) in air, using the R = —1 tension and compression load-control mode;
and a frequency of around 130 Hz. The fatigue limit was tested with the up and down method, and the
interval stress (Ao) of the ST + A state and the ST state was 25 and 20 MPa, respectively. The fatigue life
of high stress was tested with the group experiment method; three samples were used for each stress
level. Finally, the measured data were fitted into a stress vs. number of cycles to failure (S-N) curve.
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Figure 3. The fatigue specimen of Inconel 718.

First, wire-cutting was used to cut the fatigue fracture from the fatigue fracture sample, and
scanning electron microscopy (SEM) (Zeiss, Analytik Jena city, Thuringia, Germany) was used to
observe the morphological features of the fatigue fracture. Then, wire-cutting was used again to cut
the fatigue fracture that had undergone SEM observation from the fatigue source in the axial direction.
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The vertical section of the fatigue fracture was mounted and polished after burnishing with sandpaper.
After undergoing chemical etching (5 g CuCl,, 100 mL HCl, and 100 mL ethanol), laser scanning
confocal microscopy (Oympus, Nishi-Shinjuku, Japan) was used to observe the initiation position of
the secondary fracture, the length of the secondary fracture, and the propagation mode for the main
fracture on the vertical section of the fatigue fracture. The sample from the vertical section of the fatigue
fracture observed by laser scanning confocal microscopy was mechanically polished after burnishing
again with sandpaper, and the surface was then polished by vibration for approximately 12 h. Next,
electron backscatter diffraction (EBSD) (Zeiss, Analytik Jena, Thuringia, Germany) observations were
carried out with a scanning step and a range of 0.08 pm and 425 um x 250 um, respectively. Channel5
software (Zeiss, Analytik Jena, Thuringia, Germany) was used to analyze the EBSD results. EBSD
observation was carried out first on the ST + A state sample, after which observation by laser scanning
confocal microscopy was carried out. Wire-cutting was used to cut a thin section of 0.4 mm thickness
perpendicular to the axial direction near the fatigue fracture on another section of the fatigue fracture.
Sandpaper was used to grind the thin section until the thickness was approximately 50 um. A small
round disc of ¢3 was taken from the thin section. Finally, twin-jet thinning was performed on the ¢3
small round disc (5 vt % perchloric acid + 95 vt % ethanol) to penetration, and TEM observation was
carried out.

3. Results

3.1. High Cycle Fatigue S-N Curve

The high cycle fatigue S-N curve of the Inconel 718 alloy at room temperature is shown in Figure 4.
The 107 instances of fatigue limit o_; could be calculated by Equation (1) [33]:

1 2
1 = — 0 1
01 " ;:1 0;0; ( )

where m is total number of effective specimens, 7 is the grade of stress amplitude levels, o; is the stress
amplitude level of i, and v; is the number of specimens at the stress level of i. Therefore, the o_; of
the ST state and the ST + A state is approximately 492 and 461 MPa, respectively. The fatigue limit of
the ST state was higher than that of the ST + A state by 6.73%. Due to the o_1 of the ST state being
near to its yield strength o, the stress amplitude of the ST state is equal to or even higher than o,
and therefore the fatigue life of the ST + A state was higher than that of the ST state within 103-10°
cycles. In the low stress amplitude zone after 10° instances, the fatigue data of the ST + A state was
more dispersed.
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Figure 4. Stress vs. number of cycles to failure (5-N) curve of Inconel 718 at room temperature.
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3.2. Fatigue Fracture Morphology

Figure 5 is the diagram of the fatigue fracture morphology for the ST fatigue sample (o = 480 MPa,
N =1.798 x 10°). The macroscopic diagram of the fatigue fracture (Figure 5a) shows that the fatigue
fracture of the ST state initiated on the surface with a single fatigue source and a comparatively flat
cross-section. The magnified view of the fatigue source in Figure 5b shows that the fatigue source of
the ST state has obvious plastic fracture features.

Figure 5. Fatigue fracture surface of ST specimens. (a) Macrograph; (b) local magnification of the
fatigue source.

