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Abstract This research article deals with the fatigue
behavior of titanium alloy (IMI 834) due to fretting by
presenting experimental and finite element analysis (FEA)
for the solid bridge-type pad at room temperature. Various
stress amplitudes (120-270 MPa) are considered for
experimental investigations and the FEA model. Three-
dimensional FEA was presented to predict the mechanisms
which cause damage, by estimating the performance of
stress allocation at various locations like the contact
boundaries, crack initiation site, and crack angle. Also, the
crack initiation site and crack angle have been calculated
by utilizing the results of the proposed model. Using the
scanning electron microscope and electron microscopy, the
fracture surface and the fretted area are estimated from the
tested specimen. From the obtained results, the fatigue life
of titanium alloy (IMI 834) due to fretting is gradually
decreased for solid bridge-type pad. It may occur because
of the elevated stress concentration at the contact bound-
aries and the higher damage on the surface of the pad. The
number of cycles increased with decreasing stress ampli-
tude values for the case of both experimental and FEA
model results. The proposed FEA model results are in fine
arrangement with experimental end results.
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Introduction

Fretting occurs when two loaded surfaces are in contact
with each other and experience the oscillatory motion of a
very small amount having relative movement of few
microns initiating vibrations or repeated loading [1-3]. Due
to these contacts between the components, wear will take
place and there is a chance of initiation of crack, which
propagates causing failure of the material called fretting
fatigue. Fretting degrades the surface quality by the for-
mation of small pits and high surface roughness, which
reduces the strength of the material [4, 5]. Many practical
examples of this type of failure can be studied in various
assemblies, such as dovetail assembly in gas turbine engine
[6], body implantation [7], axle-wheel arrangement in the
train [8], bolted connections [9], hoisting rope winding
[10], thread joint linking oil-well casing pipes [11], and
connecting rod arrangement [12].

