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Abstract
As with all additive manufacturing processes, selecting appropriate process parameters in the laser powder bed fusion 
(LPBF) process plays an important role in the surface integrity and mechanical behavior of Inconel 718 components. Hatch 
distance, laser power, laser scanning speed and layer thickness are the main parameters that can be altered in the LPBF 
process. This study focuses on the role of laser power and scanning speed when hatch distance is larger than laser spot size 
on product properties. This work reveals that LPBF process parameters significantly impact the fabricated Inconel 718 mate-
rial properties. However, although the material properties are enhanced by selecting appropriate process parameters, the 
components need post-processing methods to have the desired properties. Heat treatment was applied as a post-process to 
obtain parts with the desired material properties. The effect of heat treatment applied to the parts fabricated at various laser 
power and laser scanning speeds on the parts’ surface integrity, and mechanical performance is comprehensively presented. 
Determining the details of the interactions of different production parameters with heat treatment is one of the motivations 
of this study. The presented results establish that heat treatment can change specimens’ microstructural aspects. The results 
also show a 10% increase in microhardness and a 14% increase in wear performance of specimens, due to the final state of 
the microstructure after heat treatment.
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1  Introduction

Inconel 718 is a well-known nickel-based superalloy that 
features high strength at high temperatures, high yield 
strength, high fatigue properties, wear resistance, good 

weldability, excellent creep properties, oxidation resist-
ance and great corrosion resistance [1–3]. Owing to these 
properties of Inconel 718, it has large use areas such as tur-
bine blades, combustion chambers, aircraft engines, steam 
generators, fasteners, instrumentation parts, liquid-fueled 
rockets, nuclear reactors, pumps and molds [3–6]. However, 
manufacturing products from Inconel 718 by conventional 
methods (such as the machining process) are challenging 
because of the high rate of tool-wearing, high cutting resist-
ance and low ductility of superalloys. On the other hand, 
Inconel 718 alloys generally have complex geometry and 
thin-walled structures. Using additive manufacturing (AM) 
methods is reasonable to solve this situation. Laser powder 
bed fusion (LPBF) is the most widely used AM method and 
offers many advantages compared to conventional manufac-
turing methods. Such include high geometrical complexity, 
reduction of production steps, low material consumption, 
reduction of lead time and the near-net-shape component’s 
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production with minimal posttreatment or post-machining 
[4, 7]. LPBF-fabricated components may also have disad-
vantages such as high tensile residual stresses, poor surface 
quality, high porosity ratios and low mechanical properties 
due to microstructure [8, 9].

The complexity of the LPBF process affects the micro-
structure of the LPBF-fabricated part and its physical and 
chemical behavior in the melt pool [10, 11]. Several process 
parameters can influence the fabrication process and must 
be carefully adjusted to produce parts without defects such 
as porosity, cracks and altered chemical composition by 
selective vaporization [12]. These process parameters can 
be related to scan (scan speed, hatch spacing, scan strategy), 
laser (laser power, spot size, pulse duration, pulse frequency) 
and powder (layer thickness, particle size, particle shape, 
powder bed density, material properties) [13]. Since the 
selected process parameters affect the energy density, the 
porosity ratio, the dimensions of the cellular and columnar 
grain structures formed in the microstructure of the materials 
vary according to the parameters used. Therefore, the size of 
the grains and the porosity ratio affect the hardness values 
of the materials. Accordingly, the mechanical properties of 
the parts are influenced differently by each LPBF process 
parameter [14–16]. Related to volumetric energy densities 
depend on applying laser power. These changes affect many 
properties, and one of them is the melt pool depth [17]. 
Another process parameter is spot size, which can modify 
via laser focus shift. Studies have shown that when the laser 
spot size increases, the surface roughness decreases, and the 
porosity in the internal structure decreases significantly [18]. 
And parameter related to powder, such as layer thickness, is 
one factor that directly affects surface roughness [19].