Figure 6 is the diagram of the fatigue fracture morphology for the ST + A fatigue sample
(0 =480 MPa, N = 1.765 x 10°). The fatigue sources of the ST + A state are indicated by the arrows in
Figure 6a, which show multisource fatigue fracture features similar to the results of Ma et al. [34] and
Xie et al. [35]. The fatigue fractures on the plane intersect after undergoing propagation and make the
cross-section rougher. The morphology of the cleavage facets for the fatigue source area, as indicated
by the arrows in Figure 6b,c, shows brittle cleavage for the fatigue source fracture of the ST + A state.
For the fatigue source area in Figure 6¢, not only was the NMCs observed, but the NMCs crack was
observed as well. The NMC-initiated fatigue crack was observed in Figure 6d.

Tmm

Figure 6. Fatigue fracture surface of ST + A specimens. (a) Macrograph; (b) local magnification of the
fatigue source b in (a); (c) local magnification of the fatigue source c in (a); (d) local magnification of the
fatigue crack initiation site d in (c).
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3.3. Fatigue Fracture Profile

The laser scanning confocal diagrams for the vertical sections of the ST and ST + A fatigue
fractures are shown in Figure 7. In Figure 7a, the plane of the ST state fatigue fracture source is 45° to
the stress axis, indicating that the fatigue fracture initiated on the <111> slip plane [34]; this fracture
mechanism is different from the room temperature ultrahigh cycle fatigue surface fracture of the aged
state Inconel 718 alloy, which initiated at the twin boundaries of the coarse grains [12]. The bumpy
morphology of the main fracture shows plastic fracture features. Many plane deformation zones are
observed on the fracture profile (Figure 7a,b), which is similar to the low cycle fatigue fracture profile of
the aged state at room temperature [13,36]. Three secondary fractures are also observed. In Figure 7a,
the length of the secondary fracture for the sample surface grains located near the fatigue source is
approximately 20 um. In Figure 7b, the lengths of the two secondary fractures for the sample surface
grains located directly below the fatigue source are approximately 20 pm and 120 pm. In Figure 7c,
the comparatively straight morphology of the main fracture for the ST + A state illustrates brittle
fracture features, and no plane deformation zones similar to the ST state were observed in the fracture
profile. Two secondary fractures were observed in the interior of the sample. Additionally, in Figure 7c,
the length of the secondary fracture located on the main fracture grains is approximately 10 um, and
a similar secondary fracture was also observed on the high temperature low cycle fatigue fracture
profile [2]. In Figure 7d, the length of the fracture located on the NMCs was approximately 5 pm.
In Figure 7c,d, the rectangular frames at the secondary fractures are the traces left on the surface of the
sample by the high-voltage electron beam during early EBSD observation.

; s‘ﬂpﬂbanﬁs/
g e second
30um X~ \

40pm .-
T S|
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Figure 7. The longitudinal section of the fatigue fracture. (a,b) ST state; (c,d) ST + A state.

3.4. EBSD Observations of the Fatigue Fracture Profile

EBSD observations of the secondary fracture on the fatigue fracture profiles for the ST state and
the ST + A state are shown in Figures 8 and 9, respectively. In the Euler graph, yellow is used to
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represent the low angle grain boundaries with an orientation difference of less than 15°, red represents
the twin boundaries with an orientation difference of approximately 60°, and black represents the high
angle grain boundaries. For the ST state fatigue fracture profile in Figure 8a, in addition to the large
number of low angle grain boundaries clustered near both the main and secondary fatigue fractures,
low angle boundaries also exist in the grains where the fracture is located and on the adjacent grain
boundaries. The number of low angle grain boundaries for the ST + A state in Figure 9a is lower
than that of the ST state, and these boundaries are mainly aggregated near the main and secondary
fatigue fractures and on the grain boundaries, with very few low angle grain boundaries in the interior
of the grains. The Schmidt factor (SF) distribution maps of the ST state and ST + A state profiles in
Figures 8b and 9b, respectively, show that the SFs of the observed areas are both greater than 0.4,
which is favorable for dislocation slip. Secondary fractures initiate in grains with lower average SF,
and the secondary fracture of the ST state propagates transgranularly from the grains with low SF
toward grains with high SE. The secondary fracture surface of the ST + A state is 45° to the stress axis,
and the secondary fracture breaks along the cleavage of the <111> plane. In Figure 9¢, no low angle
grain boundaries are aggregated on the two sides of the coarse NMC fracture; the grains adjacent to
the NMC have a small number of low angle grain boundaries, and the fracture is straight and shows
obvious brittle fracture features. The SF distribution map in Figure 9d shows that the SF of the NMC is
different from that of the adjacent grains. The fracture initiates where the size of the transverse section
of the coarse NMC is at a minimum, and the fracture is straight with obvious brittle fracture features.