IMI 834 titanium alloys are elevated temperature alloys
established as an alternative for nickel-based superalloys.
They are widely used in compressor discs and blades and
gas turbine jet engines to enhance fuel efficiency due to
their excellent specific strength, extraordinary corrosion,
and fatigue resistance [13, 14]. However, the use of these
materials is limited to military and aerospace applications
due to their excessive price and processing. In these
applications, most of the parts are subjected to cyclic
loading or vibrations of small amplitude, which leads to
very severe damage in the components.
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There exists a wide range of investigation on the effect
of fretting on fatigue performance, where investigators
have to make an effort to understand the mechanism of
failure by considering different fretting fatigue variables,
fracture mechanics approach (crack initiation and propa-
gation), damage models approach (critical plane approach,
stress invariant approach, fretting-specific parameters and
continuum damage mechanics) and 2-D finite element
method techniques based on localized stress near the con-
tact boundary. Jayaprakash et al. [15] have determined that
in the vicinity or surrounding area of the contact side, the
relative slip and tangential stress improved with increasing
pad rigidity and determined that the strength due to fretting
depends on the combined influence of tangential and
compressive stress range. The fatigue strength decreased
because of fretting with rising contact stress, which might
be because of a slight rise in the tangential force [15-18].
Noraphaiphipaksa et al. [19] predicted the relative slip
using the FEA model, which was in good arrangement with
the experiment, and the crack route was assessed based on
the highest tangential stress range criterion. During the
cyclic loading, the crack opening occurred due to the
compressive bulk stress, referred to as the fretting-contact-
stimulated crack opening behavior. Due to fretting, the
fatigue lives expected by utilizing the active stress intensity
factor range were shorter than those expected by applying
the maximum stress intensity factor and were in good
arrangement with the experimental end results [19-21].
Walvekar et al. [22] compared the results of an experi-
mental study and a damage model for fretting fatigue. FEA
model was suggested to approximate the fretting fatigue
life, which was in satisfactory arrangement with the
experimental end results. Jayaprakash et al. [23] studied
elevated-temperature fatigue performance of titanium alloy
due to fretting and concluded that there was a decline in
fatigue life because of fretting with rising temperature,
which might be due to an escalation in tangential stress
coefficient and amplitude of relative slip. FEA model was
also designed to assess the stress allocation and relative
slip. Quazi Md. Zobaer Shah et al. [24] studied the effect of
notch and fretting on bending fatigue using FEM analysis.
The analysis was carried out on single-point fretting with
double notch and double-point fretting with single notch. It
was observed that a single-point fretting with double not-
ches had a higher impact on the fatigue life as compared to
the other condition. Xin Li et al. [25] suggested fretting-
related damage (FRD) parameter based on the experi-
mental and FEA results. It was verified that the tangential
force, Q, had a connection with the impact of fretting. The
predicted fatigue life using the damage parameter was in
good arrangement with the experiment and can give
accurate crack initiation position, crack alignment, and
fatigue life prediction results due to fretting. Nadeem Ali
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Bhatti [26] and Magd Abdel Wahab [27] adopted different
approaches and damage models as mentioned earlier to
report the fretting fatigue damage initiation or initiation
life. Most of the researchers measured crack opening length
varying from 10 microns to 1-mm depth and estimated
crack angle between 25 and 50 degrees, since the damage
and crack initiate under the contact section at the micro-
scale. It was confirmed that accurate modeling for the
fretting fatigue problem is still a difficult task. They also
implemented standard point and volume averaging meth-
ods, which were used and related to the quadrant averaging
method to calculate the crack orientation and life of the
component. McDiarmid (MD) and Fatemi Socie (FS)
damage parameters were utilized to study the variation in
all the methods with crack alignment and initiation life. It
was noticed that the quadrant averaging method offered
more accurate and reasonable results as compared to other
methods. Diego Infante-Gracia et al. [28] considered two
micro-void distributions to study the effect of heterogene-
ity for crack initiation in fretting conditions by applying
numerical simulations. The numerical results reveal that a
crack primarily originates at the micro-voids situated
nearer to the contact boundary result in the decline of the
anticipated crack initiation life. Guillaume Rousseaua et al.
[29] proposed a new 3-D model to understand the behavior
and service life of the components. The formulation of a
nonlinear incremental model was presented to predict the
evolution of the intensity factors and the velocity field
evolution at the contact boundary and the partial slip zone
behavior. At last, the introduction of crack and fatigue life
due to fretting was compared with the experimental end
results.

Even though several articles were available on fretting
fatigue, only a few of them suggested the FEA 3-D model,
which can evaluate the crack origination site, crack angle,
and fatigue life. A suitable fretting fatigue damage model
at present does not exist. It might be due to the complex
interaction between the pieces of machinery with a high
number of variables involving in fretting fatigue and the
damage caused at a microscale level under the contact
region, there is a need to come up with a better model or
method to understand the fretting fatigue behavior more
precisely. At present, only a few research works have been
reported on the 3D modeling to study the fretting fatigue
mechanism, crack origination site, and crack alignment.
So, there is a need for developing some 3D models to
assess the fretting fatigue life and damage under fretting
with less percentage of error.

In this article, the plain fatigue and fretting fatigue
behavior of IMI 834 titanium alloy with the bridge-type flat
pad at room temperature have been explored. The findings
revealed that the plain fatigue lives were considerably
influenced by pad geometry. FEA 3-D model was proposed
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based on existing experimental results to identify the
mechanism of fretting fatigue, site of crack origination, and
crack alignment. Applying the same boundary conditions
on both the geometries, then the FEM predicted compared
the results with the experimental results. Results were
discussed based on the surface roughness, FEM analysis,
and scanning electron microscopy.

