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Abstract

In this research, a room temperature multicycle nanoindentation technique was implemented to
evaluate the effects of the laser peening (LP) process on the surface mechanical behavior of additively
manufactured (AM) Inconel 625. Repetitive deformation was introduced by loading-unloading
during an instrumented nanoindentation test on the as-built (No LP), 1-layer, and 4-layer laser peened
(1ILP and 4LP) conditions. It was observed that laser-peened specimens had a significantly higher
resistance to penetration of the indenter and lower permanent deformation. This is attributed to the
pre-existing dislocation density induced by LP in the material which affects the dislocation
interactions during the cyclic indentation. Moreover, high levels of compressive stresses, which are
greater in the 4LP specimen than the 1LP specimen, lead to more effective improvement of surface
fatigue properties. The transition of the material response from elastic-plastic to almost purely elastic
in 4LP specimens was initiated much earlier than it did in the No LP, and 1LP specimens. In addition
to the surface fatigue properties, hardness and elastic modulus were also evaluated and compared.

1. Introduction

Inconel 625 (IN 625) is a solid-solution, nickel-
chromium-niobium-molybdenum alloy with out-
standing resistance to high temperature and corrosive
environments as well as excellent creep and fatigue
characteristics [1, 2]. This material has drawn part-
icular interest in various industrial sectors including
power generation, aeronautical, marine, and petro-
chemical applications, due to its excellent attributes
[3-5]. In recent years an additive manufacturing
technology coined laser powder bed fusion (LPBF) has
emerged as a successful tool for the fabrication of IN
625 parts with high density, good surface finish, and
mechanical properties [6-9]. This technique has
received significant attention, particularly for the
fabrication of complex structures. However, defects
and residual tensile stresses from the manufacturing
process have been a source of concern. A combination
of AM techniques with additional post-processing
surface treatment techniques can offer a solution to
these challenges.

Surface engineering techniques such as LP, shot
peening, and ultrasonic peening are broadly used to
enhance the material and mechanical properties of
components including fatigue, fretting fatigue, wear,
and stress corrosion cracking [10—13]. LP is an emer-
ging surface treatment technique which allows for pre-
cise control over process parameters and provides
enhanced resistance to crack initiation and improved
fatigue resistance. Instead of the thermal effects of the
laser, LP employs intense laser pulses with pulse ener-
gies up to 50] and duration of 8 to 50 ns to create
shocks at the surface of the material. These pressure
shocks propagate into the material and plastically
strain it. The deformation by shock plastically com-
presses the material perpendicular to the surface. Due
to the Poisson effect, the metal expands transversely to
conserve volume. Surrounding material counters the
expansion, generating a residual compressive stress
field near the surface and relatively deep into the sub-
surface regions. High strain rate plastic deformation
generates a high density of dislocations as well. The
compressive stress field, as well as the modified micro-
structure, act like a shield in the plastically deformed
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Figure 1. (a) Experimental setup and (b) the laser paths illustrating the overlapping pattern used during LP of specimens 1LP and 4LP.
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Table 1. Chemical composition of powderized alloy.

Element Ni Cr Fe Nb+Ta Mo

Ti Al Co Mn Si Cu

Wt% 50-55 17-21 Balance 4.76-5.5 2.80-3.30

0.65-1.15 0.2-0.8 <1 <0.35 <035 <0.30

Less than 0.1 Wt% of C, S, P, B, Ca, Mg, O,N

layer where a crack will need much more energy to
initiate and propagate, and consequently, enhance the
material strength against failures initiating there
[14-18].

The surface damage caused by the cyclic contact
often leads to catastrophic failures of mechanical
parts. Multicycle indentation techniques can be used
to study the surface fatigue performance of the materi-
als [19, 20], surface crack formation [21], and to evalu-
ate the impact of surface treatment techniques on the
mitigation of various surface damages. Richter et al
[22] investigated the mechanical properties of a single
phase cubic boron carbide using the multi-cycling
nanoindentation technique. The elastic-plastic
response of the material was examined using repeated
loading-unloading processes. It was reported that the
hysteresis loops observed in the material were caused
by the initiation of nano-cracks. The cyclic nanoin-
dentation tests were used by Chatterjee et al to investi-
gate the effects that grain boundaries play in
controlling plastic deformation during cyclic loading
[23]. The equal channel angular extrusion process
(ECAE) and its influence on the fatigue behavior of Al
were evaluated by Peng et al using the multicycle
indentation technique [24]. It was revealed that the
level of dislocation density in the ECAE deformed Al
plays an important role in the fatigue performance of
the material [24].

