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In this study, the wear behavior of Inconel 718 samples produced using the Laser Powder Bed Fusion (LPBF)
technique at varying laser energy densities was investigated under room temperature, subzero, and cryogenic
conditions. Wear tests were conducted using a ball-on-flat configuration with a forward-backward linear motion.
The tests were performed under dry sliding conditions against a 6 mm diameter WC-Co abrasive ball, applying a
10 N load, a sliding speed of 20 mm/s, and a test duration of 10 min at temperatures of 23 °C, —40 °C, and —
150 °C. The findings of the study revealed that increasing laser energy density led to higher nanohardness (H)
values, while the elastic modulus (E) decreased inversely. The wear rates were found to correlate with the H/E
and H3/E? ratios. Evaluation of the effect of ambient temperature on wear behavior exhibited that wear volume
loss was highest at —40 °C, while plastic deformation and abrasive wear mechanisms were predominant at room
temperature. While wear debris spread and exfoliation type wear were observed at —40 °C, the lowest volume
losses occurred under cryogenic conditions despite obtaining smoother wear surfaces. COF values were similar at
RT and — 40 °C, but decreased significantly at cryogenic temperature. Oxide formation was observed at RT while
no oxide formation was detected at subzero and cryogenic temperatures.

1. Introduction

distinguished by its exceptional combination of mechanical strength,
fatigue resistance, and corrosion tolerance across a wide temperature

The demand for high-performance materials capable of withstanding
extreme conditions has risen significantly with advancements in aero-
space, energy, and cryogenic engineering. Cryogenic applications, such
as liquid fuel storage, liquefied natural gas (LNG) transport, and
superconducting technologies, demand materials with exceptional me-
chanical properties, corrosion resistance, and thermal stability at tem-
peratures approaching absolute zero [1,2]. Traditional materials often
fail under these extreme conditions due to brittle fracture, thermal
contraction, or microstructural instabilities [3]. In this context, nickel-
based superalloys like Inconel 718 (IN718) have emerged as a prom-
ising material, offering a compelling solution due to their robust per-
formance and proven reliability [4-8].

IN718, a precipitation-hardened nickel-chromium alloy, is
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spectrum [6]. Its superior performance stems from a combination of y'
(Ni3Nb) and y" (Ni3(AlTi)) precipitate phases, which reinforce its
microstructure. Moreover, Inconel 718's low coefficient of thermal
expansion and high fracture toughness ensure its stability under extreme
thermal cycling, a critical requirement in cryogenic engineering [9].
However, as applications demand even higher precision and enhanced
performance, traditional manufacturing methods encounter limitations
in tailoring the microstructure and mechanical properties required for
specific use cases. This has paved the way for additive manufacturing
(AM) techniques, which are revolutionizing the production of IN718
components with unprecedented design flexibility and microstructural
control [10].

Additive manufacturing (AM), particularly laser powder bed fusion
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(LPBF), has redefined the boundaries of manufacturing by enabling the
production of complex geometries and bespoke components while
minimizing material waste [11-13]. For IN718, AM not only addresses
challenges associated with conventional fabrication, such as machining
difficulties and weldability issues, but also opens new frontiers in
microstructural optimization. A crucial advantage of AM lies in its
ability to control crystallographic texture and grain structure [10],
which directly influences mechanical and thermal properties under
cryogenic conditions [6].

During LPBF processes, localized melting and rapid solidification
result in unique microstructural characteristics. In the LPBF method,
extremely rapid rates of melting and solidification are involved because
of the local interaction between the laser beam and the powder bed. The
rates of cooling in the LPBF method are in the order of 10°-107 K/s.
These are several orders higher than the rates found in the conventional
casting method. Rapid rates of solidification in the LPBF method are
known to produce microstructures such as cells and dendrites, micro-
segregation of alloying elements, and metastable phase compositions,
which are known to significantly affect the mechanical and tribological
properties of additively manufactured Inconel 718. For instance, crys-
tallographic textures such as (001) or (101) orientations can be tailored
by controlling process parameters like laser power, scan speed, and
build orientation [14]. A (001) texture, for example, is associated with
enhanced tensile strength along the build direction, whereas a < 101>
orientation may improve creep resistance. By optimizing these textures
[10], AM enables the development of IN718 components with aniso-
tropic properties specifically tailored for the demands of cryogenic en-
vironments. Additionally, the flexibility of AM allows for the production
of polycrystalline structures with refined grain sizes, further enhancing
fracture toughness and reducing the likelihood of microcrack propaga-
tion at low temperatures [15].

Beyond texture control, AM facilitates the inclusion of gradient mi-
crostructures and functionally graded materials (FGMs), enabling
seamless integration of components with varying properties [11]. This
capability is particularly valuable in cryogenic applications where
thermal gradients and mechanical stresses are pronounced. Moreover,
AM's layer-by-layer approach permits the incorporation of lattice
structures and internal channels, improving thermal management and
reducing weight, critical for applications like aerospace cryogenics [16].

The tribological behavior of additively manufactured Inconel 718
has been investigated in several studies. For example, Samuel et al.
(2020) investigated the high-temperature dry sliding wear behavior of
LPBF-fabricated Inconel 718 and found that the coefficient of friction
and the weight loss were reduced at higher temperatures because of the
protective oxide layers formed on the surface during the dry sliding wear
process [17]. Recently, the effects of heat treatment on the tribological
behavior of LPBF-fabricated Inconel 718 have been studied by Naskar
et al. (2024). The authors found that the precipitation behavior of
strengthening phases has significant effects on friction behavior and
wear resistance [18]. The above studies clearly show that the process
parameters and the microstructural characteristics developed during
LPBF have significant effects on the tribological behavior of Inconel 718.

Despite its substantial potential, AM of Inconel 718 alloy for cryo-
genic applications still faces some important issues to be addressed [19].
These issues, such as residual stress, internal porosity, and microstruc-
tural anisotropy, need to be effectively addressed to ensure the reli-
ability of the components under harsh service conditions. To address the
aforementioned issues associated with AM of IN718 alloy, advanced
post-processing methods, such as hot isostatic pressing, are used to
optimize the microstructure of the alloy, thereby enhancing its me-
chanical properties [20,21]. In addition, the ability to simulate the
microstructural evolution of materials, such as IN718 alloy, under
cryogenic conditions, as offered by modeling, is crucial to promote the
wider application of AM-fabricated IN718 alloy components.