Theoretical Background

To study various aspects under fretting fatigue conditions,
researchers have used different approaches and different
damage parameters. These approaches can be classified as
critical plane approach, stress-invariant approach, fretting-
specific parameters, and CDM approach. According to the
critical plane approach for plain fatigue conditions, there
are several stress-based parameters under this methodology
such as Smith—Watson-Topper (SWT) parameter, the
Findley parameter, the McDiarmid parameter, shear stress
range parameter as referred to in studies [22, 25, 26, 27, 28,
31 and 32]. However, Findley et al. [30] introduced that the
crack originates near the highest shear stress or strain
plane, which is prone to initiate damage or failure. This
type of method was used by Szolwinski and Farris et al.
[31] for fretting fatigue conditions. Further, the Findley
parameter (FP) is considered to numerically assess the
beginning of a crack in fretting fatigue problems. Based on
this parameter, the crack originates on a plane where the
combination of both maximum shear stress amplitude and
normal stress is maximum [32]. In general, the damage
parameters are equated to stress or strain life equation to
measure crack initiation location and life. For the present
work, only FS parameters are considered to compute crack
initiation location and crack angle. The plane, where the
damage parameter (FS) achieves its highest value, is des-
ignated as the critical plane. Findley parameter is
established on stresses and can be stated as:

FP = Atpax /2 + ko)™ (Eq 1)

where Atpn./2 and ¢, are the maximum shear stress
amplitude and normal stress on the critical plane. The
material constant k acts as an influencing factor to the
normal stress component.

Many researchers explained that fretting wear is a
complex contact phenomenon. A variety of factors (such as
frequency, contact pressure, and relative displacement),
including surface roughness, have an influence on the
fretting wear process due to which the mechanism is still
unclear and the difficulty in simulating fretting wear
analysis continues. Some attempts are made to simulate
fretting wear to predict the damage mechanism. The
Archard equation was adopted by many researchers to

ax

calculate the wear volume loss or wear rate in the com-
ponent by using the FEA model. The Archard equation can
be expressed as [33, 34]:

W=KxsxP (Eq 2)

where W—volume loss, s—sliding distance, P—applied
load, and K—wear per unit load per sliding distance.

Equation 2 presents the wear loss based on the local
implementation of the Archard wear model. The evolution
of contact profile due to fretting wear was simulated using
a stress-based wear model proposed by Archard. Based on
the stress distribution at different load conditions, the
Archard equation is used as shown in Eq 3. This model
associates the wear volume with the stress generated by the
contact elements, by which the influence of frictional force
on fretting wear can be taken into consideration. It has been
reported that this model was superior to the commonly
used Archard-based wear model when employed to simu-
late the fretting wear. The modified version of the Archard
equation for calculating wear by using numerical analysis
can be expressed as [35, 36]:

W =K x S x R® (Eq 3)

where W—volume change, K, C2, and C3 are equation
constants to account for such things as the materials in
contact, S—stress created by the contacting pair, and R—
number of load repetitions. In this study, the value of K
used is 10 as per the literature in the case of fretting wear
and C2 is equal to K divided by volume.

One load step corresponding to one fretting cycle is
divided into n simulation increments. It is computationally
complex to model each fretting cycle. So, according to the
cycle jumping technique, the wear rate is unchanged during
a given cycle jump. In this way, one load step can model
the wear loss generated at n number of fretting cycles based
on the stress generated at the contact.

Experimental Procedure
Material, Mechanical Properties, and Specimen

The material utilized for the plain and fretting fatigue test
specimens is IMI 834 titanium alloy and for the bridge-type
flat contact pad is nickel-based superalloy (Inconel). The
chemical composition and mechanical properties of IMI
834 titanium alloy and nickel-based superalloy used are
registered in Tables 1 and 2. The dimensions used in this
work for the specimen and the contact pad are demon-
strated in Fig. 1a and b. The specimen utilized for the test
has a gauge length, GL = 30 mm, and thickness, t = 4 mm,
and the contact pad has a contact length of 2 mm with a
contact width of 9mm having foot height = 1 mm.
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A small piece of IMI 834 titanium alloy was cut lon-
gitudinally for optical microscopy. The alloy was polished
with emery paper up to 2500 grade followed by diamond
polishing and then etched with the solution (2% hydroflu-
oric acid, 10% nitric acid, and 88% distilled water). Prior to
the test, the contact surface of all the specimens and contact
pads used were polished up to 2000-grade emery paper and
then cleansed with acetone.