The objective of this research is to study the surface
fatigue behavior of as-built and LPed IN 625 test speci-
mens where they were subjected to cyclic nanoscale
indentation loading. The results depicted in this study
clearly indicate the potential of enhancing the

durability of IN 625 against surface-initiated failure
mechanisms through the implementation of LP.

2. Experiments

2.1. Material

The tests were conducted on AM IN 625 specimens
manufactured by the Renishaw AM 250 machine. The
specimen dimensions were
33mm X 26 mm X 8.75 mm. The powder’s elemen-

tal composition of AM IN 625 is presented in table 1.

2.2.LP process

Surface treatment was carried out using a Q-Switched
Nd:YAG laser (Powerlite DLS Plus), operating at a
frequency of 10 Hz, a wavelength of 1064 nm, a power
density of 6 GW cm 2, and a pulse duration of 8 ns.
Single-layer and four-layer of LP treatments were
applied to the surface of the specimens. Figure 1(a)
shows the experimental setup. A layer of black insula-
tion tape, with a thickness of ~ 250 pm, was placed
on the material surface while a flowing water overlay,
which acts as the dielectric medium, flowed over the
specimen during LP. The main benefits of the
transparent overlay are to confine, concentrate, and
direct the plasma to the surface of the material [25]. LP
was conducted with a 3.0 mm circular spot size and a
50% overlap between spots. For the 4LP treatment, the
subsequent layers were offset from the preceding
layers by 50% of the spot size (figure 1(b)).
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Figure 2. Multicycle nanoindentation protocol.
2.3. Multicycle nanoindentation test Table 2. Indentation parameters used in
. .o multicycle nanoindentation.
Specimens for the nanoscale characterization were
prepared by applying grinding and polishing. Cyclic Poisson’s ratio of IN 625 0.29
nanoindentation was performed using a diamond ;
. . . i Constant loading rate 300 mN min~
Berkovich indenter in the constant load repetition > .
X K i Constant unloading rate 500 mN min
mode in a nano;nechamc:cll test 1nstr}1ment (Ant(?n— Maximum load 500 mN
Paar, TTX-NHT"). Following the loading stage, which Minimum load 10 mN
applied the maximum force to the specimen, the force Dwell time at maximum load 10s
was decreased to a minimum load. This loading- Dwell time between cycles 2s
unloading process continued throughout the testing. Number of cycles 100 times

Figure 2 shows the multicycle load-time graph, and
the indentation parameters are shown in table 2. A
constant indentation load of 500 mN was selected to
induce an indentation depth up to at least 2500 nm in
the specimens. This depth is sufficient enough to
ensure that several grains will be involved in the
indentation process and ensures that the observed
behavior will be reflective of a collection of grains
rather than just a few. The number of cycles performed
on each specimen was 100 cycles. This was selected to
ensure that damage to the tip, which can occur if too
many consecutive high-load cycles are performed,
would not be significant enough to impact the results.
The standard procedure put forth by Oliver and Pharr
for determining the hardness and elastic modulus
using nanoindentation was utilized for each cycle.

2.4. Residual stress measurement

Residual stress measurements were conducted using
an x-Ray Diffraction based stress analysis system
(XRD, Proto iXRD) using a Mn-Ka x-ray source
(\ = 2.10314 A) and a conventional sin®1) technique
was adopted to obtain the surface residual stress

values. Prior to each measurement, an alignment and
calibration procedure were performed on the device
using a stress-free 316 L steel powder sample. The
values obtained during calibration were within the
acceptable range which was recommended by the
manufacturer (+ 12 MPa). Measurements were per-
formed on the surface of each specimen (No LP, 1LP,
and 4LP) 3 times.