Clearly, the excellent combination of mechanical properties, as well
as corrosion resistance, of Inconel 718 alloy, along with the versatility of
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AM technology, provides substantial opportunities to explore new ap-
plications of this alloy, particularly under harsh service conditions. In
this regard, the ability to optimize the microstructure of AM-fabricated
IN718 alloy, such as grain morphology, crystal texture, etc., provides
substantial opportunities to improve the reliability of IN718 alloy
components under cryogenic conditions. It is expected that with the
advancement of the research in this area, these developments will
continue to increase the potential of the application of additively man-
ufactured materials in cryogenic technologies.

Although there have been studies on the microstructural character-
istics of LPBF-produced Inconel 718, the relationship between these
unique microstructural characteristics and the tribological properties
under different environmental conditions has not been fully clarified. In
addition, the influence of these microstructural characteristics on the
wear properties at ambient and cryogenic temperatures has not been
explored. Therefore, the aim of the present study is to examine the
microstructural characteristics and wear properties of LPBF-produced
Inconel 718 at ambient and cryogenic temperatures.

2. Material and method
2.1. Fabrication of IN718 by LPBF

IN718 samples were fabricated by LPBF (EOS M290), using com-
mercial gas-atomized IN718 powder (EOS Metal Solutions) with 20-55
pm particle size distribution and standard composition as illustrated in
Fig. 1(a). The LPBF fabrications were carried out at 80 °C base tem-
perature to compensate for the heat accumulation during the process
which may cause disturbance to fabrication otherwise. The LPBF process
was performed in a high-purity argon gas atmosphere to avoid oxidation
during the fabrication. A bidirectional scan strategy (X scan) was applied
to fabricate 10 x 30 x 30 mm samples as schematically given in Fig. 1(b)
to promote strong and stable texture formation. Previously established
process parameters which formed unique microstructural features [4]
were the subjects of this study according to the investigation on pro-
cessability window. The details of the IN718 process conditions which
are of interest to this study are mentioned in Section 3.1. with the data
presented in Fig. 2. Three distinctive microstructures, presented as
lamella, single-crystal-like, and poly-crystal microstructures [10] are
investigated for their cryogenic wear performance. The lamella texture
(LPBF-1) was formed with laser power of 360 W and 1000 mm/s scan
speed processing parameters while increase in scan speed to 1400 mm/s
resulted in single-crystal like texture (LPBF-2). With the scan speed of
1400 mm/s and decrease in laser power to 180 W caused disappearance
of texture and resulted in poly-crystal microstructure (LPBF-3). Besides
these process parameters, powder layer thickness (h = 0.040 mm) and
hatch space (d = 0.080 mm) were kept constant as listed in Table 1.
Therefore, the laser energy density (E) of the LPBF-fabricated IN718
samples can be calculated by E = -2 and the unique microstructure
formation of lamella, single-crystal like, and poly-crystal were in the
descending order as Erppr.1 > Erppr.2 > Erppr.3-

2.2. Wear tests

Inconel 718 alloy is known to exhibit increased hardness at low
ambient temperatures, particularly increased ductility at cryogenic
temperatures. To determine the possible differences in sample micro-
structure and mechanical properties due to additive manufacturing
process parameters, and to assess the wear behavior of Inconel 718 at
different ambient temperatures, wear test parameters were selected as
shown in Table 2. After the surfaces of the LPBF-1, LPBF-2 and LPBF-3
samples produced in dimensions of 10x30x30 mm were cleaned with
alcohol, they were connected to the test device in a direction perpen-
dicular to the laser scan direction (YZ plane) in order to determine the
effect of the existing surface texture on the wear behavior (Fig. 1(c)). As
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Fig. 1. Schematic illustration of (a) IN718 powder processed by LPBF and (b) the final 10 x 10 x 30 mm samples to conduct (c) cryogenic wear tests.
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Fig. 2. The change in the ratio of <101> direction of the crystallographic
orientation along the building direction with respect to the energy density.

Table 1
LPBF process parameters to control the microstructural features of IN718.

Samples  Laser Scan Hatch Powder layer Laser energy
power, P speed, V space, thickness, h density, E
wW) (mm/s) d (mm) (mm) (J/mm®)

LPBF-1 360 1000 0.08 0.04 112.5

LPBF-2 360 1400 0.08 0.04 80.4

LPBF-3 180 1400 0.08 0.04 40.2

for the working principle of the cooling system, the compressed air taken
from the air compressor was passed through the air filter and the dryer
filter and then cooled to —30 °C with a pre-cooling process. After this
process, the pre-cooled compressed air was passed through the radiator
type cooling pipes in the liquid nitrogen tank and its temperature was
reduced to —150 °C. The PLC controlled cooling system adjusts the
ambient temperature instantly and precisely (+5 °C) with a temperature
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Table 2
Wear test parameters.
Abrasive material Load Sliding Test Ambient
N) speed (mm/ duration temperature (°C)
s) (min)
6 mm WC ball 10 20 10 23, —40, —150
(Hardness: 19
GPa)

measuring probe placed inside the tribotest chamber. Compressed air is
supplied to the system until the ambient temperature of the tribotester
chamber reaches the desired value (cooling rate — 10 °C/min). Then, it
is cut off by a pneumatic valve. Before starting the test, each sample is
kept in the cooled chamber for 30 min to reach stabilization with the set
ambient temperature. Before starting the test, each sample is kept in the
cooled chamber for 30 min to reach equilibrium with the set ambient
temperature. All tests were designed as dry sliding wear tests and were
carried out in the ball-on-flat system (Tribotester: Turkyus™, Turkey)
and in forward-backward linear motion mode. All tests were repeated 3
times to check the consistency of the results. Additionally, COF graphs
were derived from the tangential load values recorded simultaneously
during each wear test.

2.3. Characterization

The sample surfaces were initially ground using 320-2500 grit
sandpapers for microstructural observation. Subsequently, the speci-
mens were polished with a polishing cloth using a 0.01 pm alumina
solution. Field Emission Scanning Electron Microscope (FESEM) was
utilized in order to capture the SEM images and EDS spectrum related to
the investigation (JIB-4610F, JEOL). Further detailed microstructure
analyses were conducted using a FESEM equipment equipped with EBSD
detector (Aztec HKL, Oxford Instruments) and the obtained data were
analyzed using analysis software (HKL Channel5, Oxford Instruments,
UK) to obtain inverse pole figure (IPF) maps, corresponding pole figures,
grain size distribution, grain boundary misorientation, qualitative and
quantitative analyses of high-angle grain boundaries (HAGBs), Kernel
average misorientation (KAM) distribution, and geometrically necessary
dislocation (GND).The phase analysis of the IN718 samples was carried
out by X-ray diffraction (XRD, RINT-2500 V, Rigaku, Japan) using Cu Ka
radiation with a wavelength of 0.154 nm. The XRD data were obtained
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through point scanning in the 20 angular range from 40° to 100° with a
step size of 0.02° and a scan time of 2 s per step at room temperature.
Further confirmation of phase analyses was carried out by transmission
electron microscope (TEM, JEOL JEM-3010) operated at 300 kV.