Plain Fatigue and Fretting Fatigue Tests

The tests were performed on the servo-hydraulic testing
machine at a stress ratio of 0.1 with a frequency of 10 Hz at
ambient temperature. The schematic and experimental
illustration of fretting fatigue test setup for solid bridge-
type flat pad geometries on flat contact configuration is
demonstrated in Fig. 2a and b. A constant contact pressure
(100 MPa) was employed on the contact pads by using a
calibrated proving ring with different cyclic loads at the
end of the specimen. The calibrated ring was used to
maintain the constant pressure on the pads. During the test,
the tangential stress between the specimen and the pad was
calculated by fixing strain gauges at the gauge portion of
the contact pad.

Surface Roughness, Fracture Surface, and Fretted Area
Observation

During fretting, the damage occurred at the surface of the
specimen. The surface roughness at the fretted area (the
contact region on the specimen which was in contact with
the pads) with the bridge-type flat pad was measured by
using a coherence scanning interferometer. After the test,
the rupture surface of the failed specimen was cleansed
using an ultrasonic vibrator for 15 min. in acetone and
observed by using a scanning electron microscope. Further,

Table 1 The chemical composition of IMI 834 titanium alloy

Chemical composition (wt.
%) Al Sn Zr Nb Mo Si C Ti

58 4 35 07 05 035 0.06 Bal.

Table 2 The mechanical properties of IMI 834 titanium alloy

the fretted area on the smooth surface of the specimen was
observed through electron microscopy.

Finite Element Analysis

FEA 3-D model of solid contact pad (bridge-type flat pad)
in connection with the smooth surface of the testing
specimen has been designed by using ANSYS software to
approximate the stress distribution between the contact
region and to evaluate the amplitude of relative slip, crack
initiation location, and crack angle, as shown in Fig. 3. In
this study, the structural analysis was employed and the
tetrahedron element type were used in the present model as
it gives convincing results in many types of engineering
calculations. The simulation of the current investigation
was solved as a linear isotropic material model with given
material properties. Since material data are crucial to
accurate fatigue results, Workbench Simulation readily
allows the input of this information to new or existing
materials by hand or through load history files. Material
properties include density, Young’s modulus, Poisson’s
ratio, and ultimate tensile strength were included in the
engineering data file. Materials in the Workbench Simu-
lation material library may include a fatigue stress-life
curve populated with data from engineering handbooks.
The fatigue tool will then use the information in the stress-
life curves for each material in the model when calculating
stress distribution, damage, life, etc. The boundary condi-
tions adopted for the present fretting fatigue test were also
applied for this analysis based on the experimental study.
In the first step, the contact pressure of 100MPa was
applied by both the contact pads (top and bottom) to con-
tact the smooth surface of the specimen. In the next step,
the load was applied to the specimen by choosing a stress
ratio of 0.1 for one second, and the contact between the
elements was given as frictional contact, f=0.8. FEA 3-D
model analysis was performed for all the stress amplitude
values used for the fretting fatigue test. Moreover, the
present simulations are carried out using an Intel Xenon
E5, CPU 3.50 GHz, and 32 GB of RAM. Each run took
between 1 and 2 days and thus entire simulation took about
four months. The stress distribution, relative slip, frictional
stress, wear rate, crack opening site and crack orientation
were evaluated in the present study to understand the
behavior of the component.