2%

0.3 0.320.340.35 035 0.4 0.42 0.44 0.46 0.43 0.5

Figure 9. EBSD picture of ST + A. (a,c) The Euler graph; (b,d) SF distribution.
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3.5. TEM Observations near the Fatigue Fracture

Figure 10 depicts a TEM image near the fatigue fracture. Compared with the prefatigue TEM
image (Figure 2), a large number of dislocations are observed in the TEM images of the fatigue
fractures for both states, and the cyclic plastic deformations of the ST state and the ST + A state are
both dominated by dislocation slips. The difference is that, due to the good plasticity of the ST state,
the dislocations are set into motion simultaneously in multiple slip systems and show multislip plastic
deformation features, forming plane slip deformation zones (Figure 7a), and the distribution of the
dislocations in the grains is comparatively uniform (Figure 10a). However, for the ST + A state, which
has high strength and low plasticity due to the precipitation of the y” and v’ phases, the dislocations
are hindered by those phases and cannot easily form deformation zones, resulting in the fatigue
fracture profile shown in Figure 6a, where deformation zone features are not observed; additionally,
the distribution of the dislocations is not as uniform as that of the ST state (Figure 10b).

Figure 10. TEM picture of near fatigue source, (a) ST state; (b) ST + A state.

4. Discussion

As shown in the experimental results in Table 1 and Figure 3, at room temperature, the tensile
strengh oy, of the Inconel 718 alloy for the ST + A state was much higher than that for the ST state,
but the fatigue limit o_; of the ST + A state was lower than that of the ST state by 31 MPa. This
phenomenon is analyzed below from two aspects—the relationship between o_; and oy, and the
fatigue fracture mechanism.

4.1. Fracture Relationship between the o_1 and oy, of the Inconel 718 Alloy at Room Temperature

For the precipitation-hardened Inconel 718 superalloy, the increase in oy, in the ST + A state was
due to the precipitation of the precipitation hardening phases and was not caused by a decrease in
grain size, a decrease in the NMCs content or size, or a change in twin content. The relationship of o_;
=1 X oyp, applicable to a fine grain hardening mechanism, could not explain the phenomenon of a ST
state with low o}, but high 0_1. The oy, in Table 1 and the o_; calculated according to Figure 3 show
that the fatigue to strength ratio of the Inconel 718 alloys with different strengths at room temperature
(o_1/0p) was not a fixed constant m; the fatigue to strength ratios of the ST state and the ST + A state
were 0.524 and 0.296, respectively; that is, m decreased as oy, increased. The study by Pang et al. [37]
on metallic materials with a greater range of strengths found that the fatigue to strength ratio m of the
material was a linear function of o}, with a slope of less than 0; that is, m =c — p X 0, where c and p
are coefficients related to the properties of the material. According to o_; =m x oy, it is easy to infer
the following quadratic function for the relationship between o_; and oy,

o1 = oy X (c— p X o), @)
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Equation (2) shows that when o}, = ﬁ
to increase, then o_; decreases; and the o}, corresponding to o™, is the ideal strength oy,.