Although the poor surface aspect of printed metal compo-
nents, including Inconel 718, is still discussed in AM com-
munity, process duration to fabricate components is also a 
significant factor affecting decision-makers to assess AM 
process’s appropriateness as it directly affects the production 

chain and the cost of the product. Therefore, this study exam-
ines the effect of scanning speed and laser power on material 
surface integrity, mechanical properties and the role of high 
hatch distance. It is well acknowledged that most studies in 
this area to fabricate components made of Inconel 718 pow-
ders prefer to use the hatch distance that is close to spot size 
or smaller [20–24]. Although this study proposes a reverse 
direction, in such cases, much energy density is needed so 
that more power is required. Changing the laser scanning 
speed is another way to adjust the volumetric energy den-
sity. This change also affects production time. Therefore, 
this study tried production with different speeds to serve 
both purposes. Thanks to the determination of the optimum 
process parameters, the surface, subsurface characteristics 
and mechanical properties of the Inconel 718 parts were 
relatively improved. However, these properties are insuffi-
cient because Inconel 718 components are used under high 
temperatures, dynamic loads and extreme conditions [25]. 
For this reason, post-processing operations, also studied in 
the literature, are indispensable [26]. Post-processing meth-
ods such as abrasive flow machining [27], ball burnishing 
[28], drag finishing [29], electropolishing [30], heat treat-
ment [31], etc., are applied to the parts produced by additive 
manufacturing to enhance the material properties. Among 
these methods, heat treatment homogenizes the material's 
microstructure and reduces porosities and tensile residual 
stresses [32]. Although the heat treatment does not affect the 
surface quality, it changes the microstructure and therefore 
greatly affects the mechanical properties [33, 34]. Few stud-
ies in the literature investigate the effect of heat treatment on 
Inconel 718 parts produced with LPBF under various param-
eters [35]. However, there is no study examining the effect 
of heat treatment on Inconel 718 parts produced with LPBF 
under various laser power and scanning speed parameters, 
so more studies are needed in this particular area.

Fig. 1   SEM images showing Inconel 718 alloy powder morphology (500×, 2300×)
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2 � Material and method

2.1 � Powder material

Inert gas atomized pre-alloyed IN718 superalloy powders 
with the stated particle size of 15–45 μm was acquired from 
GE Additive’s AP&C and used in this study. Figure 1 shows 
the morphology of the Inconel 718 alloyed powder particle 
images taken by a scanning electron microscope (SEM). 
Table 1 shows the chemical composition of powder provided 
by AP&C according to UNS N07718 in the case study bro-
chure on GE Additive Machine X Line 2000R.

2.2 � Manufacturing process

Samples are produced using the LPBF method from Inconel 
718 superalloy material in the “EnaVision 3D Additive 
Manufacturing Machine” with the process parameters 
shown in Table 2. This machine has a type of laser with 
max, power of 500 W and a spot diameter of 85 μm. Parts of 
15 mm × 15 mm × 15 mm size are arranged on the base plate 
as shown in Fig. 2a. The strip rotation model under nitrogen 
atmosphere was adopted during the production process as a 
combing strategy. In particular, the scanning direction was 
rotated 90° clockwise for the subsequent layer, as shown 
in Fig. 2b. Based on a series of preliminary experiments, 
the laser power (P) was preset at 145, 190, 235, 280, 325 
and 370 W, and scan speeds (V) were set at 700, 1000 and 
1300 mm/s, as shown in Table 2. The following equation 
gives the relationship between these parameters and energy 
density.

where Ed is the energy density or energy input in J/mm3, P 
is the laser power (W), v is the laser scan speed (mm/s), h is 
the hatch distance (mm) and d is the layer thickness of the 
powder bed (mm)[12]. These variables are shown schemati-
cally in Fig. 2c. This equation has been used to determine 
process parameters in many research [37–41]. However, 
other important parameters affect this energy density even 
though they are not included in the equation, such as build-
ing orientation, scanning strategy, gas flow direction, laser 
offset and laser diameter.

2.3 � Heat treatment

After material characterization of the parts, heat treatment 
was conducted to compare their material properties after 
heat treatment. Heat treatment was carried out in accord-
ance with the AMS 5663 standard [42]. As-built parts were 
heat-treated as follows: to begin with, the components were 
heated up to a temperature of 980 °C for 2 h, holding parts 
at 980 °C for 1 h followed by air cooling rate of 8 °C/min 
to room temperature, then parts were aged at 720 °C with 
the holding time of 8 h followed by furnace cooling rate of 
55 °C/h to 620 °C holding for another 8 h before air cooling 
as shown in Fig. 3.

