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Abstract

In materials science, fatigue is the progressive and localized struc-
tural damage that occurs when a material is subjected to cyclic
loading. If the loads are above a certain threshold, microscopic
cracks will begin to form at the stress concentrators such as the
surface, persistent slip bands (PSBs), interfaces of constituents in
the case of composites, and grain interfaces in the case of metals.
Eventually a crack will reach a critical size, the crack will prop-
agate suddenly, and the structure will fracture. The first works
about fatigue phenomenon were published since 1837 and inten-
sively was investigated by Wohler in 1860. With needs of using
the progressive materials such titanium and Ni-base superalloys
become more significant to put under the various fatigue loading
these sorts of alloys. Presented article deals with how the various
condition of loading influenced an IN718 alloy fatigue lifetime
especially. The fatigue tests provided on this kind of material was
done via low frequency loading and push-pull or rotation-bend-
ing stress up to this time. Fatigue tests of experimental material
was carried out at two different frequencies, 20 kHz with stress
ration R = - I (push —pull, ¢ = 0 MPa) as well as the three-point
bending load R < I (o, = 526.8 MPa) at low frequency 150 Hz
at room temperature. The microstructure characterization and
Scanning Electron Microscopy (SEM) fractography analysis of
fatigue process were done as well. The main goal of study was
analyze obtained data after fatigue test and consider, if the var-
ious loading modes have influence on fatigue lifetime (initiation
sites, crack propagation character, etc.).

Keywords
Alloy IN718, fatigue loading, S-N curve, SEM fractography
analyzes

! Department of Materials Engineering,

Faculty of Mechanical Engineering,

University of Zilina,

Univerzitna 8215/1, 01026 Zilina, Slovakia

“ Corresponding author, e-mail: juraj.belan@fstroj.uniza.sk

Effect of Fatigue Loading Mode on
718 Alloy Fatigue Properties

Juraj Belan'", Lenka Kucharikova!, Eva Tillova',
Denisa Zavodska!, Maria Chalupova!

Received 13 May 2017; accepted 19 February 2018

1 Introduction

The nickel-chromium-iron base superalloy, known as Inconel
718, is widely used superalloy for over more than 50-years in
aerospace industry mainly. It combines excellent creep-rupture
life, high strength, and outstanding weldability. All mentioned
characteristics predetermine this alloy to use for temperatures up
to 700 °C. The microstructure consist of solid solution of ele-
ments such Cr, Co, and Fe — so called as gamma matrix (y-phase).
Moreover, primary MC carbides (mostly crated by elements as
Mo, Ti, and Nb — particularly in this 718 alloy) which significantly
improve creep-rupture properties and are situated at grain bound-
aries of origin austenitic grains. Due to lesser amount of Al and
Ti is fine Ni,Al(Ti) gamma prime phase (y'-phase, coherent hard-
ening phase with face centered cubic L, lattice) at higher tem-
peratures during solidification presented as well. Higher amount
of Nb (over wt. 4 % in wrought alloys, in some dendritic areas it
may rises up to wt. 8 % in cast alloys), which leads to forming of
main precipitation hardening phase, especially in 718 alloy, also
known as Ni,Nb gamma double prime phase (y"-phase, crystalize
in DO,, body centered tetragonal lattice) (Paulonis et al., 1969;
Kirman and Warrington, 1970; Cozar and Pineau, 1973). The y"
and y' phases have unique morphologies. The y' phase precipitates
as round particles with size less than 200 A, and continues to be
round in shape when it coalesces at higher temperatures. The y"
phase rather takes the shape of a disk with a length of 5 to 6 times
its thickness; however, when the y" phase precipitates at very low
temperatures, a TEM is necessary to resolve its shape. Another
phase with the same chemical formula as gamma double prime is
delta phase (3-phase, Ni,Nb is incoherent with the y solid solution,
crystalizes in orthorhombic crystal structure). The delta phase is
found mostly as plates growing on the (111) planes or nucleating
on the grain boundaries, and is associated with loss of strength
as well as loss of fatigue lifetime in this alloy (Radavich, 1989).

During the past few decades, extensive investigations have
been made on the low cycle fatigue (LCF) and high cycle fatigue
(HCF) properties of IN718. For example, the effect of temperature
on the cyclic stress-strain response and LCF life associated with
the deformation microstructures (Fournier and Pineau, 1977);
the factors (temperature, environment and loading parameters,
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etc.) influencing fatigue crack growth (Prakash et al., 2009); the
mechanism-based modelling of fatigue life prediction, and so on.
However, another study (Masuda and Tanaka, 1986), under ultra-
sonic frequency, revealed that fatigue fracture of IN718 occurred
between 107 and 108 cycles. As the experimental work suggests,
it is still disputable whether this superalloy under practical load-
ing would show VHCF or not. Furthermore, it is known that the
fatigue crack initiation process becomes increasingly important
with the extension of fatigue life.

