
Citation: Xu, J.; Wu, Z.; Niu, J.; Song,

Y.; Liang, C.; Yang, K.; Chen, Y.; Liu, Y.

Effect of Laser Energy Density on the

Microstructure and Microhardness of

Inconel 718 Alloy Fabricated by

Selective Laser Melting. Crystals 2022,

12, 1243. https://doi.org/10.3390/

cryst12091243

Academic Editor: Cyril Cayron

Received: 25 July 2022

Accepted: 30 August 2022

Published: 2 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Effect of Laser Energy Density on the Microstructure and
Microhardness of Inconel 718 Alloy Fabricated by Selective
Laser Melting
Jing Xu 1,†, Zichun Wu 1,†, Jianpeng Niu 1, Yufeng Song 1, Chaoping Liang 2, Kai Yang 3,4, Yuqiang Chen 1

and Yang Liu 1,2,4,*

1 Hunan Engineering Research Center of Forming Technology and Damage Resistance Evaluation for High
Efficiency Light Alloy Components, Hunan University of Science and Technology, Xiangtan 411201, China

2 National Key Laboratory of Science and Technology on High-Strength Structural Materials,
Central South University, Changsha 410083, China

3 College of Engineering, Peking University, Beijing 100871, China
4 Hunan Vanguard Group Co., Ltd., Changsha 410100, China
* Correspondence: liuyang7740038@163.com
† These authors contributed equally to this work.

Abstract: This work focused on the effects of laser energy density on the relative density, microstruc-
ture, and microhardness of Inconel 718 alloy manufactured by selective laser melting (SLM). The
microstructural architectures, element segregation behavior in the interdendritic region and the
evolution of laves phases of the as-SLMed IN718 samples were analyzed by optical metallography
(OM), scanning electron microscopy (SEM), energy dispersive spectrometer (EDS), and electron probe
microanalysis (EPMA). The results show that with an increase in the laser volume energy density, the
relative density and the microhardness firstly increased and then decreased slightly. It also facilitates
the precipitation of Laves phase. The variation of mechanical properties of the alloy can be related
to the densification degree, microstructure uniformity, and precipitation phase content of Inconel
718 alloy.

Keywords: selective laser melting; Inconel 718 alloy; laser energy density; microstructure; microhardness

1. Introduction

Inconel 718 (IN718), a typical precipitation-strengthened nickel-based superalloy, pos-
sesses excellent mechanical properties such as good oxidation resistance, good weldability,
corrosion resistance, high creep resistance, and high fatigue strength at high tempera-
tures [1–4]. It has been widely used in high-temperature components such as turbine
disks, aerospace gas turbine blades, and combustion chambers [5–8]. However, forging
and casting, as the conventional manufacturing processes for IN718 alloy, are difficult for
producing complex integral structures, owing to high density, high melting point, and
severe work hardening [9–11]. Moreover, the higher cost of the traditional machining
methods, which are laborious and time-consuming, leads to a sharp increase in production
cost [5,12]. The emergence of additive manufacturing provides a feasible way to overcome
these disadvantages, which can help reduce material waste to a bare minimum and to
reduce production time for complex parts [13].