2.5. Microstructure characterization

The three specimens (No LP, 1LP, and 4LP) were
mounted in conductive resin, ground from 240 to
4000 grit, and then polished using diamond suspen-
sions of 3 and 1 pum. This was followed by a 0.05 ym
colloidal silica suspension which was employed to
achieve the mirror-like surface finish necessary for
investigating the residual impressions post-nanoin-
dentation using scanning electron microscopy (SEM,
Thermo Scientific™ Apreo).
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Figure 3. Multicycle load-displacement curves. The inset shows a magnified version of the graph with additional details.
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3. Results and discussion

Figure 3 shows the multicycle load-displacement
curves obtained for both the No LP and LPed speci-
mens. During the initial loading stage, both elastic and
plastic deformation occur in the material. As can be
seen in figure 3, No LP and 4LP specimens had the
deepest and the least residual indentation depth,
respectively, for the same number of cycles of 100 and
at a constant force of 500 mN. For an indentation
depth of less than 1750 nm in the loading phase, the
relationship between the load-displacement curves for
the LPed specimens and the No LP specimen coincide
well. However, at a depth greater than approximately
1750 nm, a greater force is necessary to reach the same
indentation depth for the LPed specimens. This
indicates that work hardening for the LPed specimens
is greater than that exhibited by the No LP specimen
[26, 27]. Although the main portion of plastic defor-
mation occurs during the first cycle, material deforma-
tion propagates a bit further following each
subsequent cycle. The total penetration depths
observed between cycles 2-100 for the No LP, 1LP,
and 4LP specimens were 932 nm, 608 nm, and
229 nm, respectively. Also, the permanent deforma-
tion that occurred in between cycles 2-100 in each
specimen (No LP, 1LP, and 4LP) was 455 nm, 237 nm,
and 190 nm, respectively.

Surface treatments such as laser peening induce
some dislocations at the surface and sub-surface of the
treated material. During indentation of a surface-trea-
ted material, the plastic deformation induced by the
indenter in the loading portion can be considered as
occurring in two stages. During the first stage, geome-
trically necessary dislocation (GND) nucleation occurs
beneath the indenter tip while the radii of the disloca-
tion loops enlarge with increasing indenter depth. In
the second stage, pre-existing dislocations, which are

Table 3. Surface residual stress measurements and maximum
penetration depth of indenter for specimens (No LP, 1LP, and 4LP).

Surface residual Maximum penetration
Specimen stress (MPa) depth (nm)
NoLP —203 MPa 3420 nm
1LP —540 MPa 3000 nm
4LP —616 MPa 2600 nm

induced by surface treatment, can begin to resist the
movement of new dislocation loops that are induced
during the indentation. The interaction between the
new and pre-existing dislocations requires sufficiently
large shear stress to influence the growth and gliding of
dislocation loops [24]. During unloading, these dis-
locations rearrange themselves to reduce the internal
stresses. This is then followed by the next loading
where renewed localized stresses by the tip can induce
more dislocations, further expanding the plastic
zone [23, 24].

The magnitude of pre-existing dislocation density
induced by LP in the material can play an important
role in the interaction between dislocations during the
cyclic indentation. Johnson’s spherical cavity model
[28, 29] states that the size of the plastic zone, ¢, under
the indenter can be approximated as follows in
equation (1):

‘- (i)m o P2t/ )

2mo

where p is dislocation density, F is indentation load,
and o is the tensile flow stress. The plastic deformation
zone (c) decreases with increasing dislocation density
(p). LP produces severe plastic deformation on and
just beneath the surface of the material and signifi-
cantly increases the dislocation density in the plasti-
cally deformed layer with varying configurations, i.e.
dislocation cells and tangles. Thus, by increasing the

4
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Figure 4. Reload-unload Curves for (a) No LP, (b) 1LP, and (c) 4LP.
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number of layers used in LP, the density of the
generated dislocations increases [30]. According to
equation (1), when there is a higher density of
dislocations (p), the plastic zone (c) will be smaller.
Therefore, it is expected that the plastic zone under the
nanoindenter tip will be the smallest for 4LP specimen,
and the largest for the specimen without any peening
(No LP). This correlates well with what is observed in
the recorded displacement in figure 3, where the
higher pre-existing dislocation density in the 4LP
specimen, compared to that in the No LP specimen,

leads to a smaller displacement since the tip has a
higher probability of encountering defects. This
induces a strong interaction between pre-existing
dislocations and the indenter tip and produces a
higher resistance to penetration of the indenter in
addition to permanent deformation during cyclic
indentation.

Additionally, the surface residual stresses for all
three specimens were measured using an XRD techni-
que. The XRD measurements and the maximum
penetration depth that was realized for each specimen

5
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to the other edges as well.

