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Abstract

This paper deals with the effects of laser peening on fretting wear behaviour of a nickel-based superalloy, alloy 718,
fretted against two different counterbody materials (alumina and SAE 52100 steel). Laser peening was carried out on
alloy 718. Microstructural characterization of laser peened surface was done by electron back-scattered diffraction and
transmission electron microscopy. Surface roughness, nanoindentation hardness, and residual stress of both laser peened
and unpeened samples were determined. Fretting wear tests were conducted on unpeened and laser peened samples
using two different counterbody materials (alumina and SAE 52100 steel balls). The results show that nanocrystallites
formed in the surface and near-surface regions and compressive residual stress were induced after laser peening.
Hardness increased due to grain refinement at the surface and near-surface regions. There was no significant change
in the surface roughness. The laser peened sample exhibited lower tangential force coefficient values compared to
unpeened samples at all loads, which may be attributed to higher hardness. Samples fretted against alumina counterbody
exhibited higher tangential force coefficient compared to samples fretted against steel counterbody. Owing to increased
surface hardness and higher compressive residual stress, laser peened samples exhibited lower fretting wear damage
compared to unpeened samples. Due to tribochemical reactions, the wear volume of unpeened and laser peened
samples fretted against alumina counterbody was higher than that of the samples fretted against steel counterbody.
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Introduction

Alloy 718 is a nickel-based superalloy, principally
developed for elevated temperature applications for
aerospace industries. It exhibits good strength, excel-
lent creep resistance at elevated temperatures, and
superior oxidation resistance.! However, its wear
resistance has been reported to be poor,> and this
needs to be addressed for prospective tribological
applications. Fretting wear is a type of wear due to
relative tangential motion experienced by contacting
bodies resulting from vibration or cyclic loading. It
leads to disastrous failures in many components/
parts.” Based on the magnitude of applied stresses
and the amplitude of displacement, damage mechan-
isms such as formation and ejection of debris at the
tribo-interface or crack nucleation and propagation
will take place.* So fretting damage should be con-
sidered as an important factor in the design of joints
working under fretting conditions.

It is known that the presence of work-hardened
surface layer and surface compressive residual stresses
would improve the tribological and fatigue properties.
It could be accomplished by an appropriate surface
engineering technique, such as ball burnishing,” shot
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peening,® ultrasonic nanocrystal surface modification
(UNSM),” ultrasonic shot peening (USSP),® machine
hammer peening,” detonation gun spraying,'® plasma
assisted nitriding,ll surface mechanical attrition treat-
ment (SMAT),'? etc. which have been successfully
employed on alloy 718 samples.

There have been studies on the tribological proper-
ties of surface-engineered alloy 718. Kim et al.'® stu-
died the seizure characteristics of UNSM-treated alloy
718. Their results showed that the UNSM-treated
samples had improved tribological properties com-
pared to the untreated samples owing to increased
surface hardness and compressive residual stress
introduced by UNSM treatment. Varshni Singh and
Meletis'* carried out nitriding process at low tempera-
ture by intensified plasma-assisted processing on alloy
718 samples. They found superior wear resistance of
nitrided samples due to higher hardness of the
nitrided surface layer. Hirschmann et al.'® investi-
gated the influence of plasma immersion ion implant-
ation (PIII) technique on the tribological properties of
alloy 718. They found that nitrogen PIII treatment
done for 3h resulted in significant improvements in
wear resistance and reduction in the friction coeffi-
cient. Kovaci et al.'® studied the effect of plasma
nitriding treatment on friction behaviour of alloy
718. The plasma nitriding significantly decreased fric-
tion coefficient and the effect was dependent on the
nitriding time and temperature.