Selective laser melting (SLM) has advantages such as high forming precision [14]
and integrated forming of high mechanical properties complex components [15], so it
has become one of the most promising additive manufacturing technologies for metallic
materials [4,16–18]. Due to the rapid cooling rate of the molten pool in the SLM process [19],
near net shape products with fine microstructure and excellent metallurgical strength
can be manufactured layer by layer, such as complex parts manufactured with titanium
alloy [20–22], steel [23,24], superalloys [25,26], and other materials [27–29].
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Currently, many researchers have carried out research on the microstructure and
properties of IN718 by means of SLM, hoping to regulate the microstructure and properties
by adjusting the processing parameters, such as laser power, scanning speed, and scanning
strategies, hatch spacing, and so on. For example, Wang et al. [30] found that the grain
refinement caused by an increase in scanning speed further weakens the anisotropy of
mechanical properties, which is conducive to obtaining a more homogenous microstructure
and a higher production rate for SLM manufacturing. Pan et al. [31] investigated the
independent effects of laser power and scanning speed of SLM on the precipitation and
mechanical properties of identically heat-treated IN718 alloys. Liu et al. [32] studied
the effects of two scanning strategies (single-directional scanning and cross-directional
scanning) on the solidification structure and crystallographic texture of SLM-manufactured
IN718 alloy. Ravichander et al. [33] identified the effect of scan strategy on residual stress
and studied the metallurgical interactions between the mechanical and microstructural
properties within the IN718 superalloy. Wang et al. [34] optimized the process parameters
for selective laser melting of Inconel 718 and further established the relationship equation
between the relative density of SLMed samples and the energy density coupled by laser
parameters. Zhu et al. [35] reported that fine and coarse columnar dendritic microstructure
of as-deposited IN718 superalloy were, respectively, obtained at different laser power and
laser beam diameter and found that the Nb- and Mo-rich Laves phase is formed in the
interdendritic regions, which weakens the mechanical property of the as-deposited IN718
superalloy [8,36–38]. Ma [39] pointed out that with increasing energy input, there was a
dendrite-to-cell transition in the dendritic morphology evolution of the as-DLFed IN718
samples; in addition, the size and volume fraction of the Laves phase at the boundary
between dendrites increased. However, although the laser parameters have been found to
affect the precipitation of IN718 alloy, and the laser energy density was confirmed to control
the microstructure and mechanical properties of SLM-manufactured Inconel 718 alloy, the
relation between the laser energy density, microstructure, and properties has yet been
thoroughly investigated.

Therefore, in this paper, Inconel 718 samples were fabricated by selective laser melting,
and the effect of laser energy density on relative density was discussed. The microstructural
architectures, the element segregation behavior in the interdendritic region, the evolution
of the Laves phases with different volume energy density SLMed IN718 samples were
analyzed. The microhardness of the samples was also measured to further clarify the
mechanical response to the microstructure evolution of the samples at different volume
energy densities. The aim of this study is to provide an insight into the effects of laser
energy density on the microstructure and microhardness of the as-SLMed IN718 alloys.

2. Materials and Methods
2.1. Materials and Experimental Equipment

The gas-atomized commercially available Inconel 718 powder (Avimetal Powder
Metallurgy Technology Co., Ltd., Beijing, China) was used for the present study. The
morphology of Inconel 718 powder was characterized by scanning electron microscope
(Nova Nano SEM230, FEI Co., Ltd., Hillsboro, OR, USA). The size distribution of Inconel
718 powders was measured using a laser particle size analyzer (Mastersizer 3000) (Malvery
Instruments Ltd., Malvern, UK). The chemical composition of Inconel 718 powder was de-
termined by inductively coupled plasma atomic emission spectrometer (ICP-AES) (Thermo
Fisher Scientific Co., Ltd., Waltham, MA, USA). The morphologies and size distributions
of the Inconel 718 powders are presented in Figure 1. The powder particles are spherical
shape with the size of 15–53 µm. The D10, D50, and D90 of Inconel 718 powders were
19.86 µm, 29.56 µm, and 39.42 µm, respectively. The chemical composition of Inconel 718
powder is listed in Table 1. The SLM experiment was carried out by an DiMetal-100 3D
printing machine equipped with a 200 W Yb-fiber laser beam (Guangzhou Lejia Additive
Technology Co., Ltd., Guangzhou, China). Prior to the selective laser melting process, the
powder was dried in vacuum-drying oven at the temperature of 60 ◦C for 4 h, to reduce
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the residual oxygen content and the humidity. During the manufacturing process, argon
gas (99.99% purity) was filled in the working chamber with oxygen maintained below
50 ppm, which is conducive to prevent the powder and melt pool from oxidizing during
SLM processing.
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Figure 1. Morphology (a) and size distribution (b) of Inconel 718 powder.

Table 1. Chemical composition (wt. %) of the Inconel 718 powder.

