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Fretting fatigue crack initiation and
propagation in Ti6Al4V sheets under
tribocorrosive conditions of artificial
seawater and physiological solutions

Zeeshan Anjum"z, Masood Shah"3, Hassan Elahi* ®,
Mushtaq Khan®, Mohammad Mujahid®, Shahab Khushnood' and
Faisal Qayyum’

Abstract

The interaction of mechanical components experiencing relative movements and cyclic loads in a corrosive environment
is known as fretting corrosion or tribocorrosion. In the current work, the mechanism of crack initiation and propagation
in dovetail slots of Ti6AI4V samples (in contact with carbide rods) under fretting corrosion conditions was investigated.
A newly developed test rig installed on a universal testing machine was used to conduct tests at 20 Hz frequency under 5
and 7.5 kN fretting loads. Tests were conducted at room temperature in 3.5% NaCl and phosphate-buffered saline
solutions. Crack propagation in all samples was examined by a metallurgical microscope, and the detailed analysis of
fractured samples was carried out by a scanning electron microscope. In comparison to dry conditions, early crack
initiation and faster crack propagation were observed in salt and physiological solution environments. Colored spots and
large amounts of chlorine, sodium, and oxygen were found around cracks, and plastically deformed regions in the 3.5%
NaCl environment provided the evidence of a corrosive attack. Large amounts of oxygen, phosphorous, chlorine,
potassium, and sodium were detected in the phosphate-buffered saline environment.
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Introduction

Tribocorrosion or fretting corrosion occurs when
mechanical components undergo relative slips in a
corrosive environment. This phenomenon is observed
in different applications, such as engine components
in contact with lubricants, eyeglass frames, artificial
implants (hip and knee joints), and pump compo-
nents.' Fretting corrosion results in metal degrada-
tion due to the combined effect of mechanical wear
and chemical oxidation.? Corrosion and wear mech-
anisms are dependent on each other in a complicated
way.® It is generally observed that under fretting tri-
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bological conditions, the metal degradation rate gets
enhanced due to the combined effect of chemical reac-
tions and wear, resulting in an early fracture of com-
ponents.*> Therefore, a correct prediction of the
initiation and growth of fretting-initiated cracks is
the key to improved fretting designs. Theoretically,
the Smith—-Watson—Topper method can be used to
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predict crack initiation, and fracture mechanics®™
and finite element approaches'® !> are applied to pre-
dict crack propagation in a component.

Titanium and its alloys exhibit excellent corrosion
resistance by forming 2-5 nm thick uniform oxide
layers on component surfaces.'® However, these thin
oxide layers are highly susceptible to cracking under
fretting fatigue and harsh tribological conditions.'’
Mechanical parameters and electrochemical condi-
tions greatly affect the fretting corrosion behavior
of Ti6AI4V."®

In previous studies, the fracture and wear in
Ti6Al4V samples under fretting fatigue loads have
been investigated using sophisticated fixtures consist-
ing of fretting pads and flat or dog-bone-shaped sam-
ples.'”?! Different contact configurations, such as
balls on flat samples,>* flat pads on flat samples,’
and spherical pads on flat samples®® have been
applied. The fretting wear mechanism of Ti6Al4V
samples in a corrosive environment is mainly investi-
gated by conventional electrochemical setups.>*2°

The fracture mechanism and corrosion behavior of
Ti6Al4V under fretting fatigue have been explored
separately; hence, not much literature can be found
on the combined effect of fracture and corrosion in
Ti6Al4V samples under fretting loads. In the present
work, fracture and corrosion phenomena in Ti6Al4V
samples under fretting corrosion conditions were
investigated.

