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Abstract  

In this study, Alloy 247LC samples were built with different laser powder bed fusion (L-

PBF) process parameters. The samples were then subjected to solution heat treatment at 

1260 °C for 2 h. The grain size of all the samples increased significantly after the heat 

treatment. The relationship between the process parameters and grain size of the samples 

was investigated by performing a design of experiment analysis. The results indicated that 

the laser power was the most significant process parameter that influenced the grain height 

and aspect ratio. The laser power also significantly influenced the grain width. The as-built 

and as-built + heat-treated samples with high, medium, and low energy densities were 

characterized using a field emission gun scanning electron microscope equipped with an 

electron backscatter diffraction detector. The micrographs revealed that the cells present in 

the as-built samples disappeared after the heat treatment. Isolated cases of twinning were 

observed in the grains of the as-built + heat-treated samples. The disappearance of cells, 

increase in the grain size, and appearance of twins suggested that recrystallization occurred 

in the alloy after the heat treatment. The occurrence of recrystallization was confirmed by 

analyzing the grain orientation spread of the alloy, which was lower and more 

predominantly <1° in the as-built + heat-treated conditions than in the as-built conditions. 

The microhardness of the as-built + heat-treated samples were high which was plausible 

because γ’ precipitates were observed in the samples. However, the L-PBF process 

parameters had a very low correlation with the microhardness of the as-built + heat-treated 

samples.  

 

1. Introduction 

Alloy 247LC is strengthened by the precipitation of the γ’ precipitate in the γ matrix [1]. The 

high-volume fraction and optimal size of the γ’ precipitate endow the superalloy with high creep 
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strength. The superalloy also shows adequate fatigue, corrosion, and oxidation resistance at high 

temperatures. Hence, it can be used in the hot section of gas turbines where the temperature is 

high (approximately 1200-1370 °C) and the environment is highly corrosive [1]. Recently, the 

printability of  Alloy 247LC  by laser powder bed fusion (L-PBF) has been investigated [2]–[11]. 

The major challenge in printing Alloy 247LC is solidification cracking, which is promoted by 

their large solidification temperature range and high plastic strains induced by the L-PBF process 

[2]. The L-PBF process parameters influence the microstructure including the formation of 

cracks. Carter et al. [12] investigated the influence of the L-PBF process parameters on the crack 

and void content of CMSX 486. The study revealed that the L-PBF process parameters, for 

example the laser power and scanning speed, significantly influenced the crack and void contents 

in the alloy. In another study, Thomas et al. [13] calculated a normalized volumetric energy 

density E* for additive manufactured alloys according to equation 1. 

E*= q*/(v*l*) = [Aq / (2vlr)] [1/ 0.67ρ𝐶𝑃(𝑇𝑚 −  𝑇0)]                                   (1) 

Where q is the laser power, v is the scanning speed and l is the layer thickness (the normalized 

values are q*, v* and l* respectively). A is the surface absorptivity, r is the beam radius, 𝑇𝑚 and 

𝑇0 are the melting and initial temperature of the material respectively. 𝐶𝑃  is the specific heat 

capacity and ρ is the density. The study plotted a process map of the alloys (including Alloy 

247LC). At certain 1/ℎ∗ values (h* is the normalized hatch distance), Alloy 247LC with low 

values of E* below a threshold value (approximately 2.5) produced voids. High values of E*, 

above a threshold value (approximately 13) produced solidification cracks. In addition to the 

process parameters named above, the scanning strategy utilized in the L-PBF process influence 

the microstructure. This was revealed by Carter et al. [14] in a study that investigated the effect 

of a scanning strategy called island scanning on the microstructure of L-PBF Alloy 247LC. The 

island scanning and its associated heating pattern produced regions of fine grains which were at 

the boundaries of columnar grains. These fine grains had large misorientation angles that 

promoted cracking. A post-build heat treatment, such as hot isostatic pressing (HIP) (to close the 

internal pores and cracks), solution + aging  is usually required to achieve the desired final 

properties [9]. Generally, in nickel-based superalloys, the solution heat treatment is followed by a 

aging heat treatment to precipitate γ’ with an optimum size and morphology in order to achieve 

good creep properties [1]. The heat treatment also homogenizes the microstructure. 

Homogenization is required because the as-built alloy microstructure contains eutectic 

microconstituents and shows element segregation, which can cause incipient melting. This may, 

in turn, limit the ability of the microstructure to attain complete solutioning before aging [1]. The 

grain structure and size of the heat-treated microstructure are known to influence the creep 

properties of the alloy, where the poor ductility in the grain boundaries promotes failure [1]. 

