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Abstract: Inconel 718 (IN718) superalloy samples fabricated by selective laser melting (SLM) were 

submitted to different heating cycles and their microstructural characteristics were investigated. 

The selected heating rates, ranging from 10 °C/min to 400 °C/s, represent different regions in the 

heat-affected zone (HAZ) of welded additively manufactured specimens. A combination of 

differential thermal analysis (DTA), high-resolution dilatometry, as well as laser confocal and 

electron microscopy were used to study the precipitation and dissolution of the secondary phases 

and microstructural features. For this purpose, the microstructure of the additively manufactured 

specimen was investigated from the bottom, in contact with the support, to the top surface. The 

results showed that the dissolution of γ” and δ phases were delayed under high heating rates and 

shifted to higher temperatures. Microstructural analysis revealed that the Laves phase at the 

interdendritic regions was decomposed in specific zones near the surface of the samples. It was 

determined that the thickness and area fraction of these zones were inversely related to the applied 

heating rate. A possible mechanism based on the influence of heating rate on Nb diffusion in the 

interdendritic regions and core of the dendrites is proposed to interpret the observed changes in the 

microstructure. 

Keywords: selective laser melting; Inconel 718; high heating rate; differential thermal analysis; 

phase transformation 

 

1. Introduction 

Selective laser melting (SLM) is an additive manufacturing (AM) process which uses a laser as a 

source to melt the metal powder in the form of deposited successive layers on top [1]. This technology 

has been used to fabricate components with complex geometries (e.g., gas turbine blades, injection 

molds, heat exchangers) with a close to full density (close to 99.7%), which is difficult and costly to 

acquire, as well as through conventional casting routes and, in exceptional cases, even with forging 

routes [2–5]. IN718 alloy is the workhorse superalloy extensively used in energy and transportation 

industries and therefore is a promising candidate for an advanced manufacturing technology such 

as SLM method in aerospace applications [6–8]. Despite its good weldability, IN718 is known for its 

susceptibility to welding defects such as strain age-cracking and hot cracking, particularly, hot 

cracking in the heat-affected zone (HAZ) during welding [9,10]. Considering the continuous 

expansion of additively manufactured components from IN718 and the inherent heterogeneous 

nature of an AM microstructure, it is of both scientific and technological interest to better understand 
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the evolution of an AM microstructure to rapid thermal cycling and characteristic of welding 

operations. 

Typically, the low melting point compounds can liquate within the HAZ during conventional 

fusion welding operations such as gas tungsten arc welding (GTAW) and electron beam welding 

(EBW). The temperature in the HAZ for wrought IN718 and SLM IN718 during fusion welding is in 

the range of 950–1200 °C with the heating rate in the range of 50–350 °C/s [9,11–14], while it is between 

950 and 1100 °C (with the heating rate in the range of 100–500 °C/s) in solid-state welding methods, 

such as linear or inertia friction welding [15–17]. At these temperatures, grain boundary liquation in 

HAZ could cause the constitutional liquation of Niobium (Nb)-rich particles such as Laves phase, 

carbides, and interdendritic γ/Laves eutectic formed during rapid solidification. These phases are 

usually found in high concentrations in the interdendritic regions in the microstructure of 

conventionally as-printed parts [6,18–20]. Sui et al. [18] investigated the formation of δ phase and 

proposed two possible mechanisms. The first one relates the formation of the δ phases around the 

interdendritic Laves phases to the existence of a chemical gradient that promotes the diffusion of Nb 

to the grain boundaries and become nucleation sites for the δ phase. The second mechanism is based 

on the lack of coherency between Laves phase and matrix that promotes the diffusion of Nb and 

formation of Nb rich zones (~10 wt.%) that become nucleation sites for the δ phase. 

Qian and Lippold [21] related intergranular HAZ liquation cracking to the combined effects of 

δ phase dissolution, boron carbide constitutional liquation, and grain boundary segregation. On the 

other hand, Zhang and Ojo [22,23] reported that the δ phase could actually constitutionally liquate in 

the HAZ during welding above their solvus (about 1010 °C in IN718) and enrich the grain boundary 

with Nb. Thrappel et al. [24] and Muralidharan et al. [25] reported that during rapid heating, second 

phase eutectic grain boundary precipitates such as γ/Laves or γ/NbC (at 1200 °C) present in the HAZ 

of wrought IN718 melted due to the lack of time for dissolution into the matrix. In very recent studies, 

Raza et al. [9,11] studied the cracking in the HAZ of GTAWed SLM IN718 samples and related it to 

the melting of the Laves phase in the interdendritic regions. However, in the above works the 

influence of heating rate on microstructure evolution was not investigated. 