Mechanical properties of IMI 834
titanium alloy

Modulus of elasticity
(GPa)

Yield strength
(MPa)

Ultimate tensile Elongation Density (g/ Hardness
strength (MPa) (%) m’) (Hv)

120 935

1050 12 4.55 350
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Fig. 1 (a) Plain fatigue and
fretting fatigue test specimen,
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and (b) bridge-type flat pad. (All N

dimensions are in mm)
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Fig. 2 (a) The schematic illustration of the fretting fatigue test setup, and (b) the experimental setup of the fretting fatigue test

Grid Study for Numerical Analysis

To obtain better accuracy with the reliability of numerical
results, the grid test has been carried out by varying the
mesh size of elements in all directions (x-direction, y-di-
rection, and z-direction). The stress value varies at the
contact region depending on the number of mesh points

used on the contact region, and based on the mesh point
factor the life of the material differs. So, the grid study
must be done by performing trial-and-error-based analysis
with different mesh size models. The grid sensitivity study
has been carried out for the case of stress amplitude 270
MPa. Here five different combinations of non-uniform
triangular grids have been considered to ensure the
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Fig. 3 The FEA 3-D model for fretting fatigue using ANSYS 14.5
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Fig. 4 The grid study of the 3-D finite element analysis model

behavior of change in mesh size with respect to the life
cycles of the given material. The optimum mesh size (case
4) MS=I1mm, CS=0.4mm has been selected from the grid
study as shown in Fig. 4.

Results and Discussion

Microstructure, Plain Fatigue, and Fretting Fatigue
Behavior of IMI834 Titanium Alloy

In an optical microscope, the microstructure was observed,

and the micrograph of IMI 834 titanium alloy is displayed
in Fig. 5, which comprises primary o and transformed f8
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grains. Both o and f§ phases were confirmed in this alloy at
room temperature. The plain fatigue and fretting fatigue
behavior of IMI 834 titanium alloy are demonstrated in
Fig. 6. As it is evident from the figure, the fatigue life has
been reduced due to the fretting of the bridge-type flat pad
with the specimen. The fatigue strength corresponding to
10° cycles for plain and fretting fatigue in case of bridge-
type flat pad is 280 MPa and 120 MPa. The fatigue
strength due to fretting in the case of the bridge-type flat
pad is reduced by more than 50% as that of plain fatigue
strength. It has been stated that due to the interaction of the
contact pad with the specimen, the frictional stress near the
contact boundary is high, which causes severe surface loss
and results in the decline in fretting fatigue strength
[15, 16]. Additionally, from the surface damage observa-
tions and FEA results, it is confirmed that the relative slip
rises with increasing stress amplitude (Fig. 7) and further
leads to an increase in frictional stress near the contact
(Fig. 8), which might cause surface loss at the contact
surface, which indicates a huge drop in fretting fatigue
strength (Tables 3 and 4).

Surface Roughness Measurement and Fracture Surface
Observation

Fretting normally occurs by the contact of two mating
surfaces, so the surface roughness performs an essential
part in the decline of fatigue strength of the material. The
surface roughness value is measured in the case of a
bridge-type flat pad. The measured average surface
roughness value at area no. 1 is 2.7888 pum and at area no.
2 is 3.0404 pum, and the maximum depth in this case (at
270 MPa) is 8um (at 270 MPa) as shown in Fig. 9. As the
stress amplitude decreases, the average surface roughness
value decreases from 3.0404 £ 0.3 to 1.892 £ 0.15 pum as
shown in Table 5. Earlier researchers studied the crack
nucleate near the contact boundary where the stress
intensity or frictional stress is high. In this study, the failure
takes place at the contact boundary of the specimen where
the average surface roughness value is high, which might
be due to elevated frictional stress developed. The fretted
area under the contact pad in case of bridge-type flat pad
(at 270 MPa), which leads to the large surface damage with
roughness profiles, is shown in Fig. 9a and b. The high
surface roughness value of 3.0404 pum near the contact
boundary of the pad might be the reason that the crack
initiates from the contact boundary of the specimen.
From the fatigue fracture surface, it can be clearly
observed that the entire fatigue crack propagation zone is
relatively flat and smooth. There are apparently radial
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Fig. 6 The S—-N curve for plain fatigue and fretting fatigue with
bridge-type flat pad

