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This high-performance alloy crucial to the aerospace, power generation, and oil and gas
industries must undergo strenuous testing to assess its behavior and predicted life.

Fatigue failures in nickel-based austenitic Superalloy 718

generation, metal processing, medical, material process-
ing, and chemical and petrochemical industries due to its
excellent resistance to corrosion and high temperature deforma-
tion. Especially in aerospace application where materials see thermo

B uperalloy 718 is widely used for aerospace, nuclear, power

and mechanical fatigue, the alloy is used
for disk, seal, stator assemblies, diffuser/
exhaust case, fastener, shaft, tube, impeller,

etc. Enhanced elevated temperature prop-

erty makes the alloy suitable for all types of

welding/joining applications. The weldabil-
ity property is paramount to parts manu-
factured via additive manufacturing pro-

cesses, such as electron-beam, direct metal
laser sintering, selective laser melting, and
directed energy deposition, as an as-build
part goes through a series of melting and
resolidification during the build process.
Fatigue testing is vital in understanding a

material’s behavior as a factor of test con-

ditions, manufacturing processes, and the
ability to predict fatigue life.
Fractography of a fatigue-fractured
surface is important in identifying failure
modes of a test specimen. It helps identify
rate-controlling cause of crack initiation

and its propagation mode. In most duc-

tile failures, fatigued samples can have a
primary crack initiation site and multiple

secondary sites. In some cases, crack ini-

tiation is limited to a primary crack site.
Fractography can be used to identify stable
crack growth and crack overload regions as
well. The primary crack site (1), stable crack
growth region (2) and overload region (3)
are shown in Figure 1. Fatigue striations or
‘beach mark’ can be measured to correlate
cracklength growth and potential drop. An

optical microscope is used for low magni-
fication characterization of a fracture sur-

face. A scanning electron microscope (SEM)
is typically used for higher magnification
and detailed characterization of a fractured
surface. Figure 2 shows Zeiss EVO 15, LaB6

SEM equipped with Bruker energy disper-

sive spectroscopy (EDS) and eucentric stage

for better mobility of samples in the cham-

ber. Semi-quantitative chemical analysis of
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Figure 1: Fatigued fracture sample showing crack
initiation site (1), stable crack growth region (2),
and overload region (3).

Figure 2: SEM equipped with Bruker EDS.

inclusions is performed with EDS. The SEM has capability to image
samples in the range of 10X - 100KX magnification. Regardless of
technique used to image fracture surface, the ability to tilt the
sample is key in better imaging and characterization of crack sites.
Elemental mapping technique in EDS is used to locate the concen-

tration and distribution of elements present
in inclusion and surrounding area.

Understanding and characterizing the
crack initiation sites aids in better design
and processing of additive manufactured
parts as they have anisotropic materials
behavior. Balachandramurthi et al. report-
ed electron beam powder bed fusion manu-
factured and post-treated alloy had better
low cycle fatigue life in build direction
compared to transverse direction [1]. The
anisotropic behavior was primarily due to
difference in the material’s yield strength.
Reduced fatigue life in additive-manufac-
tured samples can be attributed to lack of
fusion, presence of precipitates, voids, grain
distribution, and surface defects. Study con-
ducted by Homberg et al. has shown four-
point bend fatigue-tested samples to have
higher fatigue life with smoother surface
finish [2]. A rougher surface acts as a sea
of stress concentration sites and at times
coupled with grit embedment, fatigue life
can be significantly reduced. A heat-treated
and machined sample tends to have better
fatigue life compared to as-built samples.
Partial least square model has been used to
establish correlation between fatigue life
and surface finish [2] as such:

Fatigue = K]_Sl + KzSz + K3FWHMXRD + K4

K, 4 are various constants; S1 and S2 are
surface roughness parameter; is the X-ray
diffraction peak.

Given fatigue properties of different
batches of selective laser melted as-built sam-
ples were similar, Balachandramurthi et al.
predict that the surface roughness may have
a greater effect than microstructural effects
[1]. This finding points to the need for better
surface preparation and points to possible
defect sites. Apart from microstructural
effect, test parameter like fatigue frequency



Figure 3: As-received microstructure of superalloy

718 having ASTM grain size of 10. initiation site.

also plays a role in the state of fracture mode. Generally, it is estab-
lished that transgranular failure and oxidation/intergranular mode
is dominant in high-frequency and low-frequency tests, respectively.

Nishijima et al. used a crack initiation area to estimate the fatigue
limit of material [3].

o, = L56(VHN + 120)/(VA,)"/
g, = estimated fatigue limit, VN = Vickers microhardness, A; = Area of defect

Fatigue life can be attributed to multiple factors, such as materials
property, grain size, surface conditions, test environment, stress condi-
tions —a ratio (R = 7, mean g, = % | etc. A material’s grain
size inverse correlation to its tensile property, which in turn has direct
correlation with the fatigue strength. The Hall-Petch relationship

ky

Vd

shows the inverse relation between yield strength (o) and grain size
(d), where o) and k, are constants for a specific material. For a high
reversal stress cycle fatigue of R =-1, Nishijima et al. showed the rela-
tionship between fatigue and tensile strength as oy g- 4) = 0.5 0, [3].
With higher density of grain boundaries, fine-grained materials are
highly effective in disrupting dislocation flow compared to coarse
grain structure. A fine-grained Alloy 718 with ASTM grain size 10
with twinning is shown in Figure 3. In addition to fine grain struc-
ture promoting higher strength, FCC structure of austenitic superal-
loy promotes twinning, which impeded dislocation flow and is highly
effective in blocking slip.

In fatigue tests, a crack can initiate at the surface due to a sur-
face defect because of machining or prevalence of inherent material
defect, see Figure 1. Spot 1 in the figure shows an inherent material
defect on the surface that extends inward. For these defect types,
crackinitiates at the defective site as a result of high stress concentra-
tion and propagates from there. Sample machining and manufactur-
ing processes — both traditional and additive must be optimized to
minimize/eliminate surface defects.

Cracks can also initiate from an inclusion, which can be located
at the surface or subsurface or internally. Figure 4 shows an inclusion
on the surface of a specimen that was the primary crack initiation
site. Typical inclusions in Superalloy 718 are Nb- and Ti-based, such
as NbTiC, NDbTiN, TiNbN, TiNbCN, TiNbS, TiNbSC, NbTiMoWCrC,
etc. Grain size and their distribution also impact crack initiation.
Materials with multimodal grain distribution and as-large-as grain

Figure 4: Surface inclusion as primary crack

Figure 5: Fractography showing coarse grain failure
as the primary crack initiation site.

structure are prone to grain failure, which act as crack initiation
sites. Materials with multimodal grain distribution have high degree
of microstructural misfit that act as microstress concentration sites.

A fractured surface with coarse grain as primary crack initiation
site is shown in Figure 5. The micrograph shows a mixed trans and
intergranular failure mode. Fatigue fracture in Superalloy 718 are
trans or intergranular in nature, see Figure 4 for a transgranular
fracture. Belan et al. reported transgranular ductile failure with
striations in 718 alloy with ASTM 12 grain size which was three-
point fatigue tested at room temperature with static pre-load of -15
kN and dynamic force in the range of 6.31 - 12.8 kN [4]. Gopikrishna
etal. [5] observed that high cycle fatigue life increased in finer grain
sizes for both smooth and notch specimens tested at room tempera-
ture and 6500C. Thus, the morphology of fractured surface appeared
transgranular in nature. These findings shed some light on the state
of materials’ microstructure at the time of failure. §
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