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Abstract: Additive manufacturing (AM) nickel-based superalloys have been demonstrated to equate
or exceed mechanical properties of cast and wrought counterparts but their tribological potentials
have not been fully realized. This study investigates fretting wear behaviors of Inconel 625 against the
42 CrMo4 stainless steel under flat-on-flat contacts. Inconel 625 is prepared by additive manufacturing
(AM) using the electron beam selective melting. Results show that it has a high hardness (335 HV),
superior tensile strength (952 MPa) and yield strength (793 MPa). Tribological tests indicate that the
AM-Inconel 625 can suppress wear of the surface within a depth of only ~2.4 µm at a contact load of
106 N after 2 × 104 cycles. The excellent wear resistance is attributed to the improved strength and
the formation of continuous tribo-layers containing a mixture of Fe2O3, Fe3O4, Cr2O3 and Mn2O3.
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1. Introduction

Since the first 3D printing process appeared in the Japanese edition of the IEICE Transactions on
Electronics in 1981, explorations on different metal components from metallic powders have rapidly
increased worldwide for investigating high-performance metallic materials or complex structures in the
fundamental scientific research. It is noteworthy that the additive manufacturing (AM) is becoming the
focus of intensive research owing to its advantages of completely melting the powders and producing
fully dense microstructures during the fabrication without pretreatment, thus making them a superior
technique in AM processes. In addition to the ability of AM to create complex structures with a high
density, the capability to prepare materials with an ultra-high tensile strength (TS) and a superior yield
strength (YS) has also been demonstrated. The excellent TS reported for AM-processed steel, titanium
and nickel-based alloy are 1470 [1], 1510 [2] and 1184 MPa [3], respectively, with corresponding YS of
1100, 1440 and 933 MPa.

As one of the most important nickel-based alloys, Inconel 625 has shown exceptional properties
such as strong resistance to corrosion, high tensile strength and yield strength, as well as high resistance
to chloride-ion stress-corrosion cracking [4,5] and thus has been widely applied in advanced areas
including sea-water applications. It has been used as propeller blades for motor patrol gunboats,
submarine auxiliary propulsion motors and submarine quick-disconnect fittings [4]. Potential
applications are springs, seals, fasteners and oceanographic instrument components. Conventionally,
Inconel 625 alloys are hard-to-cut materials during machining, which normally require high cutting
temperatures due to the low thermal conductivity and volume-specific heat. Compared with traditional
casting and forging parts, Inconel 625 obtained by the AM process shows much higher tensile
strength [6,7] and has hardness as high as 343 HV with primary dendrite arm space of ~0.5 µm
due to the rapid cooling speed (106 K/s) [6]. These unique properties make AM processes very
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attractive for designing the high-strength and durable Inconel 625 applied in aerospace, automotive
and robotics.

However, Inconel 625 superalloy applied in moving assemblies normally subjects to various
critical conditions such as cyclic fatigue loading, corrosion and thermal stresses and thus suffers
from serious mechanical energy dissipation caused by friction and wear. Accordingly, a fine control
of friction and wear for Inconel 625 superalloy is desirable for improving the reliability of moving
mechanical systems and is also an attractive fundamental scientific research.

Iwabuchi [8] first investigated fretting properties of Inconel 625 under different pressures at
elevated temperature and high vacuum. The friction coefficient with a high value of 1.7 at pressures
below 0.1 Pa was observed and it decreased to a low value of 0.55 at 105 Pa. In order to enhance the wear
resistance, the reinforced Inconel 625 with considerably size-reduced TiC particles was successfully
prepared by Hong et al. [9] using the laser metal deposition (LMD). During the LMD process, the in-situ
interfacial reaction could be tailored between the TiC reinforcement and the Ni-based metal matrix to
improve the interfacial wettability and bonding coherence and thus greatly enhancing the wear
resistance. Recently, an accurate 3D finite element model was developed by Lotfi et al. [10] to
predict the wear of Inconel 625 superalloy, acting as tools with complex geometries, with PVD-TiAlN
coated carbide and ceramic inserts. It was found that the low-cutting speed, low-depth cut and the
middle-level feed rate would be appropriate for Inconel 625 with PVD-TiAlN coated carbide insert,
while ceramic insert demonstrated better performance under the condition of a high-cutting speed.