The influence of heating rate on the evolution of the secondary phases in the microstructure of 

wrought IN718 has been investigated by many researchers. For instance, Roder et al. [26] reported 

that δ and γ” particles are dissolved in HAZ zone during friction welding of wrought IN718. Niang 

et al. [27] reported that the dissolution kinetics of γ″ and δ phases is quite sluggish in forged IN718 

and not change by increasing the heating rate. Antonsson and Fredriksson [28] reported that the 

diffusion rate and/or the solubility of Nb in the γ phase increased at higher cooling rates. Knorovsky 

et al. [29] and Zhang et al. [23] reported that, during rapid heating (more than 100 °C/s), the chemical 

composition of formed phases are under non-equilibrium thermodynamic states and can 

significantly deviate from the assumed solid-state equilibrium dissolution conditions, which may 

drastically contribute to HAZ micro-cracking. Under rapid heating conditions, due to limited 

available time for homogenization by diffusion of atoms, δ phases can survive above their 

thermodynamic equilibrium solvus temperature which is beyond the γ-Laves eutectic temperature. 

However, no data is available on the influence of heating rate on the dissolution and reprecipitation 

kinetics of the above phases. It must be noted that the solidification thermal regime during 

conventional casting and additive manufacturing are expected to be very different and hence 

influence the phase changes. For example, the primary interdendritic distance in conventionally cast 

IN718 parts ranges between 80 and 220 µm (primary dendrite arm spacing) [30] while it is expected 

to be much smaller (0.4–3 µm) in as-SLM parts due to the difference in the solidification and 

subsequent thermally induced regimes [31]. 

In the present investigation, the evolution of second phase particles in the microstructure of SLM 

IN718 submitted to rapid thermal cycling will be addressed. A better understanding of the response 

of an AM structure to rapid heating rates is crucial for predicting HAZ and HAZ cracking 

susceptibility in welded AM parts, where very little data are available. The obtained results will also 

help design procedures for welding of additively manufactured components. 
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2. Materials and Methods 

2.1. Materials 

The recommended SLM parameters for fabrication IN718 superalloy specimens are reported in 

(Table 1). SLM-125HL machine (SLM Solution, Lübeck, Germany) at IMT-Mines Albi, France was 

used for the manufacturing of the specimens.  

Table 1. SLM parameters to fabricate Inconel 718 alloy specimens. 

P (W) v (mm/s) H (μm) t (μm) 

275 760 120 50 

In the above table, P is laser beam power, v is laser-scanning velocity, while H and t are the hatch 

spacing and the thickness of the deposited layers, respectively.  

The volume energy density (VED) was estimated using the following relation: 

��� �
�

���
� =  

�

�. �. �
= 60.307 (1) 

IN718 powders had spherical shape with a particle size distribution between 20–70 µm. Two 

cylindrical specimens with two different diameters (d = 6 mm and d = 3 mm) and identical length (L 

= 40 mm) were fabricated for the thermal analysis experiments. A thin disk-shaped specimen (d = 25 

mm and thickness = 3 mm) was also fabricated for room temperature (RT) post-fabrication chemical 

analysis by Atomic Emission Spectroscopy (AES). The results are reported in Table 2 and are based 

on an average of five measurements in different locations of the disk shape sample. The laser beam 

scanning orientation and the building direction were collinear with the Z-direction displacement and 

perpendicular to fabrication platform. The laser beam scanning was rotated successively for 67° in 

each layer to reduce microstructural anisotropy. 

Table 2. The average chemical composition of SLM IN718 (wt.%). 

Ni Fe Cr Co Al Ti Nb Mo C B Zr Si 

Bal. 15.7 20.54 0.1 0.34 1.17 5.1 3.13 0.04 0.002 0.018 0.01 

2.2. Thermal Analysis 

The low to medium heat treatment cycles were performed using a Diamond PerkinElmer 

differential thermal analysis (DTA). To this end, 2 mm thick disk-type samples were sliced by Electro 

Discharge Machining (EDM) from the top area of the fabricated cylinders with d = 3 mm. The samples 

were heated in platinum crucibles and flowing air up to 1200 °C (before melting) with rates of 10, 15, 

25, 50, 80, and 100 °C/min and then cooled down to room temperature with an identical rate. The 

DTA tests were repeated two times for heating rates lower than 80 °C/min (10, 15, 25, and 50 °C/min) 

and three times for the 80 and 100 °C/min. 