(1)E
d
=

P

v.h.d

[

J/mm
3
]

Table 1   Chemical composition (wt.%) of IN718 powder [36]

Ni Cr Nb + Ta Mo Ti Al Co Cu C Si Mn Fe

50.0–55.0 17.0–21.0 4.75–5.50 2.80–3.30 0.65–1.15 0.20–0.80 0–1.00 0–0.30 0–0.08 0–0.35 0–0.35 Balance

Table 2   Parameters of the LPBF process and volumetric energy den-
sities of each parameter according to Equation 1

Constant parameters
Hatch distance h, mm: 0.12
Layer thickness d, mm: 0.03
Laser focus diameter fd, mm: 0.085
Recoating time s, sec: 11
Scan strategy: Stripe Rotate 90° Pattern

Laser power
P, (W)

Laser scan speed
V, (mm/s)

The volumetric energy
density (J/mm3)

145 700 57.5
1000 40.3
1300 30.9

190 700 75.4
1000 52.8
1300 40.6

235 700 93.3
1000 65.3
1300 50.2

280 700 111.1
1000 77.8
1300 59.8

325 700 128.9
1000 90.3
1300 69.4

370 700 146.9
1000 102.8
1300 79.1
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2.4 � Characterizations

Specimens were cut with a diamond cutting disc, cold-
mounting in acrylic and polishing using 60, 30 and 
15 µm grit magnetic discs to examine the characteriza-
tion. Specimens were etched using a solution of 15 ml 
HCI, 10 ml glycerol and 5 ml HNO3 in fume cupboards to 
review the microstructure. All measurements were made 
at room temperature. A 3D Keyence VHX-6000 optical 
microscope was used to examine the microstructure and 
porosity. And microstructure was also characterized using 
a Philips XL30 field emission scanning electron micros-
copy (SEM) and X-ray diffraction (XRD) analysis. Bruk-
ers D8 (40 kW, 40 mA)-type X-ray diffractometer was 
used to identify the phases. XRD was operated with Cu 
Kα radiation. Between 20° and 90° were scanned with 
an increment of 0.02° and account time of 1 s. Based 
on the data obtained from the XRD analysis, the formed 
phases are determined, and their effect on the mechanical 

properties of the materials can be interpreted. Values 
obtained from XRD analysis are converted to graphs. 
Depending on the intensity and width of the resulting 
peaks, the changes in the part are interpreted.

2.5 � Microhardness and wear test

The American Society for Testing and Materials (ASTM) 
E 384 standard was followed for the hardness test 
using Future-Tech FM310e. An average of 9 measure-
ments determined the hardness of each specimen with 
a load dwelling time of 15 s, and a testing load of 100 
gf was used. Dry sliding wear tests followed the ASTM 
G133 standard, using the TURKYUS RTW linear wear 
machine. Parts were tested for dry-sliding wear resistance 
before and after heat treatment at suitable room tempera-
ture, against 6-mm diameter tungsten carbide (tungsten 
carbide (WC) 94%, cobalt (Co) 6%) balls using a sliding 

Fig. 2   a Arrangement of parts on the base plate, b scanning strategy and c PBF process main variables

Fig. 3   The heat treatment pro-
cess of additively manufactured 
Inconel 718
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frequency of 2 Hz and a stroke length of 10 mm. The load 
was set at 5 N, and the total sliding distance was adjusted 
to 60 m.

3 � Results and discussion

3.1 � Porosity

Porosity is one of the biggest problems in additive manufac-
turing and significantly affects parts' mechanical properties 
(yield strength, tensile strength, hardness, fatigue) [20, 43]. 
The porosity ratios of as-built and heat-treated parts are pre-
sented in Fig. 4. It is clearly seen that the porosity decreases 
with increasing laser power and decreasing laser scanning 
speed. This result shows agreement with the previous results 
[44]. In as-built parts, the highest porosity rate (17.3%) 
resulting from 145 W (laser power) to 1300 mm/s (scanning 
speed), while the lowest porosity rate (0.6%) resulting from 
370 W (laser power) to 700 mm/s (scanning speed). Porosity 
may occur due to insufficient melting of the powder due to 
low energy density, or powder spatter and evaporation from 
over-melting due to high energy density [45]. Such defects 
reduce the effective load-bearing area perpendicular to the 
layers (building direction) and cause a notch effect, reduc-
ing static and dynamic strength in the building direction 
[46]. In the porosity rates after heat treatment, a decrease 
of 2.2% was determined for the parts fabricated with 145 
W–1300 mm/s, while a decrease of 0.1% was determined for 
the parts fabricated with 370 W–700 mm/s. With the effect 
of high temperature during heat treatment, plastic deforma-
tion and then diffusion of atoms occur in the pores. This way, 