For the assessment of mechanical properties regarding the micro-
structural features at room temperature, nanoindentation (ENT-1100a,
ELONIX, Japan) tests were carried out using a Berkovich tip at a force of
10 mN. The nanoindentation tests were performed according to Oli-
ver-Pharr method, and a Poisson's ratio of 0.30, which is generally used
for metallic materials [22], was taken into consideration while calcu-
lating the hardness and elastic modulus values. Further, the calculated
values for hardness and elastic modulus were found by taking the
average values in the stable range of indentation depth, and the corre-
sponding standard deviations were calculated from multiple indents
performed in the tests.

The wear track profiles obtained from the wear tests were analyzed
using a 3D optical profilometer (Filmetrics Profilm 3D, USA). The wear
volume loss values were calculated by multiplying the cross-sectional
area of the wear track by the track length. Scanning electron micro-
scopy (SEM) was employed to examine the worn surfaces in order to
evaluate the wear mechanisms and surface microstructure. Further-
more, oxide formation on the wear surface was identified through
energy-dispersive X-ray spectroscopy (EDS) line analysis.

3. Results and discussion
3.1. Microstructural features

Controlling crystallographic orientation is crucial for tailoring me-
chanical properties in IN718 because the arrangement of crystal lattices
significantly impacts its mechanical behavior. By manipulating crystal
orientation, it is possible to achieve desired strengths, hardness,
ductility, and other mechanical characteristics in anisotropic materials
[8]. The variation of the crystal orientation formed in this study was

Journal of Manufacturing Processes 173 (2026) 817-832

unique compared to the previous studies with <001> cubic or fiber
textures [23-26], where the process conditions in this study produced a
{101} texture parallel to the build direction as discussed in the following
sections. Moreover, it is important to note that the trend of (101)
orientation ratio exhibited an increase and then a decrease regarding the
increase in energy density (Fig. 2).

To quantitatively characterize the evolved texture, the degree of
orientations (p) of {011} with respect to the build direction were
calculated based on the Euler angles obtained by EBSD as follows:
Py = (cos?aguq) ), where agygy shows the angle of {011} from the
build direction derived from Euler angles at each analysis point in EBSD,
and the angle brackets represent the average at all analyzed points as
presented in Fig. 2 for all the samples in process window. Besides, the
samples of interest in this study were marked on Fig. 2, indicating strong
texture formation in LPBF-1 and LPBF-2 while LPBF-3 was chosen as a
nontextured for comparison purpose.

The specimens produced by the Laser Powder Bed Fusion (LPBF)
process exhibit a distinguishable microstructure characterized by melt
pool boundaries and laser scan tracks. The variation in microstructural
features observed under different laser energy densities in the LPBF
process is primarily attributed to changes in the size and shape of the
melt pool [10,27-29]. The melt pool shape and size of In718 samples of
interest in this study were observed and the representing microscopic
images were given in Fig. 3. Additionally, the compositional differences
regarding melt pool boundary and melt pool center regions were re-
ported with the attached Table in Fig. 3 comparatively to the commer-
cial powder composition.

Different phases in the microstructure can affect the mechanical
properties of the parts produced using LPBF. NbC, NigNb (& phase) and
also Laves phases and some other intermetallic compounds are present
in the IN718 matrix structure. NigNb (8 phase), which is orthorhombic,
can affect the grain size and grain boundary motion. y’- Ni3(Nb/Al/Ti)
phase with a cubic crystal structure and y'- Nig(Al/Ti) phase with a body-
centered tetragonal structure can provide strength to the matrix [30].

EDS (Wt. %)

Al
IN718 Min 0.2
powder Max 0.8 . . .
LPBF-1 Ptl 0.57 1.04 19.25 19.02 0.02 51:52 4.90 3.66
Pt2 0.73 1.10 18.91 18.30 0.23 51.07 5.70 3.95
LPBF-2 Ptl 0.57 1.12 18.35 17.71 0.05 3137 6.85 3.97
Pt2 0.60 1.19 19.15 18.62 0.06 51.06 5.50 3.83
LPBF-3 Ptl 0.65 1.24 18.78 17.65 0.10 51.55 6.29 3.76
Pt2 0.63 1.08 19.31 18.30 0.15 51.76 5.35 3.43

Ptl: Meltpool boundary
Pt2: Meltpool center

Fig. 3. Electron microscopy images of (a) LPBF-1, (b) LPBF-2, and (c) LPBF-3 showing the melt pool size with the compositional analyses on melt pool boundary

(Pt1) and center (Pt2) regions.
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However, NigNb (8 phase) and also Laves phases are generally observed
as grain segregations in the microstructure. Laves phases are generally
observed at the decomposition boundaries where there is higher Nb, C
and Mo concentration [31-34]. These microsegregations can also be
seen due to the rapid grain growth resulting from the higher cooling rate
involved in the LPBF process. In particular, studies have been conducted
on the reduction of Laves phases, which act as a site and pathway for
crack propagation, facilitating the development of enhanced mechanical
strength and influencing the dominant wear mechanisms [35,36].
However, according to XRD patterns, all LBPF samples exhibited only
FCC Cr-Ni-Fe structure (ICDD Card No: 00-031-0619), no other phase
formation or precipitation was observed. The high intensity peak in
LBPF samples was detected as the (200) peak at 50.65 degrees. This can
be attributed to the fact that due to epitaxial growth during layer-by-
layer fabrication of the LPBF process, IN718 grains grow along (001)
preferential growth directions and the LPBF process forms (001) domi-
nant grains with unique microstructural features depending on the laser
energy density [4,10].