Thus, directionally solidified (DS) parts, which have fewer grain boundaries than their 

polycrystalline counterparts, offer improved creep resistance [15]. The columnar grains in alloys 

prepared using L-PBF, aligned in the <001> build direction, resemble DS parts, and thus may be 

beneficial for improving the creep resistance when their grain size is optimally large, and they are 

aligned parallel to the loading direction. This large grain size is particularly required for good 

creep resistance in the high-temperature applications of Alloy 247LC [5]. This concept was 

demonstrated in the study by Hilal et al. [16] where the creep resistance of  L-PBF Alloy 247LC 

sample built at 90° orientation was compared to an equivalent sample built at 30° orientation. 

The result showed that the 90° orientation produced better creep resistance than the 30° 

orientation. The high creep resistance in the 90° sample was attributed to its large columnar 

grains while the low creep resistance in the 30° sample was attributed to its small equiaxed 

grains. In fact, single crystal alloys are preferred for high-temperature applications. It has been 

recently demonstrated that single crystals can be printed using the electron beam powder bed 
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fusion technique [17]. In the present study, the authors investigated the effect of the process 

parameters on the grain structure, size, and texture of the Alloy 247LC. The plastic strain and the 

resulting stored energy are the driving forces for recrystallization, which is followed by the grain 

growth [18]. It has already been mentioned that high plastic strain is generated in the L-PBF 

process, which may promote recrystallization [19]. The recrystallization process is also 

influenced by the texture, grain size, grain orientation, and temperature [18]. The presence of 

secondary phase constituents, such as carbides, may inhibit the grain growth [20]. Thus, further 

studies are required in this regard to learn how to create a microstructure that results in the 

desired properties of the end-application with focus on optimizing properties like creep.  

The as-built microstructure of the Alloy 247LC  has been reported by Wang et al. [10] and Divya 

et al. [11]. It consists of small columnar grains that are epitaxially solidified from the substrate or 

previously melted layer of powder. The grains grow parallel to the build direction and the 

resulting texture is strong in the <001> direction and contain sub-micron-sized cells with a high 

dislocation density [10]. The γ, γ’, γ/γ’ eutectic, and carbide phases are present in the 

microstructure, and Hf, Ta, Al, Ti, and Cr segregate to the cell boundaries. The microstructure of 

the L-PBF-printed Alloy 247LC after heat treatments has been investigated. Boswell et al. [21] 

found that solid-state cracking, which is either strain-age cracking or ductility dip cracking, 

occurred during a post-processing heat treatment performed for 2 h [21]. Strain age cracking 

occurred in the samples heat-treated above 750 °C and was caused by the known interaction of 

the high residual stresses and γ’ precipitation.  Moreno et al. [22] studied the microstructure of 

Alloy 247LC subjected to different solution heat treatments but aged at a constant temperature. It 

was found that only recovery occurred below 1230 °C, whereas recrystallization and grain 

growth occurred above 1230 °C. At 1230 °C, some recrystallized grains could be detected, 

although most of the grains did not recrystallize. Above 1230 °C, the grains showed reduced 

texture and anisotropy as compared to the grains observed below 1230 °C. The inability of the 

alloy to recrystallize below 1230 °C (recrystallization occurred at 1260 °C) was also observed by 

Xu [23]. Xu proposed that the recrystallization of L-PBF Alloy 247LC occurs above the solvus 

temperature of γ’, owing to the absence of Zener pinning effect generated by the grain boundary 

γ’ precipitates. In a previous study [11], the recrystallization of an L-PBF-printed Alloy 247LC 

was investigated after a solution heat treatment at 1230 °C. Only isolated cases of 

recrystallization have been reported at this temperature, which is consistent with the 

recrystallization behavior reported in Moreno et al and Xu et al. Transmission electron 

microscopy was used to observe the γ’ precipitates, which showed different sizes and 

morphologies before and after the recrystallization. Carter investigated the applicability of the 

conventional solution heat treatment temperature at 1230 °C for 2 h for L-PBF samples [9]. The 

results showed that the temperature of 1260 °C for 2 h produced finer γ’ precipitates than those 

produced at the conventional heat-treatment temperature of 1230 °C. Thus, the former was more 

suitable for L-PBF. However, 1260 °C is still less than the γ’ dissolution temperatures of 1269 

and 1288 °C obtained from the differential scanning calorimetry (DSC) measurements and 