Recently, increasing attentions on AM metallic materials have been received for designing
components with a high complexity. However, data of tribological performance of Inconel 625
superalloy fabricated by AM are very limited. It has been demonstrated that alloys prepared by AM
showed higher mechanical properties surpassing their traditional wrought or cast counterparts [11–15].
Herein, Inconel 625 superalloy is prepared in this work by electron beam selective melting (EBSM).
Mechanical and tribological behaviors are systemically investigated via an AG-Xplus 100 kN
mechanical test system and a flat-on-flat tribo-system, respectively.

2. Experiments

2.1. Material Preparation

The initial powders selected for this study were commercial Inconel 625 produced by gas
atomization with the particle sizes ranging from 22 to 47 µm (as shown in Figure 1) and used
without further processing. The data were collected based on the standard method in Reference [16].
The powder is composed of Ni-Cr-Fe-Nb-Mn-Mo-Si. The chemical compositions are given in Table 1.
In the present study, Inconel 625 samples were fabricated on a 250 × 250 mm building platform by
EBSM R2 device with the beam power of 300 W and scan speeds of 500 mm/s. The processing values
were demonstrated as the optimum parameters for manufacturing AM-nickel based super alloys
with almost fully density. Figure 2 represents an overview of the AM processing strategy. Each layer
was scanned once using vectors oriented along either the X-axis (scan direction-x, SDx) or the Y-axis
(scan direction-y, SDy), alternatively. The fabricated parts were wire-cut from the steel substrate for
mechanical polishing with emery papers down to 1200 grit and 0.5 µm wet diamond pastes.

Table 1. Chemical compositions of the initial powders.

Chemical Composition (wt. %)

Elements Mass Ratio
Ni Cr Fe Nb Mo Mn Si

Bal. 20.5 3.4 3.6 8.9 0.4 0.5
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Figure 1. Size distribution of initial particles fabricated by the gas atomization. 

Figure 2. Overview of the AM processing strategy. The build (BD) and scan directions (SDx and SDy) 
are indicated with respect to the sample coordinates: (a) the different views of the sample; (b) top 
view of the sample with the bidirectional scan vectors. 

2.2. Mechanical and Tribological Tests 

The Vicker’s hardness of AM-processed specimens was measured using a HVS-1000 Vicker’s 
hardness instrument with a load of 1 kg and a dwell time of 10 s. Five random positions for hardness 
testing are selected on the surfaces of samples and the mean value was obtained. The density was 
determined based on the Archimedes principle. Uniaxial tension specimens were extracted from the 
AM materials by wire electro discharge machining with a gauge dimension of 5.3 mm (length) × 2.9 
mm (width) × 1.8 mm (thickness) on this basis of methods in Reference [17]. Samples were clamped 
by the ends of the plate-type samples. Mechanical properties were assessed by rate-controlled tensile 
tests at nominal strain rates of 1 × 10−3 s−1 using a Shimadzu AG-100 kN equipment. All tensile tests 
were repeated five times. 

To evaluate the fretting wear resistance of AM-prepared Inconel 625 alloys, the wear tests were 
carried out using a fretting test system with a flat-on-flat configuration at contact loads of 40–106 N 
and a frequency of 2 Hz for 20,000 cycles. Wear test specimens were extracted from the fabricated 
parts by wire electro discharge machining with a dimension of 30 mm (length) × 30 mm (width) × 7 
mm (thickness). Details about wear test configuration can be found in our previous works [18–21]. 
The experimental parameters were set based on the practical operating conditions of the blade 
bearing [16]. The contact area of the fretting surface was 6.75 mm2. The angular displacement 
amplitude (θ) of the fretting test was 1.5°. The 42CrMo4 stainless steel with a hardness of 25 HRC 
and a roughness of Ra = 0.2 μm which is generally used for blade bearing in a propeller was used as 
a mating material. Tribological experiments were performed at a relative humidity of about 60%. The 
wear volume was determined by a 3D digital microscope. All the tests were carried out at the same 
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Figure 2. Overview of the AM processing strategy. The build (BD) and scan directions (SDx and SDy)
are indicated with respect to the sample coordinates: (a) the different views of the sample; (b) top view
of the sample with the bidirectional scan vectors.

