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ABSTRACT

Inconel 625 alloy is widely utilized in the production of components for demanding industries.
This study investigates the effect of ultrasonic nanocrystal surface modification (UNSM) on the sur-
face properties and wear resistance of Inconel 625 alloy produced by selective laser melting (SLM).
Specifically, it focused on analyzing the effect of UNSM on the microstructure, hardness, surface
roughness, coefficient of friction and essentially wear resistance of the alloy. The results showed
that the microstructure formed by SLM, characterized by relatively large melt pools, was modified
by UNSM to a depth of approximately 10 to 15 microns, resulting in a new microstructure com-
posed of deformed grains without changing the chemical composition. Surface hardness increased
by over 63% after UNSM treatment. In addition, the surface roughness initially induced by the
SLM process was reduced by more than 90%, resulting in a tenfold reduction in the coefficient of
friction. Wear path analysis showed that while the abrasive wear mechanism of the alloy remained
unchanged, the UNSM treated samples exhibited increased debris production and more frequent
delamination due to reduced workability. The alterations in surface properties, including reduced
crystallite size, increased lattice strain, grain refinement, and decreased surface area, have been
identified as key contributors to the enhanced hardness and wear resistance of the alloy following
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Introduction

Inconel 625 is a nickel-chromium-molybdenum superalloy
that contains additional alloying elements, such as niobium.
This superalloy is well-known for its outstanding properties,
which include high yield strength, tensile strength, and creep
resistance. (1) It also exhibits exceptional corrosion resist-
ance, even in harsh environments over extended periods, as
well as resistance to oxidation at elevated temperatures. (2,3)
Inconel 625 also offers excellent machinability and weldabil-
ity, positioning it as an optimal choice for a variety of appli-
cations. (4) Due to its comprehensive properties and the
capability to function effectively at both low and high tem-
peratures, the application areas of Inconel 625 are diverse,
spanning the chemical and petrochemical industries as well
as the aerospace sector. (1,4)

Inconel 625 alloy parts are currently produced through
casting, forming, and machining. However, due to the chal-
lenges associated with the manufacturing processes of such
superalloys, they have increasingly become a prominent can-
didate for additive manufacturing in recent years. (5,6) In
addition to mitigating certain issues during production
through conventional methods, the additive manufacturing

process offers the advantage of reducing the buy-to-fly ratio
for these components. This consideration is particularly sig-
nificant given the relatively high cost of this alloy. (7)
Among the production methods utilizing additive manufac-
turing, the selective laser melting (SLM) method offers
distinct advantages. These include enhanced dimensional
accuracy, the potential for achieving higher density,
the capability to manufacture larger parts with complex
geometries, and it has garnered significant interest from
researchers. (6,8)

Despite the advantages of additive manufacturing, limita-
tions such as suboptimal surface finish, noticeable surface
tensile stress, and considerable surface porosity impede its
application. (9) The issue of roughness control in SLM com-
ponents has been extensively researched, with studies
addressing the non-uniformity of surface roughness in these
parts. (10) Research indicates that surface roughness, poros-
ity, and residual tensile stresses have a direct impact on the
reduction of fatigue life in SLM components. (II)
Consequently, methods for stress relief or surface roughness
reduction are critically necessary in this field. To simultan-
eously address all three of these disadvantages, researchers
have focused on the application of severe surface plastic
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deformation, which has the potential to enhance wear resist-
ance, improve surface quality, and eliminate tensile residual
stresses. (12,13)

The severe surface plastic deformation process entails the
application of force to induce lattice strain within a defined
thickness of the sample’s surface. This procedure alters the
microstructure and crystal structure, ultimately leading to an
improvement in the material’s properties. (14) Studies have
demonstrated that this modification can enhance hardness,
wear resistance, fatigue resistance, and corrosion resistance.
(15,16) Several surface plastic deformation techniques have
been developed, including laser shock peening (LSP), (17,18)
shot peening (SP), (19,20) and ultrasonic nanocrystal surface
modification (UNSM). (21-23) These techniques are
designed to generate compressive residual stresses on the
surface of the sample, thereby enhancing its mechanical
properties. (24)

Based on previous and ongoing research, UNSM is a
potentially effective post-processing technique for enhancing
the performance of additively manufactured components.
(25,26) It enhances the microstructural properties of the sur-
face, decreases surface roughness, and induces compressive
residual stress. The UNSM treatment influences the metal
surface through the generation of high-frequency vibrations
via ultrasonic energy. These vibrations are transmitted to a
tool tip composed of a hard material such as tungsten car-
bide, which then interacts with the surface. (27)
Simultaneously, the tool tip exerts a fixed static force onto
the surface. This method of force application generates high
energy impacts at the surface, leading to significant plastic
deformation. (28)

