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a b s t r a c t

This paper presented a comprehensive study of densification behavior, microstructural features, microh-
ardness, wear performance and high-temperature oxidation properties of Inconel 718 parts fabricated by
selective laser melting (SLM), a typical additive manufacturing process. The relationship of processing
conditions, microstructures and material properties was established. The occurrence of balling phenom-
enon at a lower laser energy density input reduced the relative density of the formed parts. A reasonable
increase in laser energy density yielded a near-full densification. The typical microstructures of SLM-pro-
cessed Inconel 718 parts experienced successive morphological changes on increasing the applied laser
energy density: coarsened columnar dendrites – clustered dendrites – slender and uniformly distributed
columnar dendrites. The optimally prepared fully dense Inconel 718 parts had a uniform microhardness
distribution with a mean value of 395.8 HV0.2, a considerably low friction coefficient of 0.36 and a
reduced wear rate of 4.64 � 10�4 mm3/N m in sliding wear tests. The formation of an adherent tribolayer
on the worn surface contributed to the improvement of wear performance. The high-temperature oxida-
tion resistance was enhanced as the applied laser energy density increased and the elevated high-
temperature oxidation property was primarily attributed to the formation of refined microstructural
architectures of SLM-processed parts.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nickel-based superalloys have experienced extensive develop-
ment and found enormous attractions over the past four decades
[1,2]. Inconel 718, a Ni–Cr–Fe austenite (c) superalloy, has been
widely employed in many applications such as turbine blades,
combustion chambers and nuclear reactors owing to its excellent
creep properties, oxidation resistance and hot corrosion resistance
[3–5]. Typically, Inconel 718 superalloy has been developed and
applied in wrought, cast, and powder metallurgy (normally with
HIP treatment) forms and the as-produced Inconel 718 parts using
these conventional methods have demonstrated the reasonable
microstructural and mechanical properties [6–8]. As a core ele-
ment of the hot-end structural components, Inconel 718 can retain
its superior mechanical properties in a broad range of tempera-
tures by virtue of solid–solution strengthening and precipitation
strengthening. Nevertheless, its high hardness and low thermal
conductivity characteristics make it difficult to apply conventional
machining methods because of tool over-wear and poor workpiece
surface integrity [9]. With the rapid development of modern
industry, Inconel 718 parts with complex structures, high dimen-
sion precision and further elevated mechanical properties are on
higher demand [10,11]. Therefore, the application of the novel
non-traditional processing technology is necessary to the net-
shape production of Inconel 718 parts with complex configurations
and high performance.

Selective laser melting (SLM), which is based on the principle of
material incremental manufacturing, has been recognized as a
promising additive manufacturing (AM) technology, due to its
flexibility in feedstock and shapes [12–15]. In the case of SLM, it
creates the three-dimensional dense parts directly from the
user-defined CAD data, using a computer controlled scanning laser
beam as the energy source to melt the pre-spread powders selec-
tively in a layer-by-layer manner [16–18]. Furthermore, the geo-
metrically complex components with high dimensional precision
and good surface integrity can be obtained precisely by the SLM
process without subsequent process requirements, which the con-
ventional methods cannot keep pace with easily [19]. However, the
desired microstructures of SLM-processed parts are inevitably af-
fected by complicated physical and chemical behaviors within
the molten pool, as a result of the non-equilibrium processing
technique of laser. Significant research efforts are still required to
focus on microstructures and properties of the fabricated parts un-
der various processing conditions.
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Fig. 1. Photograph of SLM-processed Inconel 718 parts.
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Many experimental investigations regarding microstructures
and mechanical properties of laser processed Inconel 718 compo-
nents have been carried out [20–22]. However, few studies on
the effects of laser processing parameters on microstructure char-
acteristics and mechanical behaviors have been published. Among
previous mechanical performance studies, the vacancy of a sys-
tematic research on wear resistance of laser processed Inconel
718 parts needs to be made up urgently, considering its severe
working conditions. Moreover, to the best of authors’ knowledge,
no previous work has been reported on high-temperature oxida-
tion behaviors of Inconel 718 parts prepared by SLM process. In
the present investigation, Inconel 718 samples were fabricated
by SLM under various processing conditions. The effects of process-
ing parameters on surface morphologies, phases and microstruc-
tures, and material properties were studied. The relationship
between SLM process and microstructural and mechanical proper-
ties was established. Wear and high-temperature oxidation tests
were implemented on SLM-processed Inconel 718 parts and the
wear and oxidation processes were elucidated in detail. The under-
lying physical and chemical mechanisms for the development of
microstructural and mechanical properties during SLM process
are applicable and/or transferrable to other laser-based powder
processing techniques, e.g. laser cladding, laser surface alloying, la-
ser metal deposition (LMD), or Laser Engineered Net Shaping
(LENS).
2. Experimental procedures

