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Abstract 

The Inconel 718 superalloy (IN718) was fabricated by selective laser melting (SLM) 

successfully in this work. The optimization of process parameters and  effects  of 

three heat treatment processes on the microstructures and mechanical properties of 

samples were also systematically investigated. The relationship equation between 

relative density (RD) of SLMed samples and energy density (ED) coupled by laser 

parameters was determined. After the solution aging (SA) heat treatment, a large 

amount of needle-like δ phases precipitated and the precipitation of ultrafine spherical 

γ'/γ'' strengthening phases as well as complete recrystallization appeared after 

homogenization + solution aging (HSA) heat treatment. The overall performances of 

SLMed IN718 samples were improved significantly using the HSA treatment, with the 
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increase of tensile strength from 946MPa to 1570MPa. 

Keywords: Inconel 718 superalloy; selective laser melting; heat treatment; 

microstructural evolution; mechanical properties 

1 Introduction 

IN718 is an aging strengthened superalloy based on γ phase (austenite) matrix, which 

is strengthened by γ' phase [Ni3(Al, Ti)]/ γ'' phase (Ni3Nb, D022) and δ phase (Ni3Nb, 

D0a), and Laves phase [(Ni, Fe, Cr)2(Nb, Mo, Ti)] is also contained. IN718 has become 

a great candidate material for aerospace jet engine, turbine blades and some other 

elevated temperature components due to a combination of excellent creep performance, 

oxidation resistance and hot corrosion resistance [1-3]. With high quality requirements 

in modern industry, it is difficult for traditional processing methods such as casting and 

forging to obtain IN718 components with geometrically complex structures and high 

dimensional accuracy [4-6]. Hence, it is critically significant to develop a novel 

processing technique for near net shape forming of IN718 with geometrical complexity 

and high performance.  

SLM is an important additive manufacturing (AM) technology that uses the high-

energy laser beam to melt powders layer by layer and fabricate three-dimensional parts, 

which possess superior advantages such as high geometrical complexity, high material 

utilization and high flexibility compared with conventional technique [7-9]. Therefore, 

there is tremendous interest in fabricating IN718 via SLM, and numerous works have 

been carried out on the microstructures and corresponding mechanical properties of 

SLMed IN718 [10-12]. Currently, the major challenges of SLMed IN718 have focused 
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on difficulty in determining the process window owing to plenty of parameters and 

difficulty in achieving high performance of SLMed IN718 due to the ultrafast cooling 

rate and layer by layer fabricating characteristic during SLM process. 

Parameter optimization and subsequent heat treatment are usually adopted with SLM 

processing of IN718 to effectively improve the overall performance of IN718 

components [13-15]. Li et al. used SLM technique to manufacture IN718 under 

different laser parameters (laser power and scanning speed), and the results showed that 

the geometry of molten pool and defect behavior were clear-cut related to the 

processing parameters [16]. Furthermore, more precipitation of brittle Laves phase [(Ni, 

Cr, Fe)2(Nb, Mo, Ti)] under higher laser power could lead to the decrease of tensile 

strength. Liu et al. focused on the effect of ED on mechanical properties of SLMed 

IN718. With the decrease of ED, the aspect ratio of the columnar grains became lower, 

and the tensile strength as well as elongation decreased correspondingly [17]. Due to 

the high solidification rate during SLM process, the precipitation of main strengthening 

phases γ'/γ'' is restrained. On the contrary, Laves phase is apt to precipitate in the 

subgrain boundaries owing to the high segregation of element Nb, Mo and Ti between 

dendrites, as stated by Calandri et al. [18]. Thus, SLMed IN718 is supposed to be heat-

treated, which could dissolve undesirable phases and eliminate original solidification 

structures, so as to obtain better mechanical properties. Schneider et al. evaluated the 

effects of various heat treatments on the microstructures and mechanical properties [19]. 

After the homogenization and double aging heat treatment process, the fish-scale 

structures transformed to refined columnar crystal structures, and the highest tensile 
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strength of IN718 samples was 1395.7MPa along with elongation of 23.61%. 

According to Ma et al., laser power, scanning speed and overlap rate are the most 

important process parameters for SLM technique [20]. There seems to be lack of 

comprehensiveness about the optimization of single parameter, and the coupling effects 

among multiple parameters cannot be ignored. Moreover, under the specific service 

conditions of high temperature and excessive wear, the tensile strength along with 

elongation cannot fully determine whether the IN718 samples meet design 

requirements, and more characterizations of the mechanical properties are of critical 

importance. In this paper, the parameters of laser power, scanning speed and overlap 

rate were optimized with respect to RD of SLMed IN718. Heat input in SLM technique 

can be quantified by ED, which is defined as a function of three parameters, and the 

relationship between ED and RD of SLMed samples was determined and verified. 

Additionally, three heat treatment processes were designed to obtain optimal properties, 

and the effects of heat treatment on the microstructural evolution and mechanical 

properties of SLMed samples were investigated. 