For the high heating rate experiments, three thermal cycles with rapid heating rate of 100, 200, 

and 400 °C/s with an identical dwell time (10 s) and a quenching rate of 65 °C/s by Helium gas were 

applied, as schematically shown in Figure 1, using the high resolution TA Instrument A/D 805 

dilatometer (New Castle, DE, USA). The 4 mm × 10 mm dilatometry samples were extracted by EDM 

from the 6 mm diameter fabricated bars. These samples were heated to 1000 °C by induction heating 

in the dilatometer machine and for each test. The heating and cooling profiles were recorded using a 

S-type thermocouple welded to the center of the specimen. It must be noted that in the present work 

the dilatometer was only used for applying the selected high heating rates and no analysis was 

carried out in relation to the dilatometry curves. 
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Figure 1. The time-temperature heating-cooling cycles of SLM IN718 specimens with three heating-

up rates to achieve 1000 °C and a dwell time of 10 s and a final identical quenching constant rate of 

65 °C/s. 

 

Figure 2. Schematic of dilatometer samples and their designated location for microstructural analysis 

and micro-hardness measurements. 

2.3. Microstructural Investigations 

The as-SLM IN718 and post-dilatometry tested specimens were characterized by LEXT OLS4100 

laser confocal optical microscopy (OM) (Olympus, Tokyo, Japan) as well as scanning electron 

microscopy (SEM) (Hitachi TM3000 and SU-8230 field emission-SEM equipped with a Bruker EDS 

detector) (Tokyo, Japon). Examination of the as-SLM samples was conducted in the transverse and 

longitudinal directions (Figure 2). The OM and SEM samples were cold etched to reveal the dendritic 

microstructure and precipitates using standard metallographic procedures in Kalling No.2′s reagent 

(5 g CuCl2, 100 mL HCl, and 100 mL ethanol). The size and morphology of the precipitates was 

characterized at micro scales via OM and SEM images analysis. The average dendrite arm spacing 
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(DAS) and volume fraction of all precipitates were quantified and calculated on the basis of digitized 

micrographs and standard image analysis software (Image J). Finally, hardness testing was 

conducted on the middle of longitudinal cross-section of as-fabricated samples after high heating rate 

tests (Figure 2). A Future-Tech Vickers micro-hardness machine under a dead-load of 200 gf and a 

dwell time of 15 s was used for the tests. The measurements were repeated at least three times for 

each condition and the average values are reported. 

3. Results and Discussion 

3.1. Characterization of the As-SLM Samples 

The initial microstructure of the as-SLM fabricated, built-in the Z direction, is shown in Figure 3 

where the periodic melt pools generated after each deposited layer is clearly revealed. For each layer, 

the melting pool embodies the molten powder particles of the freshly deposited layer along with the 

previously sub layer material already solidified. As an example, a melt pool along with its measured 

depth and width is shown in Figure 3a,b where a fish-scale feature is revealed in the longitudinal 

cross-section of the sample which has been observed before [7,32]. The wide columnar grains crossing 

multiple layers are due to the thermal gradient along the SLM building direction. The area fraction 

of the porosities measured all over the as-SLMed IN718 specimen after SLM was about 0.4% in the 

bottom (B) and about 0.28 % in the top (T) layers. 

Due to the steep temperature gradient and high solidification rate during the SLM process, a 

supersaturated solid-solution matrix is expected to be formed with Laves phase precipitating in the 

sub-grain boundaries. In addition, a gradient of microstructure along the build direction, as well as 

from the dendrite cores to the interdendritic regions was observed. Similar observations were also 

reported by Kumara et al. during the solidification of electron beam melted IN718 alloy [20]. 
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Figure 3. OM of as-Fabricated SLM-IN718 along the building direction (Z): (a) measured width and 

depth of a melt pool; (b) wide columnar grains elongated in the building direction; (c) 3D-

reconstruction of cross-sectioned & polished planes of a SLM specimen. 