2.1. Powder material

The gas atomized Inconel 718 powders with the spherical shape and the particle
size in a range of 15–45 lm were used as the starting materials in this study. The
chemical compositions of Inconel 718 powders are given in Table 1.
2.2. Laser processing

The SLM experimental setup consisted of an IPG Photonics Yitterbium YLR-200-
SM fiber laser with a power of �200 W and a spot size of 70 lm, an automatic pow-
der layering apparatus, an inert argon gas protection system and a computer system
for process control. Based on a series of preliminary experiments, the laser power
(P) was preset at 110, 110, 120, 130 W and scan speeds (v) were set at 600, 400,
400, 400 mm/s, respectively. Thus, four different linear laser energy densities g of
180, 275, 300 and 330 J/m, which were defined by [23]:

g ¼ P=v ð1Þ

were used to appraise the influence of the energy input per unit length with respect
to the layer results. Cubic specimens with dimensions of 8 mm � 8 mm � 6 mm
were prepared using SLM (Fig. 1).
2.3. Microstructural characterization

Phase identification was performed by a D8 Advance X-ray diffractometer
(XRD) with Cu Ka radiation at 40 kV and 40 mA, using a continuous scan mode. A
quick scan at 4�/min was first performed over a wide range of 2h = 30–100�. A
slower scan rate of 1�/min was further applied over 2h = 42–45� to give a more
accurate determination of diffraction peaks. The fabricated samples were cut, inlaid
and polished for metallographic observation in line with the standard procedures.
The densification behaviors were revealed by using optical microscopy (OM).
Microstructures were characterized using a Hitachi S-4800 scanning electron
microscopy (SEM) with the samples being etched by a solution containing of HCl
(10 ml) and H2O2 (3 ml) for 10 s. EDAX energy dispersive X-ray spectroscope
(EDX) was utilized to determine the chemical compositions.
Table 1
Chemical compositions of Inconel 718 powder (in weight percent, wt%).

Cr Mo Al Ti Fe Nb C Ni

18.4 4.2 0.3 0.9 17.7 5.1 0.08 Balance
2.4. Characterization of mechanical properties

The relative density of fabricated samples was determined based on the Archi-
medes principle. The Vickers hardness tests were carried out using a HXS-1000A
microhardness tester at a load of 100 g and an indentation time of 10 s. Dry sliding
wear tests were conducted in a HT-500 ball-on-disk tribometer at room tempera-
ture. A 3 mm diameter bearing steel GCr15 ball was taken as the counterface mate-
rial, using a test load of 3 N. The friction unit was rotated at 560 rpm for 15 min and
the rotation radius was 2 mm. The coefficient of friction (COF) was recorded during
sliding. The wear volume (V) was determined gravimetrically using:

V ¼ Mloss

q
ð2Þ

where Mloss was the weight loss of the specimens after wear tests and q the density
of SLM-processed parts. The wear rate (x) was calculated by:

x ¼ V
WL

ð3Þ

where W was the contact load and L was the sliding distance.

2.5. High-temperature oxidation behavior

Samples in a rectangular contour were polished for high-temperature oxidation
behavior investigations. The samples were rinsed with ethanol ultrasonically and
then dried in a desiccator afterwards. Prior to oxidation, the specimens were
weighed and the alumina crucibles heated repeatedly until no mass variations.
The laboratory muffle furnace was preheated up to the testing temperature at
1123 K at atmospheric pressure in still air. Specimens with crucibles were subse-
quently exposed to the high-temperature and precisely weighted at each predeter-
mined time. The weight gains were measured by the following equation:

DW=S ¼ ðWt �W0Þ=S0 ð4Þ

where DW/S represents the weight gain per unit surface area (mg/cm2), Wt the
weight before oxidation, W0 the weight after oxidation, and S0 stands for the surface
area before oxidation.