To date, various studies have focused on improving the
surface quality of steels, (29,30) aluminum alloys, (31) titan-
ium alloys, (22) AZ91 magnesium alloy, (32) cobalt-chro-
mium-molybdenum (Co-Cr-Mo) alloy, (33) silicon carbide,
(34) Cu-based alloy, (35) and nickel-based alloys (36-38)
using the UNSM method. In most of these studies, a signifi-
cant improvement in the properties of the alloy under inves-
tigation has been observed, accompanied by a favorable
evaluation of the surface modification process. For nickel-
based alloys, Li et al. (39) investigated the relationship
between grain size and hardness in Inconel 690 alloy follow-
ing UNSM treatment. Their findings revealed that a decrease
in grain size was associated with an increase in hardness. In
a separate study conducted on the same alloy, it was
observed that UNSM enhanced dislocation density, leading
to the formation of a nanostructured surface on the alloy.
(40) Kattoura et al. (41) studied the effects of UNSM on the
Inconel 718 Plus alloy. Their findings demonstrated that
UNSM significantly improved fatigue life by inducing near-
surface microstructural changes, generating high residual
compressive stress, and enhancing surface hardening.

Issues related to surface roughness, porosity, and surface
tensile stress have been documented for Inconel 625 alloy
produced via SLM. (42) Furthermore, research has indicated
that the surface properties of this alloy can be enhanced
through techniques such as shot peening and laser shock
peening. Despite these studies and the significant

importance of Inconel 625, no research has been conducted
on the changes in surface properties of this alloy caused by
UNSM. Given the use of Inconel 625 in harsh chemical
environments, such as marine applications, and its relatively
low hardness, wear and friction are critical to extending the
life of moving mechanical components. This is particularly
important for Inconel 625 manufactured using the SLM pro-
cess, which tends to have relatively high roughness due to
the manufacturing process. Therefore, this study investigates
the extent to which the UNSM treatment alters the surface
properties of Inconel 625 alloy produced by the SLM pro-
cess, including microstructure, hardness, roughness, and
wear resistance. The results of this study can help determine
the specific type and degree of influence the UNSM treat-
ment has on these essential functional properties of Inconel
625 alloy.

Experimental details

In this study, samples of Inconel 625 alloy were produced
using a selective laser melting machine. Gas atomized
Inconel 625 powders (>65um) were used, with a powder
layer thickness of 30 um during the SLM process. The sam-
ples were additively manufactured as rectangular blocks,
each with dimensions of 60 mm X 10mm X 6 mm, using a
maximum laser power of 300 watts. SLM parameters have
been extensively studied, and in this work, we applied the
optimal parameters reported in the literature. (43) The
chemical composition of the alloy produced was verified to
conform to the standard Inconel 625 specification.

The UNSM treatment involved applying ultrasonic vibra-
tions to a tungsten carbide ball in contact with the alloy sur-
face. This was done at a frequency of 20kHz, under a static
load of 70N, with an ultrasonic amplitude of 30 um and a
scan speed of 2,000 mm/min. Scans were taken at 1 mm
intervals. The UNSM parameters have been optimized in
previous studies, and the deviation of these parameters is
not significant. In this paper, the UNSM parameters have
been selected based on a study that reported notable
achievements following treatment. (44)

Following the UNSM treatment, the hardness of both
unmodified and modified samples was measured using a
Vickers hardness tester. The test was conducted with a load
of 3kg and a dwell time of 15s. The hardness values
reported are the average of at least five measurements. For
microstructural examination, the specimens were polished to
2,000 grit on their cross-sections. The polished samples were
then etched for 5s in a solution of 95mL hydrochloric acid
and 5mL hydrogen peroxide. The microstructural features
were analyzed using an optical microscope and a scanning
electron microscope.

Surface roughness was assessed by measuring Ra and Rz
using a surface roughness tester. Ten measurements were
taken for each specimen to determine average roughness
values. A reciprocating wear tester was used to assess the
coefficient of friction and wear performance. The wear tests
were performed at room temperature under dry sliding con-
ditions utilizing 1.3mm diameter tungsten carbide pins.



Two different loads (10N and 20 N) were applied at a con-
stant sliding speed of 7cm’/s. The repeatability of the wear
tests was assessed through three trials, revealing deviations
of less than 2% in both weight loss and friction coefficient.
After the tests, the wear paths were analyzed using a scan-
ning electron microscope.

Mass loss, measured in milligrams per 50m of sliding
distance, was calculated using the following equation:

M = m; —my [1]

where M represents the mass reduction, m; is the initial mass,

and my¢ is the final mass. The wear rate was determined
using the following equation:

M

=N 2]

R

In this equation, Wy is wear rate in mg/Nm, p is the
density of the Inconel 625 alloy (mg/mm’), L is the sliding
distance (meters) and N is the normal force applied to the
pin (Newtons).