ThermoCalc calculations, respectively. Thus, at 1260 °C the γ’ precipitates could not dissolve 

completely, as was evident from the conspicuous γ’ precipitates in the micrographs. Carter 

explained that if the material was heated above 1260 °C, there was a risk of melting because of 

the narrow temperature range between the γ’ solvus and the incipient melting temperature. To 

close the defects observed in the as-built condition, hot isostatic pressing (HIP) was performed 

prior to the solution heat treatment. The slow cooling in the HIP furnace coarsened and overaged 

the γ’ precipitates. Thus, solutioning ought to be done to refine the γ’ grains prior to aging. The 

aging heat treatment was performed in two stages, and the γ’ grains so produced were not very 

different in size and morphology from those obtained after the solution heat-treatment. Based on 
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this, Carter recommended that a solution heat treatment without aging may be sufficient to obtain 

the desired γ’ precipitates. Griffith et al. [3] investigated the microstructures of solution heat-

treated (1260 °C) Alloy 247LC and Hf-free Alloy 247LC . The microstructures of both the alloys 

showed large grains, which might have formed because of the recrystallization and growth. The 

grains in the Hf-free alloy were smaller and showed lower aspect ratio than those in the Alloy 

247LC. The Hf-free alloy also showed annealing twins and fine γ’ precipitates as compared to the 

Alloy 247LC. Nanoscale segregation was observed in the cells of Alloy 247LC in the as-built 

conditions, but the microstructure appeared to be homogenized after the heat treatment. The 

Alloy 247LC exhibited strain-age cracking, whereas the Alloy 247LC Hf-free resisted strain-age 

cracking after the HIP and solution heat treatments. After aging, the Hf-free alloy showed lower 

hardness than the Alloy 247LC. Engeli [5] investigated the effect of heat treatment on the 

recrystallization of samples printed with different process parameters. Because different process 

parameters can produce different amounts of plastic strain, and hence stored energy, their 

response to recrystallization could be different. Indeed, Engeli’s results showed that different 

process parameters caused different degrees of recrystallization, which was evident from the 

differences in the grain sizes (linked to recrystallization and grain growth) of the heat-treated 

samples. In the present paper, design of experiments (DOE) was used to investigate the effect of 

the process parameters on the grain size of solution heat-treated samples. The process parameters 

investigated in this study attained energy density ranges (high, medium, and low), which 

produces or resists solidification cracks during printing. This is different from Engeli’s study, 

which investigated only the process parameters that were within the range that produced 

solidification cracks. Hence, the present study provides insight into the recrystallization behavior 

of Alloy 247LC and the transition of its microstructure from being solidification crack-

susceptible to solidification crack-resistant. Understanding the behavior of the solidification 

crack-resistant heat-treated microstructure of an alloy is particularly important as the suppression 

of cracks improves the properties of the alloy. The formation of recrystallized grains of an 

optimum size can further improve the properties of the alloy. Furthermore, this paper investigated 

the influence of the as-built grain-size on the final heat-treated grain size which was not reported 

in Engeli. Finally, the solid-state cracking, phases, microconstituents, homogenization and 

microhardness of the heat-treated microstructure of the Alloy 247LC were revealed. 

 

2. Experiment 

In this study the feedstock metal powder Sandvik Osprey™ Alloy 247LC was produced using a 

vacuum induction melting furnace with subsequent gas atomization using argon gas. The powder 

was sized into a powder particle size distribution of 15-53 µm. The composition of the Alloy 

247LC powder used in this study is listed in Table 1. O and N content were below 200 ppm. 

 

Table 1. Chemical composition of the Sandvik Osprey™ Alloy 247LC VIGA powder (wt.%). 