Figure 4 shows the variation of primary dendrite arm spacing (DAS), λ, along with the height of 

the as-printed specimen. The average DAS at the bottom (B) of the specimen is the lowest (0.789 ± 

0.136 µm) and increased in the middle (M) (1.153 ± 0.132 µm) and then decreased again at the top (T) 

(0.820 ± 0.130 µm). The parallel white lines in each image are the remaining interdendritic Laves 

phase (Ni2Nb) that rapidly solidified after AM processing. Their volume fraction increased from 

13.2% (B) to 15.46% (M) and then decreased to 14.6 % in the top region (T). These variations could be 

explained by the equivalent time-temperature histories that are generated by the changes of the 

thermal gradients and the difference in cooling rate throughout the sample during the SLM 

fabrication process. In fact, the higher cooling rate at the bottom and top of the sample results in a 

finer dendritic (smaller DAS) structure, leaving less time for elemental diffusion from the 

interdendritic zones to the core of dendrites. The high cooling rate normally results in the suppression 

(or at least reduction) of the segregation of elements [33] and the formation of Laves phase in the 

interdendritic solidifying regions [33]. As a result, in the bottom and the top (where the samples for 

thermal analysis were extracted) of the sample where DAS is smaller, the Nb concentration 

homogenizes faster and therefore the Laves (Ni2Nb) fraction decreased. This finding is further 

confirmed by examining Figure 5, where it can be seen that the volume fraction of the Laves phase 

increased from the bottom to the middle of the sample (Figure5). 
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Figure 4. Variation of DAS and Laves fraction along the as-SLM IN718 specimen height. The BM to 

MT area is the middle region between the bottom (B) and the top (T) of the examined samples. 

 

Figure 5. Variation of DAS and Laves phase along the height of the as-SLM IN718 samples. 
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Figure 6 shows the microstructure of the as-SLM sample in the top (T) region. The microstructure 

in the bottom region (B) was similar to the top region and is not shown here to avoid repetition. The 

γ″ and δ particles observed in this study are similar in shape and size (80 ± 34 nm), which have also 

been observed in the works [7,32,34–38]. These phases are mostly confined at the bottom and top of 

the SLM samples by precipitation at the interdendritic zones close to the Laves. Jia et al. [7] reported 

that, during the solidification of the upper layers, the previously solidified layers experience an aging 

heat treatment resulting in the precipitation of γ′ and γ″ (Ni3Nb) phases. Therefore, more γ′ and γ″ 

(less likely δ particles [32]) precipitate in the B region of the as-fabricated parts. Hence, the 

concentration of Laves in the B region is expected to be less than in the M or T regions. These 

microstructural differences could induce differences in hardness between the zones, as will be shown 

below. 

 

Figure 6. FE-SEM micrographs from the microstructure of the as-SLM IN718 sample. (a) Dendritic 

structure and (b) particles at the interdendritic regions. 

Figure 7 shows micro-hardness evolution from the bottom to the top of the as-SLM IN718 

sample. The average hardness value decreases from ~290 HV in B region to about 270 HV in M region 

and increases again to reach ~287 HV in the T region. These considerable variations of the hardness 

throughout the height of the sample could be induced by the thermal gradient in the Z-direction 

(vertical) and the presence of different microstructural features such as precipitates, DAS, and 

changes in Laves volume fraction. Indeed, as discussed in the previous section and shown in Figure 

7, a more rapid heat extraction provokes as higher temperature drop rate (105–106 °C/s) and therefore 

smaller DAS as well as finer precipitation of strengthening phases, γ′, γ”, and δ in B and T regions, 

which contributes to the higher hardness in these regions. In contrast, for the middle layers, the 

cooling rate being slower, the material remained longer time at elevated temperatures (>900 °C) 

which is high enough to dissolve, fully or partially, the strengthening phases formed during the 

printing process, and ultimately reduces its hardness. The above findings are also in agreement with 

those reported by Chen et al. [39], Moussaoui et al. [40], and Bayerlein et al. [41] who observed similar 

DAS values and precipitation of the strengthening phases in the regions with the highest thermal 

gradients. 
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Figure 7. Variation of the micro-hardness measured from bottom to the top of as-SLM sample. 

3.2. Low Heating Rate Tests 

The DTA results are shown in Figure 8 where the precipitation and dissolution temperatures of 

phases are extrapolated according to the exothermic and endothermic peaks, respectively. The 

corresponding determined temperatures are also provided in Table 3. The results show that the first 

peak temperature is around 540 °C for the sample heated with the rate of 10 °C/min. Niang et al. [27] 

in their work on kinetics of precipitation in wrought IN718, reported that this peak corresponds to γ’ 

precipitation (p). The other peaks correspond to the dissolution (d) of γ’, transformation of γ″ to δ, 

and finally dissolution of the δ phase. It must be noted that the very small size of the γ’ particles, 

suggests that they are most probably of tertiary type, as also reported in [42]. The results also show 

that, increasing the heating rate from 10 to 100 °C/min, both the dissolution and precipitation 

reactions shift to higher temperatures. For example, the dissolution temperature of the γ’ particles 

increased by 112 °C, and those of γ”, and δ phases increased by 72 °C, and 73 °C, respectively. In this 

study, the focus was before liquation and melting because the melting temperature is principally 

independent of the heating rate. 
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Figure 8. DTA records obtained on the as-SLM IN718 upon heating at scanning rates of 10, 15, 25, 50, 

80, and 100 °C/min up to 1200 °C. The subscripts “d” and “p” represent the dissolution and 

precipitation temperatures of the corresponding phase. 