There are a few studies on the fretting wear behav-
iour of surface-modified alloy 718 available in the
open literature. Amanov et al.” studied the influence
of UNSM treatment on the fretting wear resistance of
alloy 718 at various temperatures. They used bearing
steel ball as counterbody during fretting tests. They
reported that the UNSM-treated samples exhibited
lower friction coefficient and enhanced fretting wear
resistance compared to the untreated ones. It was
attributed to the fine grain structure and higher
surface hardness. Anand Kumar et al.'? have investi-
gated the effect of SMAT treatment and its duration
on the fretting wear behaviour of alloy 718 samples.
SMAT was performed for 30 and 60min. They
employed alumina ball as the counterbody during
fretting wear tests. Their results showed higher
fretting wear resistance and lower tangential friction
coefficient for the SMAT-treated sample for 30 min
compared to untreated samples, due to an optimum
combination of hardness and toughness of the treated
samples. On the other hand, the samples treated for
60 min had inferior fretting wear resistance compared
to untreated samples, owing to the higher hardness
and reduced toughness.

In the present work, laser peening is employed as a
surface engineering technique. In laser peening, an
intense laser pulse is used to produce shockwaves,
which result in strain hardening, improved hardness
and compressive residual stress at the surface. This sur-
face treatment is known to modify the microstructure at

and near the surface leading to grain refinement with
high density arrays of dislocations.!” Laser peening is
capable of introducing compressive residual stresses
below surface to a larger depth compared to shot peen-
ing. The thermal stability of residual stresses induced by
laser peening has been reported to be superior owing to
the less amount of near surface work hardening.'® This
is an important property for high temperature applica-
tions, e.g. low-pressure compressor disks and blades of
aircraft engines. Laser peening has been shown to
improve hardness and fatigue strength in a number of
metallic materials including nickel based super-
alloys.'”?? Laser peening does not change the surface
finish much, which is more important for the improve-
ment of fatigue properties.*

The studies on laser peened nickel-based super-
alloys either focus on improvement of the fatigue
resistance or thermal stability of the induced compres-
sive residual stress. To the best of the authors’ know-
ledge, the effect of laser peening on the fretting wear
behaviour of alloy 718 has not been reported. The
present paper attempts to study the effect of laser
peening on microstructure and fretting wear behav-
iour of alloy 718. As fretting wear process is strongly
influenced by counterbody materials, it is important
to understand the influence of counterbody material
on fretting wear behaviour so that efficient and reli-
able engineering systems with better fretting wear
resistance can be built. Alumina and SAE 52100
steel were used as counterbody materials.

Experimental procedure

The material used in the present study is alloy 718 in
standard double-aged condition with hardness of 435
Hyo ;. Laser peening was done on coupons of size
80x 10 x 6 mm’. A PVC-based black insulation
tape,”* which served as the sacrificial coating, was
used during laser peening. The laser system used
was an oscillator—amplifier-based in-house developed
high-energy flash lamp-pumped electro-optically
Q-switched Nd:YAG laser system giving an output
of 2.5] at a repetition rate of 5Hz with a spot diam-
eter of 9mm (1/e” points) and a pulse width <10 ns.*’
A lens of 400 mm focal length was used to focus the
laser beam to the target. Target was placed well ahead
of the focal plane, since the intensity at the focal plane
would be adequate to create air breakdown and hence
the laser energy may be efficiently used in creating
shock wave for peening. Laser peening parameters
are listed in Table 1.

Table |. Laser peening parameters used in the present study.

Pulse  Pulse Laser spot Pulse Track-to-track
energy width diameter  repetition Laser scan  displacement
0) (ns)  (mm) rate (Hz) rate (mm/s) (mm)

1.4 7 1.8 2 1.7 0.7
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Samples for electron back-scattered diffraction
(EBSD) analysis were polished following the standard
procedure used in metallography and colloidal silica
was used for final polishing. The microstructure was
observed across cross section moving from the peened
surface to base metal. For EBSD analysis, a scanning
electron microscope (SEM) (Philips, FEI Quanta 200)
operating at 30kV was used. The step size used was
750nm. A transmission electron microscope (TEM)
(Philips, CM 12) operating at 120kV was used for
microstructural characterization. Using a low speed
diamond saw cutting machine, thin foils of the laser
peened sample were cut along the direction parallel to
the peened surface. The side opposite to the peened
surface of the foil was mechanically polished to about
100 um thickness. This was followed by dimpling and
finally ion milling was done to obtain electron trans-
parency. X-ray diffraction (XRD) was done on the
surface of unpeened and laser peened samples using
an X-ray diffractometer (Bruker, D8 Discover,
Madison, USA) with Cu K, radiation at a scanning
rate of 1 step/s and step size of 0.03°/step. An optical
surface profilometer (Wyko, NT8000) was used to
evaluate the surface morphology and surface rough-
ness of unpeened and laser peened samples. A nanoin-
denter (Hysitron, Triboscope TI 950) was employed
to determine nanoindentation hardness just below the
peened surface at a load of 10 mN. Trapezoidal load
profile was employed with a loading rate of 1.25mN/
s, a dwell time of 2s and an unloading rate of 2mN/s.
One measurement was made in each sample due to
limitation in the resources. The residual stresses in
unpeened and laser peened samples were determined
using a stress analysis system (Proto Manufacturing,
iXRD) with Cu K, radiation (1 =1.54 A°). The stand-
ard deviation versus sin® technique suggested by
Cullity?® and Noyan and Cohen?’ was followed.