 

Thirty cubes (numbered 1 to 30) with the dimensions of 15 mm × 15 mm × 15 mm were printed 

in EOS M290 machine. The EOS M290 machine used in this study operated a maximum laser 

C Cr Ni Co Mo W Ta Ti Al B Zr Hf 

0.07 8.5 Bal. 8.7 0.6 9.2 3.5 0.7 5.5 0.012 0.01 1.24 

Si Mn S          

<0.01 <0.01 <0.003          

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



power of 400 𝐽 𝑠⁄   and a continuous-wave Yb fiber laser with a spot size of 70 µm. It had an 

optical system with an F-theta lens and a high-speed scanner. The equipment used argon 

shielding gas to prevent oxidation. The stripe scanning strategy was utilized in the current 

process. This strategy rotated the laser scanning in a new layer by 67° relative to the previous 

layer. Details about this scanning strategy is given in Leicht et al. [24]. The following process 

parameters were varied to manufacture the cubes: the laser power (170–220 𝐽 𝑠⁄ ), scanning speed 

(2800–3200 𝑚𝑚 𝑠⁄ ), and hatch distance (20–40 µm). A constant layer thickness of 20 µm was 

applied.  A full factorial DOE was performed using MODDE software to produce 27 

combinations of the process parameters. The process parameter combination of the mid-point 

values of 195 𝐽 𝑠⁄ , 3000 𝑚𝑚 𝑠⁄ , and 30 µm (used in sample 14) was repeated three times (used in 

samples 28, 29 and 30). The DOE has been used in a previous study on the effect of the process 

parameters on the quantity of defects [6]. The results were analyzed in MODDE using the 

response surface method, which is also described in Ref.[6]. Six extra samples (31–36) were also 

manufactured with manually assigned process parameters. A cross-section measuring 

approximately 15 mm ×15 mm × 3 mm was cut from each cube. Thirty-six cross-sections of the 

process parameters (1–36) were solution heat-treated at 1260 °C for 2 h in a vacuum furnace with 

flowing argon gas. The heating rate was 5 °C/min. After the heat treatment, the samples were 

immediately quenched in water. Table 2 displays the sample identification numbers and the 

values of the L-PBF process parameters (laser power (power), scanning speed (speed) and hatch 

distance (hatch)) utilized to process the samples. The last column contains the volumetric energy 

density which is calculated according to equation 2 that includes the layer thickness (layer). 

              volumetric energy density = power / (speed × hatch  × layer)                            (2) 

 

Table 2. Sample identification numbers and corresponding process parameters. The samples in 

the as-built condition were assigned numbers 1 to 36. The samples in the solution heat-treated 

condition were assigned 1HT to 36HT. 

Sample number  

As-built  

(Heat-treated) 

Power  

(J/s) 

Speed  

(𝑚𝑚 𝑠⁄ ) 

Hatch       

(µm) 

Energy 

density 

(𝐽 𝑚𝑚3⁄ )* 

1 (1HT) 170 2800 20 152 

2 (2HT) 195 2800 20 174 

3 (3HT) 220 2800 20 196 

4 (4HT) 170 3000 20 142 

5 (5HT) 195 3000 20 163 

6 (6HT) 220 3000 20 183 

7 (7HT) 170 3200 20 133 

8 (8HT) 195 3200 20 152 

9 (9HT) 220 3200 20 172 

10 (10HT) 170 2800 30 101 

11 (11HT) 195 2800 30 116 

12 (12HT) 220 2800 30 131 

13 (13HT) 170 3000 30 94 

14 (14HT) 195 3000 30 108 

15 (15HT) 220 3000 30 122 

16 (16HT) 170 3200 30 89 

17 (17HT) 195 3200 30 102 
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18 (18HT) 220 3200 30 115 

19 (19HT) 170 2800 40 76 

20 (20HT) 195 2800 40 87 

21 (21HT) 220 2800 40 98 

22 (22HT) 170 3000 40 71 

23 (23HT) 195 3000 40 81 

24 (24HT) 220 3000 40 92 

25 (25HT) 170 3200 40 66 

26 (26HT) 195 3200 40 76 

27 (27HT) 220 3200 40 86 

28 (28HT) 195 3000 30 108 

29 (29HT) 195 3000 30 108 

30 (30HT) 195 3000 30 108 

31 (31HT) 195 3000 30 108 

32 (32HT) 195 3000 30 108 

33 (33HT) 180 2800 30 107 

34 (34HT) 180 3000 30 100 

35 (35HT) 210 2800 30 125 

36 (36HT) 210 3000 30 117 

*This is the volumetric energy density which includes the constant layer thickness of 20 µm 

  

The samples were mounted in a hot mounting resin, ground, and polished to a surface with mirror 

finish. They were then etched in the Kalling’s reagent (4g 𝐶𝑢𝐶𝑙2; 80 ml HCl; 80 ml ethanol) for 

10 s. The samples were preliminarily examined using a Zeiss Axio light optical microscope. 