Further detailed phase analyses were carried out to confirm the
presence of precipitates, revealing no detectable precipitations, as ex-
pected and as reported previously [37]. The selected area electron
diffraction (SAED) pattern (Fig. 4(b)) obtained from the [001] zone axis
of the IN718 fcc matrix. The LPBF-1 sample, in which the cooling rate is
supposed to be the smallest and the precipitation could be most likely to
occur among the three conditions examined (LPBF-1/2/3). No diffrac-
tion spots other than the fcc y phase were observed. The dark-field image
taken using the encircled (invisible) spot from (001)y’/(002)y”, repre-
senting no visible precipitates. This is due to the ultra-rapid cooling rate
(~107 K/s) achieved during LPBF, preventing the formation of precip-
itate phases.

The microstructural features of LPBF-fabricated IN718 were given in
Fig. 5 regarding crystallographic orientation with IPF maps and pole
figures with the HAGB distribution, moreover, the texture formation was
illustrated considering the melt pool shape as reported in Fig. 3. As the
melt pool bottom curvature flattened, the minor <001> texture for-
mation was evident for LPBF-1 condition at the center of the melt pool,
thus, forming lamella texture with major <101> and minor <001>
grain orientation as identified by pole figure. However, with decrease in

v' I\/ T T = T Iv 'V
{ @
- 11/ LPBF-3
8 - -
2
=
c
O - -
1=
T J LPBF-2
T ¥ T e T . T . T L
40 50 60 70 80 90 100
26(°)

Fig. 4. (a) XRD patterns of IN718 fabricated by LPBF with (b) the diffraction
pattern and (b’) the dark-field image to identify the precipitate y’ phase of
LPBF-1 sample.
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laser energy density LPBF-2 condition formed less curved melt pool at
the bottom region, thus, preventing a continuous <001> texture
development. Therefore, the difference in pole figure as {001} orienta-
tion was not detected for LPBF-2 compared to LPBF-1. LPBF-3 condition
with significantly low laser energy density, therefore containing lack of
fusion and unmelted powders as shown in Fig. 3, had small melt pool
size and unstable cellular growth, resulting in polycrystal microstruc-
ture. The weak texture formation, resulting in polycrystal as defined in
this study, was evident from the pole figure comparison as the maximum
intensity was set to 10.0, indicated with the scale bar. This laser energy
dependent melt pool shape was the primary reason for the texture
development with the differences in thermal characteristics, affecting
cooling rate and stability of thermal gradient, therefore determining the
cellular growth direction and stability. This aspect of microstructure
formation has been discussed in our previous report in detail [10].

However, the effect of these distinctive microstructural features on
wear properties in ambient temperature and cryogenic environment has
not been investigated to the best of our knowledge. The texture forma-
tion related to the epitaxial growth determined the grain size in the build
samples. With high laser energy input, epitaxial growth was supported
for LPBF-1 and LPBF-2 samples, resulting in higher grain size (16.3 pm
and 17.1 um, respectively, Fig. 6). It is noteworthy to mention that the
grain distribution in Fig. 6 presented the high ratio of small grain size
formation in LPBF-1 as a result of minor <001> grain growth in melt
pool center, thus, expected to increase hardness according to Hall-Petch
relationship while providing low Young's moduli grain orientation to
lower the overall rigidity of the sample [38]. However, LPBF-3 condition
with small laser energy density and limited epitaxial growth capacity
exhibited smaller grain size (13.2 pm). Variation in grain size and the
consequent HAGB density is crucial for understanding the mechanical
response of the microstructure regarding the Hall-Petch relationship. To
note that while LPBF-1 had smaller average grain size than LPBF-2
owing to the minor <001> grain growth in the melt pool center
dividing the grains, LPBF-2 with larger grain size exhibited higher
density of HAGBs. This indicated that grain growth stability of LPBF-2
was not well established with the provided laser energy input, thus
forming complicated grain morphologies and dense HAGB zones as
shown in Fig. 5(c). The obvious effect of unstable melt pool and grain
growth on HAGB density was presented in Fig. 5(c) for LPBF-3.

As the grain orientation and the grain size are important indicators
for the mechanical response of IN718 [6], considering the single phase
microstructure, it is possible to relate the hardness and Young's modulus
of these LPBF-fabricated IN718 conditions to the microstructural fea-
tures as discussed above.

The yield strength of LPBF-fabricated IN718 can be evaluated by the
following strength mechanisms in principle: the intrinsic strength (c¢) of
pure nickel, grain boundary strengthening (ogp), solid solution
strengthening (Acss), dislocation strengthening (Acp), and precipitation
strengthening (Acp). Considering these strengthening mechanisms, the
solid solution and precipitation strengthening can be disregarded owing
to the compositional similarity and nonexistence of detectable precipi-
tation owing to the rapid cooling rate (~107 K/s) of the LPBF process.
Therefore, the effect of grain boundary strengthening was discussed
regarding the results presented in Fig. 6.

Moreover, the intrinsic strength (6¢) and dislocation strengthening
(Aocp) should be considered to distinguish the effect of microstructural
differences on the strength of LPBF-fabricated IN718. In this regard, the
importance of Taylor factor and AM-intrinsic deformation-induced
misorientation, identified with KAM in this study, values would be
prominent. Thus, crystallographic texture was expected to have a sig-
nificant impact on the anisotropy in yield strength, since the activity of
slip systems and the Schmid/ Taylor factor were closely related to the
grain orientation [10]. In order to establish a correlation between
microstructure and its cryogenic wear performance, it is important to
clarify the differences in microstructures in terms of misorientation/
dislocations and Taylor factor of as-built samples. As Fig. 7 presented the
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Fig. 5. (a) Schematic illustration of texture formation in melt pool of LPBF-fabricated IN718 during solidification and the actual experimental results confirming the
illustrations: (b) Inverse pole figures (IPF), (c) high-angle grain boundary (HAGB) maps, and (d) corresponding {001} pole figures.

KAM and Taylor factor maps with the corresponding distributions,
Taylor factor of LPBF-1/2/3 increased with the increase in laser energy
density (Epppr-1 > Erppr2 > Erppr-3-3.04, 3.29, 3.49 respectively). This
indicated the requirement of higher stress to initiate slip system acti-
vation during deformation of LPBF-1 condition, as shown with the
higher hardness value, which raised an expectation of improved per-
formance under extreme wear conditions. Moreover, higher local
misorientation in LPBF-1 compared to LPBF-2 was expected because of
larger melt pools resulting in high volume solidification, which might
correspond to cycling thermal stress during LPBF process. Besides, the
high KAM was localized at the center of the melt pool, accumulated in
minor <001> grains, where the solidification in a melt pool was final-
ized, thus, expected to be the high residual stress zones as reported in the
recent literature [26]. Although LPBF-3 exhibited the highest KAM value
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with detectable large stress zones, the existence of lack of fusion defects
was detrimental to its strengthening.