Elements Ni Cr Nb Mo Ti Al Co Fe

Inconel 718 51.13 19.34 5.14 3.04 0.93 0.58 0.03 Balanced

2.2. Sample Fabrications and Characterization

The Taguchi method was used to optimize the parameters for the SLM Inconel 718
alloy in this study. The experiments were conducted with three controllable five-level
process parameters: laser power, scanning speed, and scanning interval. The process
parameters and their levels are given in Table 2. The design of experiments based on L25
orthogonal array was obtained, as shown in Table 3, using MINITAB statistical software
(version 16). A series of samples with 20 mm × 20 mm × 20 mm cubes were prepared at
above-mentioned different laser energy density by varying laser power, scanning speed,
and scanning interval. The experimental results and associated processing parameter of
SLM-fabricated Inconel 718 alloy process, according to L25 orthogonal array, are shown in
Table 3.

After SLM fabrication, the as-SLMed Inconel 718 alloy samples were cut parallel and
perpendicular to the building direction of the sample using wire electric discharge machin-
ing. The specimens were polished by 2000 grit SiC paper and etched in a solution of 10 mL
HCl + 3 mL H2O2 for 20 s. The microstructure of the as-SLMed Inconel 718 alloy samples
was characterized by optical microscope (Olympus BX51 M) (Olympus Co., Ltd., Tokyo,
Japan) and scanning electron microscope (Nova Nano SEM230) (FEI Co., Ltd., Hillsboro,
OR, USA) using back-scattered mode (SEM-BSE) (FEI Co., Ltd., Hillsboro, OR, USA). The
element segregation and Laves phase elemental distribution were analyzed by electron
probe microanalysis (EPMA, JXA8530F) (Japan Electronics Co., Ltd., Tokyo, Japan).

Table 2. The process parameters and their levers used in this study.

Parameters Level 1 Level 2 Level 3 Level 4 Level 5

A: Laser power (W) 160 170 180 190 200
B: Scanning speed (mm/s) 800 900 1000 1100 1200
C: Scanning interval (mm) 0.06 0.07 0.08 0.09 0.1
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Table 3. Experimental design of L25 orthogonal array and experimental results for relative density.

Runs Laser Power
(W)

Scanning
Speed
(mm/s)

Scanning
Interval

(mm)

Volume Energy
Density
(J/mm3)

Relative
Density

(%)

1 150 800 0.06 104.17 99.12
2 150 900 0.07 79.37 99.26
3 150 1000 0.08 62.50 96.13
4 150 1100 0.09 50.51 95.43
5 150 1200 0.10 41.67 92.28
6 160 800 0.07 95.24 99.68
7 160 900 0.08 74.07 98.33
8 160 1000 0.09 59.26 97.55
9 160 1100 0.10 48.48 94.48
10 160 1200 0.06 74.07 98.62
11 170 800 0.08 88.54 99.57
12 170 900 0.09 69.96 98.63
13 170 1000 0.10 56.67 97.43
14 170 1100 0.06 85.86 99.23
15 170 1200 0.07 67.46 97.55
16 180 800 0.09 83.33 99.15
17 180 900 0.10 66.67 98.02
18 180 1000 0.06 100 99.53
19 180 1100 0.07 77.92 98.92
20 180 1200 0.08 62.50 98.21
21 190 800 0.10 79.17 98.5
22 190 900 0.06 117.28 98.92
23 190 1000 0.07 90.48 99.43
24 190 1100 0.08 71.97 97.88
25 190 1200 0.09 58.64 96.84

The relative density of the SLM-fabricated samples was measured using Archimedes
principle, and the results were presented as a percentage of the Inconel 718 alloy density
(8.24 g/cm3). In order to reduce the randomness of the measurements, five tests were
performed for each sample, and the average of our measurement was used as the value of
the relative density. The Vickers microhardness tests were performed on the polished cross
section using a digital microhardness instrument with a load of 100 g and a dwell time of
10 s. At least three tests were done for each sample, and the averaged measurement was
used as the indicator of the Vickers microhardness.