0.30 ————————————————1————————
0.28
0.26 4
0.24 -
0221 -
0.20
0.18 4

0.16 1

Relative slip, mm

0.14 4

0.12 1 w i

00 +——T—"T—T T T T T T
100 120 140 160 180 200 220 240 260 280

Stress amplitude, MPa

Fig. 7 The relationship between relative slip amplitude with stress
amplitude using the FEA model
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Fig. 8 Relationship between frictional stress with stress amplitude
using the FEA model

decorative patterns starting from the crack initiation site,
and the crack is originated from the surface of the speci-
men, which is in contact with the pad. Figure 10 shows
magnified images of the fracture surface at 270 MPa, 203
MPa and 120 MPa, which revealed striations in the crack
initiation region, and a small number of flat facets appeared
indicating by yellow arrows. These facets were formed by
the primary o-phase cleavage fracture of the titanium alloy
under cyclic loading. The crack initiation and propagation
can be divided into three stages [37—40]: (i) stage I (crack
initiation or opening stage), crack initiation takes place on
a plane inclined about 50 to 60 degrees to the surface in a
very early stage of fatigue life, which is mainly controlled
by the local contact stresses. (ii) Stage II (crack propaga-
tion or shearing stage), a rapid crack propagation will take
place during this stage. An oblique crack generated during
the propagation and the crack angle depends on the

@ Springer



616

J Fail. Anal. and Preven. (2022) 22:609-622

tangential stress, which is the combination of alternating
stress and contact stress. (iii) Stage III (normal crack or
tearing stage), there is a change of crack growth direction
from oblique to normal because the influence of tangential
stress is zero (only alternating stress) as the crack tip moves
away from the fretted surface and the final fracture will
take place as in plain fatigue. The key variables influencing
the fatigue life during fretting are stage I and stage II
controlled by the contact stress.

Finite Element Analysis

A detailed study of the process behind the decrease in
fatigue strength because of fretting in the case of the
bridge-type flat pad was performed by modeling the FEA
3D model. The experimental results were matched with the
predicted FEA results as presented in Fig. 11, and it is
evident from the images that the experimental values are in
good arrangement with the predicted values. The equiva-
lent stress values near the contact pads at stress amplitude
of 270 MPa, 203 MPa, and 120 MPa developing FEA 3D
model are presented in Fig. 12a, b and c It has been stated
that the stress concentration is closer to the contact
boundary [9, 10]. In this work, the high-stress intensity
near the boundary of the contact pad (Fig. 13) might result
in the generation of crack near the edge, which leads to the
failure of the specimen and a large drop in the fatigue
strength of the material. The predicted fatigue life at stress
amplitude of 270 MPa, 203 MPa, and 120 MPa in the FEA
3D model is presented in Fig. 14a, b and c. These predicted
lives were equated with the experimental lives, and it is
confirmed that the FEA model results are in good
arrangement with the experimental results (Fig. 11).
From the FEA model, the wear rate at stress amplitudes
of 270MPa, 248MPa, 215MPa, 203MPa, 171MPa,
148MPa, and 120MPa was also measured by using the
Archard equation (Eq 4) to recognize the effect of wear on

Fig. 9 Surface roughness profile on (a) the fretted area no. 1 usingp
coherence scanning interferometer, Sa = 2.7888 um and (b) the
fretted area no. 2 using coherence scanning interferometer, Sa =
3.0404 pm

the fretting fatigue behavior of the material. The relation-
ship between wear rate with different stress amplitudes is
shown in Fig. 15 as it is clear from the figure; the wear rate
rises with increasing stress amplitude values. The wear
damage on the surface of the specimen is more because the
fretting effect of bridge-type flat pad contact corresponds to
the increase in wear loss with stress amplitude, which
indicates the decline in the fretting fatigue strength of the
material. The wear loss along with the bridge-type flat pad
by using FEA model analysis is presented in Fig. 16. From
the figure, it is confirmed that the wear loss or wear damage
is more near the contact region. This might result in crack
formation and a decline in fatigue strength of the material
due to fretting.