For the Inconel 718 alloy, after respectively substituting the o_1 and o}, of the ST state and the
ST + A state into Equation (2), values of ¢ = 0.869 and p = 3.67 x 10~* were calculated, and the equation

in which the 0_; and oy, of the Inconel 718 alloy at room temperature satisfied the relationship was

. 2 . .
o_1 reaches a maximum value, 0", = Z—p ; if 0}, continues

obtained as:
o_1=o0p-(0.869 —3.67 x 107 - oy,), ©)

The fatigue limits of the Inconel 718 alloys with different strengths at room temperature were
calculated according to Equation (3) and compared with the experimental results for fatigue limits
in the literature. The results are shown in Table 2. With the exception of the calculated limit for the
axial tensile pull of R = 0.01, which differed more from the measured limit, the errors of the rest of
the estimations carried out using Equation (3) did not exceed 15%, illustrating that the coefficients c
and p calculated from the experimental data in this paper could better reflect the characteristics of the
Inconel 718 alloy.

Table 2. The relationship between o_; and oy, of inconel 718 alloy at room temperature.

Stress Experimental Calculated Deviation
Number Load Type Ratio op/MPa Gp_llMPa o_1/MPa Rate/%

1 axial -1 1549 ~420 [38,39] 465 10.7

2 axial -1 861 ~440 [40] 476 8.2

3 axial -1 1458 ~440 [9] 486.8 10.6
4 rotating bending -1 1372 ~450 [41] 501 11.3

5 rotating bending -1 1390 ~500 [34] 498 0.2

6 rotating bending -1 1390 ~520 [42] 498 4.2

7 rotating bending -1 1460 ~460 [43] 486 5.6

8 axial 0.01 1369 ~380 [10] 501 32

9 axial 0.1 1343 ~450 [44] 505 12.25

Equation (3) shows that the Inconel 718 alloy demonstrated oy, = 1183 MPa and 0™, = 514.4 MPa.
From the characteristics of the quadratic function, when the difference between oy, and o}, increases,
the corresponding o_; decreases. After undergoing the aging process treatment described in this
paper, the difference between oy, and o}, was greater than that in the ST state; therefore, the fatigue
limit of the ST + A state was lower than that of the ST state.

4.2. Analysis of the High Cycle Fatigue Fracture of the Inconel 718 Alloy at Room Temperature

From the perspective of the number of fatigue sources, two fatigue sources were observed in
the ST + A fatigue fracture (Figure 6a) with o = 480 MPa and N = 1.765 x 10°. Ma et al. [34] and
Xie et al. [35] also showed that the high cycle fatigue sources of the aged state Inconel 718 alloy at
room temperature had a tendency to change from multisource fatigue to single-source fatigue (after
100 instances) as the stress amplitude decreased. Moreover, under the same stress amplitude, the life
of the single-source fatigue was longer than that of the multisource fatigue. A single fatigue source
was observed in the ST state (o = 480 MPa) fatigue fracture (Figure 5a), indicating that the high cycle
fatigue performance of the ST state at room temperature was good.

From the perspective of the nucleation features of the fatigue source, the fatigue fracture source
of the ST state nucleated by the slipping of the <111> plane (Figures 3a and 7a), and the two fatigue
fracture sources of the ST + A state nucleated by the slipping of the <111> plane (Figure 4b) and at
a coarse NMC (Figure 4c). Pang et al. [37] referred to the defects in the material, such as vacancies,
dislocations, stacking faults, and grain boundaries, as the intrinsic defects (IDs) of the material, and
they referred to the defects generated in the course of processing the material, such as inclusions and
surface scratch marks, as the processing defects (PDs) of the material; these researchers also indicated
that the nucleation of fatigue fracture at PDs greatly reduces the fatigue performance. The ST state and
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the ST + A state were basically the same in terms of the size and distribution of the NMCs (Figure 1),
and the surface treatment process of the fatigue samples was the same; that is, the degree of PD for
the two states was the same. Therefore, the ST state fatigue fracture nucleates at IDs, and the ST + A
state fatigue fractures nucleate at IDs and PDs, indicating that as the strength of the Inconel 718 alloy
increases, the sensitivity of fatigue fracture nucleation at PDs also increases. Under the same stress
amplitude, the fatigue fracture sources nucleating at PDs make the fatigue life of the ST + A state lower
than that of the ST state.