3. Results and Discussion
3.1. Effect of Laser Energy Density on Relative Density

It is desirable to achieve fully densification in the final part in SLM process, since the
retention of a small amount of porosity will severely degrades the mechanical properties [3].
As a result, the output parameter for this Taguchi experiment is chosen to be the relative
density in this study. The experimental results and associated processing parameter of LPD
process according to L25 orthogonal array were listed in Table 3. For SLM, the scanning
speed and laser power are key factors for part forming [21,40]. The response surface graph
and contour plot, as shown in Figure 2, were obtained to confirm the interaction effects of
laser power and scanning speed on relative density. With a decrease in the scanning speed
or an increase in the laser power, the approximate change of relative density first increased
and then slightly decreased. The interplay between laser power and scanning speed could
be deduced as the determinant factors for the densification process of SLM-fabricated
Inconel 718 alloy. This discovery is similar to the features found in other material in the
previous studies [41–43].
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Volume energy density (Ev) is also a key factor in the densification and significantly
affects the microstructure and mechanical properties of SLM-fabricated Inconel 718 al-
loy [44,45]. The following equation was used to determine the volume energy density (Ev):

Ev =
P

Vht
(1)

where P refers to the laser power (W), V is the scanning speed (mm/s), h represents the
scanning interval (mm), and t is the powder-bed layer thickness, which kept constant as
0.03 mm. Based on Equation (1), the Ev of each sample are listed in Table 3. In addition,
Figure 3 shows the relationship between relative density and volume energy density for
the SLM-fabricated Inconel 718 alloy. As can be seen in Figure 3, low energy density
(<80 J/mm3) leads to a low relative density due to the lack of consolidation, while higher
energy density is beneficial to the density of SLM-fabricated Inconel 718 alloy. However,
when the energy density exceeds approximately 100 J/mm3, the relative density decreases
slightly. This is because the high absorption of heat leads to evaporation of the material.
Consequently, gas pores form in the SLMed sample, which can be observed in Figures 4
and 5. Moreover, there is a certain threshold energy density that gives maximum material
density in Figure 3. It is approximately 80–110 J/mm3 for Inconel 718 alloy fabricated by
the SLM process, and the relative density can reach more than 99%.
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3.2. Microstructure Analysis

In this research, four unique samples of #5, #14, #18, and #22, representing different
Ev levels, were selected from the above-mentioned 25 samples, for the purpose of clearly
explaining the microstructural evolution of as-SLMed Inconel 718 in the following parts.
The laser parameters of these four samples selected were marked in bold, as shown in
Table 3.

To reveal well the microstructural evolution of all the samples fabricated in this
research, the microstructures of these selected four unique samples with different levels
of Ev were studied. Figure 4 shows optical micrographs of these four samples on the
vertical section (X–Z plane), at Evs of (a) 41.67 J/mm3, (b) 85.86 J/mm3, (c) 100 J/mm3, and
(d) 117.17 J/mm3, respectively, which could reflect the microstructural architectures of all
conditions in this study. The morphologies of the molten pools with the shape of the fish
scale and a certain number of pores were observed clearly. It can be seen from Figure 4b–d
that increasing energy density from 85.86 to 117.17 J/mm3 simultaneously increases the
width of the molten pool. Figure 4 also shows the change of the characteristics of pores at
different Evs. The shape of the pores changed from irregular shapes with rough boundaries
to round shapes with smooth edges as the laser energy density increased from 45.46 to
85.86 J/mm3. The amount and size of the pores decreased as well. Obviously, the interface
was clear and free of pores when the Ev reached 100 J/mm3. With further increase in Ev,
gas pores appeared at the Ev of 117.17 J/mm3, as shown in Figure 4d.

Figure 4 also indicates the microstructure of the as-SLMed IN718 samples exists with a
certain number of columnar grains and dendrites, as circled by the black dashed rectangle.
Continuous dendrites, up to even several millimeters in length, grow along the deposition
direction and through several melt pools, as shown in the black dashed rectangle. The
growth direction of the dendrites is not exactly parallel to the building direction, declining
at an angle to the building direction.

The width of the columnar grains ranges from 40 µm to 150 µm. The columnar grains
become smooth and fine at the Ev of 100 J/mm3, while they become coarse and large at
Evs of 85.86 and 117.17 J/mm3. The interface between two adjacent cladding layers is clear
without any change in the columnar grains. For the sample at the Ev of 117.17 J/mm3,
shown in (Figure 4d), the columnar grains are discontinuous. This is believed to be from
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the different microstructure between the bottom region of the melt pool (planar interface
growth) and the other regions (dendrite growth) [46,47].