2.2. Mechanical and Tribological Tests

The Vicker’s hardness of AM-processed specimens was measured using a HVS-1000 Vicker’s
hardness instrument with a load of 1 kg and a dwell time of 10 s. Five random positions for hardness
testing are selected on the surfaces of samples and the mean value was obtained. The density was
determined based on the Archimedes principle. Uniaxial tension specimens were extracted from the
AM materials by wire electro discharge machining with a gauge dimension of 5.3 mm (length) ×
2.9 mm (width)× 1.8 mm (thickness) on this basis of methods in Reference [17]. Samples were clamped
by the ends of the plate-type samples. Mechanical properties were assessed by rate-controlled tensile
tests at nominal strain rates of 1 × 10−3 s−1 using a Shimadzu AG-100 kN equipment. All tensile tests
were repeated five times.

To evaluate the fretting wear resistance of AM-prepared Inconel 625 alloys, the wear tests were
carried out using a fretting test system with a flat-on-flat configuration at contact loads of 40–106 N
and a frequency of 2 Hz for 20,000 cycles. Wear test specimens were extracted from the fabricated
parts by wire electro discharge machining with a dimension of 30 mm (length) × 30 mm (width) ×
7 mm (thickness). Details about wear test configuration can be found in our previous works [18–21].
The experimental parameters were set based on the practical operating conditions of the blade
bearing [16]. The contact area of the fretting surface was 6.75 mm2. The angular displacement
amplitude (θ) of the fretting test was 1.5◦. The 42CrMo4 stainless steel with a hardness of 25 HRC
and a roughness of Ra = 0.2 µm which is generally used for blade bearing in a propeller was used
as a mating material. Tribological experiments were performed at a relative humidity of about 60%.
The wear volume was determined by a 3D digital microscope. All the tests were carried out at the
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same condition for three times to make sure the repeatability of the experimental results at the same
conditions and the average results were recorded.

2.3. Microstructural Characterization

The crystalline size and phase composition of the initial powders and sintered samples were
determined by X-ray diffraction (XRD, Shimadzu Corp., Tokyo, Japan) on a XRD-7000S X-ray
diffractometer with Cu Kα radiation. A JSM 7600F field-emission scanning electron microscope
(FE-SEM, JEOL Ltd., Tokyo, Japan) is used to examine and analyze the microstructures of the wear
scars after the friction and wear tests and the fractography after tensile tests with an acceleration
voltage of 5 kV and current of 7 µA. The morphologies of the wear scars were also investigated
by the 3D optical microscope (OM, Olympus, Tokyo, Japan). The composition of the wear tracks
was analyzed by a VG Multilab 2000 X-ray photoelectron spectroscope (XPS, Thermo VG Scientific,
Leicestershire, UK).

3. Results and Discussion

Metal AM process typically exhibits complex transient material consolidation processes that have
an important effect on the resulting grain size and crystal texture [13,14] and thereafter influence
mechanical and tribological behaviors of the materials including strength, hardness, friction and
wear properties.

3.1. Micro-Hardness and Relative Density

Table 2 gives the micro-hardness and relative density of the as-prepared specimen and other
Inconel 625 alloys fabricated by different methods such as sintering and welding. Densification
result of AM-samples analyzed by the Archimedes principle shows that the relative density of
Inconel 625 prepared by AM reaches a value of 99.7%, indicating the printed part from micro-cracks
and micro-voids which can promote the increase of the mechanical and tribological performance of
materials. Micro-hardness result of AM-samples shows the improved hardness compared to that of the
sintering-processed and welding-processed samples. The improvement of the hardness can be ascribed
to the residual stresses in AM parts introduced by layer-by-layer fabricating process. For the case of a
sufficiently high densification without the formation of micro-cracks or micro-pores, the retention of a
reasonable level of residual stress in AM-processed parts favors the enhancement of hardness [15].

Table 2. Micro-hardness and relative density of the as-prepared specimen and other Inconel 625 alloys
fabricated by different methods.

Specimen Method Micro-Hardness
(HV)

Relative
Density Ref.