In this study, the high cycle fatigue (HCF) tests with two
different loading modes were used to achieve fatigue lifetime
S-N curve. The first test was carried out at IN718 experimental
samples with high-frequency push-pull loading (f = 20 kHz,
o, = 0 MPa) and second test was carried out at IN 718 exper-
imental samples with low-frequency three-point bending load
(f=150 Hz, o =-526.8 MPa). All fatigue tests were provided
at room temperature. With the help of scanning electron micro-
scope (SEM), fractography analyses were performed to dis-
close the fracture features of specimens in different life ranges.

2 Experimental material and methods

The experimental material for both fatigue tests was nick-
el-chromium-iron base superalloy IN718. The chemical com-
position (wt. %) is: C — 0.026; Si—0.09; Mn — 0.07; P —0.008;
S <0.001; Al — 0.57; B — 0.004; Bi (ppm) < 0.1; Co — 0.14;
Cr — 19.31; Cu — 0.03; Mo — 2.99; Nb — 5.30; Ni — 53.32;
Pb (ppm) — 0.1; Se (ppm) < 3; Ta < 0.01; Ti — 0.96; Ni + Co
—53.46; Nb + Ta — 5.31; and Fe — balance.

The material was heat treated, according to the supplier's
BIBUS Ltd. (CZ) material sheet, at 980°C/1 hr AC (air cooled)
and heating at 720 °C/8 hrs followed FC (furnace cooled)
(50 °C per hour) to temperature 620 °C holding time 8 hrs and
air cooled. The achieved mechanical properties of the material
with grain size ASTM 12 are in Table 1.

Table 1 Mechanical properties of INCONEL alloy 718 as received, according
to BIBUS Ltd. material sheet

Elongation Reduced
Temp. [°C] R 0.2 [MPa] R _[MPa]
P " A [%] area Z [%]
20 1213 1549 21.3 333
649 986 1123 22.6 68.0
HBW c.,/649 Rupture life
Temp. [°C] A [%] creep
10/3000 [MPa] [hrs]
20 429 -
649 - 689 26.8 45.7

The high frequency fatigue experiments were performed on
10 specimens with hourglass shape, Fig. 1, by ultrasonic push-
pull method and appropriate cooling was used to avoid the
temperature rise. Experimental fatigue machine KAUP — ZU
with loading frequency 20 kHz was developed by Department
of Material Science, Faculty of Mechanical Engineering,
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Fig. 1 Specimen for high frequency fatigue testing — hourglass shape, with

used dimensions in mm.

University of Zilina in Slovak Republic. Stress ratio of R = -1
was used for experiments.

The three point flexure fatigue test was carried out on test-
ing machine ZWICK/ROELL Amsler 150 HFP 5100 at room
= -15 kN (this value
when dynamic load changes from

temperature with a static pre-load F

static
may be considered as F__ . -
maximum to minimum around this F__. ) and dynamic force
F jyamic Varies from 6.31 kN up to 12.8 kN. The value of 2.107
cycles was set as a reference and when the sample had reached
this value without breaking, the so-called run-out, that bend-
ing stress was considered as the fatigue lifetime limit. The fre-
quency of fatigue tests was approximately f'= 150 Hz. Shape
of testing specimens (for experiment were 10 specimens used)
was similar as for Charpy's impact toughness test with dimen-
sions 10 mm x 11 mm x 55 mm; of course with no notch. Test
and specimen settlement is shown on Fig. 2.

Equation (1) was used for the calculation of the maximum

bending stress:

_ 3xFxL

o P
omx ) xbx h

[MPa] @)

where o

omax

dynamic load / N, L is the distance of supports / mm, b and &

is the maximum bending stress / MPa, F is the

are the specimens width and height / mm.

Fig. 2 Schematic drawing for maximum bending stress calculation and

specimen settlement at the three-point flexure fatigue test.
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For fractography analysis we used the scanning electron
microscope TESCAN Vega II LMU. The fractographic analy-
sis was done in order to describe micro-mechanisms of fatigue
crack initiation, fatigue crack propagation (FCP) and final
static fracture of specimens.