the large pores are reduced in size, while the small pores are 
dissolved in the matrix [35]. In heat-treated parts, the highest 
porosity rate (15.1%) resulting from 145 W (laser power) 
to 1300 mm/s (scanning speed), while the lowest porosity 
rate (0.5%) resulting from 370 W (laser power) to 700 mm/s 
(scanning speed).

LPBF process was carried out in an inert gas (argon) 
atmosphere. The inert gas dissolved in the melting pool dur-
ing production cannot leave the melting pool due to the high 
solidification rates, and the trapped gas bubbles produce 
metallurgical porosity in the parts [47]. According to previ-
ous studies, the high temperature caused by the increase in 
energy density causes low viscosity of the liquid and accel-
erates the movement and fluidity of the molten metal, so 
that the liquid metal flows and fills the pores easily [48, 49]. 
When the laser energy input is too low, large irregular pores 
are formed due to the high viscosity.

It is possible to say that the pores of the parts decrease 
after heat treatment. At low laser power and high laser scan-
ning speed, the resulting porosity increases due to partially 
molten and entrapped powder particles that adhere to the 
outer edges of the solidified melt pool. This phenomenon 
is known as “satellite formation” or “hillocks” [50, 51]. 
These defects mainly occur when the powder particles are 
not given sufficient time or heat to penetrate the melting pool 
before solidification [52]. Another significant finding is the 
pores, which are very common in low-density parts, cause 
cracks starting from the edges of the coupon parts. Pore 
and crack formation are attributed to high tensile residual 
stresses in the literature [53]. A nearly nonporous struc-
ture was observed at high laser power, low laser scanning 
speed. Nevertheless, it should be noted that a few minor 

Fig. 4   Porosity rates of as-built 
and heat-treated (+ HT) parts 
fabricated under different laser 
power and scanning speeds
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imperfections are still visible. The pore seen as a very nar-
row crack may have occurred due to sample polishing and 
etching [54].

In this study, the hatch distance in the LPBF process 
was taken higher (120 µm) than the values in the literature. 
As the hatch distance increases, the distance between the 
melted powders will increase, so a full overlap could not be 
achieved; the energy density decreases and the lack of melt-
ing increases the porosity [55]. Since the hatch distance is 
higher than the laser focus diameter, the overlap of the melt-
ing regions in the surface layers is determined by the laser 
power and laser scanning speed, which are other parameters. 
However, in the studies in the literature, it has been reported 
that very high energy density causes the powder to spatter on 
the surface of each layer, and thus this situation closes the 
defects in the next layer and creates closed pores [56]. At the 
same time, the high energy density can create a keyhole with 
the recoil momentum produced by the evaporating metal 
[57]. In some studies, it has been stated that the effect of 
hatch distances on porosity can be minimized by optimizing 
the parameters of layer thickness, scanning strategy, laser 
power and laser scanning speed [58]. Thus, a homogeneous 
structure can be created at high scanning distances thanks to 
the large enough melting pools. On the other hand, the same 
study stated that low scanning distances lead to remelting, 
which did not significantly reduce the porosity level.

3.2 � Microstructure

The microstructure of Inconel 718 parts produced by the 
LPBF process consists of cellular dendrites and colum-
nar dendrites [2]. Figure 5 shows cellular dendritic struc-
tures and columnar grain structures. It is observed that the 
increase in the volumetric energy density due to the increase 
in laser power at the same laser scanning speed creates a 
more homogeneous melting pool structure up to a certain 
level, and then irregular melting pools are formed with the 
further increase in laser power. In addition, this increase in 
volumetric energy density results in more tightly connected 
cellular dendritic structures [59].