Overall, the microstructural features exhibited limited slip activation
and high residual stress for LPBF-1 with no detectable defects, sug-
gesting a good wear performance in extreme conditions [39]. Contrarily,
LPBF-3 condition with lack of fusion defects would be expected to show
the effect of inhomogeneity on the wear performance.

LPBF process parameters are basically laser power, scanning speed,
consecutive scanning distance and powder layer thickness, which
determine the laser energy density. These parameters significantly
determine the microstructure of the parts produced using the LPBF
method and the distribution of the phases it contains, and the me-
chanical properties such as porosity, hardness, and fracture toughness,
which are close related to the microstructure [40-42]. Based on this, it
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Fig. 6. Grain size distribution of LPBF-fabricated IN718.

can be concluded that the process parameters of LPBF directly influence
the wear behavior of the material. In this study, the wear behavior of
three samples - LPBF-1, LPBF-2, and LPBF-3 - produced with decreasing
laser energy densities, was examined under varying ambient tempera-
tures. Since wear resistance is directly related to the brittleness or
fracture resistance of a material, it is quite appropriate to use nano-
indentation data, which is a powerful technique in determining these
values [43]. The average hardness and elastic modulus values obtained
from nanoindentation tests of samples produced by the LPBF method,
along with the calculated values of Hertzian contact pressure at each
ambient temperature, are given in Table 3.

As shown in Table 3, at RT, the highest hardness was observed in the
LPBF-1 sample, which was produced with the highest laser energy
density. This was followed by the LPBF-2 and LPBF-3 samples, in
descending order of laser energy density. In summary, an increase in
laser energy density led to a corresponding increase in hardness. It is
observed that the elastic modulus values vary inversely with laser en-
ergy density. This trend may be attributed to differences in lattice
distortion caused by rapid cooling at higher laser scanning speeds [44].
Furthermore, when evaluating wear behavior, it is not sufficient to
consider hardness alone; the hardness-to-elastic modulus ratio (H/E)
must also be taken into account [45]. Specifically, the H/E ratio repre-
sents the material's resistance to cracking, while the H3/E? ratio reflects
its resistance to plastic deformation [46]. In other words, both H/E and
H3/E2 are fundamental parameters for assessing a material's resistance
to elastoplastic deformation, and they show positive correlations with
fracture toughness and wear resistance [47,48]. It is known that Inconel
718 alloy increases in hardness, as well as in yield and tensile strength,
at low ambient temperatures [49,50]. Furthermore, its lack of signifi-
cant compromise to ductility and toughness makes it preferred engi-
neering material even at low temperatures. Based on this, when the data
in Table 3 is examined, it can be said that, due to the increasing hardness
and modulus of elasticity values along with decreasing ambient tem-
perature, the resistance to crack formation (H/E) and plastic deforma-
tion (H3/E?) will also be higher compared to RT. Based on the H/E ratios
presented in Table 3, the LPBF-1 sample exhibits the highest fracture
toughness at all ambient temperatures. This result can be attributed to a
balanced cooling achieved through the combination of high laser power
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and relatively low scanning speed. The lower H/E ratios observed in the
LPBF-2 and LPBF-3 samples indicate a proportional decrease in fracture
toughness with decreasing laser energy density. Similarly, the H3/E>
values increase with laser energy density, with the highest value indi-
cating the greatest resistance to elastoplastic deformation. Therefore,
when both H/E and H3/E? ratios are considered together, it is evident
that the wear resistance decreases in the order of LPBF-1, LPBF-2, and
LPBF-3, corresponding to the decreasing laser energy densities at all
ambient temperatures.

However, with the decrease in laser energy density, it is highly
probable that the number of pores and the ratio of particles remaining
unmelted will inevitably increase. Pores and unmelted particles are the
main defects that reduce the fracture toughness of parts produced with
LPBF. It has been reported that the decrease in fracture toughness is due
to the fact that fracture occurs along unmelted particles [51]. In addi-
tion, it can be stated that the particles remaining without melting not
only reduce the surface bonding, but also that the thin oxide film formed
on the surfaces of these particles may cause the fracture toughness to
decrease [52]. In some studies, researchers also pointed out that since
low and cryogenic ambient temperatures will further reduce the fracture
toughness, differences will also occur in wear volume loss and wear
mechanisms [53,54]. However, wear is a complex phenomenon in
which both the mechanical properties of the contacting materials and
the experimental conditions significantly influence the material's wear
behavior. Therefore, the increase in yield strength, UTS, hardness, and
modulus of elasticity of Inconel 718 alloy with decreasing ambient
temperature [49] has a decisive effect on contact mechanics and directly
affects elastoplastic contact pressure in wear [55,56]. In contact me-
chanics, defined by Hertz [57], in the case of contact between a rigid
sphere and a flat surface, the radius of the contact circle “a”, where the
maximum contact pressure spreads over, is related to the indentation
load P, the indenter radius R, and the elastic properties of the materials
and is formulated as in Eq. (1).

&= 3PR
T 4E

(@)
where E” is combined elastic modulus of contact bodies, which can be
calculated using Eq. (2) [58].

(1-v?
E;

1

(1-v?
E;

(2

where E; and v,, and E; and v;, describe the elastic modulus and Poisson's
ratio of the specimen and the indenter, respectively.

According to Eq. (1), the contact radius (a), which determines the
area where crack initiation and propagation first occur, decreases with
increasing combined elastic modulus (E*) value, and consequently, the
maximum contact pressure generated also increases [59]. The maximum
contact pressure (Pmqy) at the contact region can be formulated as in Eq.
(3) [58].

1 /6PE"\'?
T\ R?

when Table 3 is examined, it is seen that the highest contact pressure
values occur at an ambient temperature of —40 °C, followed by those at
cryogenic temperatures, and the lowest values are obtained at RT. The

main reason for this case is that the Poisson ratio and elastic modulus
values of Inconel 718 alloy change at low ambient temperatures [50].