3. Results and discussion

3.1. Phases

Typical XRD patterns of SLM-processed Inconel 718 parts are
depicted in Fig. 2. In general, the strong diffraction peaks corre-
sponding to c0 Ni3 (Al, Ti) with a L12 ordered face-centered cubic
(fcc) crystal structure and c (Ni–Cr–Fe) in a face-centered cubic
(fcc) crystal structure were detected, which was in good agreement
with some previous investigations on the constitutional phases of
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laser processed Inconel 718 [8,24]. The 2h locations of c0 precipi-
tate were found to coincide with the c matrix within a large range
of 2h degrees (Fig. 2a). Further XRD characterization within small
2h = 42–45�, as shown in Fig. 2b, were carried out in order to dis-
tinguish the existent phases accurately. The 2h location as well
as the intensity of the detected c and c0 peaks are listed in Table 2,
respectively. According to Fig. 2b and Table 2, the diffraction peaks
of c and c0 became considerably broadened and the intensity
showed a significant decrease, implying the formation of small-
sized crystalline grains of SLM-processed parts with the enhance-
ment of g. Moreover, as the applied g increased above 300 J/m,
the 2h locations of the diffraction peaks shifted to higher 2h. In
the principle of Bragg’s law [25]:

2d sin h ¼ nk ðn ¼ 1;2;3; � � �Þ ð5Þ

the observed increase of 2h indicated a decrease in the distance be-
tween adjacent lattice planes (d), which is believed to be caused by
the distortion of lattice due to the incorporation throughout the c
matrix.
Fig. 2. XRD spectra of SLM-processed Inconel 718 parts at different processing
conditions obtained in a wide range of 2h = 30–100� (a) and obtained in a small
range of 2h = 42–45� (b).
3.2. Surface morphologies and densification

The SEM images in Fig. 3 show the typical surface morphologies
of Inconel 718 parts processed using various parameters. The sur-
face integrity varied significantly for the different linear laser en-
ergy densities (g). The changes in measured relative densities
and the cross-section morphologies of corresponding parts are
illustrated in Fig. 4. At a lower g of 180 J/m, the scanning tracks
were observed to be discontinuous, having large-sized balls sur-
rounded by open-pores presented on laser processed surface
(Fig. 3a). In this instance, the formation of irregular and accumu-
lated pores on cross-section restricted the densification response
by merely 73.6% (Fig. 4). On increasing applied g by reducing scan
speed, the scanning tracks became uninterrupted even though
rudimentary balls with residual shrinkage cavities were still pres-
ent (Fig. 3b). The pores on cross-section were dispersed and dimin-
ished, which increased the densification level to 86.8% (Fig. 4). The
balling phenomenon was alleviated and the resultant densification
rate increased at an even higher g of 300 J/m, resulting in a rela-
tively smooth surface with few remnant scattered metallic glob-
ules (Fig. 3c). As g of 330 J/m was properly settled, sound surface
morphology free of any pores or balls was obtained (Fig. 3d),
achieving a dense cross-section in near-full 98.4% density (Fig. 4).

In the present investigation, the smooth and dense surface was
obtained by the coordination between laser power and scan speed
during the shaping process. At a relatively high scan speed and the
resultant low g, the dwelling time of the laser beam on the surface
of molten pool became shortened, thereby weakening the opera-
tive temperature of the pool. The dynamic viscosity l of a SLM sys-
tem with an entirely liquid formation is temperature-dependent
[26]. The higher dynamic viscosity of Inconel 718 liquid was ob-
tained as a consequence of the lower temperature within the mol-
ten pool. The influence of high viscosity at a high scan speed
impeded the Inconel 718 liquid from spreading out smoothly,
which in turn caused the formation of open-pores (Fig. 3a) and lim-
ited relative density (Fig. 4). Likewise, the balling effect connected
with SLM process was also responsible for the undesirable surface
finishes and densification response. According to previous studies
[27,28], the instability of liquid track can be inhibited based on
the premise of k < pD, where k is the laser wavelength and D is
the initial diameter of an unperturbed liquid cylinder. Higher scan
speed accompanied with lower energy input resulted in a rapid de-
crease of diameter D of the cylinder at a constant laser wavelength
k. As a result, the instability of the liquid cylinder enhanced and
generally tended to alter its shape so as to reduce the surface en-
ergy. This caused the breaking up of the liquid cylinder into a final
equilibrium spherical form, whereas discontinuous scanning tracks
occurred subsequently (Fig. 3a). Thus it was pertinent to conclude
that balling effect was a severe barrier to the surface integrity and
densification of SLM-processed Inconel 718 parts [29]. With the
increment of g, the densification rate increased progressively,
due to the weakened dynamic viscosity and balling phenomenon
(Fig. 3b and c). Consequently, as g was properly settled, the entirely
dense part with smooth surface morphology (Fig. 3d) was
obtained.
Table 2
XRD data showing the displacement of identified peaks for Inconel 718 parts.