Table 3. Variation of precipitation (p) and dissolution (d) temperatures of γ’, γ”, and δ phases in the 

SLM-IN718, for different heating rates. 

Heating rate (˚C/min) 
Temperature (°C) 

γ’–p γ’–d γ”–p γ”–d δ–p δ–d 

10 540 589 736 801 886 984 

15 557 595 741 817 926 1008 

25 560 614 754 831 962 1024 

50 572 663 761 840 948 1035 

80 596 678 776 860 965 1051 

100 600 700 798 873 990 1057 

It has been reported [43–45] that changes in the heating rate modified the microstructure and the 

distribution of elements in the matrix resulting in changes in the chemical reaction temperatures and 

hence the DTA results. The results, reported in Table 3, quantify these changes for the examined 

samples in the present study and show that indeed the precipitation temperatures of γ’, γ” and δ 

phases increased by increasing the heating rate because there was less time for elemental diffusion 

and chemical reactions for precipitation of each phase at higher rates. 

Based on the obtained results, the dissolution rate for the three precipitating phases were 

determined and the results are reported in Figure 9. The dissolution rate of γ’ follows a parabolic 

pattern, as shown in Figure 9a, and described by the following equation: T = 485.49 × Hr0.0778. The γ” 

dissolution evolution is shown in Figure 9b where a parabolic (T = 742.61 × Hr
0.0339

) trend can also be 

seen. This behavior can also be considered as two linear regimes ranging between 25 to 50 °C/min 

(S1) and 80 to 100 °C/min (S2). It must be noted that the γ” solvus temperature depends on the initial 

size of the precipitates; therefore, the greater the size of the precipitates, the larger the deviation will 

be. Soucail et al. [46,47] observed similar behavior for the dissolution rate of secondary γ’ in Astroloy 

during heating. In particular, they found that the departure from equilibrium dissolution 

temperature was lower for smaller secondary γ’ precipitates but increased with the heating rate in 
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the interval 1–300 °C/s. As shown in Figure 9c, the δ phase dissolution temperature presents a non-

linear dependence to the heating rate (T = 928.51 × Hr
0.0284

).  

It is also important to note that, the above relations indicate that γ” and δ particles could still be 

present up to 1000 °C under high heating rates (e.g., 100 °C/s or more), while the much finer γ’ 

particles dissolve. As reported by several authors [32,48–50], γ” particles as metastable phase, start 

to decompose to the more stable δ phase at temperatures around 750 °C. However, their SEM 

examinations revealed that γ” phase was still present at 900 °C, which is above the γ” solvus 

temperature. Furthermore, the dissolution temperature of the δ phase has been reported to be 

between 990 °C and 1020 °C [32,50]. However, this study shows that the initial dissolution 

temperature of δ increased from 984 to 1057 °C when the heating rate was increased from 10 to 100 

°C/min, respectively. 

 

 

 

S1 

S2 
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Figure 9. Variations of: (a) γ’, (b) γ”, and (c) δ phase dissolution temperature (T) with heating rate 

(Hr) at the top section of the SLM IN718 sample. 

3.3. High Heating Rate Tests 

Microstructure examinations of the observed zones (identified in Figure 2) revealed a specific 

variation from the surface to the center, as indicated by the arrow in Figure 10. These features, located 

from just few micrometers below the surface until a depth of about 100 µm, called blocky zones, 

appeared along the dendrites from the surface toward the center. Only dendritic microstructure was 

observed below this zone (yellow line) down to the center of the sample. This change could be 

attributed to the transient thermal gradient from the surface to the center of the samples during rapid 

heating.  

 
Figure 10. SEM image showing the microstructure near to the surface area of the sample heated to 

1000 °C with 100 °C/s and dwell time 10 s followed by cooling at a constant rate of 65 °C/s. 