2 Experimental methods 

2.1 Material 

  The IN718 aerosolized spherical powders were used in this study with the particle 

size ranging from 17 to 54μm. The bulk density of IN718 powders is 4.35g/cm3, and 

the chemical compositions are listed in Table 1. Fig.1 shows the microscopic 

morphology, particle size distribution and the X-ray diffraction (XRD) analysis results 

of IN718 powders. It can be concluded that the main phase constitutions of the powders 
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were (111), (200), (200) and (311) plane of γ (Ni-Cr-Fe) phase with face-centered 

cubic(FCC) structure [5]. 

Table 1 Chemical compositions of IN718 powders. 

Elements Cr Fe Mo Nb Al Ti Mo Ni 

wt.% 18.03 17.84 2.82 5.26 0.45 1.02 0.22 Bal 

 

Fig.1 (a) Spherical morphology of IN718 powders; (b) Particle size distribution; (c) 

XRD results of the IN718 powders. 

2.2 SLM process 

  SLM process was carried out on a NCL-M2120 SLM metal printing machine 

equipped with a Yb-fiber laser source with the maximum power of 200W. In addition, 

the laser focus spot diameter was 40μm, and the maximum scanning speed was 7m/s. 

Besides, the SLM substrate was pre-heated to 180oC, and the forming process was 

performed in a high-purity argon atmosphere. The laser scanning strategy was shown 

in Fig.2, which was stripe strategy [21] with the 67o interlayer rotation and 4mm of each 

stripe area. In order to optimize main processing parameters (laser power, scanning 

speed and overlap rate) of SLMed IN718 and conduct mechanical performance tests, a 

series of samples with dimensions of 6×6×6mm3 (samples for hardness test), ø20×ø 

20×3mm3 (samples for wear resistance test) and standard tensile samples were 
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fabricated, as shown in Fig.3. After that, the SLMed IN718 samples obtained with the 

optimal parameters were executed using different heat treatment processes shown in 

Table 2 [22, 23].  

Table 2 Heat treatment of SLMed IN718. 

 

 

Fig.2 Schematic diagram of stripe scanning strategy. 

Label Heat treatment procedure 

Double aging (DA) 
720oC×8h/furnace cooling (cooling rate 50oC /h) to 620oC 

×8h, air cooling 

Solution + double 

aging (SA) 

980oC ×1h/water cooling+720oC ×8h/furnace cooling 

(cooling rate 50oC /h) to 620oC ×8h, air cooling 

Homogenization + 

solution + double 

aging (HSA) 

1080oC ×1.5h/air cooling +980oC ×1h/water cooling+720oC 

×8h/furnace cooling (cooling rate 50oC /h) To 620oC ×8h 
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Fig.3 (a) Final parts for the hardness testing, wear testing and tensile testing; (b)The 

schematic of SLM-fabricated samples. 

2.3 Microstructural analysis and properties measurement 

  Microstructural analysis and fracture morphology were analyzed using optical 

microscope (OM, ZEISS Scope AI) and scanning electron microscope (SEM, 

TESCANVEGA3) equipped with energy dispersive spectroscopy (EDS). The phase 

constitutions were determined by X-ray diffraction (XRD, D/Max 2500PC) using Cu 

Kα1 radiation, and the scan speed was 4°/min along with the scanning angles from 30o 

to 120o. The size and distribution of grain were analyzed by Electron Back-scattered 

Diffraction (EBSD) with the help of Channel5 software. The RD of SLMed IN718 

samples was determined by BSM220 electronic density balance based on the 

Archimedes principle. The hardness of the samples was measured using Vickers 

hardness testing machine (HVS-1000ZDT) with the load of 200 g and holding time of 

10s. The tensile test was performed on the MIS8/0.22M electron-hydraulic servo testing 
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machine at a constant strain rate of 0.5mm/min. The depth and width of wear scale were 

measured by CSM wear testing machine. A 6-mm-diameter Al2O3 ceramic ball was 

taken as the counterface material, using a test load of 8 N. Each data point of mechanical 

property test was the average value of three samples under the same conditions. 

3. Results and discussion 

3.1 Formability of SLMed IN718 and process parameter optimization 

3.1.1 Single track formation of SLMed IN718 

  In order to investigate appropriate process parameter window for good formability, 

the single track SLMed IN718 samples were carried out via various laser scanning 

speeds (50mm/s-1800mm/s) and laser powers (90W-195W), which were reflected in 

Fig.4. It can be found that when the laser power and scanning speed were within the 

range of 120-180W and 300-1300mm/s respectively, the samples with good formability 

were obtained. 

 

Fig.4(a) The formability of single track SLMed IN718 with different process 

parameters; (b) High formability single track SLMed IN718. 

As demonstrated by Wang et al., peak temperature of a Gaussian shaped laser source 

is proportional to P/v1/2 (v is the scanning speed and P is the laser power), which could 
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affect the heat input during the SLM process and alter the width and depth of the laser 

molten tracks [24]. The top surface morphology of single track SLMed samples under 

various laser parameters are shown in Fig.5. The results showed that when the laser 

power was low or the scanning speed was high, the heat input was too insufficient to 

melt all the powders, which led to high viscosity of melt liquid, as revealed by Xu et al. 