X-ray diffraction (XRD) analysis was conducted using a
Cu-Ko radiation source (1= 1.5418 A) under operating con-
ditions of 40kV and 35 mA. The scanning angle varied from
20° to 80°, with a scanning speed of 0.1° per minute. The
phases present in the surface layers of both unmodified and
modified samples were identified by comparing the diffrac-
tion patterns with standard reference patterns from the
International Center for Diffraction Data (ICDD).
Differences in peak positions and widths were carefully ana-
lyzed. The Williamson-Hall method was then used to deter-
mine crystallite size and lattice strain.

Results and discussions

Figure 1 shows the initial microstructure of the SLM alloy
in its as-built state and the microstructure of the alloy after
UNSM treatment. Examining this figure, the initial micro-
structure of the alloy consists, as expected, of melt pools
resulting from the solidification of the regions scanned by
the laser beam (Fig. la). In these melt pools fine grains are
formed due to the rapid solidification process. These grains
are difficult to see at the resolution achievable in the light
microscope but can be seen more clearly at higher magnifi-
cations in the scanning electron microscopy (SEM) images
(Fig. 1b-d). The gradual increase in magnification of the
images of the SLM alloy from Fig. 1b to d allows the identi-
fication of two distinct features. First, the presence of large
melt pools with columnar growth resulting from directional
solidification can be seen in the microstructure of the SLM
alloy. Second, the presence of numerous grains can be
observed. The effect of rapid freezing on the grain size
within these melt pools is clearly visible. From Fig. le, the
UNSM treatment has resulted in the compaction of a layer
of the sample surface because of the ultrasonic vibrations.
As a result, the boundaries of the melt pools are no longer
visible in this area. Previous studies have shown that during
the plastic deformation of metals using the SLM process,
the structure of the molten pools is maintained, and
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deformation occurs as these pools are deformed. (45) Put
simply, the overall shape of these pools is maintained during
normal plastic deformation and does not collapse com-
pletely. The removal of these melt pools indicates that severe
plastic deformation has occurred on the surface of the
UNSM metal. SEM images confirm that the columnar
microstructure resulting from SLM has been completely
removed to a thickness of approximately 10 to 15pum (Fig.
1f and g). Previous studies have indeed addressed the gradi-
ent nature of the changes induced by the surface impact of
ultrasonic vibrations. (46) Due to this nature, it is not pos-
sible to determine with certainty the thickness of the layer
affected by UNSM. However, it can be assumed that the
intensity of the plastic deformation has caused a minimum
thickness to be severely affected. Figure 1h presents the
microstructure within the UNSMed region at high magnifi-
cation, akin to the depiction in Fig. 1d from the SLM
region. A comparison of these figures reveals a reduction in
grain size in the superficial UNSMed region. This finding
suggests that the ultrafine grain structure of the SLM alloy
has refined further because of the UNSM treatment, achiev-
ing a size of approximately 100 nm. Research on the 316L
alloy has demonstrated that UNSM treatment induces a sub-
stantial number of dislocations due to severe surface plastic
deformation. The interaction among these dislocations facili-
tates the formation of dislocation cells, which progressively
develop into sub-boundaries, leading to a significant reduc-
tion in grain size and an increase in the density of grain
boundaries within the sample. (47)

Figure 2 also displays the energy-dispersive X-ray spec-
troscopy (EDS) elemental analysis of the deformed region
on the surface and a region within the substrate metal
marked in Fig. 1g. A comparison of the results obtained in
areas A and B confirms that the plastic deformation at the
surface has not altered the chemical composition. The slight
discrepancy observed between the two analyses, given the
quantitative accuracy of the EDS analysis, supports the con-
clusion that the UNSM treatment did not cause any changes
in chemical composition. Rather, it only affected the micro-
structural form.

Figure 3 illustrates the Vickers hardness results for
Inconel 625 alloy samples in two different conditions: as-
built and UNSM. The figure clearly demonstrates that the
average hardness of the samples has increased significantly,
rising from approximately 304 Vickers to approximately 497
Vickers. This change demonstrates a significant increase in
hardness after the UNSM treatment, with a 63.3% improve-
ment. Additionally, the figure showcases an example of the
indentation image for each condition. The contrasting sizes
of the indentations further highlight the substantial differ-
ence in hardness between the two samples, with the UNSM
sample exhibiting greater hardness and a smaller
indentation.

The increase in hardness is due to the impact of ultra-
sonic vibrations and the severe plastic deformation of the
surface during the surface modification process. This causes
fine graining and work hardening of the surface layer of the
Inconel 625 alloy. In Fig. 1, it was found that the UNSM
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Figure 1. Microstructural image of the alloy in the as-built condition with an optical microscope (a) and with a scanning electron microscopy (SEM) at magnifica-
tions of 1,500 times (b), 5,000 times (c), and 10,000 times (d). Also included are microstructural images of the alloy after ultrasonic nanocrystal surface modification
(UNSM) with an optical microscope (e) and with a SEM at two different points on the surface (f and g), and finally a high-magnification SEM image from the UNSM

treated layer marked by A (h).
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Figure 2. Energy-dispersive X-ray spectroscopy (EDS) analysis from regions a and B marked in Fig. 1(g) represents the ultrasonic nanocrystal surface modification
(UNSM)-treated (a) and non-treated (b) zones.