In this research work, a new test setup was devel-
oped to investigate crack initiation, propagation, and
arrest under fretting fatigue loads in corrosive envi-
ronments. This test setup is much simpler in construc-
tion and operation as compared to previous setups
used in fretting wear and corrosion experiments.
This setup also offers the ease of observation of
micro-cracks during experiments. Tests were carried
out using a pin-in-dovetail contact configuration of
Ti6Al4V specimens and carbide rods at room temper-
ature and 20Hz frequency in 3.5% NaCl and
phosphate-buffered saline (PBS) solutions?” under 5
and 7.5kN loads. Crack propagation in the samples
was measured by a metallurgical microscope. The
detailed fractographic and tribocorrosion analysis
was performed by a scanning electron microscope
(SEM), and the obtained results were compared
with the findings (tests were carried out under dry
ambient conditions) of Anjum et al.”®

Experimentation

Sample preparation

Ti6Al4V sheets (American Standard for Testing of
Materials Grade 5 titanium alloy) with a thickness
of 2mm were used for sample preparation.
Rectangular samples having one dovetail and one cir-
cular hole were machined by a CNC milling
machine.”® After machining, all samples were cleaned

by abrasive papers to remove scratches, especially
around dovetail slots.

The samples had a width of 45 mm and a height of
74 mm (Figure 1(a)). Carbide rods had a diameter of
12 mm and a length of 87.5 mm, and a 3 mm slot was
present on either end of these rods to insert clamping
pins (Figure 1(b)). A clearance of 1mm existed
between circular holes and dovetail slots to cause rel-
ative slips during loading cycles.

The cylinder on flat surface contact configuration
(line contact) was used for carbide rods and dovetail
slots, and the rolling of carbide rods was avoided with
the help of the frictional effect (pure Hertzian con-
tact). The Hertzian pressure (P;) and the contact
width (b) were calculated by equations (1) and (2),
respectively®

B Fy (1 1
P, = 0.591\/(L ) (R—l+ R—2> (1)
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The maximum shear stress (Tmax) was calculated by
equation (4), and it occurred beneath the surface at a
depth of 0.786 of the contact width (») and on planes
inclining at 45° to the load axis.”” Hertzian contact
parameters calculated for the current loading
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Figure I. Schematic diagrams of (a) a Ti6Al4V sample having a
dovetail slot and a circular hole and (b) a carbide rod having
two holes to insert clamping pins. (All dimensions are in mm.)



conditions are presented in Table 1

Tmax = 0.295 P, 4)
The location of the maximum shear stress beneath
the surface was calculated by equation (5)

0.786 b (5)

X =

Experimental setup

A previously developed fretting fatigue test rig”® was
modified for the current tribocorrosion experiment.
The test setup consisted of two H13 clevis grips, washers,
and two rods with external threads. In order to carry out
experiments under different environmental conditions,
the test setup was modified by tungsten inert gas welding
a container made from stainless steel (SS304) sheets
having 3 mm wall thickness and 6 mm base thickness
with a clevis grip. It had a height, length, and width of
80, 156, and 86 mm, respectively. A discharge pipe of
12 mm diameter was welded at one side of the container
to remove the fluid after tests. The container was
designed with a volumetric capacity of 1 L.

Tests were carried out at room temperature
by attaching the constructed rig to a universal testing
machine (Material Testing System (MTS) 810) having

Table I. Summary of Hertzian contact parameters.

a maximum load capacity of 100kN (Figure 2).
Samples were mounted and loaded with the help
of carbide rods passing through dovetail slots and cir-
cular holes. Dovetail slots were mounted with the lower
clevis grip through carbide rods and remained
immersed in the corrosive solution during experiments,
whereas circular holes were mounted with the upper
clevis grip through carbide rods (Figure 3). Constant
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with lower Clevis grip

Discharge pipe provided
with a valve

Figure 2. Arrangement of newly developed test rig on uni-
versal testing machine, MTS 810.

Normal Hertzian Contact Maximum Location of maximum
Load component pressure width shear stress shear below the surface
P FN = Pcos70° Ph b Tmax X
kN kN GPa mm MPa mm
5 1.71 2.34 0.231 690 0.18
7.5 2.565 2.86 0.283 843 0.22
@ Carbide Rod
Pin in hole

initiation
site

Plastic
deformation

Cyclic load I

« TibAl4V
specimen

Pinin
dovetail

Corrosive
environment

Figure 3. Schematic diagram showing immersion of specimen during experimentation while inset diagram shows plastic deformation

and crack initiation sites at the edges of the contact.



amplitude tension—tension axial fatigue loads of 5 and
7.5kN with a load ratio of R=0.1 were applied with
the help of the lower clevis grip and carbide rods, and
the frequency was kept constant at 20 Hz.