[25] and then resulted in humping tracks. While the laser power was increased to 180W 

or the scanning speed decreased to 300mm/s, the spatter phenomenon of molten 

droplets appeared, and the width of molten tracks was large due to the high heat input. 

Therefore, laser power and scanning speed are essential process parameters to 

determine the formation quality of SLMed IN718. Mohamed et al. conducted a single 

track forming test of SLM-fabricated IN718, and the results showed that the ratio of 

laser power to laser scanning speed was a key factor to measure the formability of 

SLMed IN718 [26], that is, the linear energy density (LED), which can be described 

with the Equation (1), as demonstrated by Yi et al. [27]: 

/E P                                (1) 
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Fig.5 Comparison of single track SLMed samples with different process parameters: 

(a) 120W; (b) 135W; (c) 150W; (d) 180W. 

Fig.6 shows the cross-section morphologies of single track SLMed IN718 samples 

along the building direction (BD) with various LED. The typical fish-scale morphology 

was observed in the SLMed IN718 samples, which was corresponding to the Gaussian 

energy distribution for the laser focus spot. With the increase of LED, the depth and 

width of the molten tracks were relatively increasing. Meanwhile, the molten metal in 

the center with a fast heat dissipation rate was prone to undergo multiple 

recrystallizations, and then grew along the BD in the form of cellular grains, passing 

through the multi-layer molten tracks, which showed similar phenomenon with Li et al. 

[28]. Additionally, the size of the cellular grains was much smaller than that of the edge 

dendrites, and the boundary of the two regions as well as several micro-pores could be 
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clearly seen. The depth and width of the molten tracks were relatively decreasing with 

lower ED, and only the adjacent molten tracks were thermally affected along with 

relatively uniform microstructures, which was consistent with Yang, H. et al.’s work 

[29]. 

 

Fig.6 The cross-section morphologies of single track SLMed samples with various 

LED: (a) 0.5W/mm; (b) 0.273W/mm; (c) 0.188W/mm; (d) 0.143W/mm; (e) 

0.115W/mm. 

3.1.2 Cuboid formation of SLMed IN718 

  The overlap rate of the molten tracks is involved in the cuboid samples, and the 

concept of “overlap rate” is introduced by Cao et al. [30]. As one of the most significant 

factors affecting the RD of the SLMed samples, it is necessary to investigate the effect 

mechanism of the overlap rate on formation and performance of SLMed IN718. The 

cross-section microstructures of the SLMed IN718 samples under different overlap rate 

(laser power of 150W and scanning speed of 550mm/s) are reflected in Fig.7. Obviously, 

each sample exhibits a typical fish-scale morphology, and good metallurgical bonding 

between layers can be seen. Moreover, a specific amount of cellular grains and cellular 
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dendrites, which depended on the temperature gradient of the solidification interface, 

growing along the BD could be observed due to the directional solidification of forming 

process. The overlap rate mainly affected the microstructures by altering the volume of 

remelting zone between adjacent molten tracks. From Fig.7 (a)-(c), when the overlap 

rate was 35%, the regular fish-scale pattern was identified with a small remelting zone 

and large deposition zone. However, the expansion of remelting zone could not 

effectively fill the gullies between the molten track peaks, and the surface became 

relatively uneven. As the overlap rate was 45%, the expansion was almost flush with 

the molten track peaks owing to a larger remelting zone, and the top surface was 

relatively flat. When the overlap rate increased to 55%, the expansion volume was so 

large that molten metal was higher than the adjacent molten track bead. Thus, the new 

gullies could bring difficulties to the deposition of next layer and reduce the formability 

of the cuboid samples correspondingly. According to the description of Yang, H. et al. 

[31], the spacing and size of cellular dendrites in the molten tracks became larger due 

to the higher heat input. However, owing to the consequently enhanced Marangoni heat 

flow effect, the columnar grains were refined. It can be inferred that the heat input on 

the top of the molten tracks was higher than that of the edge, so the internal dendrite 

spacing and size were prone to become large as well as the decreasing of the size of 

columnar grains. 
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Fig.7 The cross-section microstructures of the SLMed IN718 samples under different 

overlap rate (laser power of 150W and scanning speed of 550mm/s): (a) 35%; (b) 

45%; (c) 55%. 

 

Fig.8 Microstructures of SLMed IN718 cuboid samples with different laser powers 

when the overlap rate is 45% and the scanning speed is 550mm/s: (a) 120W; (b) 

150W; (c) 165W; (d) 180W. 
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Fig.9 Microstructures of SLMed IN718 cuboid samples with different scanning 

speeds when the laser power is 150W and the overlap rate is 45%: (a) 300 mm/s; (b) 

550 mm/s; (c) 800 mm/s; (d) 1050mm/s. 

  The laser power and scanning speed play vital roles in formation for the single track 

SLMed IN718, and it is necessary to investigate the effects of them on the cuboid 

samples. Fig.8 shows the microstructures of the SLMed IN718 cuboid samples with 

different laser powers when the overlap rate is 45% and the laser scanning speed is 

550mm/s. The effects of laser scanning speed on microstructures of the SLMed cuboid 

samples when the laser power is 150W and the overlap rate is 45% is shown in Fig.9. 