surface treatment caused a layer on the surface to undergo
severe plastic deformation, reaching a depth of approxi-
mately 15 micrometers. The application of cold work in

metals typically reduces the mobility of dislocations.
Therefore, it appears that the plastic deformation resulting
from the UNSM treatment has led to an increase in
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Figure 3. Comparison of the hardness value of the surface of the sample in the as-built condition and in the ultrasonic nanocrystal surface modification (UNSM)-
treated condition (a) and an example of the image of the indentation made in the as-built sample (b) and the UNSM sample (c).
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Figure 4. Surface roughness of Inconel 625 alloy expressed by the two parame-
ters Ra and Rz under ultrasonic nanocrystal surface modification (UNSM) modi-
fied and unmodified conditions.

hardness for the treated sample. In fact, the severe plastic
deformation that occurs at the surface increases the disloca-
tion density, which hinders dislocation movement and con-
sequently increases hardness. Recent studies on 316L steel
have demonstrated comparable outcomes following UNSM,
with the increased yield strength primarily attributed to a
reduction in grain size and a high density of dislocations
and deformation twins. (47) The increase in lattice strain
caused by the UNSM treatment, which will be discussed fur-
ther when the XRD results are examined, may also have
contributed to the observed increase in hardness.

Figure 4 shows the results of the roughness measure-
ments in terms of Ra and Rz. From this figure it can be
seen that because of the surface modification, the mean
value of roughness has been reduced from 6.320 to 0.558
microns, indicating a 91.2% reduction in surface roughness.
The significant difference in the Rz value (a reduction of
86.1%) also confirms that the surface is much smoother,
with less height variation and greater uniformity after ultra-
sonic nanocrystal surface modification. During the UNSM
treatment, a compressive effect is created on the sample

surface. This is achieved by applying a static load to the
ball-shaped tip of the UNSM instrument. The ball tip scans
the alloy surface in a similar way to grinding. Therefore,
tapping the surface while simultaneously scanning causes
severe plastic deformation of the top layer of the alloy. This
action effectively eliminates the ridges and smooths the
rough peaks by pushing them into the valleys. This mechan-
ism has previously been described to explain the effect of
the UNSM treatment on roughness reduction. (48)
Similarly, it has been reported that the reduction in rough-
ness of the 316 L SLM-produced alloy is attributed to the
compression effect generated by the high-frequency impacts
from the UNSM tip. This impact induces plastic flow on the
material’s surface, effectively leveling the roughness peaks
into the valleys and resulting in a smoother surface finish.
(47) The use of ultrasonic vibrations for surface modifica-
tion is a widely recognized technique. Based on the surface
roughness of the samples produced by SLM, the use of this
method can effectively improve the surface roughness of
alloys. (49) This issue has previously been investigated for
Ti-6Al-4V, (50) Co-Cr-Mo, (33) and 316 L (51) alloys. It has
also been found that the effectiveness of UNSM in altering
roughness is greater than that of shot peening. (52)
However, this research is the first to report the influence of
UNSM on the roughness of Inconel 625 alloy produced
by SLM.

Previous studies on other materials have shown that a
smoother surface can improve the fatigue life of the alloy by
reducing stress concentrations that act as crack initiation
sites. (44) In addition, an improved surface finish contrib-
utes to better corrosion resistance by minimizing the num-
ber of sites where corrosive agents can penetrate. (53)
Smoother surfaces also generally result in less friction and
wear, (35,53) which is critical for components used in high
performance applications such as aerospace and marine. In
the following, we will focus on investigating the changes in
friction and wear properties of SLM-produced Inconel 625
in its as-built condition and after ultrasonic modification.

Figure 5 illustrates the changes in the coefficient of fric-
tion calculated during the wear test in two conditions:
UNSM treated and as-built, and at two different forces (10
and 20 Newtons). As shown in this figure, the average
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Figure 5. Coefficient of friction plotted against distance, showing the results for the as-built condition (a) and the ultrasonic nanocrystal surface modification
(UNSM) treated condition (b) under a test load of 10 Newtons, and for the as-built condition (c) and the UNSM treated condition (d) under a test load of 20

Newtons. The average coefficient of friction for these conditions is also shown (e).

friction coefficient in the UNSM sample has decreased sig-
nificantly in both the 10N and 20 N modes. For better com-
parison, Fig. 5e compares the average friction coefficient
values for these four cases. The interesting aspect of the
results from two different forces is that the reduction in the
coefficient of friction after the UNSM treatment is almost
identical for both forces, approximately 10 to 1. This illus-
trates that the UNSM treatment consistently reduces the
coefficient of friction regardless of the force applied. The
main reason for reducing the coefficient of friction using
the UNSM treatment is that it reduces surface roughness by
applying ultrasonic vibrations. This process effectively elimi-
nates the ridges and valleys that form on the surface because
of the SLM process, ultimately improving smoothness. In
other words, the reduction in roughness, whose quantitative

values are shown in Fig. 4, contributes directly to the reduc-
tion in the coefficient of friction. Additionally, studies indi-
cate that the UNSM treatment can effectively eliminate
surface pores, (51) potentially enhancing the reduction of
the coefficient of friction. This is particularly significant
given that gas porosity, which arises from the gas atomiza-
tion powder production process, is present in SLM parts,
albeit in minimal quantities. (54)