Samples of size 10 x 10 x 6 mm® were cut from the
peened coupons and used for fretting wear tests. For
comparison, unpeened specimens were also tested.
The details of the in-house developed fretting wear
test rig are given elsewhere.” Fretting wear tests
were conducted at different normal loads (1.96, 4.9,
9.8, 14.7, and 19.6 N) with a constant displacement of
55um and a frequency of 5 Hz. The different normal
loads were chosen so as to obtain different fretting
regimes viz. gross slip, mixed stick—slip and stick.
Two different counterbody materials (alumina and
SAE 52100 steel) were used. They were in the form
of balls of 10 mm diameter. Properties of the counter-
body materials are listed in Table 2. All fretting wear

Table 2. Properties of counterbody materials.

Hardness Elastic modulus Poisson’s
Material (Hv) (GPa) ratio
SAE 52100 steel 830 210 0.29
Alumina 1950 382 0.24

tests were conducted up to 50,000 cycles in laboratory
ambience (humidity of 80+ 5% and temperature of
303+ 5K). For each condition and at each normal
load, one test was conducted due to limitation in the
resources. Friction force (tangential force) and dis-
placement were acquired at regular time intervals
using a data acquisition system. Friction loops were
drawn with tangential force on the y-axis and the
imposed displacement on the x-axis. Tangential
force coefficient (TFC) was calculated by dividing
half of the difference between maximum and min-
imum tangential force obtained in a friction loop
with the corresponding normal load. Using the
SEM, observations on fretting wear scars in the
tested samples were made and the size of the scar
was measured along directions parallel and perpen-
dicular to the fretting direction. Subsequently, calcu-
lations of fretting wear volume were performed using
equations derived by Kalin and Vizintin.?® Also, wear
rate was computed by dividing the wear volume by
normal load and displacement. Energy-dispersive
X-ray spectroscopy (EDS) was employed to charac-
terize the fretted counterbody samples.

Initial maximum Hertzian contact pressures (P)
and initial contact radius (a) were computed using
equations (1) to (3). By assuming the interaction
between normal stress and the traction force due to
difference in elastic constants of the two solids is neg-
ligible, the contact pressure between the counterbody
(alumina or steel) with a normal load (N) and sliding
over a flat specimen is given by Hertz theory™".

6 NE*2 %
P:< P ) (1
1 (1=y), (0=-n)
E*  E, + E, &)
3Nr 3
a= (ﬁ) ®)

E, and 7y, are the elastic modulus and Poisson’s
ratio of flat specimen (unpeened or laser peened
sample), respectively, E, and vy, are the elastic modu-
lus and Poisson’s ratio of counterbody material (alu-
mina or steel), respectively, E* is the composite elastic
modulus, and r is the radius of the ball (5mm).