The microstructures on the X–Y plane of the SLMed samples at different Evs are shown
in Figure 5. A close connection between the densification of the sample and the laser
energy density has been found. At the Ev of 41.67 J/mm3, the insufficient energy input
resulted in poor melt pool fluidity and insufficient filling of the inter-particle voids. This
causes the appearance of many discrete melt pools. Additionally, a lack of fusion among
powders resulted in the formation of large cavities, which were barely recognizable, and
some unmelted particles were trapped in the cavities [48]. The large cavities disappeared.
Meanwhile, as the laser energy density increased from 45.46 J/mm3 to 85.86 J/mm3. Tiny
holes were observed in Figure 5b, and unmelted particles were formed. This is due to
the fact that some gases were trapped in the melt pool when solidification of the pool
occurred, forming small pores [21,49]. When the laser energy density reaches 100 J/mm3,
the melt pool was built up in an orderly manner with good lap from track to layer. As
a result, the as-SLMed Inconel 718 alloy was free of pores. Gas pores still occurred as
Ev up to 117.17 J/mm3, as marked with arrows in Figure 5d. Among the three kinds of
pores, gas pores are the most in quantity and the minimum in size [46,50]. It should be
stressed here that gas pores appear at the laser energy density of 117.17 J/mm3, which will
damage the mechanical properties of sample. We could conclude that increasing properly
the Ev benefits the improvement of densification, but an excessive value is undesirable.
At a higher Ev, strong interactions between layers may result in high thermal stress and
elements evaporation. The appearance of gas pores will eventually damage the mechanical
properties of sample.

The observed microstructural differences indicate a tradeoff between the regions
processed with low energy density and high energy density, which would improve the
mechanical performance.

To further characterize the aforementioned dendritic growth, Figure 6 shows the SEM
micrographs that were taken on the X–Z planes of as-SLMed IN718. As exhibited with the
yellow dashed lines in Figure 6a, the boundary of molten pool can be visibly indicated after
etching. Figure 6b implies that cellular dendrites grown at the boundary of the molten pool
opposite the heat flow inclined away from the building direction at a certain angle. This
leads to dendrites’ growth parallel to the building direction at the center of the molten pool.
The columnar dendrites grow in the direction of the heat flow rather than along the build
direction. The solidification shifts from the cellular crystals at the bottom of the melt pool
to the dendrites above the side of the melt pool. The subcellular tissue in the high energy
input region grows into rough cellular crystals, with the appearance of the remelting zone.
Another part of the grains near the remelting zone grows into columnar crystals, along
the rough interface under the negative temperature gradient. The cellular crystal–dendrite
growth is a typical feature of the solidification mode of IN718 during SLM [51].

Crystals 2022, 12, x FOR PEER REVIEW 9 of 15 
 

 

lular tissue in the high energy input region grows into rough cellular crystals, with the 
appearance of the remelting zone. Another part of the grains near the remelting zone 
grows into columnar crystals, along the rough interface under the negative temperature 
gradient. The cellular crystal–dendrite growth is a typical feature of the solidification 
mode of IN718 during SLM [51]. 

 
Figure 6. SEM micrographs of the as-built sample in the X–Z plane; (a) track–track structures con-
sisting of overlapping area and central fusion area, and (b) dendrites and cellular sub-structures 
contained in the overlapping region. 

The element content of the two areas (black matrix and white segregation phase) 
marked in Figure 6b was analyzed. The dark area (B) was rich in Fe, Cr, and Ni, while the 
white area (A) was rich in Nb, Mo, and Ti, as indicated in Figure 7 and Table 4. The Laves 
phase located in the interdendritic regions of the as-SLMed samples was identified [52], 
This may be a result of segregation during the fast solidification process of the sample via 
SLM. Recalling the microstructures shown in Figure 6, the microsegregations of Nb and 
Ti result in the formation of the brittle intermetallic Laves phase. The appearance of the 
Laves phase will cause a big change in the mechanical properties. For instance, it would 
affect the mechanical strength of the Inconel 718, making the alloy more brittle and easier 
to fracture under external force load [37]. The characteristics of the Laves phase are dis-
crepant at different laser energy densities, as shown in Figure 8. 