In fretting fatigue conditions, it is necessary to utilize
some stress averaging approaches because of the high
stress intensity near the interaction region. Many
researchers used different stress averaging methods such as
point method, line method, volume stress averaging
method, and quadrant averaging method to verify the crack
origination location and crack angle [27, 28]. In the pro-
posed FEA model, after solving the contact analysis, the
line stress averaging method was used to find the crack
location and crack angle. In this method, one or two points
are taken at the critical damage zone in the predefined
outward lines. The value of the Findley parameter is
averaged along these lines, the maximum value of the
parameter represents the crack origination site, and the line
with the greatest parameter is termed as the crack opening
angle. The evaluation of crack initiation location and crack

angle at stress amplitudes of 270 MPa, 248 MPa,
Table 3 The chemical composition of nickel-based superalloy
Chemical composition (wt.%) of Inconel Cr Mo Nb Al Ti Ta Si Co Mn C Ni
2047 815 349 063 027 0.192 <0.05 004 003 0.01 0019 Bal
Table 4 The mechanical properties of nickel-based superalloy
Mechanical properties of Modulus of elasticity Yield strength Ultimate tensile strength  Elongation  Density (g/  Hardness
Inconel (GPa) (Mpa) (Mpa) (%) m’ ) (Hv)
205 472 935 40-50 8.44 210
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215 MPa, 203 MPa, 171 MPa, 148 MPa, and 120 MPa
using the line method in the FEA model is presented in
Fig. 17. The value of the Findley parameter at stress
amplitude of 270 MPa is larger at § = 62, whereas, in the
case of 120 MPa, the value is larger at 6 = 58, which
represents the crack angle at different stress amplitudes.
The influence of stress amplitude values on the fretting
fatigue life is demonstrated in Fig. 18. The experimental
lives are matched with the predicted FEA lives. It is clear
from the co-relation that the experimental results are in
excellent arrangement with the predicted FEA results. Two

Table 5 Surface roughness values on fretting scar region of fretting
fatigue tested specimen

Average surface roughness, R, (um) of fretted surface

Material At 270 MPa At 203 MPa At 120 MPa

IMI834  3.0404 £ 0.3 um 2.5603 & 0.2 um  1.892 £ 0.15 pm

Fretted area

Crack near the
edge

Fretted area

Crack near the
edge

Fig. 10 Fretted surface and fracture surface images at different
conditions. (a), (d) and (g) represent fretted surface images at
270 MPa, 203 MPa, and 120 MPa. (b), (e) and (h) represent crack
initiation and propagation at 270 MPa, 203 MPa, and 120 MPa. (c¢),

@ Springer

parallel lines were drawn to evaluate the percentage error
in the values. The average percentage error after comparing
the results is less than 15%, which is very less as compared
to the error reported in the earlier FEA 2D analysis
research works [41]. This means that the model developed
in this study can be used to understand the stress distri-
bution along the contact region of the component as the
model behave very significantly with the experimental
fretting fatigue test. The accuracy and reliability of this
model were assessed and show that this numerical simu-
lation technique can be used to evaluate crack initiation
and stresses distribution between the contact pads. This
work is aimed at assessing the accuracy and reliability of
the present model based on finite element analysis (FEA)
simulations and can be used for different contact shape
geometries too.

87100{

irection..

di

(f) and (i) represent the highly magnified images with flat facets and
striations at 270 MPa, 203 MPa and 120 MPa



J Fail. Anal. and Preven. (2022) 22:609-622 619

500 T T Conclusions
450 _ —— Plaiq fatigqe(Experime_ntaI) I
] :E:g::g ;:::gzz EEET;?SZ:)&I g The FEA 3D model was recommended to identify the
o 400 1 damage mechanisms behind the decline in fretting fatigue
= 3504 o strength by estimating the performance of stress distribu-
_005 300 ] -\‘\_\- 1 tion near the contact sections, crack initiation location, and
2 | | crack angle. Major conclusions obtained from the obtained
?El 250 + § results and discussions are summarized as below:
2 200 + 7 e From experimental results, the fatigue strength was
g 150 4 . significantly reduced due to the fretting effect of the
) 100_‘ ] bridge-type flat pad. The reduction in life might be due
] to the surface damage that occurs on the smooth surface
50 — — T of the specimen caused by the fretting contact of the
10* 10° 10° pad.