Results and discussion

Microstructure, surface roughness, hardness and
residual stress

Cross-sectional EBSD inverse pole figures and image
quality maps of alloy 718 samples before and after
laser peening are shown in Figure 1. For the employed
laser peening parameters, the micrographs shown in
Figure 1(c) and (d) do not indicate any noticeable
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Figure |. Electron backscattered diffraction micrographs of alloy 718 samples: (a) and (b) unpeened; (c) and (d) laser peened; (a) and
(c) are inverse pole figure maps and (b) and (d) are corresponding image quality maps.

changes in the microstructure in the near surface
region after laser peening compared to unpeened sam-
ples (Figure 1(a) and (b)). It may be noted that SMAT
done on the same material alloy 718 resulted in severe
plastic deformation in the surface and near-surface
regions and the thickness of the severe plastic
deformed layer was about 200 um.'? The absence of
a significant plastic deformation zone in case of laser
peened sample in the near surface region in the pre-
sent study could be attributed to a very short time of
interaction between the high pressure shock wave and
the sample, about 0.05 ps, which is roughly 10 times
lower compared to conventional shot peening process.
This is similar to the result reported by Gill et al.’!
Figure 2 shows X-ray diffraction patterns obtained
in the samples in the unpeened and laser peened con-
ditions. The XRD pattern of the laser peened sample
is similar to that of the unpeened sample. It was
expected that the laser peened sample would exhibit
peak broadening in its XRD pattern. It is known
that broadening of diffraction peaks is attributed to
lattice distortion, caused by higher level of cold work
resulting in a decrease in grain size and increase in the
microstrain. The absence of peak broadening in
the laser peened sample could be attributed to
lesser extent of lattice distortion and work
hardening. It may be noted that the mean penetration
depth of X-rays in alloy 718 is about 8 um. So the
XRD results correspond to sub-surface coarse
grains. From this it may be presumed that the thick-
ness of severe plastically deformed zone with very fine

Laserpeened
7}
c
3
£
Annealed/Unpeened
42 43 44 45 46

20(°)

Figure 2. XRD patterns of alloy 718 in two conditions.

grain structure (if developed) to be less than 8 um in
alloy 718.

Figure 3(a) shows a dark field transmission elec-
tron micrograph of a laser peened sample and
Figure 3(b) shows its selected area electron diffraction
(SAED) pattern. The dark field image reveals the for-
mation of nanocrystallites. The SAED pattern shows
spotted ring pattern, indicating the formation of
nanocrystalline structure. The average crystallite size
is found to be 13nm in the laser peened sample.
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Figure 3. Transmission electron micrograph (a) of the surface
layer of laser peened alloy 718 and corresponding SAED
pattern (b).

Figure 4. Transmission electron micrograph of near-surface
region of laser peened alloy 718 showing the presence of dis-
location tangles as indicated by arrows.

The average grain size of unpeened sample is 94 pm.
They corroborate the nanostructured surface forma-
tion due to laser peening. Such a significant reduction
in grain size achieved through surface nanocrystalliza-
tion by laser peening is comparable to that imparted
by surface severe plastic deformation processes such
as USSP® and SMAT.!? The shock wave leads to
deformation at high strain rates and produces a
large number of dislocations in alloy 718. The induced
plastic strain is accommodated by dislocation net-
works formed by rearrangement and annihilation

Figure 5. Surface morphology of alloy 718 samples:
(a) unpeened and (b) laser peened.

of dislocations resulting in the formation of nanocrys-
tallites.’ Bugayev et al.** have reported occurrence of
nanocrystallization on the laser peened surface of
alloy 600. Formation of nanocrystallites by laser
peening has also been reported in aluminum alloy,*
austenitic stainless steel,* Ti-6Al-4 V¢ etc. Tt may be
noted that the foils for transmission electron micros-
copy were prepared from the top surface layer of laser
peened sample with the thickness not exceeding 5 pm
and so the presence of nanocrystallites could be
observed. On the other hand, XRD results could
not indicate the presence of nanocrystallites as the
penetration depth of X-rays in alloy 718 is about
8 um and so XRD results correspond to sub-surface
coarse grains.

Figure 4 shows dislocation tangles just below the
laser peened surface, which might have been produced
by shock waves. Similar dense dislocation arrange-
ments have been reported by Nalla et al.” in the
near-surface regions of laser peened Ti-6Al-4V.
Such dislocation tangles would aid in grain refinement
resulting in development of nanostructured surface
layer.?’

Figure 5 shows the surface morphologies of
unpeened and laser peened samples. There is no sig-
nificant change in surface topography due to laser
peening. There was a slight increase in surface rough-
ness (see Table 3). During laser peening, the shock
waves with higher magnitude of peak pressure are
responsible for inducing the plastic deformation
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together with the generation of dimples on the surface
of metallic materials. The formed dimples on the
material’s surface would pileup on the edges.
Subsequently, the pileups induced by the shockwaves
will be flattened by adjacent laser impact.’' Due to
this, laser peening does not alter the surface roughness
significantly.