Tests were carried out in both 3.5% NaCl and PBS
solutions.?” The contact under investigation (Ti6A14V
internal dovetail slot and carbide rod) remained
completely immersed in corrosive solutions during
experiments (Figure 3).

Crack propagation in the samples was measured
after regular intervals by a metallurgical microscope
(Olympus DP-20). The microscopic analysis of
fractured samples was carried out by a SEM
(TESCAN VEGAD3) after cleaning the samples in an
ultrasonic bath.

Results

Plastic deformation was observed in all samples at
the contact region. It was observed that cracks initi-
ated at the edges and on both sides of the contact
(Figure 3).

Crack initiation and propagation

Four major cracks initiated in all samples—two at
either side of the contact: right top (RT), right
bottom (RB), left top (LT), left bottom (LB)
(Figure 4(a)). Moreover, plastic deformation was
observed in the tested samples (Figure 4(b)). A few
minor cracks with much shorter lengths also appeared
near the edges of the contact; however, they did not
propagate. Among these four major cracks, Crack-
LT and Crack-RT propagated longer into the sam-
ples. It happened because the cracks at the lower edge
of the contact underwent compression, whereas the
cracks at the top edge of the contact experienced
tension.

These cracks initiated in mode I1°**! at an angle of
approximately 45° to the contact surface, and propa-
gated perpendicularly to the surface in tensile mode

until the phenomenon of crack arrest occurred due to
the reduction of the stress intensity factor.”® The
propagation of the cracks at the top edge (Crack-
LT and Crack-RT) in salt and PBS environments
and under dry conditions®™ at 5 and 7.5kN loads
are presented in Figures 5 and 6, respectively.

It is evident that the presence of the salt environ-
ment caused a decrease in fatigue strength.* Cracks
were generated due to hydrogen embrittlement result-
ing from the formation of halogen acid under the
pyro-hydrolysis of salts.?>** The continuous avail-
ability of the HCI environment further promoted
the formation of monoatomic hydrogen, causing
hydrogen embrittlement to help cracks propagate
under stress.

The crack propagation rate in the salt environment
was found to be higher (up to 14.5%) than that in the
non-corrosive environment under both 5 and 7.5 kN
loads. The crack propagation rate in the PBS envi-
ronment was about 46.6% higher than that at ambi-
ent conditions under similar loading conditions. The
maximum crack length of about 800 pm was observed
in the PBS environment at 7.5kN load, and it is
~28% greater than that observed in the 3.5% NaCl
solution under similar loading conditions.

A comparison of average crack propagation and
average crack propagation rate in 3.5% NaCl, PBS,
and non-corrosive environments is presented in
Figure 7. It is evident that the average crack length
and crack propagation rate in corrosive environments
were much higher and crack arrest occurred after
~160,000 cycles.

Scanning electron microscopy

In the NaCl environment, blue spots were observed
around fractured surfaces due to the increased
amount of chlorine, oxygen, and sodium.?-3*%
The chemical mapping of fractured specimens
around these blue spots by SEM revealed the presence
of chlorine, oxygen, and sodium (Figure 8).
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Figure 4. Plastic deformation and major cracks observed. (a) Schematic diagram; (b) tested sample.
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Figure 5. Comparison of the propagation of cracks at the top edge in NaCl and PBS solutions with non-corrosive environment

observed earlier”® at 5 kN fatigue load.
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Figure 6. Comparison of the propagation of cracks at the top edge in NaCl and PBS solutions with non-corrosive environment

observed earlier”® at 7.5 kN fatigue load.

The concentrations of sodium and chlorine were
lower than the oxygen concentration along the
crack length. The line data obtained for the blue-
colored region near the crack (Figure 9(a)) also
revealed the presence of these elements while the
amount of oxygen was higher than those of sodium
and chlorine (Figure 9(b)).