The hatch distance significantly affects the microstruc-
ture of the parts, as it plays an important role in the thermal 

cycling of successive layers [60, 61]. Low hatch distance 
causes the melting pools to overlap, causing remelting of 
the previously solidified layer, resulting in high-temperature 
gradients. Due to these high temperatures, columnar grain 
structures in the microstructure are formed more densely and 
residual stress ratios increase [62]. Optimum laser power, 
scanning speed, layer thickness and scanning strategy should 
be chosen to minimize the disadvantage of the high hatch 
distance and make the melting pools and columns closer to 
each other and homogeneous [53].

The variation in the depths of the melting pools accord-
ing to the laser power by keeping the laser scanning speed 
(1000 mm/s) constant and the variation according to the 
laser scanning speed by keeping the laser power (370 W) 
constant is presented in Fig. 6. It is clearly seen that the 
melt pool depth increased at higher laser power levels and 
decreased at higher scan speeds. As reported by previous 
researchers, this result shows that the depth of the melt-
ing pool varies depending on the energy density [5]. As 
the energy density increases, the depth of the melting pool 
increases. However, it should be noted that the continu-
ous increase in the depth of the melt pool is not desirable, 
in regions where the laser beam's intensity is particularly 
high, the resulting melt pool can exhibit deep penetration 
and defects such as keyhole in the microstructure [59, 63]. 
Besides, at high scanning speeds, the depth of the melt pool 
becomes less due to the lower penetration of the laser power. 
In addition, high scanning rates can cause weak bonding and 
interlayer gaps. Therefore, defects such as keyholes form in 
the microstructure of the parts [59].

SEM images of the parts produced with differ-
ent laser power and scanning speeds are presented in 
Fig. 7. In order to better understand the effects of both 
production parameters and energy densities on mate-
rial properties, the part fabricated under 4 differ-
ent parameter sets (145W–1300  mm/s = 30.9  J/mm3, 
190W–700 mm/s = 75.4 J/mm3, 370W–1300 mm/s = 79.1 J/
mm3, 370W–700 mm/s = 146.9 J/mm3) was selected. In the 
images, blue arrows indicate cellular dendritic structures, 
yellow arrows indicate columnar grain structures and red 
arrows indicate equiaxed grain structures. These structures 

Fig. 5   Microstructure images of 
as-built parts fabricated under 
1000 mm/s scanning speed and 
different laser powers (145–
280–370 W)

145W-1000 mm/s 280W-1000 mm/s 370W-1000 mm/s

: Columnar Grain Structure      : Cellular Dendritic Structure
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are separated from each other by the grain boundaries indi-
cated by the dashed line [64].

It is noted that the growth direction of the columnar struc-
tures varies in different regions, as indicated by the yellow 
arrows in the microstructure of the parts produced at 190 
W, 370 W laser power and 700 mm/s speed. This indicates 
that the temperature field inside the melting pool is complex, 
even though the overall heat flow direction is approximately 
parallel to the built direction [65]. It is clearly seen that the 
formation of columnar structures becomes more prominent 
at low speeds. This is due to the longer contact time of the 
laser beam with the powder at low speeds. In addition, the 
direction of the columnar structures in part produced with 
370 W–700 mm/s is more balanced, and this is because the 
melting is better, and the heat flow is more balanced with 
the increase in energy density [65]. The grains transformed 
into columnar grains along the built direction in regions 
with high laser energy input. In contrast, in regions with low 
energy input, the grains grew in equiaxed grain structures. 
Under higher energy input, a higher temperature gradient 
facilitated columnar grain growth [66]. As for regions with 
low energy input, the temperature gradient is smaller. The 
metals in the previous layer were not sufficiently remelted. 
This leads to the formation of equiaxed grains [67, 68]. 
Besides, it can be concluded that as the energy density 
increases, coarser cellular dendritic structures are formed 
[66].