As-prepared AM 335 99.7% Present work
Inconel 625 Sintering + ageing 327 99.2% [16]
Inconel 625 AM 343 - [7]
Inconel 625 Gas tungsten arc deposition 328 - [17]
Inconel 625 Gas tungsten arc welding 270 - [18]
Inconel 625 Sintering 275 91.8 [19]

Milled Inconel 625 Sintering 320 84 [19]
Inconel 625 Welding 252 - [20]

3.2. XRD Analyses

The XRD results of the as-received initial Inconel 625 powders and specimens after AM process
are shown in the Figure 3. It can be seen that the AM-sample mainly consists of Ni-base austenite
phase (γ phase) with crystal size of ~5.61 µm. Lattice parameter of the as-received powders is 3.5899 Å
and decreases after AM process to 3.5716 Å, which can be demonstrated by a right peak shift on the 2θ
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scale for the AM-Inconel 625 (the inset in the Figure 3). Peak shifts are usually caused by the change
of the crystal lattice whereas shifts to higher angles are caused by compression of the crystal lattice.
This decrease can be attributed to the depletion of Nb, Cr and Mo in the γ-matrix, since these elements
participate in the formation of intermetallic phases [22]. Additionally, a lattice parameter shift in
the AM sample compared to the standard alloys 625 fcc γ-Ni phase also indicates that potentially
precipitates in the γ-Ni matrix are formed during the AM process. However, the phases precipitated
in γ-Ni matrix are not detected by XRD due to a relatively low volume fraction of these precipitates.
The result is similar to the previous studies [23]. Only three peaks including 111γ, 200γ and 220γ are
detected and this reveals the pattern of the columnar dendritic growth [24].
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3.3. Tensile Tests

Figure 4a shows one of the five performed tensile stress-strain curves of Inconel 625 alloy.
The inset gives comparison results of the tensile test for Inconel 625 samples in the present work and
literatures [25–31]. Apparently, the tensile strength of different processing samples are not identical.
Compared with the available data of sintering-processed and welding-processed samples, the ultimate
TS of AM-processed Inconel 625 is significantly improved. The sintering and welding samples have
a lower ultimate TS (420–830 MPa) compared to that of AM-processed specimens (810–1070 MPa).
In this work, Inconel 625 sample prepared by AM have a relatively high ultimate TS of 952 ± 18 MPa.

Previous work shows that in general, components made by AM have higher yield and tensile
strengths than those of wrought materials of the alloy [32]. The yield strength in equiaxed metals
normally relates to the grain size followed by the Hall-Petch low, which can be described as

σy = σo +
κ√
d

(1)

where σy is the yield strength, d is the grain size and σ0 and k are material constants. To link the yield
strength to the grain size of Inconel 625 alloys, yield strength results extracted both from this work
and literatures are plotted versus d−0.5, as shown in Figure 4b. A linear fit of the yield strength versus
relevant grain size gives values of σ0 = 105 MPa and k = 1380 MPa

√
µm to describe the Hall-Petch

relationship between the yield strength and the grain size of Inconel 625. Nevertheless, there are
some discrepancies in the predicted yield strength versus d−0.5, in which the datum in the present
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work (793 MPa) does not lie on the line. The value of the yield strength is relative higher than the
predicted result, which is likely due to the formation of precipitates in the AM process (Figure 3).
Further analysis regarding the precipitate strengthening of the AM-Inconel 625 specimen needs to be
carried out after the tensile tests.
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The corresponding fractography of AM-Inconel 625 tested at room temperature is shown in
Figure 5. Dimples and particle facets of precipitates are clearly found in the fracture surface, while no
obviously microcrack can be observed. This suggests that the failure of AM-Inconel 625 shows a
ductile character. A high magnification of the fracture surface (Figure 5b) shows spherical precipitates
with a size around 600 nm. In the case of precipitate strengthening (∆σp), the dislocation shearing or
the Orowan dislocation bypass is believed to be the main strengthening mechanism. For the shearing
mechanism, the improvement of the yield strength can be ascribed to contributions of coherency
strengthening (∆σcs), modulus mismatch strengthening (∆σms) and order strengthening (∆σos) [33].
The shearing mechanism is more significant for coherent precipitates with small radii and the transition
to Orowan bypass mechanism is active when the radii of coherent precipitates reach a critical value or
when the precipitate is separate [34], as can be seen in this work (Figure 5b).
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For the Orowan dislocation bypass mechanism, the increase in the yield strength can be
expressed as