3 Results and discussion

The starting microstructure of experimental specimens was
formed by solid solution y, with matrix incoherent Ni,Nb -phase,
and primary MC (NbC or TiC) carbides, Fig. 3, as were men-
tioned above. The main hardening y”-phase is at this magnifica-
tion and observation method not visible. The grain size according
the ASTM standard is n = 12 (it means average diameter of 5.6
pm (ASTM E112-96)). The microstructure of starting stage is also
characterized with deformation twins. The incoherent d-phase is
presented in two fundamental morphologies; quasi-globular or
blocky shape and needle-like morphology. Light grey blocky
shape d-phase is mostly situated inside of primary gamma grains,
while needle-like 6-phase is presented mostly at grain boundaries.
In both forms, the §-phase has positive influence on grain bound-
ary size and strength stability. However, at higher volume is for
mechanical properties its presence detrimental.

To observe y"-phase, its morphology, the TEM observation
techniques were employed, Fig. 4. Fig. 4a confirms the fact about
disc-like morphology of y"-phase. Fig. 4b documents the one of
the common way of d-phase morphology, in blocky form, with
v"-phase depleted area around the 6-phase due to higher volume
of Nb content presented in -phase rather to form y"-phase.

The whole fatigue process, of high-strength materials con-
taining non-metallic inclusions can be described in a multi-
stage Wohler-type S-N curve, Fig. 5.

Zone I corresponds to the fatigue also known as LCF (Low
Cycle Fatigue) that is defined with a small number of cycles
(about 105 cycles). It is characterized by testing in high stress
amplitudes and fatigue failure initiates mostly at the surface.

Zone II is zone of limited endurance which is generally
between 10° and 107 cycles. This is the fatigue area of many
cycles (HCF — High Cycle Fatigue). It is noted that in this area a
lower loading involves a greater number of cycles to failure (Nf).

Zone II1 shows the fatigue having very large number of
cycles (for the number of higher than 107 cycles). In this zone
fatigue failures occur at stresses below the conventional HCF
fatigue limit, originating in most cases from internal defects.

Zone IV shows a case corresponding to a material that con-
tinues to damage, even at lower stresses, whereas the other two
cases show that the material has reached a stress below which
microstructural mechanisms are perfectly reversible or their
irreversibility would be negligible (Mughrabi, 2006).

From fatigue tests were plotted the S-N curves, Figs. 6, 7.

Fig. 8, which is combination of Figs. 6 and 7 for better com-
parison, how the different modes of fatigue loading have influ-
ence on fatigue lifetime. We expect some differences due to

chmkmi
Det: SE Detector
SEM MAG: 8.00 kx

SEM HV: 30.00 KV
View field: 27.14 ym
WD: 25.00 mm

VEGAW TESCAN
v

Digital Microscopy Imaging n

o

Map data 1678 ;
. »”
MAG: 6006% HV: 30KV WD 24.9mm

b)
Fig. 3 Microstructure of wrought alloy as seen in SEM and the MC carbides
in INCONEL alloy 718 and SEM mapping, etched Kallings

different loading modes. At push-pull loading there is constant
normalized stress equal to chosen amplitude, and medium stress
is equal to zero, 6, = 0 MPa. At three-point flexure loading we
need to use 6, = 613 MPa what means that specimens were
loading with this value and dynamic amplitude vary.

Results obtained at push-pull and three-point bending load-
ing were approximated with Eq. (2) for the push-pull fatigue
loading and Eq. (3) for three-point bending fatigue loading
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Fig. 5 Schematic fatigue life diagram for materials containing inclusions

GO max

what is a Basquin formula for S-N presentation and approx- where ¢/ =1318.4 (1800.1) is a coefficient of fatigue strength,
imation. This approach was also used at different material N, is number of cycles to failure, and -0.073 (-0.055) = b is
(Trsko et al., 2013). lifetime curve exponent.
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From measured S-N curve is clearly seen that 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 superalloy continues to occur after
exceeding 107 cycles what is value considered as a fatigue limit
for most of steels and hard materials. The longest fatigue life
of the fractured specimens is 1.679 x 108 cycles, which takes 2
hours and 19 minutes of fatigue testing at frequency of 20.13
kHz and the stress amplitude was 6, = 386 MPa. The test result
can be regarded as the direct evidence of fact that IN718 may
still fracture in the VHCF regime at room temperature.

The limit number of cycles at three-point bending — 2 x 107
(20 000 078) — was reached at the maximum bending stress
G,... — 140 MPa. Accordingly, fatigue lifetime stress obtained
using a different testing method — ultrasonic push-pull load-
ing with R = -1 (Belan, 2015; Vasko et al., 2015; Vasko and
Vasko, 2014) — increases this factor by two fold higher (push-
pull fatigue lifetime of about 386 MPa compared to three-
point flexure fatigue lifetime of 740 MPa at the same num-
ber of cycles). Of course, these values may only roughly be
compared because of different frequency of test and different
mechanisms of loading.