SEM images of the heat-treated parts fabricated under 
different laser power, and scanning speeds are presented 
in Fig. 8. Based on these results, the heat treatment sig-
nificantly affects the microstructure of the parts. Melt pool 
boundaries, cellular dendritic structures and columnar grain 
structures in the as-built parts have completely disappeared, 
and grains and grain boundaries have formed instead. In the 
images, white arrows indicate Laves phase particles, yellow 
arrows indicate γ′, γ″ phases and red arrows indicate δ phase. 
In the SEM images of the heat-treated parts, Laves phase 
particles, indicated by white arrows, are seen as dispersed 
within the grain and along the grain boundaries. Laves phase 
is rich in Nb, Mo and Ti elements, while dendritic regions 
are rich in Ni, Fe and Cr elements [69]. During the heat 
treatment, the Laves phase dissolves, and the Nb element 
is released, forming the γ″ phase in the matrix. However, 

in this study, large amounts of undissolved Laves particles 
were observed after the heat treatment, as seen in previous 
studies [70]. It is seen that these particles are more common 
in parts produced with low laser power (145 W) and high 
scanning speed (1300 mm/s) parameters. The fact that Laves 
phases are observed at the parameter 145W–1300 mm/s 
at the most, proves that the mechanical properties of the 
parts are lower than those produced with other parameters. 
When the scanning speed is kept constant at 1300 mm/s 
and the laser power is increased to 370W, it is observed 
that γ″ phases are formed due to the increase of γ′ and Nb 
elements besides Laves particles [71]. It is seen that after 
the heat treatment of the piece produced with the parameter 
190 W–700 mm/s, the needle-like δ phase is formed sig-
nificantly, and the γ′ phase is reduced. This indicates that 
the part's strength is lower than the part produced with 370 
W–1300 mm/s. Because the conversion of the γ″ phase to 
the δ phase reduces the strength of the part [72]. After the 
heat treatment was applied to the part produced with 370 
W–700 mm/s, it is possible to say that Laves and δ phases 
are not seen, but only γ′, γ″ phases. These phases greatly 
improve the material's mechanical properties by hindering 
the movement of dislocations [65, 73].

Figure 9 compares XRD patterns of as-built and heat-
treated Inconel 718 parts fabricated under different param-
eters. According to the XRD analysis of the as-built parts, 
no phase was formed from the taenite (Fe, Ni) phase. Vari-
ations in peak intensities are related to the microhardness 
of the parts. Parts produced at different energy densities 
have the same phase distribution (ɣ and ɣ″ phases). XRD 
patterns have higher peak intensity in the (111) texture 
than in the (200) texture. Microstructures that can recrys-
tallize and transform into ɣ” phases caused an increase 
in peak intensities in the (200) texture. When the XRD 
results of the parts produced with 700 mm/s scanning 
speed and 190 W and 370 W laser powers are examined, it 
is seen that the peak intensity in the (200) texture is higher 
when the laser power is high. With increasing scanning 
speeds (from 700 to 1300 mm/s) at 370 W laser power, the 
peak intensity decreased in the (200) texture.

In XRD analysis of heat-treated parts, nickel–chromium 
oxide (NiCrO3) phase was also found in addition to the 
taenite phase. Oxide structures occur in heat treatment 

Fig. 6   Melting pool depths of 
the LPBF parts fabricated under 
different production parameters
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applications of parts at high temperatures as no inert gas 
is used during heat treatment [74]. When the XRD analy-
sis of the heat-treated parts was examined, a differently δ 
(211) (Ni3Nb) peak was formed [75, 76]. The formation 
of the δ-phase occurs after solution heat treatment [7]. 
The δ phase did not occur in as-built parts due to the high 
cooling rate and low Nb content [7]. It is known that the 
δ phase is present in the microstructure of as-built parts, 
but due to its small size, it could not be detected in XRD 
analyses before heat treatment [76]. In the parts after heat 

treatment, it is seen that the peak intensities (111) texture 
increase and peak intensities (200) texture decrease with 
the effect of the solution heat treatment [77].

3.3 � Microhardness and wear test

Microhardness variations of LPBF as-built and heat-
treated Inconel 718 parts are presented in Fig. 10. As 
observed, with the increase in laser power and decrease 
in laser scanning speed, microhardness values of the parts 

Fig. 7   SEM images of as-built 
Inconel 718 parts fabricated 
under different parameters 
(1000×, 2000×)
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increase. Before heat treatment, the highest microhard-
ness value (352.87 HV) was obtained under the condi-
tions of 370 W laser power, 700 mm/s laser scanning 
speed and the lowest microhardness value (327.32 HV) 
was obtained under the conditions of 145 W laser power, 
1300 mm/s laser scanning speed. After solution treatment 
and aging heat treatment, the microhardness value of each 
part increased by nearly 10%. This variation in hardness is 
attributed to the grain size reduction in the microstructure. 
This situation shows good agreement with the literature 

[78]. It is obvious that although the main reason for these 
changes in microstructure is laser power, the scanning 
speed is an important factor as it affects the exposure time 
of the melting zone to laser power. Higher cooling rates 
cause larger residual stress in parts fabricated by LPBF, 
so the hardness of the parts can be reduced [79, 80]. It 
should also be noted that test points near the pores exhib-
ited lower microhardness values than those tested in other 
regions [81, 82]. This proves that high energy inputs lead 
to relatively higher hardness.