Figure 6 shows the typical nanoindentation load—
displacement (penetration depth) profiles of laser
peened and unpeened samples. The area bounded by
loading and unloading curves is defined as plastic
deformation work (Wp) and it could indicate the
degree of resistance to plastic deformation and the
wear resistance.’® Laser peened sample revealed
lesser plastic deformation work compared to
unpeened sample, signifying its relatively better resist-
ance to plastic deformation and therefore enhanced
wear resistance.

In case of the laser peened sample and unpeened
sample subjected to the same load of 10mN, the
indenter penetrated to a depth of 240nm and
314nm, respectively. The relatively lower depth of
penetration in the laser peened sample could be attrib-
uted to the enhanced hardness and compressive resi-
dual stress introduced by laser peening (sece Table 3).
Zhu et al.*® explained the influence of the nature of
residual stresses on the load—depth curve obtained by
nanoindentation technique for the same value of

Table 3. Surface roughness, plastic deformation work (Wp)
and residual stress of unpeened and laser peened samples.

Surface Residual

Surface roughness (pm)
W5 hardness stress

Ra Rinax (mJ) (GPa) ~ (MPa)
Unpeened  0.11 0.95 09 423 —207
Laser peened 0.33 3.00 0.7 6.71 —605

-~ Unpeened
~{~ Laser peened

Load (mN)

Depth (nm)

Figure 6. Load—displacement curves of laser peened and
unpeened alloy 718.

maximum depth in the case of (100) copper single
crystal. They observed lesser load for tensile residual
stressed sample and higher load for compressive resi-
dual stressed sample compared to unstressed sample
for the same value of maximum depth. As the inden-
tation stress acts normal to the sample surface, the
direction of contact shear stress underneath the inden-
ter is the same as with the tensile residual stress dir-
ection. Hence, the tensile residual stress enhanced
the amount of shear stress compared to that in the
unstressed samples. The increased shear stress in the
case of tensile residual stressed sample can increase
the plastic deformation due to indentation. Hence,
lesser load was required compared to the unstressed
state for the same indentation depth. The converse
was true regarding the influence of compressive resi-
dual stress. They reported that the nature of residual
stress had a significant impact on the shapes of the
loading curves. The loading curve for the sample with
compressive residual stress had higher slope and
shifted leftward compared to unstressed state. On
other hand, in the case of the sample with tensile
residual stress, the loading curve had a lower slope
and shifted on the right side compared to unstressed
state. In the present study, the peened sample exhibits a
lower penetration depth of 240 nm for the same max-
imum load and its loading curve is on the left side of
the unpeened sample’s loading curve. From this, it may
be said that laser peening process induced compressive
residual stress in the surface layers of alloy 718, which
is confirmed by the residual stress values determined
using XRD stress analyzer (Table 3).

Figure 7 shows the nanoindentation hardness pro-
file across the cross section of a laser peened sample.
The increase in surface hardness is due to compressive
residual stress and grain refinement® in the peened
surface layer. Beyond about 300 um depth from the
surface, the laser peening did not result in a significant
difference in hardness value (Figure 7).

7.5
0,
= 6.0- o0,
G i
- 45 "S-9—a
w0
wn
£ 3.0
a
| =
©
T 151
0.0 L] L 1 T T T
0 100 200 300 400 500
Distance from the surface (um)

Figure 7. Variation of hardness with distance from surface of
laser peened alloy 718.
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Fretting wear behaviour