Sample (J/m) c c0

2h (�) Intensity (CPS) 2h (�) Intensity (CPS)

180 43.54 355 43.78 189
275 43.54 286 43.78 177
300 43.64 256 43.88 171
330 43.68 212 43.9 148



Fig. 3. SEM images showing typical surface morphologies of SLM-processed Inconel 718 parts at various laser energy densities, laser powers and scan speeds: (a) 180 J/m,
110 W, 600 mm/s; (b) 275 J/m, 110 W, 400 mm/s; (c) 300 J/m, 120 W, 400 mm/s; (d) 330 J/m, 130 W, 400 mm/s.

Fig. 4. Effect of laser energy density on densification rate of SLM-processed Inconel
718 parts. OM micrographs of cross-sections of the corresponding parts are
included.
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3.3. Microstructures and compositions

Fig. 5 shows the influence of linear laser energy density (g) on
microstructures of SLM-processed Inconel 718 parts observed at
a relatively low magnification. In order to study the characteristic
microstructures clearly, higher magnifications on the specific posi-
tions in the structures were investigated (Fig. 6). Coarsened colum-
nar dendrites in a fragmentized feature, which were identified as c
by XRD, were obtained at a lower g combined with higher scan
speed (Fig. 5a). The columnar dendrites were found long-cracked
in the center of the whole trunk and short-cracked in the interden-
dritic region at a magnified state (Fig. 6a). As the scan speed de-
creased, the dendrites arrays refined significantly (Fig. 5b),
exhibiting a typical epitaxial growth along the building direction
(indicated by the arrow). However, as shown in Fig. 6b, it was dif-
ficult to distinguish every dendrite due to its severe clustering
occurred during the solidification process within the molten pool.
The primary columnar dendrites became dispersed at an elevated
laser power even though the columnar dendrites were irregularly
arranged (Fig. 5c). Disconnected dendrite architectures with
incomplete precipitants at inter-dendritic zone were observed at
a higher magnification (Fig. 6c). When a further enhanced laser
power was settled properly, the directional solidified slender
columnar architectures were achieved eventually (Figs. 5d and 6d).

SLM of Inconel 718 parts were performed based on a complete
melting and solidification manner and the columnar c dendrite
architecture was formed by means of the heterogeneous nucle-
ation of c nuclei and subsequent dendrite growth. According to
the Gibbs–Thomson temperature equation, the dendrite tip tem-
perature Tt is expressed as [30]:

Tt ¼ TM þ eC�Li �
RT2

M

DHf
� Vt

V0
ð6Þ

where TM is the melting point of the pure component, e the liquids
slope, C�Li the liquid solute concentration at the solid–liquid inter-
face, DHf the latent heat of the material, Vt the growth rate of den-
drite tip, and V0 is the kinetic constant. Vt is controlled by laser
beam scan speed v and can be determined by [31]:

Vt ¼ v cos# ð7Þ

where # is the angle between the vectors Vt and v. Eq. (7) reveals
that Vt is proportional to v and, thus, using a higher scan speed leads
to a faster development rate of dendrites. Columnar dendrites could
therefore be obtained at higher scan speed of 600 mm/s which
showed an obviously coarsened morphology than that of 400 mm/
s. Furthermore, residual thermal stress as a result of the repeated
rapid melting and rapid solidification at a higher scan speed was re-
mained in the workpiece [32], giving rise to the generation of ther-
mal cracks in both dendrite and interdendritic zones (Fig. 6a).



Fig. 5. SEM images showing characteristic microstructures of SLM-processed Inconel 718 parts at different laser energy densities, laser powers and scan speeds: (a) 180 J/m,
110 W, 600 mm/s; (b) 275 J/m, 110 W, 400 mm/s; (c) 300 J/m, 120 W, 400 mm/s; (d) 330 J/m, 130 W, 400 mm/s.