Fig. 8   SEM images of heat-
treated Inconel 718 parts fabri-
cated under different parameters 
(5000×, 10000×)
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During production with LPBF, heat accumulates in the 
material due to repeated laser melting in the same area. 
Therefore, with the aging process, the γ' (body-centered 
tetragonal, BCT) precipitate phase begins to occur in the 
previously solidified layers. This phase, which has a BCT 
structure, increases the rigidity of the part.

Defects such as gas pores that occur under the surface 
of the parts during production due to insufficient melting 
times or laser powers significantly affect the microhard-
ness values of the parts [83]. Obviously, with the increase 
of energy density, the porosity and defects decrease, the 
density of the parts is high and homogeneous under the 
surface, and this situation causes the microhardness values 
of the parts to be high [84]. Although grain refinement and 
precipitation in the microstructure of the parts accord-
ing to the production parameters help to improve the 

hardness of the parts produced with LPBF, heat treatment 
is required to improve the hardness [85]. The nano-sized 
γ′, γ″ phases and needle-shaped δ phase formed after heat 
treatment are the main reasons for the parts to reach high 
microhardness values. In addition, the high microhardness 
values are due to grain refinement and phase formation 
after heat treatment [85, 86].

Three-dimensional topography images of the wear 
traces taken by the optical microscope are presented in 
Fig. 11. In order to better compare the effect of production 
parameters and heat treatment on the wear performance 
of the parts, four different production parameter sets were 
selected. Among the as-built parts, it is seen that the maxi-
mum (48.43 µm) wear depth occurs in part produced with 
145 W–1300 mm/s, and the lowest wear depth (36.65 µm) 
occurs in part produced with 370 W–700 mm/s. After the 

Fig. 9   Comparison of XRD pro-
files of as-built and heat-treated 
(+ HT) LPBF-ed Inconel 718 
samples

Fig. 10   Microhardness values 
of as-built and heat-treated 
(+ HT) Inconel 718 fabricated 
under various laser power and 
scanning speed
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heat treatment, a decrease of approximately 22% was deter-
mined for each parameter set in the wear depths.

Figure 12 shows the wear profiles of as-built and heat-
treated Inconel 718 parts produced under different laser 
power and scanning speed. In the literature, the wear 
performance of materials is widely known to be associ-
ated with hardness. It is a well-known fact that increased 
hardness of material results in increased wear resistance 
of material [74]. The 7% increase in the hardness of the 
parts produced under different production parameters, 
and the 10% increase after heat treatment improved the 

wear resistance of the parts. The part produced with the 
370 W–700 mm/s parameter has the highest wear per-
formance due to the minimum porosity and crack ratio 
[87]. Additionally, the γ′, γ″ phases formed in the micro-
structure of this part fix the grain boundaries and prevent 
boundary slippage [88]. This had a positive effect on the 
wear performance of the part. Residual stresses on the 
surface are lower in parts produced with the parameter 
370 W–700 mm/s. High residual stress values cause crack 
formation in parts, which negatively affects wear perfor-
mance. The reason for the significant improvement in 
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Fig. 11   3D wear topography images of LPBF as-built and heat-treated Inconel 718 parts
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wear performance after heat treatment is the 96% reduc-
tion in residual stress values [89].

The wear volume was calculated using Eq. 2 defined 
below [90, 91]:where V, L, w and r are the wear volume 
(mm3), the stroke length (mm), the width of the wear 
track (mm) and the radius of the carbide ball (mm), 
respectively.

The wear rate formula is given below:

k (mm3/Nm) is the specific wear rate, F (N) is the applied 
normal force and s (m) is the total sliding distance.