Friction loops. A friction loop shows the variation of
friction force with imposed displacement correspond-
ing to a fretting cycle. Figure 8 shows the effect of
normal load on friction loops corresponding to
10,000™ cycle for laser peened samples. The shape
of loop specifies the type of fretting regime that is
operating for a particular normal load. The following
regimes were observed — gross slip at 1.96 N, mixed
stick—slip at 9.8 N, and near stick at 19.6 N. At the
load of 1.96 N, a quasi rectangular loop was formed,
which signifies the occurrence of gross slip regime,
during which slip occurs in the complete contact
region. When the normal load was increased to
9.8 N, it changed to mixed stick-slip regime, which
is described by an elliptical shape. During this, part
of the displacement between the tribo-surfaces is con-
tained by elastic deformation of the asperities. At
19.6 N normal load, near stick regime is observed,
where the applied displacement is accommodated by
elastic deformation of the asperities and the loop
appears as a straight line. Specimens tested against
steel counterbody exhibited lower tangential force
compared to those tested against alumina counter-
body. It can be attributed to difference between the
contact pressure exerted by alumina and steel counter-
body on alloy 718 samples (see Table 4). It can be seen

that friction force increased as the applied normal
load increased — a similar trend has been reported
for unpeened and laser peened Ti-6Al-4V.%¢

Tangential force coefficient. Figure 9 shows the variation
in TFC of samples fretted against both steel and alu-
mina counterbodies with fretting cycles. The TFC
values increased progressively during the initial stage
of about 2000 fretting cycles and reached a steady-
state condition. The laser peened samples showed
lower TFC compared to the unpeened samples at all
loads. The relatively lower TFC is due to higher sur-
face hardness of laser peened samples, which can
reduce the adhesion during fretting.*

It is well known that real contact area is inversely
proportional to the hardness of the softer sample of a
tribo-pair. Thus laser peened samples with higher
hardness (due to grain refinement) will have smaller
real contact area. It has also been reported that the
nanocrystalline metals and alloys have lower friction
coefficient compared to coarse grained metals and
alloys,*' which may be attributed to high hardness.

The samples fretted against steel counterbody had
lower TFC values compared to samples fretted
against alumina counterbody. This may be attributed
to lower Hertzian contact stress induced and smooth
surface of the steel counterbody. Alumina counter-
body with a rough surface (as seen in the Figure 10

)

Counterbody

0.6 \:A—Alumina
~O—Steel 1.96 N

0.4-
0.2-
0.0-
-0.24

Friction force (N)

-0.4
-0.6-

—_—

Friction force (N)
o

Displacement (mm)

0.030 -0.015 0.000 0.015 0.030

(c) 30-
Counterbody
204
—_ =/~ Alumina
E 104 —C— Steel
]
e
S o
5
= -104
2
™
L -204

Counterbody

Alumina
~O- Steel

-5+

-104

.0.03 0.02 -0.01 0.00 0.01 0.02 0.03
Displacement (mm)

-0.03 -0.02 -0.01
Displacement (mm)

0.00 0.01 002 0.03

Figure 8. (a to c) Friction force vs. displacement loops corresponding to laser peened samples fretted against steel and alumina

counterbodies at three different normal loads after 10,000 cycles.
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Table 4. Initial values of maximum contact pressure (P) and contact radius (a) calculated for unpeened and laser peened alloy 718
samples fretted against alumina and steel counterbodies.

Unpeened alloy 718 fretted with

Laser peened alloy 718 fretted with

Alumina Steel Alumina Steel
Normal load (N) P (MPa) a (um) P (MPa) a (um) P (MPa) a (um) P (MPa) a (um)
1.96 688 37.0 583 41.0 718 36.0 602 39.0
4.90 934 50.0 791 54.0 975 49.0 817 54.0
9.80 1177 63.0 996 69.0 1228 62.0 1030 67.0
14.7 1344 720 1138 78.0 1403 70.5 1176 77.0
19.6 1483 79.5 1255 86.0 1547 78.0 1297 85.0
However, it reduced at a normal load of 9.8 N, due to
the change in the fretting regime to mixed stick—slip
1.2 {[® Unpeened, Alumina 9.8 N regime. For uncoated steels, a decrease in wear
-+ Laser peened, Alumina ' volume with the change in fretting regime from
1.0{|~®-Unpeened, Steel gross slip to mixed stick-slip regime has been
~O-Laser peened, Steel observed.* A similar trend has been reported for
0.8- - unpeened and laser peened Ti-6Al-4V.%°
E 0.64 Laser peened samples exhibited lower wear volume
= and wear rate compared to unpeened samples fretted
0.44 against both steel ball and alumina ball as shown in
Figure 12. This can be attributed to higher surface
0.2 hardness, lower TFC values, compressive residual
stress and less plastic deformation work of laser
0.0 +——rrrrerr—r—rrrre——rrrrr— — peened samples. It is well established that harder
1 10 100 1000 10000 . e . .
materials generally exhibit superior fretting wear
Number of cycles resistance.*” The superior fretting wear resistance

Figure 9. Variation of TFC with the number of fretting cycles
for unpeened and laser peened samples fretted against steel and
alumina counterbodies.