Excessive oxidation was observed in the samples
tested under the PBS environment. SEM images of
these samples manifested a dark region near the con-
tact zone adjacent to the machined surface and a less
dark region away from the machined surface. The
chemical mapping around the contact zone and the
cracked path revealed the presence of oxygen, phos-
phorous, chlorine, potassium, and sodium (Figure
10). A similar pitting corrosion phenomenon was pre-
viously reported during the electrochemical study of
titanium alloys in PBS solutions due to the presence
of phosphate anions.?”-3

Discussion

The mechanism of crack initiation and propagation in
Ti6Al4V pin-in-dovetail samples (in contact with car-
bide rods) under fretting corrosion conditions were
investigated. A new testing setup was developed to
perform fretting tests at 5 and 7.5 kN under both
salt and physiological solution environments.

Four major cracks were formed at the edges of the
contact region due to fretting.”®*" Titanium formed a
thin oxide layer on the component surface to prevent
corrosion.?” Plastic deformation in the NaCl solution
broke this thin layer and exposed the bare metal to
the corrosive environment, thus enhancing the crack
propagation rate. Blue spots were observed around
cracks and along the contact zone in the salt environ-
ment due to the excessive amount of oxygen, chlorine,
and sodium which is also reported by previous
researchers.”>* It is believed that hydrogen
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Figure 7. Comparison of (a) average crack propagation and
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and PBS environments.

embrittlement is responsible for the enhanced crack
propagation in titanium alloys under salt
environments. %

Colored spots were also observed in the PBS envi-
ronment; however, they were more intense in color
than those observed in the NaCl environment. The
protective oxide layer ruptured earlier in this environ-
ment, exposing the bare metal to the corrosive envi-
ronment, thus in comparison to NaCl or dry
conditions, cracks propagated longer in the PBS envi-
ronment. The energy dispersive X-ray spectroscopy
(EDX) analysis revealed the presence of excess
oxygen, chlorine, phosphorous, sodium, and potassi-
um along the colored regions. The presence of these
elements caused cracks to propagate farther and also
resulted in the initiation of minor cracks at contact
edges near major cracks.

In both these environments, crack initiation
occurred in the shear mode at 45° to the contact sur-
face, and crack propagation occurred in the tensile
mode. In comparison to dry conditions, both NaCl

vl o ] a]al

Chlorine

Oxygen

Sodium
50 pm

Figure 8. SEM-EDX chemical mapping near crack initiation zone in 3.5% NaCl solution.
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and PBS corrosive environments caused earlier crack
initiation and shorter sample life.***** It happened
because chemical reactions ruptured the protective
oxide layer much earlier and exposed the bare metal.

Conclusions

The main inferences of the present experiment are
presented below.

1. Four major cracks at the edges of the contact
region were observed in all samples under both
salt and physiological environments.

2. The crack propagation rate in the salt environment
was higher (up to 14.5%) than that in dry condi-
tions at both 5 and 7.5 kN fatigue loads.

3. Crack propagation is 28% and 46.6% greater in
the PBS environment as compared with 3.5%
NaCl and in dry test conditions, respectively, at
7.5 kN fatigue load.

4. Intense dark spots (pits) were observed around
fractured surfaces due to excessive corrosion, caus-
ing earlier crack initiation and prolonged crack
propagation.

S. Colored spots around cracks were found due to
the increased amounts of oxygen, chlorine, and
sodium in the NaCl environment. In contrast, the
presence of oxygen, phosphorous, chlorine, potas-
sium, and sodium was detected around fractured
surfaces in the PBS environment.
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Appendix

Notation

E & Er=

b contact width
modulus of elasticity of carbide and
titanium, respectively
normal component of applied load
tangential component of applied load
L contact length
P axial load
P, Hertzian pressure
R stress ratio
) & ¥, Poisson’s ratio of carbide and titanium,
respectively
Radii of carbide rod and titanium flat
plate sample respectively

R, & R,