Figure 5. SEM micrographs of residual impressions on (a), (b) No LP, (c,d) 1LP, and (e), (f) 4LP specimens. (Images b, d and fillustrate
the pile-up formation around the residual impressions)—For a better demonstration, samples were titled at 40°. In this view, it may
seem that pile-ups have non-uniformly been generated on just one side, but it should be noted that the pile-up has occurred adjacent

can be seen in table3. It was observed that 4LP has a
higher level of surface compressive residual stress
(—616 MPa) compared with the 1LP (—540 MPa) and
No LP (—203 MPa) specimens. Extreme plastic defor-
mation and high-density dislocations that result from
LP can influence high amplitude compressive stresses
[31]. These compressive residual stresses might actas a
shield against the penetration of the nanoindenter tip
[30]. Hence, the No LP specimen, which has compara-
tively less compressive residual stresses, is more likely
to undergo a higher level of plastic deformation than
the LPed specimens during the cyclic indentation.

As shown in figure 4, in the early cycles, the reload
curves present a lower displacement than the unload-
ing curves. This forms a hysteresis loop between the
unloading and reloading curves of cycles. For all speci-
mens, it was found that the area of the hysteresis loop

increased slightly during the first several cycles and
then began to significantly drop. Hysteresis during
multicycle nanoindentation of different materials can
originate from fracture and the formation of surface
cracks [22], phase transformation [32, 33], and reverse
plasticity (plastic deformation that occurs during
unloading) [34-36]. However, it is unlikely that
Inconel superalloys will undergo any phase transfor-
mation under stress at room temperature [23]. No
fracture or surface cracking was detected around the
indents for all three specimens (figure 5). Hence, it
seems that the origin of distinct hysteresis behavior is
direct evidence of non-purely elastic behavior in the
material during the unloading.

Figures 5(a)-(c) show the pile-up formation
around the indent in the No LP, 1LP, and 4LP speci-
mens, respectively. The uniformity in the pile-up

6
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Figure 6. Depth versus time curves of No LP specimen (The load-displacement graph for each points represents two cycles).

surrounding the 4LP indent, cannot be observed in the
No LP and 1LP specimens. In previous research by Hu
et al it was reported that grain size can affect the pile-
up formation during indentation [37]. During the
laser peening process, grain modifications occur at the
surface and just beneath the surface of the material. In
addition, the laser peening process and the induced
dislocations encourage the formation of the sub-
grains [38]. Repeated pressure waves, due to multiple
cycles of laser peening, lead to the formation of
numerous shear bands, which act to promote the divi-
sion of sub-grains into fine grains achieving further
refinement of the surface grains [16, 17]. It is hypothe-
sized that finer grains, in addition to the presence of
sub-grains in the 4LP specimen, may lead to a more
pronounced pile-up in comparison to the pile-up that
is presented in the 1LP and No LP specimens. How-
ever, this phenomenon is still not well understood and
requires further investigation using techniques such as
in situ SEM and transmission electron micro-
scopy (TEM).

Figures 6—8 show typical depth versus time curves
of the No LP and LPed specimens during the multi-
cycle tests. Generally, the indentation depth-time
curves can be divided into the early transient stage and
the subsequent steady-state stage [24]. It is observed
that during the early transient stage, the indentation

penetration depth nonlinearly increased with time for
all the No LP and LPed specimens, which implies plas-
tic deformation occurred in this stage, and then the
variation of penetration depth became negligible in
the steady stage, which implies the plastic deformation
was stabilized in the steady stage.

For the No LP specimen (figure 6), the indentation
penetration depth increased subsequently in the first
27 cycles to a maximum penetration of 3350 nm.
According to load-displacement curves, the material
has an elastic-plastic behavior during these cycles
(Point 1 to 2). Then, during the next 30 cycles (Point 2
to 3), the maximum depth was almost constant
(steady-stage), meaning that the loops appear to over-
lap. In these cycles, the material behavior converts to
almost entirely elastic so that after reaching the max-
imum depth, the tip returns to its original position
during the unloading (figure 6 (load-displacement
curves at point 2)). In fact, the area enclosed in these
loops represents the irreversible consumption of
energy required to open and close the non-propagat-
ing crack under the indenter tip during loading/
unloading. Again, the maximum depth increased non-
linearly in the next 10 cycles (Point 3 to 4) until reach-
ing a constant maximum penetration of 3420 nm
during the rest of the cycles (Point 4 to 5). This sudden
plastic deformation between cycles 57 and 67 in the

7
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Figure 9. Variation of (a) Nanohardness and (b) Elastic modulus during multicycle indentation.