Subsequently, the cracks and grains were examined using TM 3000 Hitachi scanning electron 

microscope (SEM). The grain width was measured by applying the linear intercept method to 

three micrographs taken randomly at 100× magnification for each sample. A similar approach 

was used to measure the grain height. Samples 3, 30, and 22 were fabricated with the high, 

medium, and low energy densities, respectively (196, 108, and 71 𝐽/𝑚𝑚3, respectively). The 

samples were examined under the as-built and heat-treated conditions using a Zeiss Gemini 450 

field emission gun scanning electron microscope equipped with an electron backscattered 

diffraction (EBSD) detector from the Oxford Instruments Symmetry system. The samples were 

examined in both the secondary electron (SE) and backscattered electron (BSE) modes. EBSD 

data were processed and analyzed using the Aztec and Aztec crystal software packages from 

Oxford Instruments. For texture analysis, the inverse pole figures (IPFs) and PFs of the samples 

were obtained. To investigate possible recrystallization of the samples, their grain orientation 

spread (GOS) and geometric necessary dislocation (GND) density data and maps were generated 

using Aztec crystal software. Finally, the grain area and aspect ratio data were generated. For the 

generated data, a threshold angle of 10° was set in the Aztec crystal software to identify the 

grains.  DSC measurements were carried out on a NETZSCH STA449C thermo-microbalance 

system. The measurements were conducted under an argon atmosphere with an argon flow rate of 

50 mL/min. The DSC sample was first heated from room temperature (≈ 23 °C) to 600 °C at a 

heating rate of 20 °C/min, and then the sample was held and stabilized at 600 °C for 60 min. The 

sample was then heated from 600 to 1400 °C at a heating rate of 5 or 10 °C/min, and maintained 

at 1400 °C for 10 min. The sample was then cooled from 1400 to 600 °C at a cooling rate of 5 or 
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10 °C/min. Each sample was subjected to two measurement cycles. The first and second 

measurement cycles were named first and second loop respectively. Samples 31 and 34 were 

analyzed under the as-built condition. Subsequently, the DSC measurement was also performed 

on sample 31 after the solution heat treatment (31HT). Microhardness measurements were 

performed on the samples 1HT-30HT using a Struers Duramin-40 Vickers microhardness tester. 

The indents were made for 10 s using a 0.5 kgf load (HV0.5). Nine indents were performed on 

the cross-section of each sample and were spread in the upper, middle, and lower regions of the 

cross-section. This corresponds to three indents located in the upper, three indents located in the 

middle and three indents located in the lower regions. Two indents were always spaced at 

approximately 5 mm from each other along the length and width of the sample cross-section. 

 

3. Results 

3.1 Cracking 

The initial optical microscopy examination revealed the presence of millimeter-length cracks, 

along the grain boundaries, in all the heat-treated samples. These millimeter-length solid-state 

cracks were much larger than the micrometer-length solidification cracks previously reported in 

the as-built samples [6]. This indicates that the heat treatment resulted in the generation of solid-

state cracks in the samples. Though sample 30 was reported to resist solidification cracking in the 

as-built condition, it revealed the millimeter-length solid-state cracks after the solution heat-

treatment. Figure 1a shows examples of the solid-state cracks in sample 22 under the heat 

treatment condition (referred to as 22HT). An example of the solidification cracks observed in 

the corresponding as-built sample 22 is indicated with the red arrow in Figure 1b. 

 

Figure 1. (a) Solid-state cracking at the grain boundaries of 22HT (b) Solidification cracks 

(indicated by red arrow) in 22. 

 

3.2 Influence of the L-PBF process parameters on the heat-treated grains 

To investigate the heat-treated microstructure of the samples, it was compared with their as-built 

microstructure. A preliminary optical microscope examination revealed that the grain sizes of the 
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samples varied. Samples 3, 30, and 22 were subsequently observed using SEM. Figure 2 shows 

the SEM images of the grains in samples 3, 30, and 22 under the as-built condition.  

 

 

Figure 2. SEM images of the grains in the as-built condition: (a) sample 3 showed the largest 

grains, (b) sample 30 showed large grains, and (c) sample 22 showed the smallest grains.  