(a)), the ability to undergo tribochemical reaction
(explained in the Fretting wear scars, wear volume
and wear rate section), and higher hardness of value
of 1950 Hy can result in a higher Hertzian contact
stress (see Table 4) in comparison with the steel coun-
terbody with a smooth surface (as seen in the
Figurel0(b)) and hardness value of 830 Hy. A similar
trend has been reported for unnitrided and nitrided
Ti-6Al-4V samples.*?

Fretting wear scars, wear volume, and wear rate. Figure 11
shows the appearance of fretting scars on alloy 718
samples tested against alumina (Figure 11(a) and (b))
and steel (Figure 11(c) and (d)) counterbodies at a
normal load of 9.8 N. From the micrographs, the
size of scar was measured and fretting volume and
wear rate were calculated. Figure 12 shows the vari-
ation of wear volume and wear rate of laser peened
and unpeened samples fretted against two different
counterbodies at different normal loads. Wear
volume increased with an increase in the normal
load from 1.96 N to 4.9 N due to gross slip condition.

could be achieved through the harder nanocrystalline
surface layer obtained from the laser peening due to
the grain refinement at the surface. The laser peening
increased the surface hardness from 4.23 GPa to
6.71 GPa (~59% enhancement) and reduced adhesion
resulting in lower TFC. The lower TFC values would
contribute towards lowering the magnitude of cyclic
tensile shear stresses at the tribo—pair interface leading
to enhanced fretting wear resistance.*’

Furthermore, wear debris generation is coupled
with the crack initiation and propagation. The bene-
ficial effect in inhibiting the crack initiation and
propagation could be achieved due to the presence
of compressive residual stress. Hence, higher the mag-
nitudes of compressive residual stress in the sample,
superior will be the tribological properties. It is shown
that the existence of compressive residual stress at the
surface resulted in lower wear compared to the surface
with tensile residual stress.** The beneficial effect of
the compressive residual stress induced by surface
engineering techniques such as shot peening,
USNM, SMAT and ion-beam-enhanced deposition
methods in improving the tribological properties has
been reported in different materials.”'>*>*® In the
present study, the magnitude of the compressive resi-
dual stress induced by laser peening is 605 MPa and it
is expected to contribute towards the improvement in
the fretting wear resistance. The laser peened sample
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Figure 10. Surface appearance of counterbody material: (a) alumina and (b) steel.

Figure |1. Appearance of fretting wear scars on alloy 718 samples tested at a normal load of 9.8 N: (a) and (c) unpeened; (b) and (d)
laser peened; (a) and (b) fretted against alumina ball; (c) and (d) fretted against steel ball. Arrow indicates fretting direction.

exhibited smaller plastic deformation work (refer
Figure 6), i.e. higher resistance to plastic deformation
and so less possibility of adhesion between the contact
surfaces resulting in lower wear rate.

There have been studies on the role of surface
roughness on the fretting wear resistance. Rough sur-
faces are desirable to mitigate fretting wear damage.*’
In the case of rougher surface, the fretting debris at
the contact areas may fall into adjacent valleys, may
not act as third body abrasive particles, and reduces
the abrasive wear resulting in less fretting damage.