With the increase of laser power, the heat input increased, which resulted in remelting 

of the previous SLMed formation layer or even several layers. In addition, the heat 

flows in the longitudinal and transverse directions became more complicated. As a 
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result, the grains along the boundary of molten tracks got more orientation, and even 

grew through the multi-layer molten tracks in the opposite direction of the heat flow, 

which was consistent with Huang et al.’s work [32]. Similarly, when the scanning speed 

was 300mm/s, more powders were molten and width of molten tracks became larger, 

which resulted in complex metallurgical reactions between layers. With the increase of 

scanning speed to 800mm/s, the molten tracks were apt to be shallower and smaller, 

and the columnar grains could not be observed clearly, as shown in Fig. 9. 

3.1.3 Process parameter optimization for cuboid SLMed IN718 

  Based on the single factor experiment results, an orthogonal test was designed to 

optimize the process parameters for cuboid SLMed IN718. The key parameters for 

SLM process (laser power P, scanning speed v and overlap rate ω) were chosen as the 

research objects, and the RD of SLMed IN718 was used as the optimization index and 

the factors as well as levels of objects are shown in Table 3. The L12 (4×32) hybrid 

orthogonal table was selected according to the factors and the number of levels, and 12 

time experiments were conducted totally. The orthogonal test results are shown in Table 

4. 

  The average values of the different RD indicators under the same factor level were 

measured and listed in Table 5. The maximum difference of the indicators under the 

same factor at different levels were represented by Delta, reflecting the impact degree 

of the factors on the indicators. It can be seen that the overlap rate had the greatest 

impact on the RD, following by scanning speed and laser power. Moreover, P2ω2v2 was 

the optimal combination, that is, laser power of 150W, overlap rate of 45%, and 
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scanning speed of 550mm/s. The optimal combination was not included in the existing 

sets of the orthogonal experiments, so one set of supplementary experiments was 

conducted and exhibited the RD of 99.832%. 

Table 3 Factors and levels of the designed experiments. 

Levels 

Factors 

Laser power(P,W) 
Scanning speed 

(ν, mm/s) 
Overlap rate(ω, %) 

1 120 300 35 

2 150 550 45 

3 180 800 55 

4  1050  

 

Table 4 Orthogonal experimental results for RD. 

Runs 
Laser power 

(P, W) 

Scanning 

speed(ν, 

mm/s) 

Overlap 

rate(ω, %) 

Relative 

density(ρ, %) 

1 1(120) 1(35) 1(300) 98.898 

2 2(150) 2(45) 1 98.868 

3 3(180) 3(55) 1 97.582 

4 3 2 2(550) 99.505 

5 2 1 2 98.399 

6 1 3 2 98.826 

7 1 2 3(800) 99.152 

8 2 3 3 99.231 

9 3 1 3 98.316 

10 3 1 4(1050) 97.608 

11 2 3 4 98.946 

12 1 2 4 98.397 

 

Table 5 Response table for RD. 

Level P 𝜔 v 

1 98.8182 98.3054 98.4493 

2 98.8611 98.9805 98.9102 

3 98.2529 98.6464 98.8997 

4   98.3172 

Delta 0.5652 0.6751 0.5930 

Rank 3 1 2 

Optimal 

combination 
2 2 2 

  The coupling effects among the factors were considered and integrated into Equation 
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(2) to reveal the effects of ED on the RD of the SLMed samples, as demonstrated by 

Gong et al. [33]:  

/E P ht                                (2) 

In the Equation (2), the laser power is P, the scanning speed is v, the hatch spacing 

is h, and the thickness of the powders layer is constant t, and t=0.3mm. 

The hatch spacing h can be calculated by Equation (3). 

                          1h d                                 (3) 

In the Equation (3), d is the thickness of single track SLMed layer, and ω is the 

overlap rate between the molten tracks. 

Quadratic fitting was performed to obtain the relationship between relative density 

𝜌 and energy density E, as shown in Fig.10. After quadratic fitting, the relationship 

equation between relative density ρ and energy density E was described as follows: 

4 2 14.08456 10 1.359 10 88.1192E E                     (4) 

From the equation (4), it can be calculated that the maximum RD could be reached 

when the ED was 166J/mm3, which could provide effective guidance for the selection 

of process parameters for SLMed IN718 cuboid samples. The optimal combination of 

the parameters in the above conclusion was laser power of 150W, scanning speed of 

550mm/s, overlap rate of 45%, and the corresponding ED was 158J/mm3, which was 

basically consistent with the results of the quadratic equation. 

3.2 Effects of heat treatment on microstructural evolution of SLMed IN718 

  McLouth et al. proposed that the mechanical properties of IN718 could be improved 

effectively via heat treatment, and as–printed IN718 was not likely to be acceptable for 
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high-reliability applications [34]. As a result, it is necessary to focus on the effects of 

heat treatment processes on the microstructural evolution and corresponding 

mechanical properties of SLMed IN718. Three heat treatment processes, namely DA, 

SA and HSA were determined for the SLMed samples obtained with the optimal 

parameters. 