In order to assess whether the presence of a temperature gradient could be the cause for the 

observed features, a model proposed by Semiatin et al. [51] that predicts the radial temperature 

gradient developed in a round-bar sample was used. The analysis was based on a one-dimensional 

heat conduction equation for a round bar of infinite length and used direct local temperature 

measurements corroborated by microstructural observations, as in the present study. Using the above 

model and considering similar physical properties for IN718 and SLM IN718 (e.g., thermal 

conductivity, thermal convection, and emissivity [52]) the radial thermal gradient from the surface to 

center was estimated for heating rates of 100 °C/s and 200 °C/s and the results are reported in Figure 

11. In this figure, (ΔT) represents the difference between the temperature applied to the sample 

surface (1000 °C, measured by the thermocouple) and the center of the sample during the heating 

cycle defined in the radial direction (based on the model proposed in reference [49]). It can be seen 

that ΔT is very small in the first 250 µm below the surface and starts to increase afterward, reaching 

its maximum value at the center. Therefore, the microstructural features observed in the near surface 

region of samples are most probably not related to a temperature gradient effect. 
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Figure 11. Estimated radial temperature gradients in 4-mm diameter SLM IN718 dilatometer samples 

for two heating rate. Surface temperature is 1000 °C.  

Figure 12a–c shows the microstructural features revealed along the longitudinal direction near 

the surface at mid-span of dilatometer SLM-IN718 samples (as indicated in Figure 2) exposed to 

heating rates of 100, 200, and 400 °C/s, respectively. The blocky zones are circled in the three 

micrographs and were observed in between the dendrites as well as very close to them. The Laves 

phase (white particles) were also observed at interdendritic regions close to these zones and even 

elongated into them. 
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Figure 12. SEM images showing blocky zones in the sub-surface area at the mid-span of longitudinally 

cut samples heated to 1000 °C at the rates of (a) 100, (b) 200, (c) 400 °C/s and 10 s holding time, and 

cooled by constant rate 65 °C/s. 

These blocky zones contain different particles that were analyzed by EDS and the results are 

reported in Table 4. The map analysis, Figure 13, shows the presence of Nb and Mo-rich particles 

within these zones and at their boundaries for the all different heating rates. The Laves (white 

particles) were detected and had fine and granular shaped for 100 and 200 °C/s heating rates, while 

they became irregular and long-striped shaped particles for the 400 °C/s. As reported by Sui et al. 

[48], this change (Laves phases from long-striped to granular shapes) could be related to Laves phase 

dissolution process during heating. Indeed, the interdendritic Laves phases contain a certain amount 

of micro-segregated niobium that could dissolve and diffuse into the matrix or contribute to the 

formation of γ” precipitates (for longer time exposure). Furthermore, δ and γ” particles were 

observed alongside the Laves particles at higher magnifications in transitional zones, as reported in 

Figures 12 and 14. A comparison between the average size of γ” particles prior to the heating (80 ± 34 

nm) and after heating (96 ± 30 nm) in the top of SLM samples reveals that the smaller γ” particles 

were dissolved for the heating rate of 100 °C/s. 

Table 4. Chemical composition (wt.%) in sample heated at 100 °C/s. 

Elements 

Phases 
Ni Cr Fe Nb Mo Ti Al 

Matrix in blocky zone Bal. 16.56 16.21 4.98 2.89 1.28 0.31 

Laves in interdendritic region Bal. 10.98 10.80 34.05 5.85 3.98 0.0 

MC carbide Bal. 3.08 2.96 47.71 6.10 10.78 0.0 

δ–precipitate Bal. 17.93 17.26 9.09 5.06 1.68 0.06 

γ”–precipitate Below the EDS detection limits 
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The formation and dissolution of precipitates such as γ”, Laves, and δ phases are directly related 

to the amount of the Nb in the microstructure [53,54]. The stress field induced by dislocations and 

vacancy inside the Laves phase act as driving forces for generating the migration of the dislocations 

and solute atoms (e.g., Nb and Mo) [55]. Moreover, the non-coherent interface between the Laves 

phase and γ-matrix enhances the concentration of vacancies, which facilitates the movement of solute 

atoms of constitutional elements to γ matrix thereby increasing the dissolution rate of the Laves 

phase. Nb and Mo are also the most severely segregated elements in the IN718 alloys, and thus it is 

relatively easy to measure their segregation [20]. An examination of the microstructure in the blocky 

zones revealed that the interdendritic Laves phase is dissolved in the γ-matrix. Similar findings were 

also reported by Raza et al. [9] and Owczarski et al. [10] in a fusion welded IN718 alloy by GTAW. It 

is interesting to note that partial or even full dissolution of the Laves phase has also been reported. 