In the present study, there is an insignificant increase
in R, value observed after laser peening. Hence, it
may be presumed that surface roughness may not
have a strong influence on the fretting wear process.
A similar observation has been reported in Ti-6Al-4V
subjected to USNM treatment.*’

The wear volume and wear rate of samples fretted
against alumina counterbody were higher than those
of the samples fretted against steel counterbody. It
may be attributed to the tribochemical reaction
between alloy 718 and alumina counterbody in
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generation of brittle and hard reaction products.
Figure 13 shows a scanning eclectron micrograph of
fretting scar on the alumina counterbody fretted
against a laser peened alloy 718 sample at a normal
load of 1.96 N and the corresponding EDS results.
The presence of Ni, Fe and Cr was noted on the
worn surface of alumina counterbody indicating
material transfer from alloy 718 sample to the alu-
mina counterbody. This implies the probability of
forming complex nickel-aluminum intermetallic

oxides such as NiAl,O,4. The reaction between metal
oxide and A1,03 produces a complex oxide as shown
in equation (4) as suggested by Pepper.*®

NiO + AL,O3 — NiAlO4 4
It is suggested that fracture occurs in the metal

rather than at the contact interface having such com-
plex oxides. This leads to material transfer from the

(a) _ (b)

= —a— Unpeened, Alumina E

£ 8.01 -0~ Laser peened, Alumina : 4.2

£ —4- Unpeened, Steel ”_z_. . ) Unpeened, Alumina

L 60 ~>- Laser peened, Steel £ [ZZ3 Laser peened, Alumina

= £ 0.94 [E==)Unpeened, Steel

x h [EZ%) Laser peened, Steel
—

E 4.0 X 0.6

= 3

€ 20 E 53

§ 5

) )

2 00 , : = p.04 -
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Figure 12. Influence of counterbody material on (a) wear volume and (b) wear rate of alloy 718 samples fretted against alumina and

steel counterbodies.
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Figure 13. (a) Fretting scar on alumina counterbody fretted against

laser peened alloy 718 sample tested at 1.96 N; (b) corres-

ponding EDS result for a region marked ‘ 4 ’ in (a); and (c) EDS result for a fresh unfretted alumina counterbody.
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Figure 14. (a) Fretting scar on steel counterbody fretted against laser peened alloy 718 sample tested at 1.96 N; (b) corresponding
EDS result for a region marked * + ’ in (a); and (c) EDS result for a fresh unfretted steel counterbody.

sample to the alumina counterbody. This results in
higher TFC values and higher wear volume in case
of samples fretted against alumina.

However, there was insignificant or no transfer of
material from alloy 718 sample to steel counterbody
according to EDS results (see Figure 14). Thus, the
wear volume of alloy 718 samples fretted against steel
counterbody is lower than that of the sample fretted
against alumina counterbody. A three-body abrasion
wear situation due to the presence of abrasive hard
wear debris at the tribo-interface produced by tribo-
chemical reaction between alloy 718 samples and alu-
mina counterbody might have resulted in relatively
higher wear volume. Furthermore, it could be seen
that at higher normal load (19.6 N), samples fretted
against alumina and steel counterbodies exhibited
almost similar wear volume and wear rate. It could
be attributed to near-stick fretting regime operating at
the higher loads. In this regime, the applied displace-
ment is contained by elastic deformation of the aspe-
rities resulting in the negligible wear volume and wear
rate irrespective of the counterbody used.

Conclusions

Based on the results obtained in the experimental
study on laser peening done on alloy 718 and fretting
wear tests conducted on laser peened and unpeened
samples of alloy 718 fretted against two counterbody

materials, the following conclusions are drawn. Laser
peening resulted in grain refinement with the forma-
tion of nanocrystallites on the surface, increased sur-
face hardness, and compressive residual stress. It did
not alter the surface roughness in a significant
manner. Owing to higher hardness, adhesion was
less and so the tangential force coefficient (TFC) of
laser peened samples was less than that of unpeened
samples. The samples fretted against alumina counter-
body exhibited higher TCF compared to the samples
fretted against steel counterbody. This is attributed to
higher Hertzian contact stress and tribochemical reac-
tions involved between alloy 718 sample and alumina
counterbody. The fretting wear resistance of laser
peened samples was superior to that of unpeened sam-
ples due to favourable properties exhibited by the
laser peened samples, viz. higher surface hardness,
lower TFC and higher compressive residual stress.
The samples fretted against alumina counterbody suf-
fered more fretting damage compared to the samples
fretted against steel counterbody. This is attributed to
tribochemical reactions between alloy 718 and alu-
mina counterbody in generation of brittle and hard
reaction products.
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