∆σor = M
0.4Gb

πλ

ln
( 2r

b
)

√
1− υ

(2)
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where M = 3.06 is the mean orientation factor for the fcc polycrystalline matrix [34]; G is the shear
modulus, 81.4 GPa; υ = 0.28 is Poisson’s ratio of the Inconel 625 matrix; b is the magnitude of the
Burgers vector, 0.179 nm. For Ni-based superalloys, the dislocations in γ phase have a Burgers vector
of a/2 since precipitates reside within a coherent face-centered cubic (fcc) matrix [35]; r =

√
2/3r is the

mean radius of a circular cross section in a random plane for a spherical precipitate, r is the radius of a
precipitate, 600 nm. The distribution of spherical precipitates in a cubic grid is applied to simplify a
small volume fraction of precipitates, λ can be expressed as follows:

λ = 2r
(√

π

4 f
− 1
)

(3)

where f is the volume fraction of precipitates, 0.8–1.1%. Thus, the strengthening contribution from the
precipitates ∆σp is 27.9 MPa.

Since the grain size of the AM-Inconel 625 is significantly reduced, if compared to that of
initial powders, the grain boundary (GB) strengthening mechanism is next considered as a possible
cause of the YS improvement. It has been established that GB strengthening obeys the Hall-Petch
relationship [34]:

∆σGB = KHPd−1/2 (4)

where KHP and d are the Hall-Petch coefficient (0.158 MPa m1/2, [36] and the average grain diameter
(5.61 µm), respectively. The strength increment due to GB, ∆σGB, is 66.7 MPa.

The contributions from different strengthening mechanisms can be added linearly [37,38].
Therefore, the yield strength of the AM-Inconel 625 alloy σy can be expressed as:

σy = σ0 + ∆σGB + ∆σp (5)

where σ0 is 687.6 MPa, calculated by the linear relation in Figure 4b. Using the results from Equation,
σy is 782.2 MPa, which is in good agreement with the experimental result of the yield strength
(793 MPa). It is worth noting that the full density (100% relative density) is not achieved during the
AM process and the presence of a small amount of porosity in the printed samples is not taken into
the consideration in strength calculations. Micro-pores may lead to premature failure through the
coalescence of micro-pores and the subsequent propagation of cracks, especially for tensile tests.

From the good agreement between the results of the calculation and the experiment, it is
reasonable to conclude that the strength of AM-processed Inconel 625 alloys is predictable by
quantifying the contributions from different active strengthening mechanisms. The quantification
of different strengthening mechanisms can be determined from characterizing the microstructure of
Inconel 625 (e.g., distribution and size of spherical precipitates, grain size, etc.), providing a guideline
for designing advanced high performance bulk metallic materials by additive manufacturing.

3.4. Tribological Tests

Figure 6 shows the relationship between the friction behaviors of AM-Inconel 625 and the number
of cycles at a contact load of 106 N. Figure 6a gives friction torques of the material tested after 2 ×
104 cycles. The friction torque increases rapidly over the first 5 × 103 cycles and reaches a high value
(~0.55). Then the friction torque maintains a relative steady state (~0.48). The friction behaviors of
AM-Inconel 625 can be more clearly observed in the Figure 6b, in which the friction coefficient of the
specimen is plotted against fretting cycles. The friction coefficient reaches a peak value of 0.62 at about
5 × 103 cycles and decreases to a low value of ~0.50 after 7 × 103 cycles. The friction coefficient of
AM-processed Inconel 625 is similar to that of the traditional Inconel 625 alloy reported in the previous
work [8].
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The typical friction torque versus angular displacement amplitude curves (T-θ curves) at the
fretting cycles of 100, 101, 102, 103, 104 and 2 × 104 are displayed in Figure 6c to evaluate the fretting
running state. For the T-θ curve with a parallelogram shape, the segments AB and CD correspond to
the sliding of the two contact surfaces and the tilt segments BC and DA correspond to the static friction
force. All the T-θ curves show the shape of quasi-parallelograms, undoubtedly indicating the gross slip
between the contact interfaces during the fretting wear process. For an individual loop, the tangential
force is almost constant and without tips at the end, indicating that adhesion wear is mild between the
contact surfaces.