Fig. 6. High-magnification SEM images showing the characteristic microstructures of the crystals in SLM-processed parts in (a) Fig. 5a; (b) Fig. 5b; (c) Fig. 5c; (d) Fig. 5d.
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Unlike the ambiguous epitaxial characteristics shown in Figs. 5a
and 6a, the columnar c dendrites generally exhibited the epitaxial
growth with a higher degree of clustering on decreasing the scan
speed (Figs. 5b and 6b). As a general rule, most of the heat induced
by laser radiation was transmitted through the substrate or previ-
ous solidified materials, which in turn facilitated the formation of
typical columnar dendrite architectures along the building direc-
tion [33]. However, the crystal nucleation and grain growth mor-
phologies were determined by homologous kinetics principles to
a great extent [34]. With the considerable decrease of scan speed,
the speed of heat dissipation within the molten pool was limited
owing to a longer residence of laser beam at a local zone. The com-
paratively prolonged cooling time therefore provided strengthened
kinetics qualifications for the columnar nucleation and growth. A
clustering steady state was obtained at the end of the solidification
process, due to the relatively equivalent cooling process in each re-
gion of the molten pool. On increasing the applied laser power, the
temperature within the molten pool increased considerably since
more heat generated during the laser irradiation process. As a re-
sult, the internal energy and thermodynamic potentials caused
by heat accumulation contributed to the strong epitaxial growth
of columnar dendrites and, thereby, improved its dispersion per-
formance (Figs. 5c and 6c). At an optimum laser parameter of
330 J/m, the slender consecutive columnar dendrites were formed
due to the sufficient nucleation and growth driving force (Figs. 5d
and 6d). Based on the above analysis, it was pertinent to consider
that the changes of microstructures of SLM-processed Inconel 718
parts were determined by the input laser energy density. The vari-
ations of both heat accumulation and temperature development
under different laser energy densities were responsible for the
microstructure changes.

Table 3 lists the EDX measured chemical compositions at the
core of columnar dendrites that were obtained in different process
conditions. As revealed from Table 3, the Ni element content in-
creased sharply from 44.87 wt.% to 54.68 wt.% on increasing g from
275 J/m to 330 J/m. Considering the forming laws and conditions of



Table 3
EDX analysis showing chemical compositions at the core of columnar dendrites of
SLM-processed Inconel 718 parts under different laser energy densities.

Element (J/m) Ni Cr Fe Nb Mo Al Ti

g = 275 44.87 16.81 14.24 10.92 4.43 1.26 2.21
g = 300 53.08 16.73 16.94 4.95 2.94 1.23 1.22
g = 330 54.68 14.06 15.43 6.09 2.9 0.9 1.62

Fig. 7. Microhardness and its distribution of SLM-processed Inconel 718 parts
under various processing conditions.

Fig. 8. COFs of SLM-processed Inconel 718 parts using various processing
conditions.
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substitution solid solution [35], the surplus incorporation of Ni ele-
ment resulted in the replacement of other elements composed of c
matrix. According to the XRD data shown in Fig. 2, the base ele-
ments contained in c matrix, sorted by the atomic diameters, are
Cr, Fe and Ni. Thus, the incorporation of small sized atomics caused
the negative distortion and the resultanted in decrease of lattice
spacing, which further improved the deviation of XRD spectra to-
ward higher 2h values [25].