 

The microstructure was characterized by elongated columnar grains that grew in the build 

direction. This was similar to the observations in Wang et al. [10] and Divya et al. [11]. These 

columnar grains solidified epitaxially on a previously formed layer. The grain size of the as-built 

samples was small. The grains of sample 3 were larger than those of sample 30. Sample 22 

displayed the smallest grain size. The average grain areas in samples 3, 30 and 22 were 423, 250 

and 100 µ𝑚2 respectively. The grain sizes were clearer in the IPFs and charts presented later. At 

higher magnifications, subgrains could be observed in all the samples (Figure 3a). The subgrains 

consisted of cells and numerous bright spherical particles and microconstituents, as shown in 

Figure 3b and 3c, where the red arrows indicate the spherical particles between the cells. Less 

bright microconstituents (typically γ/γ’) were also present between the cells, as indicated by the 

blue arrows. The as-built microstructure of the alloy was similar to that reported in Ref. [10], 

[11], [22]. The cells were reported to have low misorientation angle and high dislocation density.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

Figure 3. (a) Approximate boundaries of the subgrains are marked in red. Cells were visible 

inside the dark subgrains. (b) Cell containing the bright spherical particles and microconstituents 

in the boundaries (examples of the bright spherical particles are marked with the red arrows and a 

less bright microconstituents are marked with the blue arrow). (c) Higher magnification image of 

bright spherical particles (an example is indicated with the red arrow) and less bright γ/γ’ 

(indicated with the blue arrow). 

 

The cell diameters in samples 3, 30 and 22 were between the range of 0.3 and 1 µm. Even within 

each sample, cell diameters differed considerably which demonstrated that there were local 

variations in the cooling rates. In Figure 3b, the diameter of clearly identifiable cells was between 

approximately 0.4 to 0.7 µm. The bright spherical particles were previously identified by X-ray 

diffraction to be MC carbide [11]. X-ray elemental mapping also indicated that the particles 

contained C together with the MC carbide formers: Hf, Ta, W and Ti. However, some particles 

were reported to contain O suggesting that they were oxides [10], [11]. In Figure 3b, the bright 

spherical particles indicated with the red arrows were between the range of approximately 0.1 

and 0.13 µm diameter. Figure 3c displayed a bright spherical particle (indicated with the red 

arrow) of approximate 45 nm diameter. Much smaller bright particles, with diameters estimated 

to be below 10 nm, could be observed in the micrograph. The tip of the γ/γ’ previously displayed 

in Figure 3b could be observed in Figure 3c (indicated with the blue arrow).  

 

After the heat treatment, the grain size of all the samples increased. The grains in samples 3HT 

and 30HT were larger than those in sample 22HT. Figure 4 shows the grains in samples 3HT, 

30HT, and 22HT. The increase in the grain size can be observed by comparing Figures 2 and 4. 
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The average grain area of sample 3HT, 30HT and 22HT were 2654, 3366 and 1534 µ𝑚2 

respectively. 

 

 

Figure 4. Heat-treated grain structure with bigger grains than those observed in the as-built 

condition. (a) 3HT (b) 30HT (c) 22HT.  

 

At higher magnifications, the cell structure observed under the as-built condition shown in Figure 

3 was no longer visible under the heat-treatment condition. The higher-magnification HT 

microstructure is shown in Figure 5. Twinning could be observed as indicated by the red arrows 

in Figures 5a and 5b. This suggested that recrystallization occurred. The bright spherical particles 

were still present which was clearly visible in Figure 5c.  

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



  

Figure 5. Heat-treated grain displaying: (a) bright particles and twinning (twinning indicated by 

the red arrow), (b) bright particles and twinning at higher magnification, (c) distinct bright 

particles, followed the build direction and (d) a bright particle. 

 

Figure 5d displayed an image of a bright particle. Here, in Figure 5d, the diameter was 

approximately 0.2 µm which was bigger than the largest bright particle previously observed in 

Figure 3b (the samples in Figure 3b and 5d were 30 and 30HT respectively). In addition, no small 

bright particles were observed close to the big particle in Figure 5d. Recall that small particles of 

different sizes were observed in Figure 3c. Note that the areas of the two micrographs are 

approximately equal and can be measured from the similarly sized scale bars. Thus, it appears 

that the particle in Figure 5d coarsened at the expense of smaller particles that were previously 

located close to it. This is in line with the phenomenon of Ostwald ripening. Similar observations 

were made for other micrographs which suggested that the particles coarsened after heat-

treatment. Therefore, it was suspected that the average size of the bright particles found in the as-

built condition increased under the heat-treatment condition. However, to obtain a statistically 

valid result, it is necessary to quantify the average size of the particles over a large area of the 

sample as the sizes of the particles may vary locally because of the difference in the cooling rate. 