In addition, Fig. 5 shows that the fluctuations in coeffi-
cient of friction values are significantly greater for as-built
samples compared to UNSM treated samples. It is evident
that the reduction in surface roughness leads to a decrease
in the fluctuations of the coefficient of friction in the UNSM
specimen. In addition, the higher wear resistance in the
UNSM specimen, which will be further investigated in the



remainder of this article, may also play a role in reducing
the coefficient of friction fluctuations. Previous studies on
other alloys have demonstrated that elevated wear rates can
result in an increased likelihood of local layer failure,
scratching, and heightened surface roughness. (55,56) These
factors can effectively amplify the fluctuation in the coeffi-
cient of friction. Therefore, it is evident that the UNSM
treatment has successfully reduced both the average friction
coefficient and the fluctuation of this value across the sur-
face. This is particularly important because high roughness
and varying friction coefficients in SLM samples can be lim-
iting factors in the use of these components. Zhang et al.
(47) demonstrated in their research that the fatigue resist-
ance of 316L steel following UNSM results from the syner-
gistic effects of reduced surface and subsurface defects, as
well as the presence of a gradient nanostructure. In fact,
they confirmed that UNSM enhances fatigue properties sim-
ultaneously by improving surface integrity and creating a
gradient microstructure beneath the surface.

Another point that can be deduced from the examination
of Fig. 5 is that the increase in test force has resulted in an
increase in the average calculated coefficient of friction in
both conditions. This seems reasonable because of the
increase in surface adhesion and surface contact that occurs
when testing at a higher force. In addition, applying a
higher force can cause deformation of the surface and
potentially lead to heat generation during the test. This in
turn can increase the coefficient of friction.

Figure 6 presents the wear rate values obtained by calcu-
lation using Eq. [2] for both the as-built and UNSM speci-
mens. The results from the figure clearly show a significant
reduction in wear rate after application of the UNSM treat-
ment for both test loads. It is important to note that the
rate of wear reduction according to UNSM for forces of 10
and 20N was 37% and 30%, respectively. This suggests that
the wear rate is reduced by an almost similar amount under
different test conditions and that the reduction in wear rate
is not dependent on the test condition. The primary reason
for the reduction in the wear rate in the UNSM sample is
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Figure 6. Calculated wear rate in the wear test for the as-built condition and
the ultrasonic nanocrystal surface modification (UNSM) condition at two test
loads of 10 and 20 Newtons.

TRIBOLOGY TRANSACTIONS (&) 7

the observed increase in hardness, as illustrated in Fig. 3.
This increase in hardness is a direct consequence of the
reduction in grain size in the surface layer of the UNSM
treated sample. Additionally, researchers have noted that
decreasing the surface area can lower the rate of wear. (32,
57) In other words, the reduction in surface roughness (Fig.
4) and coefficient of friction (Fig. 5) after UNSM can be
another reason for reducing the wear rate, as surface rough-
ness increases the area in contact with the worn surfaces.
Previous studies have demonstrated that the application of
compressive residual stress, induced by the impact of ultra-
sonic vibrations on the surface, can effectively reduce the
wear rate. (58)

Figure 7 displays the weight reduction graph for both as-
built and UNSM samples. The graph illustrates the relation-
ship between distance and weight reduction under two
forces: 10 and 20N. It can be seen in both graphs that the
weight loss curve of the modified sample is at a lower level
than that of the unmodified sample. This demonstrates that
surface modification of the specimen improves the wear
resistance of the Inconel 625 alloy. For example, the figure
shows that at a test load of 10N, the modified sample
achieves the same mass loss as the unmodified sample at
1,000 meters, but at 1400 meters. The same result was
observed when a test force of 20N was applied, although
the weight loss values were higher with the greater force. As
mentioned in the interpretation of the wear rate results
obtained, the UNSM treatment can create fine microstruc-
tures on the sample surface. These microstructures can
enhance wear resistance by increasing hardness.
Furthermore, the manufacturing process may introduce ten-
sile surface stresses, which can lead to microcracking of the
specimen surface (59) and increase its susceptibility to wear.