 

Fig.10 Fitting curve of relation between ED and RD. 

  The X-ray diffraction (XRD) analysis results are shown in Fig.112, and it can be 

concluded that the γ phase matrix (Ni-Cr-Fe matrix) with fcc phase structure was the 

main phase constitution, and γ' [Ni3(Al, Ti)]/ γ'' (Ni3Nb) precipitates were also formed. 

Furthermore, δ phase (Ni3Nb) diffraction peak was observed in the XRD diffraction 

pattern of SLMed samples with SA heat treatment, that is, a large amount of needle-

like δ phases composed of Ni, Cr, Fe and Mo elements. It is worth noting that the 

Laves phase was not detected by the XRD diffraction due to small amount, which was 

also confirmed in Luo et al.’s work [35].  
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Fig.11 XRD patterns for SLMed IN718 and heat-treated IN718. 

  Fig.12 shows the optical micrographs of the SLMed IN718 and heat-treated IN718. 

From Fig.12 (b), the molten track boundaries in DA samples became blurred 

compared with that of SLMed samples, and the fish-scale characteristic morphology 

was still maintained. For the SA samples, the fish-scale molten tracks became pretty 

fuzzy while the columnar structures were remained. As shown in Fig.12 (d), the fish-

scale molten tracks in HSA samples were completely disappearing, and the 

delamination of elongated columnar grains with the same orientation of SLMed 

samples appeared, and there were finer grains between adjacent layers. In order to 

explore the phase characteristics, EBSD analysis was performed on the polished surface 

parallel to the BD. Fig.13 shows the proportion of grain size and EBSD inverse pole 

figure(IPF) maps of SLMed and HSA-SLMed IN718 respectively. From fig.13 (c)-(d), 

the average grain size of IN718 increased from 9.117μm to 13.504μm after HSA heat 

treatment, and the size distribution was more uniform. In addition, grains were colored 
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according to the orientation, and the preferred orientation tended to be <001> direction 

with both SLMed and HSA-SLMed IN718, whereas the preferred growth orientation 

was increased effectively after HSA heat treatment. Then, further investigations were 

conducted by the EBSD pole figures with <001>, <110> and <111> texture, as shown 

in fig.14. Compared with SLMed IN718, the poles were more concentrated after HSA 

heat treatment, and the maximum intensity of <001> texture was slightly enhanced, 

which is consistent with the XRD result. 

 

Fig.12 The optical microstructures of the IN718: (a) SLMed, (b) DA-SLMed, (c) 

SA-SLMed, (d) HSA-SLMed. 
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Fig.13 EBSD analysis on the polished surface parallel to the BD: (a) EBSD maps of 

SLMed IN718; (b)EBSD maps of HSA-SLMed IN718;(c) Grains size distribution of 

SLMed IN718;(d) Grains size distribution of HSA-SLMed IN718. 

 

Fig.145 The <001>, <110> and <111> inverse pole figures corresponding to (a) 

SLMed IN718;(b) HSA-SLMed IN718. 
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  The SEM microstructures of SLMed IN718 samples are shown in Fig.15. The 

molten track could be divided into three zones: remelting zone (RZ), deposition zone 

(DZ) and heat affected zone (HAZ), which was confirmed by Yang et al. [36]. A 

complex thermal cycle and heat exchange process happened in remelting zone with a 

slower heat dissipation rate, so the grains grew in the form of cellular dendrites along 

the opposite direction of the heat flow. Remelting of the previous scanning layer and 

deposition of new metal powders formed in deposition zone. Since the previous melting 

layer had been completely cooled, the undercooling in deposition zone was much larger 

than that of the remelting zone, and the grains grew in the form of cellular structure 

with finer size. In the heat affected zone, the boundaries of molten tracks could be 

clearly distinguished, and the grain size within micrometer grade around the heat 

affected zone was significantly larger than that of the matrix. In addition, Fig.15 (b) 

reflects the detailed schematic diagram for showing the grain growth during SLM 

technique (the front of the process). It can be seen that the columnar grains in the 

remelting zone mainly grew in the form of cellular dendrites. Meanwhile, the cellular 

grains with coarse size growth could be seen in the deposition zone. Moreover, the 

melting line was the nucleation interface of the grains in the molten tracks, and it is 

extremely easy to produce micro-pore defect, as shown in Fig.15 (d). The overall 

microstructures of SLMed IN718 samples was not uniform, and the Laves phase 

precipitated between the dendrites which affected the performance of samples. 

Therefore, reasonable selection of heat treatment process is of critical significance. 
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Fig.15 The SEM images of SLMed IN718 samples: (a) molten tracks; (b) detailed 

schematic diagram for grain growth; (c) remelting zone; (d) deposition zone; (e) heat 

affected zone. 

Fig.16 shows the microstructures of SLMed IN718 with different heat treatments. 