However, such dissolution was not observed under the experimental conditions examined in the 

present study.  

Based on the above analysis, it is expected that Nb and Mo, as the two main constituent elements, 

diffuse back into the matrix and stay in solid solution or could participate in the composition of δ and 

γ” due to the change the precipitation and the dissolution temperatures of these phases. However, 

despite the fact that it is intuitively evident that heating rate should influence the dissolution process 

through the diffusion distance (x), this needs to be quantified if microstructure evolutions are to be 

modeled. Soucail and Bienvenu [46] proposed an additive time-temperature incremental approach 

that takes into account the contributions from the dwell time and heating (and/or cooling) rates. 

Specifically, they used an “effective diffusion” time using the classical “equivalent time” (te) and 

activation energy concepts. 

The equivalent time te was estimated by the integration of an Arrhenius type diffusion law from 

an initial time (ti) and initial temperature Ti to a final time (tf) and final temperature Tf: 
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��
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In the above equation, R is the universal gas constant, Qe is the equivalent activation energy for 

the diffusion process, and Th is the temperature at holding time (th). The influence of the heating rate 

(Hr) is represented as: 
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Equation (4) simplifies into: 
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A similar equation for the cooling cycle will be obtained by replacing Hr by Cr. Thus, the total 

equivalent time including the heating stage, holding time and cooling would be obtained by 

summing the two te times for heating and cooling and the for the (th) for the holding time. In the 

present case, the exponential term could be neglected, as it is very small, when considering the 
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examined temperatures. Therefore, te for heating becomes (�� ≈
��

��

����
), and (�� ≈

��
��

����
) for cooling. The 

equivalent holding time for the entire diffusion process becomes: 

�� =
��

��

��

 �
1

��

+
1

��

� +  �� (7) 

On the basis of the above discussion, the diffusion distance (x) of Nb from the Laves phase in 

the interdendritic regions to the γ-matrix (core of the dendrites) is controlled by te which can be 

determined using Fick’s second law, � =  �����. 

In the above equations, the diffusion coefficient of Nb in Ni was calculated according to the 

following equation, obtained from the literature [30,52–55]: 

�� (�� �⁄ ) = 1.04 × 10�� exp (−201700 ���⁄ ) (8) 

where De is the diffusion coefficient of the considered element during the equivalent time. Using the 

above equations, the diffusion distance (x) of Nb at 1000 °C was calculated. For example, this value 

was estimated to be in the interval 260 to 230 nm for heating rates from 100 to 400 °C/s and equivalent 

time (te) values ranging between 11.7 to 11.1 s, respectively. These values could justify the small 

transitional areas (~one third of DAS or interdendritic zone) and localized dissolution of the Laves 

phase. It should be noted that the average DAS (λ) of all samples was about 0.832 µm ± 0.147, which 

was close to the DAS value measured within MT and T regions in the as-SLM specimens (as reported 

in Figure 4). 

From Equations (7) and (8) as well as relation, � =  �����, a logarithmic relation (Equation (9)) 

between diffusion distance (x) and heat rate (Hr) can be established: 

� (��) =  −0.006 × ����� + 0.2827 (9) 

The TTT diagram presented by Ning et al. [27] also confirms that even at rapid heating (1–10 

°C/s) and at appropriate temperatures (>900 °C), γ” and δ phases can form and therefore delay the 

dissolution of existing second phase particles. These findings are in contrast with those of Roder et 

al. [26] who did not observe any delay in the dissolution of the γ” and δ phases in a wrought IN718 

after the application of high heating rates, thus demonstrating the difference in the response of SLM 

material as compared to a wrought one. 

 

Figure 13. Chemical EDS mapping of some principal elements of as-SLM IN718 sample heated to 1000 

°C for 200 °C/s. 



Metals 2020, 10, 587 17 of 21 

 

 

Figure 14. SEM images of the blocky zone show the presence of different precipitates such as semi-

spherical γ ״ and δ particles for sample heated to 1000 °C at a rate of 100 °C/s. 