However, the UNSM treatment effectively mitigates these
tensile stresses by applying compressive stresses instead.
These compressive residual stresses counteract the formation
and propagation of cracks, thereby improving wear resist-
ance. Previous studies on various alloys have comprehen-
sively documented this phenomenon, indicating that
compressive stresses significantly improve the wear proper-
ties of metallic surfaces. (58,60,61)

It should also be noted that increasing the test load may
result in an increase in weight loss. This is because the
higher test load can result in more plastic deformation on
the sample surface during testing. This deformation can
cause microcracking and spalling of the specimen surface,
reducing the wear resistance. This is confirmed by the
results shown in Fig. 7(b). Increasing the normal force also
causes more wear particles to separate and strike the surface
of the specimen. This can further increase the amount of
weight lost during wear.

Figure 8 shows the results of the structural changes in
the alloy after UNSM treatment. It can be observed in Fig.
8a that the dominant phase present in the structure is the 7y
phase, which is essentially a solid solution composed of
nickel, chromium and iron elements. The formation of the y
phase as the major phase in the structure of Inconel 625
alloy has been reported in previous research. (1,2) This
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Figure 8. XRD graph comparing the as-built and ultrasonic nanocrystal surface
three main peak locations in the two samples for clearer comparison (b, c and d).

finding is consistent with the phase balance obtained from
the Nickel-Chromium-Iron (Ni-Cr-Fe) ternary diagram. (62)

However, closer examination of the X-ray diffraction pat-
tern in both the as-built and UNSM treated specimens
reveals that the location of the phase peaks has changed
slightly after the surface treatment. Figure 8b-d show the
peaks corresponding to crystal planes (200), (220), and (311)
respectively at higher magnification. As can be seen from
these figures, at all these peaks the UNSM curve (black
curve) has shifted to the left compared to the as-built curve
(blue curve). This can be interpreted in terms of the strain

modification (UNSM) treated samples (a) and higher magnification images of the

imposed on the structure by the surface treatment. Before
delving into the quantitative calculation of lattice strain pre-
sented below, it is important to note that the left shift of the
peaks indicates the application of uniform strain in the crys-
tal structure. Previous studies have shown that when lattice
strain is generated uniformly within a structure, it leads to
the phenomenon of an expanding unit cell. (63) As a result,
the distance between crystal planes increases, causing the
diffraction angle to decrease and shift to lower values in
accordance with the Bragg’s law relation. (64) The results
obtained in this research are consistent with this point,



indicating that after the UNSM treatment the main peaks of
the gamma phase have shifted to the left. In a study of the
effect of UNSM on the properties of AISI4340 materials, it
was also reported that the XRD peaks were shifted to the
left. (52)

Furthermore, the lattice strain on the surface was investi-
gated using the Uniform Deformation Model (UDM) pro-
posed by Williamson-Hall, (65) based on the results of the
XRD analysis. Peak broadening in XRD analysis is influ-
enced by two main factors: crystallite size reduction and lat-
tice strain. Crystallite size reduction results in a broader
peak because smaller crystallites cause more diffraction
broadening. (66) Conversely, lattice strain distorts the crystal
lattice, causing variations in d-spacing and resulting in peak
broadening. (67) This can be expressed as:

Buwa = Bp + Be

where fip is the peak broadening due to crystallite size con-
tribution, f. is the peak broadening due to strain, and fhu
is the full width at half maximum (FWHM). The relation-
ship between fip and the average crystallite size can also be
obtained using the Debye-Scherrer equation:

ki
~ Pp cosO

where the constant K is equal to 0.90, 4 is the wavelength of
the X-ray with the copper source (1=0.5406 nm), D is the
crystallite size and 0 is the Bragg angle. crystallite size (or
domain size) refers to the size of coherent, diffracting
domains within a grain. These crystallites are regions within
the grain that are free from internal defects such as disloca-
tions and grain boundaries. (68) The measured results for
the FWHM parameter and the calculated results for the
crystallite size are presented in Table 1. The results obtained
from all three main peaks consistently demonstrate that the
FWHM value increased after surface treatment. Given the
direct relationship between the increase in peak width and
the decrease in crystallite size, this confirms that the UNSM
treatment has resulted in the formation of a finer structure.
The calculated results shown in the table confirm that the
crystal size has decreased due to the UNSM treatment, again
indicating a refinement in the structure.

It has been reported that instrument effects can cause
changes in the FWHM parameter of 0.06° to 0.09°. (69)
However, it should be noted that for all peaks, the increase
in peak width progressed from as-built to UNSM, and at no
point did the as-built peak become wider than the UNSM
peak under random conditions. Additionally, this increase
also resulted in an angular change of more than 0.06° to

Table 1. Full width at half maximum and crystallite size parameters calculated
in two states: as-built and UNSM treated.

Diffraction peaks Samples 20 degree FWHM  Crystallite Size, nm

Peak (200) As-built 50.95 0.36 8.58
UNSM-treated 50.51 0.68 4.53

Peak (220) As-built 74.73 0.46 7.62
UNSM-treated 7442 0.67 5.22

Peak (311) As-built 90.73 0.68 5.83
UNSM-treated 90.28 1.2 3.87

Abbreviation: UNSM, Ultrasonic nanocrystal surface modification.
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0.09° across all peaks. Therefore, it seems reasonable to
assume that the broadening of the UNSM peaks could be a
result of lattice changes, including a decrease in crystallite
size.