The average size of the particles was not quantified in the present study. It was previously stated 

that these bright particles are MC carbides under the as-built condition. Divya et al. [11] 

suggested that the MC carbide in the as-built condition were retained and were more stable after 

solution heat-treatment at 1230 °C. It is known, from cast superalloys, that MC carbide formed 

during solidification [1]. It is also known that the MC carbides could degenerate into 𝑀23𝐶6 or 

𝑀6𝐶  carbides during subsequent heat-treatments [1], [25]. However, these carbide 

transformations occurred at a lower temperature (commonly between 790 °C to 816 °C and 816 

to 982 °C for 𝑀23𝐶6 and 𝑀6𝐶 respectively) than the 1260 °C in which the present samples were 

heat-treated which was followed by quenching. Thus, it was not likely that 𝑀23𝐶6  and 𝑀6𝐶 

carbides were present and most likely that the MC carbides formed during L-PBF processing 

were retained under the solution heat-treatment condition. It is to be noted that the X-ray 

elemental mapping performed by Divya et al. [11] and Wang et al. [10] showed that the particles 

contained Hf and Ta; these elements form very stable MC carbides [1], [25]. According to the 

DSC results presented in Section 3.4, the carbide dissolution temperatures in the samples were 

≥1350 °C (these were the carbide transformation temperatures observed in both the as-built and 

heat-treated conditions) which matched the dissolution temperature of MC carbide. Thus, the 

bright precipitates present in the microstructure in Figure 5 are most likely MC carbides. 

However, more advanced characterization is required to determine the crystal structure and 

lattice parameters to properly identify the MC carbide and describe how it evolved under the L-

PBF and solution heat-treatment conditions.  
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The grain size, aspect ratio and texture of samples 3, 30, and 22 were examined in detail by 

generating their IPFs from the EBSD data. Figure 6 shows the IPFs of samples 3, 30, and 22 in 

both the as-built and heat-treated conditions. 

 

 

 

Figure 6. IPFs (produced parallel to the build direction) of the grains under the as-built and heat-

treated conditions. (a) 3 (b) 30 (c) 22 (d) 3HT (e) 30HT (f) 22HT. 
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The IPFs also indicated that the grains in the heat-treated samples were larger than those in the 

as-built samples. The as-built texture observed in samples 3 and 30 had a strong <001> direction, 

whereas sample 22 showed weak as-built texture. Several elongated grains in samples 3 and 30 in 

Figures 6a and 6b extended beyond 100 µm which means that they extended across several layers 

in the build direction. Recall that each powder layer was 20 µm thick. It was also observed that 

these relatively large grains produced the strong <001> direction (evidenced by their red color). 

In contrast, several of the smaller grains did not orientate in the <001> direction (for example the 

green- and yellow-colored grains in Figures 6a and 6b). Thus, the red grains clearly demonstrated 

the largest average size. It was likely that the grains of samples 3 and 30, which were favorably 

aligned in the <001> direction, parallel to the direction of heat flow, solidified epitaxially and 

grew competitively at the expense of less favorably aligned grains. These favorably aligned red 

grains could increase their sizes, as they grew, while also maintaining the <001> direction. In 

contrast, the green grains which had the <101> direction, got outgrown during the competitive 

growth and thus remained small. However, the grain evolution was rather complicated to 

describe and this was due to the complex melting, solidification, heating and cooling patterns 

typical of the L-PBF process. The texture after the heat treatment had a weak texture. The texture 

of the samples under different conditions can also be observed from the PFs shown in Figure 7.  

 

    

 

 

Figure 7. PFs of <001> under the as-built and heat-treated conditions. (a) 3 (b) 30 (c) 22 (d) 3HT 

(e) 30HT (f) 22HT. 

 

A strong texture in the <001> direction was observed in samples 3 and 30; however, this texture 

reduced in sample 22, which showed diffuse clusters with the lowest multiples of uniform 

densities (MUD) value of 2.82. This is consistent with the reduced texture observed in the IPF 

plot of 22 (Figure 6). Samples 3HT, 30HT and 22HT showed smaller clusters at more varied 
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locations than samples 3 30 and 22. This indicates that the <001> crystals did not align in a 

particular sample direction, that is, a low texture. This is consistent with the IPF results. Three 

IPFs and PFs (similar to those shown in Figures 6 and 7) were generated at random locations in 

each sample. Figures 6 and 7 are representative of the results of the other plots. Figure 8 shows 

the average grain area and aspect ratios of these three samples. 