Number of cycles to failure e From the surface damage observations and surface

roughness measurement, the damage or failure takes
Fig. 11 S-N curve for experimental results vs FEA model results

1.1431 Min

(b)

uivalent Alternating Stres

()

Fig. 12 Equivalent stress distribution along with the contact pads by using the FEA 3D model at different stress amplitudes: (a) at 270 MPa, (b)
at 203 MPa, and (c) at 120 MPa
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700 Stress amplitudes i —u—E
- —=— 270 MPa ] 300 77T R e M l
< 600 —— 248 MPa | 280 1 ]
! —— 215 MPa ] a ]
2 500 —+— 203 MPa 260 ]
4 4 ] - ]
= ] «— 171 MPa & 240 ]
o ~— 142 MPa = ] ]
£ 4004 —+— 120 MPa 1 o 220+ i 1
g ] E ] =TT 1
c 2 200 = i
$ 3004 g = ] ]
L £ 180 - ]
e B> © . ] .
S 200 Y, T -2 7 2 160 A ]
© ] zﬁ Thy et e eeotoesoesett ¥ | ] | 1
=2 / SCbetatibaebintiondat ity & 1404 - ]
g_ 100 ¢ SRR n ] / 1
g 1 1 120 = ]
0 T T T T T T T T T 1 4
0 5 10 15 20 100 “————++ —————— A~

T
) 0.2284E-18 0.467E-18 0.96E-18
Distance along the pad, mm 3
Wear rate, mm™/sec

Fig. 13 Stress distribution curve along the contact pad using FEA

Fig. 15 Wear rate calculation using the FEA model
model

E: 270MP3a, MS-1,CS.04

203MPa,MS-1,CS.04

7.8335e
4144205
219255

1.1599e5
61363 1.6961e5
32464 Min 1.0189¢5 Min

(a) (b)

(©

Fig. 14 The fretting fatigue life by using the FEA 3D model at different stress amplitudes: (a) at 270 MPa, (b) at 203 MPa, and (c) at 120 MPa
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Wear loss, mm®

Fig.

T T T T T T T T !
6.0x10° Stress amplitudes .
! —=— 270 MPa !
5.0x10° - —e— 248 MPa i
—4— 215 MPa
. —v— 203 MPa
4.0x107 —<— 171 MPa 1
) —»— 148 MPa T
3.0x10° —e— 120 MPa .
2.0x10° A .
1.0x10° - .
0.0 1 i
T T T T T T T T T
0 5 10 15 20
Distance along the pad, mm
16 Wear rate calculation along the contact pad using the FEA

model

FEM results, cycles

] il
10° 10°

Experimental results, cycles

Fig. 18 The co-relation between experimental results and predicted
FEA results

Fig. 17 Crack initiation location and crack angle using the FEA model (a) at 270 MPa and (b) at 120 MPa

place near the contact boundary of the pad, and the
average surface roughness value is more near the
contact edge, which might be one of the reasons for
failure.

From the proposed FEA model, the experimental
results are in good arrangement with the predicted
FEA model results. It is confirmed that the relative slip
rises with escalating stress amplitude, which causes
more frictional stress at the contact. The frictional
stress causes more wear loss close to the contact zone,
which indicates the decline in fatigue strength due to
fretting.

The critical plane approach is widely accepted to assess
the crack initiation site. In these fretting fatigue cases
considered, the results reveal that the proposed
methodology is also efficient to estimate the fretting
fatigue crack initiation location.

The damage parameter using the stress averaging
method was observed. The stress gradient value is high
close to the damaged area inside the contact zone,
which represents the crack origination location and
determines the crack angle using the stress averaging
method.
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