It should be noted that the application scope for grain
size in the Scherrer equation should not exceed 200 nm due
to the limitations of diffractometer resolution. (70) As indi-
cated in previous microstructure images, the very fine grains
formed in the SLM alloy—resulting from the high solidifica-
tion rate—became even finer in the UNSM region, with
sizes approximately 100nm (Fig. 1d and h). Therefore,
applying the Scherrer equation to calculate crystallite size is
appropriate.

To calculate the lattice strain caused by the UNSM treat-
ment, it is important to note that the peak broadening
resulting from the strain is directly related to the amount of
lattice strain:

f. = ¢ta nf

In this context, ¢ represents the strain and 6 refers to the
peak position in radians. Substituting the values from
the previous equations into the given relationship, we obtain
the following relationship:

"

k
P cosO = BA + & sinf

Since the full width at half maximum can be determined
from the XRD results, a graph can be plotted. The vertical
axis of the graph represents the fjcosf values while the
horizontal axis represents the sin0 values for each of the
peaks identified in the XRD graph. In such a graph, ¢ can
be calculated by determining the slope of the line obtained
from the linear fit of the data. The fitting results for the
XRD graph of the as-built and UNSM treated samples are
displayed in Fig. 9. The results of linear fitting for lattice
strain before and after UNSM treatment were calculated as
0.51 and 0.73, respectively. This result indicates a significant

2.0
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Figure 9. The plot shows the changes in fhkl.cosf as a function of sin6 for the
main peaks in the X-ray diffraction pattern of the Inconel 625 alloy in both as-
built and ultrasonic nanocrystal surface modification (UNSM) treated conditions.
The results are presented together with a linear fit.



10 e Z. FATHIPOUR ET AL.

increase in lattice strain in the structure following the
UNSM surface modification treatment. This finding, in add-
ition to the previous finding of an increase in the distance
between the crystal planes (resulting in decreased diffraction
angles and shifted peaks to the left), indicates that the lattice
strain induced on the surface of the UNSM treated sample
was compressive.

Figure 10 shows the SEM images of the surface of the as-
built and UNSM treated samples. The SEM images were
acquired following the conclusion of the test. Consequently,
it is essential to note that, for the UNSM specimen, as men-
tioned in the explanation of Fig. 6, the wear test was
extended to 1,400 meters to achieve a weight loss equivalent
to that of the as-built state. It can be seen from this figure
that the sliding direction is more clearly visible in the as-
built specimen. In contrast, the UNSM treated sample exhib-
its a greater amount of wear debris and a higher incidence
of delamination phenomenon. When interpreting this result,
it is important to note that in materials with lower hardness,
the plastic deformation capacity is higher, which means that
work hardening is also higher. As a result, the deformation
paths due to wear are easier to see. This phenomenon can

\

SEM MAG: 40 x MIRA3 TESCAN

WD: 13.13 mm

~ 10\
SEM HV: 15.0 kV

Det: SE 1mm

SEM MAG: 40 x
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be observed both on a larger scale, as seen in the sliding dir-
ection, and on a smaller scale, as seen in the wear tracks of
the as-built sample (Fig. 10a and b). However, in a harder
material, it becomes more difficult to recognize the paths of
plastic deformation or sliding direction, as well as wear
tracks. This is because the capacity for plastic deformation is
reduced in materials with higher hardness, also known as
lower work hardenability. (7I) This reduction in capacity for
plastic deformation is evidenced by the increase in debris
formation on the sides of the wear paths and the higher
level of delamination in the wear path. Both phenomena are
observed in the UNSM specimens (Fig. 10c and d). In sum-
mary, the increase in hardness of the UNSM sample corre-
lates with a decrease in work hardenability, which heightens
the risk of delamination during pin movement. Nonetheless,
this does not imply a corresponding increase in weight loss.
For instance, a material such as the as-built sample, charac-
terized by lower hardness and greater susceptibility to plastic
deformation, may experience greater material loss along the
wear path due to more effective sliding and cutting.
Furthermore, it is important to note that, as previously men-
tioned, SEM images of the UNSM sample taken after
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Figure 10. Worn surface of Inconel 625 alloy in as-built condition (a and b) and ultrasonic nanocrystal surface modification (UNSM) treated condition (c and d).



1,400 m—at which point the weight loss was equivalent to
that of the as-built sample after 1,000 m—are included.
Consequently, the increased delamination may also be attri-
buted to the extended wear distance encountered by the
UNSM sample.

The images in Fig. 10 therefore confirm that the differ-
ence in wear behavior between the as-built and UNSM
specimens is due to the difference in hardness and work
hardenability of the respective specimens. In other words,
examination of the wear path by SEM revealed that the
UNSM treatment had improved hardness and wear resist-
ance in a limited area of the surface by reducing work
hardenability.