To explore the wear mechanism of AM-processed Inconel 625 alloy, optical images of the fretting
wear tracks from tests at 40–106 N loads are shown in Figure 7. Figure 7a represents the measurements
obtained from the test of AM-processed Inconel 625 at a contact load of 40 N, showing the material
transfer from the counterpart. The optical image of the fretting wear track after test at 62 and 84 N are
shown in Figure 7b,c, respectively. Similarly, material transfer can be observed on both wear tracks and
apparent surface oxidation occurred at a contact load of 84 N. It has been confirmed that fretting wear
decreased substantially for most friction couples (metals) as the relative humidity increases from zero to
fifty percent [39]. In this study, with humidity about 60%, moisture promotes the formation of soft iron
hydrates such as abrasive Fe3O4, magnetite and a magnetic oxide of iron. Figure 7d shows the wear
track obtained after test at a contact load of 106 N. Severe oxidation on the surface could be observed.
All the tests at different contact loads last for 2 × 104 cycles without experiencing a significant amount
of surface damage, indicating superior wear-resistance of AM-processed Inconel 625.

Fretting wear is quantified according to a change in wear volume of the fretting wear track,
as shown in Figure 8a. All the wear volume tests were carried out at the same condition for three
times, yielding standard error bars. The 3D optical microscope is used to measure the wear volume
and depth after fretting tests. For testing at 40–86 N, a slight increase in wear volume proves the
mild wear in the wear surfaces. Since increment of wear volume is relative pronounced at the highest
load of 106 N, the wear still remains slight. The critical load, at which the transition from mild to
severe wear occurs, is primarily a material property [40–55]. The propagation of cracks which can
result in the significant wear becomes more difficult as the fracture toughness of the material increases.
Therefore, it can be inferred that the AM-Inconel 625 would show a high fracture toughness, leading to
the superior wear-resistance at varying load condition.
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During fretting, the wear volume has been proved to be related to the energy dissipated in the
contact. Energy dissipation per cycle of fretting can be obtained by:

E f = 2
∫ δ

0
Fsdr = 2Fsδ = 2µFNδ (6)

where Fs = µ·FN is the frictional force, µ and FN are the friction coefficient and the normal load,
respectively, δ is the displacement amplitude. With the increased normal load, kinetic energy
dissipation increases and the thermal effect plays a significant role in the tribo-oxidation. Meanwhile,
the abrasion action of wear debris could be aggravated, leading to the increased wear volume.
The calculated values of the dissipation energy with increasing normal load are shown in Table 3.

Table 3. Dissipated energy with the increasing normal load.

Normal Load (N) Friction Coefficient Dissipation Energy (J)

40 0.39 47.44 × 10-4

62 0.42 62.50 × 10-4

84 0.46 92.74 × 10-4

106 0.50 127.20 × 10-4

It can be observed that at the same displacement amplitude, an increase of the normal load
leads to the increase of dissipated energy because the dissipated energy is related with both the
friction coefficient and the normal load (Equation (6)). This dissipated energy can promote the
thermo-mechanical induced transformation of surface layer (such as the transformed layer, plastic
flow, delamination) and tribo-oxidation. It was found that the wear volume increased linearly with
increasing dissipated energy.

Figure 8b presents the wear depth of wear tracks at different loads, where the quantified wear
can be more clearly observed. Each test of the wear depth was carried out at the same condition for
three times. An increasing trend can be seen and the maximum depth (~2.4 µm) is obtained at the
load of 106 N after 2 × 104 cycles. The wear depth of the commonly used nickel-based protective thin
coatings, such as NiTi film [56] usually varies as 40–140 µm per 200 cycles depending on the operating
conditions. Thus, it can be demonstrated that the AM-processed Inconel 625 possess extraordinary
anti-wear property, which suppresses wear of the fretting contact surface for as long as 2 × 104 cycles.
The 3D surface topographies of the wear track at 40 and 106 N load are further taken as illustrated in
the insets of Figure 8b. No obvious wear can be observed with the AM-processed Inconel 625 alloy.