Table 5 shows the influence of the heating rate on microstructural features. For example, the 

thickness of the zone over which blocky zones were observed decreased from 12.08 ± 2.01 to 4.23 ± 

1.01 µm when the heating rate increased from 100 to 400 °C/s, respectively. This trend was also 

observed in the average area fraction of the blocky zones with increasing heating rates. The data 

reported in Table 5 also shows that Nb concentration in Laves phase with spherical shape in the 

interdendritic region was significantly higher than in the blocky region. For instance, for the 100 °C/s 

heating rate, this concentration is around 34.05 wt.%, while it decreases to 15 ± 3.8 wt.% in white 

Laves particles within the blocky zones. The concentrations of Nb and Mo (wt.%) at the center of the 

dendrite core in the top section of the SLMed samples were measured to be 3.33 wt.% and 1.75 wt.%, 

respectively. These amounts increased to 4.98 wt.% (Nb) and 2.89 wt.% (Mo) after heating at a rate of 

100 °C/s in the matrix of the transitional region (about 100 µm below the surface). However, for the 

heating rate of 400 °C/s, the intensity of these changes was reduced, so that the level of Nb and Mo 

in the matrix of the transitional region reached 4.51 and 2.46 (wt.%), respectively. Due to the increased 

heating rate, the time is much shorter for Nb diffusion from the Laves phase into the matrix or to γ” 

and δ phases. Hence, the measured average concentration of Nb in the Laves phase was higher for 

higher heating rates (15 ± 3.8% to 17 ± 3.9 wt.% for 100 and 400 °C/s, respectively). The changes in Nb 

concentration exhibited an inverse relationship to the variations in the Laves volume fractions. This 

probably indicates that the Nb trapped inside the Laves phase in the “solidified” microstructure was 

released and diffused back into the dendrite core as a consequence of the very fast heating and cooling 

[20]. Therefore, there was still enough time for elemental diffusion for high heating rates (i.e., 20 s for 

100 °C/s), but its severity decreased for the higher rate of 400 °C/s (12.5 s). 

Table 5. Microstructural characteristics of the SLMed IN718 for different heating rates. 

Heating 

rate 

(°C/s) 

Thickness 

(μm) 

Area of 

blocky 

zones 

(μm2) 

Laves 

(wt.%) 

NbLaves 

(wt.%) 

Shape of 

Laves phase 

100 12.08 ± 2.01 13.5 ± 10.24 5.45 ± 0.67 15 ± 3.8 
Fine and 

granular 

200 9.61 ± 1.97 6.65 ± 3.64 4.14 ± 0.28 14 ± 4.6 
Fine and 

granular 

400 4.23 ± 1.01 5.76 ± 4.49 3.25 ± 0.53 17 ± 3.9 
Irregular and 

long-striped 
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3.4. Hardness Variations 

Figure 15 shows the hardness distribution curves measured from the surface to the center of the 

dilatometer specimens for three heating rates (100, 200, and 400 °C/s) in the area considered to be the 

possible HAZ after the welding processes. The hardness was higher in the transitional region located 

near the surface (100 µm) affected by heating compared with the rest of the SLM part. The hardness 

decreased when moving out of the transitional region and became very close to the hardness value 

measured in the dashed line area in Figure 7 (before applying the heating). The higher hardness in 

the transitional region is probably due to the combination of three mechanisms: (1) the decomposition 

of Laves phase at the blocky zones; (2) the diffusion of Nb and Mo into the γ-matrix resulting in γ” 

and δ precipitations, and (3) the stability of the γ” and δ precipitates for temperatures up to 1000 °C. 

 

Figure 15. Hardness distribution curves of the SLMed IN718, from the surface to the center of the 

sample for different heating rates in area showed in Figure 7. 

4. Conclusions 

In this study, various heating rates were applied to additively manufactured IN718 samples. The 

evolution of the microstructure, hardness, and phase changes were analyzed and discussed before 

and after heating for different heating rates. The main findings are: 

(1) A transitional zone characterized with the presence of blocky zones was identified in the 

subsurface region of the samples. 

(2) It was demonstrated that the transitional zone was not due to a thermal gradient in the sample 

but to microstructural changes. 

(3) The evolution of γ” and δ phases in the SLM samples is different when compared to wrought 

materials when submitted to high heating rates.  

(4) The solubility of Nb is based on the diffusion rate of this element in different heating rates and 

stability of all phases (Laves, δ, and γ״) which contained Nb. The diffusion rate and/or the solubility 

of Nb in the γ phase increased at higher heating rates. The remaining Nb content in the interdendritic 

areas was determined to be insufficient for the Laves phase to form. The morphology of the Laves 
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phase changed from fine and granular for 100 °C/s to long-striped for 400 °C/s, demonstrating that 

less time was available for Nb dissolution of in the matrix and/or precipitation. 
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