Dmax 3

3.2. Wear rate evaluation

Wear is not an inherent property of the material, but rather a com-
plex damage mechanism influenced by numerous independent factors,
including microstructure, hardness, ambient temperature, and the spe-
cific experimental conditions employed. Fig. 8 presents the graphs of
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both instantaneous and average friction coefficient values recorded
during the wear tests conducted at each ambient temperature.
Examination of Fig. 8 reveals that the coefficient of friction (COF)
values for all LPBF samples at room temperature (RT) and — 40 °C are
relatively similar, averaging between 0.54 and 0.59. However, the COF
values at RT exhibit noticeable fluctuations throughout the experiment.
This behavior may be attributed to the formation of interlayer
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boundaries resulting from the layer-by-layer nature of the LPBF
manufacturing process. It is seen that at —40 °C, the COF value of the
LPBF-1 sample with a lamellar structure was relatively low and stable at
around 0.45 for the first 3 min from the beginning, but then it increased
and followed a limited fluctuating course around 0.61. This behavior
can be interpreted as an increase in tangential force resulting from the
formation of brittle fracture and spallation zones within the contact
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Average values obtained from nanoindentation tests and calculated Hertzian contact pressure data for each test sample at different ambient temperatures.

Ambient temperature Test sample code Hardness Elasticity modulus Material's resistance to Max. Hertzian contact pressure (MPa)
Cracking Plastic deformation
H (GPa) E (GPa) H/E H/E?
RT LPBF-1 6.51 + 0.30 175.22 + 8.84 0.0372 0.0090 1685
LPBF-2 6.40 £ 0.27 182.02 £ 9.97 0.0352 0.0079 1719
LPBF-3 6.36 £ 0.28 185.85 +10.15 0.0342 0.0074 1737
—40°C LPBF-1 6.91 + 0.31 184.86 + 9.98 0.0374 0.0097 1738
LPBF-2 6.79 + 0.28 192.03 £10.13 0.0354 0.0085 1772
LPBF-3 6.75 £ 0.29 196.07 + 10.62 0.0344 0.0080 1791
—-150°C LPBF-1 7.55 + 0.34 189.06 + 10.14 0.0399 0.0120 1732
LPBF-2 7.42 +0.31 196.40 + 10.70 0.0378 0.0106 1766
LPBF-3 7.37 £ 0.30 200.53 +10.98 0.0368 0.0100 1784
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Fig. 8. CoF graphs and their average values recorded during the wear tests at different ambient temperatures a) RT b) -40 °C ¢) -150 °C d) average COF values.

area, beginning at the point where the COF starts to rise. In the LPBF-3
sample with a polycrystalline texture, the COF graph recorded at —40 °C
exhibited only minor fluctuations throughout the experiment, without
any significant variation. This behavior can be attributed to the sample's
finer grain size relative to the other two samples and its production using
the lowest laser energy density. As a result, the COF remained relatively
stable, likely due to the influence of unmelted particles and spatter
caused by incomplete fusion around them.

Examination of the instantaneous COF graphs recorded at —150 °C
reveals that the lowest values for the LPBF-1, LPBF-2, and LPBF-3
samples are approximately 0.22, 0.36, and 0.32, respectively. As hard-
ness increases, wear appears to be limited. Among the three, the LPBF-1
sample demonstrates a more stable COF trend throughout the test. In
contrast, the LPBF-2 sample initially exhibits a COF value close to that of
LPBF-1 - around 0.30 during the first five minutes - but subsequently
increases and displays a fluctuating pattern, reaching approximately
0.50 toward the end of the experiment. This behavior is likely attributed
to irregular fractures in the lower layers, particularly within the
incomplete fusion zones at the laser scan boundaries, which become
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more pronounced as the wear scar depth increases over time. In contrast
to LPBF-2, the LPBF-3 sample exhibits an opposite COF trend. Specif-
ically, an average COF of approximately 0.40 was recorded during the
first five minutes, after which it significantly decreased and stabilized in
the range of 0.20-0.25 for the remainder of the test. This trend can be
explained by the initial presence of irregular, rough surfaces resulting
from early-stage wear, which gradually flattened over time. The
resulting reduction in surface asperities likely led to a decrease in
tangential shear stress, thereby lowering the COF. The specific wear rate
values calculated as a result of the wear tests performed on samples
produced with LPBF at different ambient temperatures are depicted in
Fig. 9.

Examination of Fig. 9 reveals that the LPBF-1 sample, featuring a
lamellar texture produced using the highest laser energy density, ex-
hibits the lowest specific wear rate across all tested ambient tempera-
tures. In contrast, the LPBF-2 and LPBF-3 samples - produced using
medium and low laser energy densities, respectively - show progres-
sively higher wear rates at all temperatures. These results are also quite
consistent with the H/E and H3/E? values presented in Table 3. In other
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Fig. 9. Average wear rate values of LPBF-fabricated IN718 samples after the wear tests at different ambient temperatures.

words, at all ambient temperatures, the lowest wear rate was obtained
from the LPBF-1 sample, which has the highest hardness and is likely to
contain the least porosity and microstructure defects due to the rela-
tively lower cooling rate associated with the higher laser energy density
used during its fabrication. In contrast, the LPBF-2 sample, produced
with a 40% higher laser scanning speed than LPBF-1, experienced more
rapid cooling, leading to grain refinement and an increased grain
boundary length. These microstructural changes, combined with fusion
defects and insufficient coalescence, are believed to have contributed to
its higher wear rate. However, it has been reported that the distribution
and nature of the existing insufficient fusion defects in the microstruc-
ture negatively impact fatigue life [60]. Thus, it is possible to say that
fatigue-induced wear due to the effect of the opposite-direction repeti-
tive movements applied in the reciprocating type wear test also con-
tributes to the further increase in the total volume loss.

Regarding the effect of ambient temperature, previous studies have
reported that the ductility -and consequently the fracture toughness - of
parts produced by the LPBF process decreases at low temperatures [53].
However, according to the data obtained in this study, it is insufficient to
explain the wear behavior solely by a decrease in ductility at lower
ambient temperatures. Because an increase in ductility occurs at cryo-
genic temperatures, and the increase in H/E and H3/E? values given in
Table 3 proves this situation. Specifically, all LPBF samples exhibited the
highest wear volume loss at an ambient temperature of —40 °C,
compared to those tested at room temperature and cryogenic conditions.
This explanation is further supported by the substantial amount of wear
debris observed in the SEM images of the worn surfaces following the
wear test at —40 °C (see Fig. 12). The determining factor in this increase
in wear is the high contact pressure values. Although it has values
indicating higher crack (H/E), and plastic deformation (H3/E2) resis-
tance than RT, the higher contact pressure increased shear stresses,
leading to crack formation and propagation in the contact area and
creating conditions that increase spallation- and exfoliation-type wear.
Furthermore, it can be argued that the solid lubricant effect of friction-
induced oxide formation in RT, which prevents severe wear, mitigates
the negative impact of the relatively low hardness and elastic modulus
values in RT, thereby reducing crack resistance and plastic deformation
resistance. As for cryogenic temperatures, it has been reported that
cryogenic treatment not only enhances the microhardness of additively
manufactured In718 samples but also improves their elongation [61]. To
better understand this, it is helpful to recall the theoretical principles
that govern hardness and the influence of temperature. Theoretically, a
material's hardness is determined by atomic interactions, crystal lattice
structure and type, and the number of valence electrons. Considering

these factors, the theoretical hardness of materials can be expressed as
follows [62]:

H, = const Ry /ao® @

where ay is the lattice parameter, Ry is a parameter that can be adjusted
for absolute temperature (T = 0 K), and const contains quantities such as
the number of valence electrons, the coordination number, and some
coefficients (all coefficients that appear when expressing the volume,
the radius of the atoms, and the distance between atoms in terms of the
lattice parameter).

The effect of temperature on hardness can be expressed as in Eq. (4)
[59]:

~ 1/2
Hy = Hy ((1 +o, 032(T/Tmax)5/4) - T/Tm)) (5)

where Hr represents the hardness value at any temperature T (K) and
Tmax represents the melting temperature (K) of the material.

The effect of crystal lattice contraction on the increase in material
hardness at cryogenic temperatures should also be noted [63]. As the
temperature decreases to cryogenic levels, the material undergoes
volumetric shrinkage, leading to increased lattice stresses, which in turn
contribute to the rise of hardness.

a=V1 (av/ aT)P (6)

where a is the expansion coefficient (R 1076), V is the volume
(mm?) and P is the pressure (MPa). The volume changes from Vj to VT as
the temperature changes from Ty to T. Naturally, as the temperature
increases, volumetric expansion occurs, and as the temperature de-
creases, contraction occurs. This situation can be expressed as in Eq. (6):

Vr = Voed(T*To> 7

In addition, during cryogenic cooling, crystal lattice contraction in-
duces internal stresses and plastic deformation, primarily due to the
presence of heterogeneous phases and differences in thermal expansion
coefficients between grains. This process contributes to the reduction of
micropore defects. Moreover, when the accumulated dislocations at the
original grain boundaries -resulting from increased internal stress and
plastic deformation - exceed the threshold stress required for recrystal-
lization, grain splitting occurs, leading to grain refinement [64]. As a
result, the total grain boundary length increases, which hinders dislo-
cation movement and thereby enhances the material's strength. Another
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notable effect of cryogenic cooling is its ability to relieve stress con-
centrations at grain boundaries by promoting a more uniform distribu-
tion of dislocations. This reduces the resistance to dislocation motion
during deformation, ultimately improving the material's ductility [61].
The highest H/E and H3/E? values in Table 3 clearly demonstrate the
increase in ductility at cryogenic temperatures, as stated in the literature
and theoretically explained. This case is achieved thanks to increased
hardness and elastic modulus. Thus, it can be said that, despite reaching
the highest contact pressures at cryogenic temperature, the increase in
plastic deformation and crack resistance results in less wear debris and a
smoother surface, leading to a lower wear rate.

3.3. Worn surface analysis

3.3.1. Effects of as-built texture and applied load on the wear behavior of
LPBF samples tested at room temperature

In order to evaluate the wear behavior of samples with different
textures resulting from the applied different laser energy densities, wear
tests were performed on the samples as produced without any grinding
or polishing process. SEM images of the worn surface obtained from the
wear tests performed at room temperature and under two different loads
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(5N, 10 N) are given in Fig. 10 and Fig. 11, respectively. Examination of
Fig. 10 reveals distinct wear features on the worn surfaces of the LPBF
samples subjected to a 5 N load. In the LPBF-1 sample (Fig. 10b), wear
debris, delamination, and spallation-related damage are evident. The
LPBF-2 sample (Fig. 10d) exhibits more pronounced wear, characterized
by extensive spallation, exfoliation, and visible porosity. The LPBF-3
surface displays the most severe wear, with the coarsest abrasive
marks observed among the three. These observations align with the data
presented in Table 3, indicating increased brittleness or low fracture
toughness (as reflected by the H/E ratio), and reduced resistance to
plastic deformation (lower H3/E2 ratio). As the load increases to 10 N, it
is observed that more abrasive wear occurs, especially in the middle
region of the contact mark where the maximum compressive stress oc-
curs, on all three sample surfaces produced with different laser energy
densities (Fig. 11b, d, f). However, increased spallation, delamination
and abrasive wear marks were observed in the LPBF-2 and LPBF-3
samples with lower fracture toughness and plastic deformation resis-
tance. This behavior is likely attributed not only to the increased applied
load but also to the combined effects of cyclic compressive and
tangential frictional stresses generated during the reciprocating wear
test.
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Worn surface SEM images taken after the wear tests at room temperature (Load: 5 N). The images in (a,c,e) represent LPBF-1, LPBF-2, and LPBF-3 test

samples. The micrographs in (b,d,f) are high-magnification images of those given in (a,c,e), respectively.
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samples. The micrographs in (b,d,f) are high-magnification images of those given in (a,c,e), respectively.

Particularly as depicted in the SEM micrograph of the worn surface
of LPBF-3 given in Fig. 11f, exfoliation-dominant spallation and
delamination formation are more evident in the scar edge region, while
severe abrasive wear occurs in the scar center.

3.3.2. Effect of low (—40 °C) and cryogenic (—150 °C) ambient
temperatures on wear behavior

Fig. 12 presents SEM micrographs of the worn surfaces obtained after
wear tests performed at ambient temperatures of —40 °C and — 150 °C.