Detailed SEM images of the corresponding wear tracks of AM-processed Inconel 625 after tests
at 40 and 106 N are shown in Figure 8c,d, respectively and the underlying wear mechanisms for the
formation of various topographical features are proposed to be as follows. The presence of shallow
discontinuous grooves and a small number of abrasive fragments attached on the wear track at 40 N
(see Figure 8c) reveals the mild abrasive wear and materials transfer during fretting wear. At a high
applied load of 106 N, the wear track of Inconel 625 becomes rather smooth and is found to be covered
with an adhesion tribo-layer. In the previous works, microstructural changes and tribochemical
reaction are often observed near wear tracks in microcrystalline materials, most commonly in the
form of the nanocrystalline tribo-layer [57–66]. Such microstructural refinement can result in a further
hardened surface and thus leading to the enhancement of the wear-resistance.

In order to get reliable chemical and structural information from the wear tracks of AM-processed
Inconel 625, high-resolution XPS spectra obtained on the tested roller specimens are shown in Figure 9.
All the spectra were first calibrated from the C 1s peak at binding energy of 284.4 eV from the NISTXPS
database. Additional smoothening was done by the Savitzky-Golay method. The background of the
spectra was then subtracted followed by fitting on multiple peaks using the Voigt function. Considering
the material transfer from the counterpart (42CrMo4 stainless steel), the Fe 2p core level spectrum of
the tribo-layer is shown in Figure 9a, which could be deconvoluted into five components. The peak
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at 712.2 eV [67] corresponds to Fe3O4 which is formed through oxidation during the fretting wear,
while the peak at 713.3 eV corresponded to 2p3/2 of Fe3+ oxidation state [68]. The Fe 2p3/2 peak
at 717.3 eV suggests the existence of Fe2+ and Fe3+ in wear tracks [69]. The peak at 724.0 eV [66]
is identified as Fe2O3, while 732.5 eV is Fe3O4 [21]. The existence of both Fe2O3 and Fe3O4 in the
tribo-layer confirms that the observed material transfer with tribo-oxidation reaction plays an important
role in the formation of the tribo-layer. Figure 9b shows the Cr 2p core level spectra for the wear
track of AM-processed Inconel 625. The peak at 576.1 eV [70] is identified as Cr2O3, while the one
at 585.7 eV is identified as Cr3+ 2p1/2. The Mn 2p spectra of the wear track are shown in Figure 9c.
A peak position is obtained at 641.7 eV [71] which corresponds to the oxidation state of Mn2O3.
The aforementioned results demonstrate that the well adhering tribo-layer is mainly composed of
mixed oxides. Such layer is normally characterized by a nano-scale structure. Kato and co-workers [72]
reported the formation of similar metal oxide nano-particles on the wear track and found that a mild
wear regime could be established for those oxides with the higher diffusion coefficients and observed
coherent tribo-films. Therefore, the high wear-resistance observed on the AM-processed Inconel 625
shows strong dependence on the good mechanical properties including superior tensile and yield
strengths, high hardness, as well as the nature of the tribo-layer formed during fretting wear.
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4. Conclusions

This study investigates the micro-hardness, tensile strength, yield strength, friction and wear
behaviors of AM-processed Inconel 625 alloy to evaluate the effect of AM processing on the mechanical
and tribological performance of nickel-based superalloys. AM-processed Inconel 625 shows the
significant improvement in tensile and yield strengths, as well as the wear-resistance compared to
traditional nickel-based superalloys under the current test conditions. The results concluded from the
experimental investigation are as follows:

• Mechanical test results reveal that the AM-processed Inconel 625 have high hardness value
(335 HV), superior tensile strength (952 ± 18 MPa) and yield strength (793 MPa), as well as
excellent wear-resistance.
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• Contributions of precipitates and GB strengthening can be quantitatively calculated for the
AM-Inconel 625 alloy. The precipitates and GB contribute 27.9 and 66.7 MPa, respectively, to the
overall strength.

• The wear depth of traditional nickel-based materials usually varies 40–140 µm per 200 cycles
depending on the operating conditions. However, the AM-processed Inconel 625 alloy
demonstrates the good wear-resistance, which controls wear depth of the fretting surface within
2.4 µm after 2 × 104 cycles.

• The wear characteristics of AM-processed Inconel 625 depend significantly on the continuous
tribo-layers. XPS analysis shows that the observed stable and coherent tribo-layer is characterized
by a mixture of Fe2O3, Fe3O4, Cr2O3 and Mn2O3.
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