Figure 11 shows higher magnifications of the areas inside
the wear track at two different forces in the UNSM treated
sample. The main observation in both samples is the forma-
tion of debris. This debris is a consequence of the failure of
the harder sample when it undergoes plastic deformation
due to wear. This was also mentioned in the interpretation
of the previous figure: due to the increase in hardness and
the decrease in the material’s ability to work hardening,
more debris is created in the UNSM treated sample.
Another important point to note is that as the force

SEM MAG: 150 x F-"Rk\l TESCAN

WD: 13.76 mm

A WP Ao
SEM HV: 15.0 kV

Det: SE 200 pm

) o \( £

& Lr
MIRA3 TESCAN
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SEM MAG: 150 x
WD: 14.08 mm
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increases, cracks can also be observed in the delamination
areas (Fig. 11b). This finding is consistent with the results
obtained in Fig. 10 and shows a reduction in work harden-
ability in the UNSM sample. With the increase in hardness
and decrease in work hardenability, together with an
increase in the amount of test load that increases the strain
rate, the behavior of the material becomes more brittle. As a
result, cracks are observed in the UNSM specimen in the
wear path and in the delamination regions when a force of
20 Newtons is applied.

Figure 12 can also be used to check the wear mechanism.
This figure displays images of the wear paths in both the as-
built and UNSM treated samples using two secondary and
backscattered electron detectors. It is clear from these
images that both adhesive and abrasive mechanisms are pre-
sent in both the as-built and UNSM samples. However, it is
noteworthy that the areas of abrasive wear are more pro-
nounced in each sample, suggesting that abrasive wear is the
predominant mechanism. In other words, the surface modi-
fication on the alloy did not alter the wear mechanism. This
is evident from the presence of plastic deformation and
extensive damage observed in the wear path in both the as-
built and UNSM-treated conditions. The adhesive wear

@ 82
SEM MAG: 500 x MIRA3 TESCAN

WD: 13.66 mm

SEM HV: 15.0 kV
Det: SE

SEM MAG: 500 x
WD: 13.94 mm

Figure 11. Images of the inside of the wear track of the ultrasonic nanocrystal surface modification (UNSM) treated sample under a test load of 10 Newtons (a) and

20 Newtons (b).
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Figure 12. Images of the as-built and ultrasonic nanocrystal surface modification (UNSM) treated specimens with the secondary electron and backscatter electron

detectors, respectively, under test forces of 10N and 20 N. The images are labeled (a) and (b) for the as-built specimens and (c) and (d) for the UNSM treated
specimens.

mechanism typically involves the formation of strong adhe-  Abrasive wear, in contrast, is characterized by the removal
sive bonds at the asperities of the contacting surfaces, lead- of material through mechanical action, often involving hard
ing to material transfer and potential surface damage. particles or rough asperities. This type of wear can cause



surface deformation, generate wear debris, and, in some
cases, lead to a brittle fracture, resulting in smooth and
elongated wear tracks. In both samples, signs of abrasive
wear were observed across larger areas. This observation
aligns with previous studies, which have identified abrasive
wear as the primary mechanism in Inconel 625 alloy (43,72)

The backscattered electron images next to the secondary
electron images also show that there is no phase change in
the microstructure during wear. This is important because
the formation of second phases, including oxide phases, can
directly affect wear mechanisms. Comparing the analyses of
two points A and B with points C and D reveals that the
surface treatment applied to the specimen did not alter the
chemical composition of the worn surface. As explained ear-
lier, the variation in wear behavior and rate was due to the
change in plastic deformation behavior.

Conclusions

The findings of this study demonstrate that the UNSM pro-
cess significantly enhances the surface properties of Inconel
625 alloy produced by SLM. The application of UNSM led
to a substantial reduction in surface roughness, with the Ra
value decreasing from 6.320 to 0.558 um. This reduction in
roughness not only improved wear resistance but also
increased surface hardness from approximately 300 Vickers
to 500 Vickers. Additionally, the coefficient of friction was
markedly reduced from 0.33 to 0.03.

The UNSM treatment also induced notable microstruc-
tural changes, including a reduction in crystallite size and
an increase in lattice strain from 0.51 to 0.73, contributing
to the improved wear resistance of the alloy. As a result, the
wear rate of the alloy decreased by 37% and 30% under test
forces of 10 Newtons and 20 Newtons, respectively.
Furthermore, the wear resistance was significantly enhanced,
with the distance to weight loss at a 10N load extending
from 1,000 meters for the as-built alloy to 1,400 meters after
UNSM treatment.

These results suggest that UNSM is an effective surface
modification technique for enhancing the surface properties
of Inconel 625 alloy, particularly in reducing roughness,
increasing hardness, and improving wear resistance. To fur-
ther extend the applicability of this treatment, it is recom-
mended that additional tribological properties of the alloy
be evaluated after UNSM implementation.
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