Examination of the wear images in Fig. 12 reveals a notable differ-
ence in the wear characteristics at —40 °C and — 150 °C. This trend is
consistent across all LPBF-1, LPBF-2, and LPBF-3 samples. At —40 °C,
significant wear debris accumulation is observed, indicating more se-
vere surface degradation. In contrast, at —150 °C, the worn surfaces
appear considerably smoother, suggesting a reduction in wear severity
under cryogenic conditions. The temperature difference between the
two ambient conditions appears to be the primary factor influencing the
wear behavior. For the LPBF-1 sample, unlike the surface observed at
room temperature under the same 10 N load (Fig. 13), friction-induced
oxidation is notably suppressed at —40 °C. However, increased wear
debris formation at this temperature, mainly due to the highest contact
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pressure, occurred across all ambient temperatures. In the case of the
LPBF-1 sample, a shallower indentation depth was observed at —150 °C,
likely due to increased hardness at this temperature. This is further
supported by the presence of irregular regions between the laser scan
pass boundaries. Another notable observation, as previously mentioned,
is that shrinkage and increased internal stresses at cryogenic tempera-
tures influence dislocation accumulation at grain boundaries, ultimately
enhancing ductility [58,61]. Evidence of this increased ductility is the
clear presence of a smearing-type wear mechanism. Additionally, lon-
gitudinal tearing marks along the smear lines indicate facilitated plastic
deformation in the sliding direction, further supporting the occurrence
of enhanced ductility under these conditions. For the LPBF-2 sample, a
dense accumulation of wear debris is observed across the entire wear
track width at an ambient temperature of —40 °C. Notably, along the
midline of the track - where contact pressure is highest - abrasion flakes
resulting from ploughing and smearing are evident. At the cryogenic
temperature of —150 °C, the most prominent feature on the worn surface
is the presence of exfoliation and spallation wear mechanisms, partic-
ularly along the adjacent laser scan boundaries oriented perpendicular
to the sliding direction. This behavior can be attributed to unmelted
particles and incomplete fusion along the laser scan boundaries,
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Fig. 12. Worn surface SEM images taken after the wear tests at —40 °C and — 150 °C ambient temperatures (Load: 10 N). According to these results, it looks like the
wear damage is still on the surface, does not diffuse to the underlying microstructure.

resulting from the relatively low laser energy density. Examination of
the worn surfaces of the LPBF-3 sample reveals dense wear debris for-
mation - similar to that observed in the LPBF-2 sample at —40 °C - as well
as wear features consistent with spallation and exfoliation mechanisms.
This behavior can be attributed to the previously discussed low fracture
toughness of the LPBF-3 sample, as indicated by its H/E ratio, as well as
the presence of a plastic deformation zone on the surface resulting from
its relatively low resistance to plastic deformation, reflected by the H3/
E2 ratio. It is also evident that crack formation under high contact
pressure and the corresponding shear stress, leading to greater spallation
and exfoliation, plays a significant role in the wear behavior. At cryo-
genic temperature, the LPBF-3 sample exhibits the highest wear rate
compared to the LPBF-2 and LPBF-3 samples. This case is primarily
attributed to the combined effect of its relatively finer grain size and the
highest contact pressure due to the reduction of Poisson's ratio from 0.3
to 0.25 with decreasing ambient temperature. Another striking feature is
the macropore formation observed on the LPBF-3 worn surface, likely
resulting from the lowest laser energy density used in this study. Addi-
tionally, numerous longitudinal lines consistent with smearing edges
appear along the sliding direction, further indicating that plastic
deformation is the dominant wear mechanism. In summary, at an
ambient temperature of —40 °C, compared to room temperature, the
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partial increase in contact pressure results in higher shear stress, leading
to greater spallation, delamination, and exfoliation wear mechanisms
and yielding a higher wear rate. These processes involve brittle fracture,
and it was observed that wear debris spreads across the entire contact
area. Conversely, at —150 °C, the volume loss is minimized due to the
combined effects of increased hardness and ductility. This is in good
agreement with the smooth, debris-free worn surfaces observed at
cryogenic temperatures, where smeared and transferred flakes are
clearly visible.

Examination of the EDS analyses in Fig. 13 reveals clear friction-
induced oxidation on the wear track surface at room temperature,
whereas no oxide formation is observed at ambient temperatures of
—40 °C and — 150 °C. This confirms the presence of oxidative wear at
room temperature. In this wear mode, the oxide layer acts as a solid
lubricant, reducing friction. However, wear traces from broken hard
oxide particles are also evident, caused by both ploughing and rolling
types of three-body abrasion.

4. Conclusions

In this study, Inconel 718 samples were fabricated using the Laser
Powder Bed Fusion (LPBF) technique—an additive manufacturing
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Fig. 13. EDS line analyzes of the worn surface SEM images taken after the wear
tests at different ambient temperatures (Load: 10 N).

method—under varying laser energy densities achieved through
different combinations of laser power and scanning speed. The resulting
samples were designated as LPBF-1, LPBF-2, and LPBF-3, in descending
order of applied laser energy density. The effects of surface texture and
mechanical properties of the produced samples on wear behavior at
room, low and cryogenic ambient temperatures were investigated. The
findings can be summarized as follows:

e The variation in microstructural features was related to the laser
energy input, shaping the melt pool, and thus resulting in different
crystallographic orientation. Moreover, the unique microstructural
features to LPBF process exhibited major <101> and minor <001>
lamella microstructure with smaller grain size for strengthening and
low Young's modulus owing to the texture characteristics.

e It was determined that the nanohardness (H) values increased with
rising laser energy density. The highest hardness was observed in the
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LPBF-1 sample, which was produced with the highest laser energy
density, followed by the LPBF-2 and LPBF-3 samples in descending
order, consistent with the applied energy densities.
e The elastic modulus (E) values of the LPBF samples were found to be
inversely proportional to the applied laser energy density.
e LPBF-1 sample gave the lowest specific wear rate at all ambient
temperatures studied. LPBF-2 and LPBF-3 samples produced using
the medium and lowest laser energy density had higher wear rates at
all temperatures, in the same order. These results are also quite
consistent with the H/E and H3/E? ratios of the respective samples.
Regarding the effect of ambient temperature on wear rate and wear
mechanisms, the wear volume loss at —40 °C ambient temperature
was the highest in all LPBF samples compared to those at RT and
cryogenic temperatures. While severe plastic deformation, delami-
nation and abrasive wear were dominant at RT, the presence of wear
debris spread over the entire surface was noticeable at —40 °C
ambient temperature. It was also observed that intense spallation
and exfoliation type wear was effective. At cryogenic ambient tem-
perature, a smoother wear surface was obtained with the effect of
increased ductility, valid for all three samples. The general appear-
ance of plastering and transfer film on the worn surface is remark-
able, and spallation and exfoliation type wear is observed to be
evident in the incomplete fusion regions at the laser scan borders in
proportion to the decreasing laser energy density.
e While COF values very close to each other were obtained at RT and
— 40 °C ambient temperatures, COF values at cryogenic ambient
temperature were quite low.
Oxide formation due to friction was observed on the worn surface at
room temperature (RT), while no oxide formation occurred at low
and cryogenic ambient temperatures.
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