Table 4. EPMA quantitative analysis results for the position P1 (A) and P2 (B) of Figure 6b. 

Element (Wt. %) Ni Cr Fe Nb Mo Ti Al 
White area (A) 48.528 17.681 16.974 7.898 3.175 1.259 0.463 
Dark area (B) 49.490 18.714 18.213 5.164 2.882 1.041 0.445 

Figure 6. SEM micrographs of the as-built sample in the X–Z plane; (a) track–track structures
consisting of overlapping area and central fusion area, and (b) dendrites and cellular sub-structures
contained in the overlapping region.



Crystals 2022, 12, 1243 9 of 14

The element content of the two areas (black matrix and white segregation phase)
marked in Figure 6b was analyzed. The dark area (B) was rich in Fe, Cr, and Ni, while the
white area (A) was rich in Nb, Mo, and Ti, as indicated in Figure 7 and Table 4. The Laves
phase located in the interdendritic regions of the as-SLMed samples was identified [52],
This may be a result of segregation during the fast solidification process of the sample via
SLM. Recalling the microstructures shown in Figure 6, the microsegregations of Nb and
Ti result in the formation of the brittle intermetallic Laves phase. The appearance of the
Laves phase will cause a big change in the mechanical properties. For instance, it would
affect the mechanical strength of the Inconel 718, making the alloy more brittle and easier to
fracture under external force load [37]. The characteristics of the Laves phase are discrepant
at different laser energy densities, as shown in Figure 8.
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Figure 7. Cross-section EPMA maps of the SLMed Inconel 718 under different volume energy
densities, including 85.86 J/mm3 (a–a3), 100 J/mm3 (b–b3), and 117.17 J/mm3 (c–c3).

Table 4. EPMA quantitative analysis results for the position P1 (A) and P2 (B) of Figure 6b.

Element (Wt. %) Ni Cr Fe Nb Mo Ti Al

White area (A) 48.528 17.681 16.974 7.898 3.175 1.259 0.463
Dark area (B) 49.490 18.714 18.213 5.164 2.882 1.041 0.445

Figure 7 also shows the magnification of the dendrites and the electron probe micro-
analysis at different Evs. It shows the appearance of the Laves phase and the segregation of
Nb, Ti, and Mo in the interdendritic region. The Laves phase is lighter yellow, as shown in
Figure 7a–c. As the Ev increases from 85.86 J/mm3 to 100 J/mm3, the Laves phase becomes
less and less obvious. With increasing energy density, the Nb element is less segregated,
especially in some interdendritic regions (as shown in the red box). The even distribution
of Mo, Nb, and Ti in the crystal and grain boundaries is observed at an energy density of
100 J/mm3. This indicates that a higher energy density leads to the uniform diffusion of
the elements, causing the decrease in the Laves phase. Moreover, the volume fraction of
the Laves phase and Nb segregation strongly depend on the solidification processes [35].
The faster cooling rate at a higher energy density greatly improves the dendrite growth
rate and solute trapping, so that Nb does not have enough time to diffuse from the solid
phase to the liquid phase. This allows more Nb elements to be trapped in the solid phase
(matrix), while fewer Nb elements are segregated to structure the Laves phase. However,
when the energy density exceeds a critical value, the resulting Nb segregation increases
again. The increase in energy density in turn facilitates the precipitation of the Laves phase
in Inconel 718 prepared by SLM.
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It is known that segregation is a phenomenon largely dependent on time. As a
result, it has a tight connection with the cooling rate [35]. Due to the non-equilibrium
fast solidification conditions that prevail during SLM, the appearance of the Laves phase
easily occurs in as-SLMed IN718 alloy, through the segregation of high atomic diameter
elements such as Nb, Mo, and Ti. Accordingly, the Laves phase is easier to appear in the
interdendritic boundaries at a low energy density or high energy density. In summary,
the proper increase in the volume energy density helps to reduce the precipitation of the
Laves phase, while excessive energy will facilitate the formation of the Laves phase in the
SLM-fabricated Inconel 718.