A fractography results are presented on Figs. 9 and 11.
Figs. 9a and 9b show the initiation sites (marked by arrows). At
higher amplitudes note the multiple initiation sites. In this case,
the major crack is created by several minor cracks originated
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WD: 14.48 mm

SEMHV:30.00 KV chmkml
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Fig. 9 Fractography observation of samples after push-pull fatigue loading 7a,
c; and after three-point bending fatigue test 7b, d. Initiation sites of fatigue
cracks are marked by arrows.

from multiple initiation sites and creates macroscopic fluctu-
ant fracture surface. When stress level is reduced the initiation
comes only from single site what lead to less surface roughness.
There are two different modes of fatigue crack initiation
depending on stress amplitude level. At higher stress amplitude
levels, fatigue crack initiate at the surface from the persistent
slip bands (PSB — reason of cyclic loading, Fig. 10a (Milella,
2013)). This initiation mechanism occurs especially at high
cycle fatigue (HCF) loading. The second initiation mechanism
is so called "fish-eye" observed when stress amplitude level is
lower. In this case, the initiation site is a non-metallic inclu-
sion situated under surface, Fig. 10b (Bathias and Paris 2005),
mostly presented at giga-cycle fatigue (GCF) loading. In our
case the initiation goes via PSB at the specimen's surface as a
relatively flat cleavage fracture surface, when in push-pull load-
ing on rounded specimens initiation runs from the cracked car-
bide particle near to surface, Fig. 9c; in the case of three-point
flexure loading the initiation originates as cleavage fracture
steps with plastic striation — kind of mixed mechanism, Fig. 9d.
Careful examination reveals that crack nucleation and prop-
agation in the early state of deformation occur preferentially
along slip bands. Crack nucleation can also form from carbides
precipitating during the cyclic loading; the carbide precipitates
are continuously generating some discontinuity at the interface
between slip bands and carbide precipitates and at the location
of carbide precipitates within the grain boundaries, Fig. 9c.
After initiation process is fatigue process characterized by
fatigue crack propagation with transcrystalline mechanism
with fine striation and secondary crack, Figs. 11la and 11b.
As the number of cycles increases a mixed mode of cleavage
and quasi cleavage like fractures becomes more pronounced
especially after the cracks extend over several grains in depth
and become predominant with the advance of crack length
(brittle fracture zone), Fig. 11a. Striations can be increasingly
observed as the crack propagates stably with increasing fatigue
loading cycles as indicated in Fig. 11b. Striations grow coarser
and their separation is more distinct. These classical striation

Stage |
/ \\slip band 4

micro pores

a) b)

Fig. 10 Two different fatigue crack initiation mechanism, so called
"Persistent Slip Bands (PSB)" at higher stress amplitude levels and HCF (a);
and so called "fish-eye" initiation on inclusion under surface at lower stress

amplitude and GCF
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Fig. 11 Fractography observation of samples after push-pull fatigue loading
9a, c; and after three-point bending fatigue test 9b, d.

morphologies indicate increasing levels of plasticity. Some stri-
ations are associated with secondary crack branches Fig.11b. It
is clear that the fracture surface tends to become more duc-
tile and softening with increasing number of cycles to failure.
Some of this tendency may be due to the increasing interactions
between carbide precipitates and slip deformation bands with
the cyclic loading. These interactions promote the shearing of
carbide precipitates and, as a consequence, the development
of many more discontinuity regions where striation and slip
deformation easily nucleate and grow (Mohamed, 2014).

The last two Figs. 11c and 11d represent the static fracture
area of both push-pull and three-point bending fatigue loading.
This last stadium of fatigue process is typical for ductile dim-
pled fracture mechanism, in some cases also characterized with
fracture of primary NbC carbides, Fig. 11c.

4 Conclusions
The nickel-chromium-iron base superalloy IN718 was used
for two different fatigue tests with aim to find out how the push-
pull or three-point bending loading affecting the fatigue lifetime.
From obtained result we can formulate following conclusions:
* At higher volume of loading amplitude the fatigue crack
initiate from multiple sources situated at the speci-
mens surface.
* No matter what kind of loading is used, stable fatigue
crack propagation is driven by transcrystalline mecha-
nism with fine striation and very fine secondary crack.

Final stage, static failure is characteristic by ductile dim-
ple fracture mechanism.

Comparing results of fatigue test is clear to see, that fatigue
limit or fatigue lifetime is as much two times lower at push-
pull loading (o, = 386 MPa) compared to three-point bending

loading (o, = 740 MPa). It is important from practice point

ax

of view and needs to be payed attention at mechanical parts
design an applied loading on such parts.
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