As shown in Fig.16 (a), the microstructures of DA-SLMed IN718 samples was similar 

to that of SLMed samples. However, Laves phase between the columnar dendrites were 

partially dissolved. The solution of Laves phase and the precipitation of δ phase (Ni3Nb) 

were mainly determined by temperature. The solution temperature region of Laves 

phase was 640oC ~1165oC, and the precipitation temperature region of δ phase was 

860oC ~998oC. Since the relatively low temperature of DA heat treatment, 

only a portion of Laves phase was dissolved. With the SA heat treatment process, the 

residual Laves phase could be dissolved in the columnar grains, and a large number of 

fine needle-like precipitates (δ phase) appeared among the dendrites. The maximum 

temperature of SA heat treatment was 980oC, which did not reach the melting range of 



24 

 

Laves phase. Thus, Laves phase still remained at the grain boundary, and δ phase had 

sufficient time to precipitate. Fig.17 shows the EDS map analysis results at the grain 

boundary zone for SLMed IN718 after SA heat treatment (marked in Fig.16), and it 

can be observed that there was a serious segregation for Nb and Mo elements, which 

should be Laves phase according to the results of Wang et al. [37]. Combined with high 

magnification images in Fig.18, Laves phase precipitated at the grain boundary after 

DA heat treatment and needle-like δ phase after SA heat treatment were observed 

clearly, as well as γ'' phase distributed uniformly within the grain. From Fig.167 (c), 

the Laves phase was completely dissolved along with the complete recrystallization of 

IN718, and the melting tracks with fish-scale morphology were replaced by new grains. 

The homogenization temperature of the HSA heat treatment was 1070oC, which was 

higher than the precipitation temperature of the δ phase. Therefore, the sufficient solid 

solution for the Laves phase and the small precipitation for the δ phase could promote 

the precipitation of more γ'/γ'' strengthening phases during HSA heat treatment process. 

 

Fig.16 Microstructures of SLMed IN718 with different heat treatment: (a) DA; (b) 

SA and EDS map analysis zone; (c) HSA. 

On the basis of the previous analysis for the typical microstructures and phase 

composition of SLMed IN718 under different heat treatments, the schematic diagram 
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is shown in Fig.19. Laves phase could be dissolved completely in the homogenization 

(H) process, and Mo, Nb, Ti elements uniformly diffused into the matrix. Moreover, 

Laves phase was dissolved partly in the solid solution(S) process, and a small amount 

of δ phases precipitated inside the grains or at grain boundaries. Tiny amount of Laves 

phase was dissolved in the DA process, and the γ' along with γ'' strengthening phases 

uniformly precipitated in the matrix. The temperature and cooling rate of heat 

treatments directly affected the precipitation and distribution of the secondary phases 

in IN718, thereby indirectly affecting the mechanical properties of the samples. 

 

Fig.17 EDS map analysis results of Laves phase in SA-SLMed IN718. 
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Fig.18 High magnification images of secondary phases. 

3.3 Effects of heat treatment on mechanical properties of SLMed IN718  

  The hardness test results for SLMed IN718 samples which were conducted with 

different heat treatments are shown in Fig.20. Compared with the SLMed IN718, the 

microhardness values of the samples after heat treatments had been confirmed to 

improve. Among them, the microhardness values of DA-SLMed samples was 

maximum, and that of HSA-SLMed samples was larger than SA-SLMed samples. 

  The increase of microhardness was related to the evolution of microstructures and 

phase constitutions of SLMed IN718 samples with the heat treatment process. With the 

heat treatment, the Laves phase should be dissolved and the γ'/γ'' strengthening phases 

precipitated at the grain boundaries with a relatively uniform distribution, which were 

helpful to improve the microhardness. What is more, the decomposed Nb, Al, Ti 

elements were prone to promote the precipitation of γ'/γ'' strengthening phases, which 

was conducive to the increasing of the microhardness. The SLMed IN718 samples after 

SA and HSA heat treatment were recrystallized, and the needle-like δ phase precipitated 

at the grain boundary, which were beneficial to improve the anti-deformation ability. 

However, the microhardness values were not as high as DA samples owing to the solid 
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solution of Laves phase, and the same conclusion was obtained by Liu et al. [38]. 

 

Fig.19 The schematic of heat treatment processes. 

 

Fig.20 The results of hardness test of IN718 samples. 

  As an important mechanical property of IN718, wear resistance properties should not 
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be overlooked. Fig.21 shows the surface morphology and fitting curve of the wear scale 

of IN718 samples. At the same time, the friction coefficient, wear scale depth, wear 

scale width and wear rate of the samples were investigated, and the results were shown 

in Table 6. The friction factor and wear rate of SLMed IN 718 alloy samples with DA 

heat treatment were minimum, while that of the samples with SA and HSA heat 

treatment were even increased compared with SLMed IN718 samples. The results 

revealed that hardness was not the only factor that affected the wear resistance of the 

material, and the grain structure and orientation were also vital factors to affect the wear 

resistance performance, which was also proposed by Yang, Y. et al. [39]. After DA heat 

treatment, Laves phase precipitated at the grain boundary, and a small amount of 

strengthening phases was also precipitated in the grain, and great wear resistance of the 

samples was observed. After SA and HSA heat treatment, a large amount of Laves phase 

which hindered dislocations at the grain boundary was dissolved, and a large number 

of columnar crystals distributed along the <100> direction appeared, so the wear 

resistance of samples reduced correspondingly. 