3.4. Microhardness and wear performance

Fig. 7 shows the microhardness and its distribution measured
on the polished sections of SLM-processed parts. On increasing
the applied g from 180 J/m to 330 J/m, the average microhardness
increased dramatically from 331.9 HV0.2 to 395.8 HV0.2. The
microhardness fluctuation reduced synchronously with the incre-
ment of laser energy input, which is believed to be caused by the
homogenously dispersed microstructural architectures. It is worth
noting that the mean microhardness is almost identical to that
ordinarily smelted Inconel 718 parts followed by heat treatment
(383 HV0.2) as applied g increased to 330 J/m (382.8 HV0.2). Obvi-
ously, the grain refinement and densification behavior are the main
contributions for the enhancement of microhardness. Neverthe-
less, the effect of intermetallic precipitation phase c0 on microhard-
ness should not be ignored. During the additive manufacturing
process, heat was accumulated from the repeated laser radiation
on the powder bed. The previous solidified materials experienced
an aging treatment with the increment of layers, which motivated
the precipitation of c0. Compared with c matrix, the c0 phase has
not only higher strength but different lattice structure, which gen-
erally improved the strength of parts by means of forming lattice
misfits and thus coherent stress [36]. In addition to the preceding
strengthen factors, the incorporation of Ni element in c matrix also
contributed to the increment of microhardness. The negative
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distortion induced by the incorporation of Ni atomics restricted the
dislocation movement and, thereby, increased the microhardness
of SLM-processed parts [37]. In view of the above analysis, the
microhardness of the present Inconel 718 parts was enhanced by
densification behavior, grain refinement, precipitation strengthen-
ing and solid-solution strengthening.

The variations of COFs and wear rates of SLM-processed parts
are provided in Figs. 8 and 9, respectively. It was apparent that
the applied g exerted a key role in influencing the obtainable wear
performance. On increasing g from 180 J/m to 330 J/m, the average
COF decreased slightly from 0.62 to 0.58 and the attendant wear
rate from 9.12 � 10�4 mm3/N m to 7.35 � 10�4 mm3/N m. In addi-
tion, the COF values of the corresponding samples both showed an
apparent fluctuation behavior with increasing sliding time. The
average COF value decreased to 0.49 at a higher g of 300 J/m,
leading to the reduced wear rate of 5.66 � 10�4 mm3/N m. As the
Fig. 9. Wear rates of SLM-processed Inconel 718 parts using different processing
parameters.

Fig. 10. SEM images showing characteristic morphologies of worn surfaces of SLM-proce
300 J/m; (d) 330 J/m.
applied g increased to 330 J/m, the COF declined gradually until a
steady state value of 0.36 was obtained, in which the wear rate re-
duced to the lowest of 4.64 � 10�4 mm3/N m.

In order to have a deep understanding of the frictional and wear
characteristics of the corresponding parts, the morphologies of
worn surfaces are illustrated in Fig. 10. In general, the SLM-
processed Inconel 718 specimens exhibited relatively good wear
performance without any grooves or cracks after friction. Never-
theless, as shown in Fig. 10, the worn surface morphologies varied
greatly from the applied g. At a lower g of 180 J/m, the worn sur-
face was considerably rough with evidence of observed granular
wear debris and delamination (Fig. 10a). Such microstructures
indicated that the specimen experienced severe adhesive wear,
which in turn resulted in a relatively higher wear rate (Fig. 9).
The worn surface became much smoother and free of any abrasive
fragments as g increased to 275 J/m. In this circumstance, a mild
adhesive wear was occurred at the contacts between the specimen
and the GCr15 ball, causing the formation of adhesion tribolayer in
local zone (Fig. 10b). As g was elevated to 300 J/m, the consecutive
adherent tribolayer was observed to be covered on the worn sur-
face (Fig. 10c). When an increased g of 330 J/m was settled prop-
erly, a smooth and dense wear track was formed, showing no
significant fractures on the worn surface (Fig. 10d).

During the wear tests, the counterface ball slid against the sur-
face continuously, whereas the wear performance was primarily
influenced by hardness and related microstructural features of cor-
responding parts [38]. At a lower laser energy density input, the
limited hardness triggered the higher wear rate under the effect
of mechanical shear force between the sliding surfaces. The
marked fluctuation of COF values were attributed to the formation
of coarsened columnar dendrites (Fig. 5a). The wear resistance was
enhanced owing to the refined microstructures (Fig. 5b), as well as
improved hardness (Fig. 7), on increasing the applied laser energy
densities. However, the clustered c dendrites gave rise to the fluc-
tuations of COF values at this circumstance. The formed protective
adherent tribolayer on worn surfaces, as shown in Fig. 10c and d,
made considerable contributions to the further improved wear
ssed Inconel 718 parts at various laser energy densities: (a) 180 J/m; (b) 275 J/m; (c)
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performance of SLM-processed parts. Thus, it was reasonable to
consider that as the input laser energy density increased, the dom-
inant mechanism of material removal during sliding process prob-
ably changed from the sliding friction to the rolling friction, which
produced the self-lubricating ability [39].
3.5. High-temperature oxidation properties