To further reveal the influence of volume energy density (Ev) on the microstructures
of SLM-processed Inconel 718, Figure 8 shows even higher magnifications on the specific
spots in the structures. Two kinds of dendrites of the as-SLMed IN718 alloys on vertical
section (X–Z plane) were observed at the Evs of (a) 85.86 J/mm3, (b) 100 J/mm3, and
(c) 117.17 J/mm3. At a lower Ev, cellular dendrites with clear boundaries are formed, and
the grains are distributed at a certain angle, as evidenced in Figure 8a,d. At the Ev level of
100 J/mm3, the dendrites’ arrays are refined (Figure 8b), and the directional solidified slen-
der columnar constructures with visible boundaries are observed, as shown in Figure 8e.
At a high Ev, there is no obvious cellular dendrite formed, but large-area particle agglom-
eration occurs. The coarsened and large columnar dendrites are distributed directionally
with a fragmentized characteristic. Disconnected dendrite constructures with incomplete
precipitants at the interdendritic region were exhibited. It is difficult to distinguish a single
dendrite due to its clustering during the fast solidification process in the molten pool,
as shown in Figure 8c,f. The primary columnar dendrites are dispersed at an increased
volume energy density, despite the columnar dendrites being irregularly arranged.

3.3. Microhardness Distribution

Figure 9 shows the microhardness distribution and average microhardness of different
energy densities measured on the polished sections of as-SLMed parts from bottom to
top. Upon increasing the Ev from 85 J/mm3 to 100 J/mm3, the average microhardness
increased from 266.13 HV0.1 to 300.13 HV0.1. This result was mainly due to the appearance
of tiny pores at lower energy densities, which tend to expand the size and number of pores
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under load during the Vickers hardness test. Moreover, the samples with different energy
densities have different standard deviations on measurement, and microhardness measured
by the different positions of the same sample generates a large change during the hardness
test. This large distribution in hardness is caused by the inhomogeneous distribution of
the microstructure [53]. The appearance of fine microstructure for the sample at the Ev
of 100 J/mm3 allows the γ matrix to acquire more Nb elements. It is worth noting that
the morphology and concentration of the Laves phase were found to be the most critical
factors in the microstructure of Inconel 718 alloy [54,55]. The Laves phase is the Nb-rich
phase in the γ matrix (see Figures 7 and 8). Moreover, the addition of Nb promotes the
formation of supersaturated solid solution and enhances the solid-phase strengthening
effect. According to the above analysis, the microhardness of the present Inconel 718 parts
was enhanced by densification behavior, grain refinement, precipitation strengthening, and
solid-solution strengthening.
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4. Conclusions

Inconel 718 samples were fabricated by SLM with different process parameters. The
effects of laser energy density on the relative density, microstructure, and microhardness of
the as-SLMed Inconel 718 samples were analyzed. The following conclusions can be drawn:

1. The relative density firstly increased and then decreased slightly with the increase
in the laser volume energy density. When the laser volume energy density was
100 J/mm3, the material density reached a peak value of 99.53%.

2. When the laser energy density was 41.67 J/mm3, the insufficient energy input resulted
in poor melt pool fluidity and insufficient filling of the inter-particle voids, which
resulted in the appearance of many discrete melt pools. The proper increase in Ev ben-
efited the improvement of densification. However, an excessive value of laser energy
density (117.17 J/mm3) resulted in high thermal stress and elements’ evaporation,
causing the appearance of gas pores, which will damage the mechanical properties of
the sample.

3. When the Ev rose from 85.86 J/mm3 to 100 J/mm3, the microhardness of the In-
conel 718 alloy fabricated by the SLM process firstly increased from 266.13 HV0.1 to
300.13 HV0.1. When the Ev further increased to 117.17 J/mm3, the microhardness
showed a slight decrease to 289.07 HV0.1. The fluctuation of the microhardness was
related to the densification degree, microstructure uniformity, and precipitation phase
content of Inconel 718 alloy.
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