Table 6 Wear test results of SLMed samples. 

 

No. Friction factor 
Depth 

(μm) 

Wide 

(103μm) 

Wear rate 

(10-4×mm3/N·m) 

SLM 0.7178 32.81 0.823 3.7663 

DA 

SA 

HSA 

0.7156 

0.7215 

0.7521 

29.73 

36.45 

31.94 

0.810 

1.190 

1.117 

3.334 

5.980 

4.821 
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Fig.21 The surface morphology and fitting curve of the wear scale of IN718 formed 

by SLM under different heat treatments. 

  The tensile test results of IN718 samples at room temperature are given in Fig.22. It 

can be seen that the average tensile strength/elongation of IN718 samples after DA, SA, 

and HSA heat treatment were 1605MPa/21.0%, 1410MPa/24.7% and 1570MPa/27.3% 

separately. The tensile properties of SLMed IN718 samples was significantly improved 

via heat treatment. The main strengthening mechanism was attributed to the solid 

solution of the brittle Laves phase and the precipitation of the δ phase and γ'/γ'' 

strengthening phase, which played a role in hindering the movement of dislocations in 

the deformation process, as emphasized by Zhao et al. [22]. 
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Fig.22 The tensile test results of IN718 samples at room temperature. 

  For SLMed IN718 samples with DA heat treatment, a small amount of γ'/γ'' 

strengthening phases precipitated, but the Laves phase between the dendrites was not 

completely dissolved. As a result, the corresponding tensile strength and microhardness 

were greatly improved along with the enhanced wear resistance, and the elongation was 

significantly reduced. For SLMed IN718 samples with SA heat treatment, there were 

many needle-like δ phases precipitated at the grain boundaries, which was beneficial to 

the improvement of the tensile strength. However, the micro-cracks were prone to form 

around the δ phase, which reduced the elongation and inhibited the precipitation of γ'/γ'' 

strengthening phases. For SLMed IN718 samples with HSA heat treatment, the Laves 

phase was completely dissolved, and there was almost no δ phase inside the grains, 
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which was conducive to the precipitation of ultra-fine γ'/γ'' strengthening phases during 

the aging process. Hence, the comprehensive mechanical properties of SLMed IN718 

following HSA heat treatment reached the highest level. Fig.23 shows the surface crack 

initiation area and tensile fracture morphology of the IN718 tensile samples (SLMed 

and HSA-SLMed). From Fig.23 (a) and (b), it can be seen that there were many micro-

pores distributed near the fracture surface, and the cracks at the tips of the micro-pores 

propagated and gathered, causing the fracture of the samples. It can be concluded that 

it was critically significant to optimize the laser parameters for improving the 

formability because the micro-pores could not be eliminated completely via subsequent 

heat treatment. Additionally, the analysis of the fracture morphology shows that there 

were dimples and tearing edges on the fracture surface of all the samples, which held 

the characteristics of ductile and brittle mixed fracture.  
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Fig.23 The tensile crack initiation area and fracture morphology of IN 718 alloy 

samples: (a), (c) SLMed; (b), (d) HSA-SLMed. 

Conclusion 

Process parameters of SLM technique was optimized with respect to formability and 

relative density of IN718 samples. The microstructural evolution and mechanical 

performances of SLMed IN718 and heat-treated IN718 were investigated in detail. 

The main conclusions are shown below: 

1. When manufactured using a higher laser energy density of 158J/mm3 (Laser power 

of 150W, scanning speed of 550mm/s, and overlap rate of 45%) for the process of 

SLM, the SLMed IN718 samples were concluded to have the largest relative density 

of 99.832% and best formability. 

2. After DA heat treatment, a small amount of γ'/γ'' strengthening phases precipitated. 

After SA heat treatment, a large amount of δ phase precipitated at the grain boundary. 

After HSA heat treatment, Laves phase was solid-dissolved completely, and δ phase 

along with a large amount of ultrafine spherical γ'/γ'' strengthening phases 

precipitated. 

3. By adjusting HSA heat treatment, the precipitation of strengthening phase can be 

optimized and the corresponding mechanical properties of SLMed IN718 were 

improved significantly. The tensile strength and elongation were 1570MPa and 27.3% 

respectively. 
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Fig.1 (a) Spherical morphology of IN718 powders; (b) Particle size distribution; (c) 

XRD results of the IN718 powders. 

 

Fig.2 Schematic diagram of stripe scanning strategy. 

 

Fig.3 (a) Final parts for the hardness testing, wear testing and tensile testing; (b)The 

schematic of SLM-fabricated samples. 
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Fig.4(a) The formability of single track SLMed IN718 with different process 

parameters; (b) High formability single track SLMed IN718. 

 

Fig.5 Comparison of single track SLMed samples with different process parameters: 

(a) 120W; (b) 135W; (c) 150W; (d) 180W. 



 

Fig.6 The cross-section morphologies of single track SLMed samples with various 

LED: (a) 0.5W/mm; (b) 0.273W/mm; (c) 0.188W/mm; (d) 0.143W/mm; (e) 

0.115W/mm. 