From the perspective of the fatigue source area as the fracture mode, the ST state had an obvious
plastic fracture mode (Figures 5b and 7a), and the small facet of the cleavage for the fatigue fracture
area of the ST + A state (Figure 6b,c) illustrated a cleavage fracture mode. Chen et al. [10] showed
that the fracture mode of the fatigue source area for an aged state Inconel 718 alloy changed from
a transgranular ductile fracture to a cleavage fracture mode as the stress intensity factor k increased at
the tip of the fatigue fracture. Accordingly, the k of the fatigue source area of the ST state was inferred
to be smaller than that of the ST + A state.

From the perspective of the secondary fracture features of fatigue, the secondary fractures of the
ST state were obviously longer than those of the ST + A (Figure 7b—d). Due to the stress intensity
factor k at the tip of the secondary crack increasing as the length of the secondary fracture increases,
the secondary fracture cannot propagate, which indicates that the larger k, the higher the threshold
value Aky, for the propagation of the fatigue fracture, and it is inferred that the Aky, of the ST state is
higher than that of the ST + A state. The Aky, of the Inconel 718 superalloy decreased as the strength
increases, which is similar to the results of Ritchie et al. [45] regarding 300 M steel. The fracture mode
and nucleation source of the secondary fractures on the fatigue fracture profiles of the two states
were the same as those of the fatigue source fractures (Figure 7). The average SF of the grains where
the secondary fracture source was located was lower than that of the surrounding grains, and the
intragranular SF changed more (Figures 8 and 9), which is different from the fatigue surface fracture
features observed by Texier et al. [12]. There were more low angle grain boundaries near the secondary
fracture of the ST state than that of the ST + A state, and the distribution was more uniform, indicating
that the local plastic deformation of the cyclic ST state was more uniform than that of the ST + A
state, and the degree of stress concentration was relatively low. This result could also be seen in the
TEM images of the fatigue fractures for the two states (Figure 10). Although the cyclic deformation
mechanism was the same given that both are dislocation slips, due to the good plasticity of the ST
state, dislocations can be set into motion simultaneously in multiple slip systems, and the amount
of plastic deformation was large but more uniform, while the amount of plastic deformation for the
ST + A state was small but not uniform. Praveen et al. [32] showed that, in regard to the low cycle
fatigue of the Inconel 718 alloy at room temperature, the change from uniform plastic deformation
under high strain amplitude to nonuniform plastic deformation under low strain amplitude led to the
dual-slope Manson-Coffin relationship (the slope of the life-strain curve in the high strain amplitude
zone is lower than that in the low strain amplitude zone). This effect may be the reason the fatigue
performance of the ST + A state was lower than that of the ST state.

5. Conclusions

(1) At room temperature, the high cycle fatigue limits (107) of the ST state and ST + A state Inconel
718 alloy were 492 MPa and 461 MPa, respectively, and the fatigue limit of the ST state was higher
than that of the ST + A state by 6.73%.

(2) o_1 and oy, satisfy the quadratic function relationship, o_1 = oy, - (0.869 — 3.67 X 10~% - o},). First,
0_1 increased as o0y, increased; after o}, exceeded 1183 MPa, o_1 decreased as oy, increased.

(3) As o} increased, the Inconel 718 alloy changed from single-source plastic fracture to multisource
cleavage fracture; the uniform plastic deformation changed to nonuniform plastic deformation.

(4) The k at the tip of the fatigue source fracture in the ST + A state was larger than that in the ST
state, but Aky, was smaller than that in the ST state.
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)

(6)

The secondary fractures on the fatigue fracture profiles of the two states initiated in grains with
relatively low SE.

Conclusions (2), (3), and (4) above are the reasons that the fatigue limit of the ST state is higher
than that of the ST + A state.
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