No LP specimen might be due to the small amount of
crack propagation and local yielding of the material
under the indenter tip. During the rest of the cycles,
again the material behaves almost entirely elastic.
During the first 21 cycles (Point 1 to 2) of the mul-
ticycle test for the 1LP specimen (figure 7), the inden-
tation penetration depth increased nonlinearly until
reaching a constant depth which remained constant
for 4 cycles (Point 2 to 3). After this, a nonlinear
increase in depth occurred once again for 20 cycles
(Point 3 to 4) until reaching a constant maximum
penetration of 3000 nm during the remaining cycles
(Point 4 to 5). Similar to the No LP specimen, the mat-
erial behavior in the early stage of cycles is elastic-plas-
tic. After reaching the steady stage, the material
behaved almost entirely elastic in each cycle, and only
asmall amount of plastic deformation was observed.
For the 4LP specimen in figure 8, the indentation
penetration depth only increased during the first 11
cycles of indentation (Point 1 to 2) until reaching a
maximum penetration depth of 2600 nm. Upon
reaching a depth of 2600 nm, the depth remained
almost constant during the remaining cycles (Point 2
to 3). The maximum plastic deformation in the 4LP
specimen was experienced during the first 12 cycles of
indentation, followed by negligible plastic deforma-
tion in the remaining cycles. The material behavior
converted from elastic-plastic to almost purely elastic
where the displacement is almost completely recov-
ered during unloading. In fact, it can be observed that
in the remainder of the steady stage cycles, plasticity or
fracture in the material is seemingly negligible due to
the almost entirely elastic deformation that occurred.
A higher immobile dislocation density in the 4LP
specimen compared to the 1LP and No LP specimens
resulted in a faster and stronger interaction of disloca-
tions which work-hardened the material quicker,
leading to a larger resistance to the penetration of the
indenter and propagation of the plastic zone [24].

Moreover, the higher level of compressive residual
stress in LPed specimens increased the force required
for plastic deformation during the indentation. There-
fore, by increasing the resistance of the material
against deformation, the permanent penetration
depth of the indenter was decreased.

Figure 9(a) shows the variation of nanohardness
during the multicycle test. The values of nanohardness
tend to decrease as the number of cycles increases until
finally reaching a constant value for all three speci-
mens. It can be observed that the LPed specimens have
higher hardness compared to the No LP specimen.
Assuming that the dislocations will obstruct the dis-
location motion, this behavior can be attributed to the
higher density of dislocations created during LP that
work hardens the material and increases the local
hardness. A higher level of dislocation density after
4-layer laser peening leads to higher hardness in com-
parison to single-layer laser peening.

Figure 9(b) shows the elastic modulus for nanoin-
dentation obtained from multicycle tests for all speci-
mens. It was observed that the elastic modulus did not
change significantly due to laser peening. The green
line in the graph displayed in figure 9(b) is the tensile
test elastic modulus which was obtained from refer-
ence literature [39, 40]. The average values of elastic
modulus were 209.72GPa, 209.04 GPa, and
213.40 GPa for No LP, 1LP, and 4 LP respectively,
which is approximately equal the tensile test elastic
modulus of 206 MPa.

4. Conclusions

+ Ithasbeen determined that multicycle tests are very
valuable for investigating material behavior by
providing additional insight to what can be observed
from single-cycle load-displacement curves which
cannot be easily identified using microscopy.

9
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+ LP can effectively prevent plastic deformation dur-
ing the multicycle test, and the surface fatigue
resistance increases with increasing number of
impacts.

+ Improved material behavior in LPed specimens can
be attributed to the combined effects of the com-
pressive residual stresses and work hardening that
were induced during the LP process which produce
higher resistance to penetration of the indenter and
permanent deformation during cyclic indentation.

+ The plastic deformation during the indentation
generally saturated after several cycles and then
transitioned to almost entirely elastic. This occurred
at lower cycles in the 4LP specimen as compared to
the No LP and 1LP specimen.

+ The Hardness values were found to increase for the
LPed specimens while the elastic modulus was
found to not change significantly with LP.
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