 

Fig.7 The cross-section microstructures of the SLMed IN718 samples under different 

overlap rate (laser power of 150W and scanning speed of 550mm/s): (a) 35%; (b) 

45%; (c) 55%. 



 

Fig.8 Microstructures of SLMed IN718 cuboid samples with different laser powers 

when the overlap rate is 45% and the scanning speed is 550mm/s: (a) 120W; (b) 

150W; (c) 165W; (d) 180W. 

 



Fig.9 Microstructures of SLMed IN718 cuboid samples with different scanning 

speeds when the laser power is 150W and the overlap rate is 45%: (a) 300 mm/s; (b) 

550 mm/s; (c) 800 mm/s; (d) 1050mm/s. 

 

Fig.10 Fitting curve of relation between ED and RD. 

 

Fig.11 XRD patterns for SLMed IN718 and heat-treated IN718. 



 

Fig.12 The optical microstructures of the IN718: (a) SLMed, (b) DA-SLMed, (c) SA-

SLMed, (d) HSA-SLMed. 

 



Fig.13 EBSD analysis on the polished surface parallel to the BD: (a) EBSD maps of 

SLMed IN718; (b)EBSD maps of HSA-SLMed IN718;(c) Grains size distribution of 

SLMed IN718;(d) Grains size distribution of HSA-SLMed IN718. 

 

Fig.14 The <001>, <110> and <111> inverse pole figures corresponding to (a) SLMed 

IN718;(b) HSA-SLMed IN718. 

 

Fig.15 The SEM images of SLMed IN718 samples: (a) molten tracks; (b) detailed 

schematic diagram for grain growth; (c) remelting zone; (d) deposition zone; (e) heat 

affected zone. 



 

Fig.16 Microstructures of SLMed IN718 

with different heat treatment: (a) DA; (b) SA and EDS map analysis zone; (c) HSA. 

 

Fig.17 EDS map analysis results of Laves phase in SA-SLMed IN718. 

 

Fig.18 High magnification images of secondary phases. 



 

Fig.19 The schematic of heat treatment processes. 

 

Fig.20 The results of hardness test of IN718 samples. 



 

Fig.21 The surface morphology and fitting curve of the wear scale of IN718 formed 

by SLM under different heat treatments. 

 

Fig.22 The tensile test results of IN718 samples at room temperature. 



 

Fig.23 The tensile crack initiation area and fracture morphology of IN 718 alloy 

samples: (a), (c) SLMed; (b), (d) HSA-SLMed. 

 



Table 1 Chemical compositions of IN718 powders. 

 

Table 2 Heat treatment of SLMed IN718. 

 

Table 3 Factors and levels of the designed experiments. 

Levels 

Factors 

Laser power(P,W) 
Scanning speed 

(ν, mm/s) 
Overlap rate(ω, %) 

1 120 300 35 

2 150 550 45 

3 180 800 55 

4  1050  

 

Table 4 Orthogonal experimental results for RD. 

Runs 
Laser power 

(P, W) 

Scanning 

speed(ν, 

mm/s) 

Overlap 

rate(ω, %) 

Relative 

density(ρ, %) 

1 1(120) 1(35) 1(300) 98.898 

2 2(150) 2(45) 1 98.868 

3 3(180) 3(55) 1 97.582 

4 3 2 2(550) 99.505 

5 2 1 2 98.399 

6 1 3 2 98.826 

7 1 2 3(800) 99.152 

8 2 3 3 99.231 

9 3 1 3 98.316 

10 3 1 4(1050) 97.608 

11 2 3 4 98.946 

12 1 2 4 98.397 

Elements Cr Fe Mo Nb Al Ti Mo Ni 

wt.% 18.03 17.84 2.82 5.26 0.45 1.02 0.22 Bal 

Label Heat treatment procedure 

Double aging (DA) 
720oC×8h/furnace cooling (cooling rate 50oC /h) to 620oC 

×8h, air cooling 

Solution + double 

aging (SA) 

980oC ×1h/water cooling+720oC ×8h/furnace cooling 

(cooling rate 50oC /h) to 620oC ×8h, air cooling 

Homogenization + 

solution + double 

aging (HSA) 

1080oC ×1.5h/air cooling +980oC ×1h/water cooling+720oC 

×8h/furnace cooling (cooling rate 50oC /h) To 620oC ×8h 
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Table 5 Response table for RD. 

Level P 𝜔 v 

1 98.8182 98.3054 98.4493 

2 98.8611 98.9805 98.9102 

3 98.2529 98.6464 98.8997 

4   98.3172 

Delta 0.5652 0.6751 0.5930 

Rank 3 1 2 

Optimal 

combination 
2 2 2 

Table 6 Wear test results of SLMed samples. 

 

 

 

No. Friction factor 
Depth 

(μm) 

Wide 

(103μm) 

Wear rate 

(10-4×mm3/N·m) 

SLM 0.7178 32.81 0.823 3.7663 

DA 

SA 

HSA 

0.7156 

0.7215 

0.7521 

29.73 

36.45 

31.94 

0.810 

1.190 

1.117 

3.334 

5.980 

4.821 
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