The specific wear rates of LPBF as-built and heat-
treated Inconel 718 parts are presented in Fig.  13. 
Before heat treatment, the highest specific wear rate 
(7984 × 10–4 mm3/Nm) was obtained under the conditions 
of 145 W laser power, 1300 mm/s laser scanning speed 
and the lowest specific wear rate (6215 × 10–4 mm3/Nm) 
was obtained under the conditions of 370 W laser power, 
700 mm/s laser scanning speed. After solution treatment 
and aging heat treatment, the specific wear rates of the 
parts decreased by 5–14%.

The highest wear resistance occurs in the parts pro-
duced with parameters with high energy density, and the 
lowest wear resistance occurs in parts with parameters 
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with low energy density. After the heat treatment applica-
tion, it is clearly seen that the wear resistance increases at 
the same rate as the increase in the microhardness of each 
of the parts. After heat treatment, strengthening phases (γ′ 
and γ″ phase) were formed, which reduced the shear force 
caused by sliding during the wear test and increased wear 
resistance, and an increase in wear resistance was observed 
in the parts [75, 92].

4 � Conclusions

This study presents the effects of different laser power and 
laser scanning speeds and heat treatment on material proper-
ties of Inconel 718 parts fabricated under high hatch distance 
by the LPBF method. The results obtained as follows;

•	 Before heat treatment, the highest porosity rate of 
17.3% was obtained in the part produced with the high-
est scanning speed and the lowest laser power (145 
W–1300 mm/s), and the lowest porosity rate of 0.6% was 
obtained in the part produced with the lowest scanning 
speed and the highest laser power (370 W–700 mm/s). 
After the heat treatment, it was observed that the pore 
ratio of the parts decreased slightly. Heat treatment 
changes the parts' internal grain structure and micro-
structure, thus reducing their pores and increasing their 
density.

•	 According to the microstructure analysis, good stacking 
of the melting pools was observed in the regions with 
high energy input, while the irregularity of the melt-
ing pools between adjacent layers was observed under 
low energy input. It has been observed that the depth of 
the melt pool increases in direct proportion to the laser 

Fig. 12   Wear profiles of as-built 
and heat-treated (+ HT) Inconel 
718 parts fabricated under dif-
ferent parameters
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power when the scanning speed is constant, and the melt 
pool depth decreases when the laser power is kept con-
stant and the scanning speed is increased. Additionally, 
the microstructure of Inconel 718 parts produced by 
the LPBF process consisted of cellular dendritic struc-
tures (cellular dendrites) and columnar grain structures 
(columnar dendrites). After the heat treatment, the melt-
ing pools completely disappeared and γ′, γ′′ and δ phases 
were formed, as shown by SEM images.

•	 When the XRD results of the parts produced with 
700 mm/s scanning speed and 190 W, 370W laser pow-
ers are examined, it is seen that the peak intensity in the 
(200) texture is higher when the laser power is high. With 
increasing scanning speeds (from 700 to 1300 mm/s) at 
370 W laser power, the peak intensity decreased in the 
(200) texture. From these results, it was understood that the 
effect of laser scanning speed and laser power on recrystal-
lization is inevitable. The formation of γ′, γ′′ and δ phases 
after heat treatment was also supported by XRD analysis.

•	 It was concluded that the microhardness values of Inconel 
718 parts increased with the energy density increase. 
After heat treatment, the microhardness value of each 
part increased by about 10%.

•	 Among the as-built parts, it has been determined that the 
highest wear resistance occurs in the parts produced with 
parameters with high energy density, and the lowest wear 
resistance occurs in parts produced with parameters with 
low energy density. After the heat treatment application, 
it was clearly seen that the wear resistance increased at 
the same rate as the increase in the microhardness of each 
of the parts. Considering the changes in microhardness 
and wear resistance, it has been understood how sensitive 
the mechanical properties are to microstructural changes.

Thanks to this study, it has been understood that by apply-
ing a high hatch distance and choosing optimum production 
parameters, parts close to the desired properties in the indus-
try can be produced faster, and the mechanical properties 

can be improved by the applied heat treatment, reducing the 
need for post-processing methods, thus it will be economi-
cally beneficial. Nevertheless, post-processing methods are 
inevitable for parts working under harsh conditions.
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