The oxidation kinetic curves of SLM-processed Inconel 718
parts at 1123 K in still air are summarized in Fig. 11. Generally,
the kinetic behavior of the alloy processed at various conditions
followed a parabolic law [40]. The mass gains of all specimens in-
creased linearly in the initial stage (until 10 h), whereas varied dra-
matically in the subsequent oxidation process. As can be seen from
Fig. 11, at a lower g of 180 J/m, the weight gain still increased
markedly until 70 h though the slope of the curve became gentled.
Other specimens, however, showed quite dissimilar tendencies
where the oxidation kinetic curves retained almost parallel to the
time axis with slight increment. Comparing with the previous re-
sults that were focused on the oxidation behavior of Inconel 718
in a cast form [41], the SLM-processed Inconel 718 superalloy fab-
ricated at an optimal 330 J/m in the present study indeed showed
good high-temperature oxidation resistance. However, the high-
temperature oxidation resistance of the samples prepared using
other SLM parameters showed a slight decrease.

In the early process of oxidation, the primary mechanism of oxi-
dation was chemical adsorption while the oxidation rate was con-
trolled by chemical reaction between the sample surface and the
ambient atmosphere [42]. In this case, the oxygen inside the fur-
nace chamber directly reacted with the oxide forming elements
on the sample surface and, thus, facilitating the linear growth of
mass gain with the exposure time elapsing. As the oxidation pro-
cess proceeded, the sample surface was covered by oxidation film
and the dominated oxidation mechanism at present transmitted
from chemical adsorption to diffusion [42]. The oxidation scale
formed on sample surfaces could act as a diffusion barrier that im-
peded the oxygen atoms from combining with oxidizable elements
consecutively. It was therefore deduced that the slightly increased
mass was ascribed to the lower diffusion coefficients within the
later oxidation process [43]. However, the kinetic behavior at
lower g of 180 J/m did not follow the common rule in the later
process of oxidation, which was believed to be caused by peeling
off of oxidation film and the subsequent further oxidation of
exposed fresh sample surface [44]. Further investigations revealed
Fig. 11. The oxidation kinetic curves of SLM-processed Inconel 718 parts at
different processing parameters.
that the spallation may result from the combined effect of internal
stress of oxides scale, which was generated during the cooling pro-
cess of weighting, and the differential thermal coefficient expan-
sions between the oxides scale and substrate. Essentially, the
obtained dense and thin oxidation films could be a function of re-
fined grain size in corresponding parts [45]. According to Wagner’s
theory [46], the critical concentration of external oxidation of ac-
tive elements, such as Cr and Al, were greatly reduced by grain
refinement. Therefore, the formation of dense Cr2O3 film, as a re-
sult of selective external oxidation, protected the substrate from
further oxidation. In addition, the uniformity of microstructures
and relative densities of SLM-processed parts played a significant
role in influencing the oxidation process.
4. Conclusions

The present article reported on the densification, microstruc-
ture and properties of selective laser melting (SLM) processed Inco-
nel 718 parts. The main conclusions were summarized as follows:

(1) The densification response of Inconel 718 parts was con-
trolled by the applied laser energy density. The densification
level was restricted at a relatively lower laser energy den-
sity, due to the occurrence of open-pores and balling effect.
A near-full 98.4% density was achieved as a laser energy den-
sity of 330 J/m was properly settled.

(2) The typical microstructures of SLM-processed Inconel 718
parts experienced successive changes: coarsened columnar
dendrites – clustered dendrites – slender and uniformly dis-
tributed columnar dendrites, on increasing laser energy
density.

(3) The optimally prepared Inconel 718 parts had a uniform
microhardness distribution with an increased mean value
of 395.8HV0.2. A considerably low friction coefficient of
0.36 without any apparent fluctuation and a decreased wear
rate of 4.64 � 10�4 mm3/N m were obtained in sliding wear
tests. The combined influence of elevated microhardness
and the formation of adherent tribolayer contributed to
the improvement of wear performance.

(4) The optimum high-temperature oxidation resistance of
SLM-processed Inconel 718 parts was achieved as applied
laser energy density increased to 330 J/m. The refined micro-
structural architectures were confirmed to be responsible
for the enhancement of high-temperature oxidation prop-
erty with evidence of lower mass gains on the sample
surfaces.
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