 

 

 

 

Figure 8. (a) Average grain areas of the samples under the as-built and heat-treated conditions. 

(b) Average aspect ratios of the samples under the as-built and heat-treated conditions.  

 

The analysis carried out in MODDE modeled the responses of the grain width, grain height, and 

aspect ratio of the 30 samples to the power, speed, and hatch. The methodology used is described 

in a previous study [6]. The software calculated the process parameters that significantly 

influenced the grain width, grain height, and aspect ratio of the samples. The as-calculated P-

values are listed in Table 3. When the P value was <0.05, the above-mentioned factors 
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significantly affected the response of the measurements (grain width, height and aspect ratio) to 

them. The P values were also calculated for the combination of two factors. For example, 

power*hatch refers to the effect of both the power and hatch on the response.  

 

Table 3. P values calculated using MODDE for the factors (laser power, scanning speed, and 

hatch distance) that had significant (significant values are marked in bold) and non-significant 

influence on the responses (grain height, width, and aspect ratio of the grains).  

Factors P value of the height P value of the width P value of the aspect 

ratio 

Power 1.466e-06 0.002 7.096e-18 

Speed 0.003 0.640 0 

Hatch 0.100 0.049 0.436 

Power*Hatch 0.040 0.001 0.901 

Power*Speed 0.953 0.689 0.664 

Speed*Hatch 0.449 0.121 0.041 

 

As can be observed from Table 3, the laser power significantly influenced the height, width, and 

aspect ratio. The scanning speed significantly influenced the height and aspect ratio. In addition, 

the most significant process parameters influencing the height, width, and aspect ratio of the 

samples were the laser power, laser power*hatch distance, and laser power, respectively, as 

indicated by the lowest P values in each column. The significance of the process parameters can 

be visualized by observing the charts in Figure 9, which show the effect of laser power, scanning 

speed, and hatch distance on the height and width of the grains. 
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Figure 9. Effects of the laser power, scanning speed, and hatch distance on the height and width 

of the grains. Green plots represent samples 1HT-30HT. 

 

The grain height increased with an increase in the laser power from 170 to 220 J/s. MODDE 

calculated this trend to be significant, as evidenced by the low P value of 1.466e-06 (Table 3). 

The effect of the scanning speed on the grain width did not show any trend, which also 

corresponds to the non-significant high P value of 0.640. The other charts can be interpreted in a 

similar manner. 

 

3.3 Recrystallization 

To confirm that recrystallization occurred, GOS data and maps were generated. GOS measures 

the average orientation of a grain relative to the average local orientation of the points in the 

grain [5], [26]. Thus, every grain possesses a specific GOS value. The GOS values of samples 

3HT, 30HT, and 22HT were lower than those of samples of 3, 30, and 22 respectively. Figure 10 

shows the GOS values of samples 22 and 22HT. 

 

                                                                                             

Figure 10. GOS values of (a) 22 and (b) 22HT. The GOS value was low in most of the grains 

after the heat-treatment, whereas the GOS was higher in the as-built condition. The values in the 

heat map below the figures are in degrees.  

 

In Figure 10a, the red grain in sample 22 has a GOS value of 7.88° suggesting that it was 

severely plastically strained.  The blue color in Figure 10b (which indicates a low GOS value 

close to zero) is spread over a large fraction of sample 22HT, indicating that most of the grains 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



were recrystallized. However, the red grains in Figure 10b have a GOS value of 4.19° indicating 

that they were not recrystallized. The orange grain has GOS values of 3.7° also indicating that it 

was not recrystallized. To further clarify the extent to which recrystallization occurred, it was 

necessary to measure the fraction of the recrystallized grains. This measurement was performed 

by first defining the GOS value of a recrystallized grain. Ayad et al. [27] stated that a grain with a 

GOS ≤ 2° is recrystallized. Xu [23] used a more moderate value of GOS < 1° to identify the 

grains recrystallized after the heat treatment of an L-PBF-printed Alloy 247LC. In this study, a 

GOS < 1° was used and grains with GOS < 1° were counted. The results showed that the fraction 

of grains of samples 3HT, 30HT, and 22HT with GOS values <1° were 0.58, 0.94, and 0.98, 

respectively. These values suggest that the samples showed a high degree of recrystallization. 

Similar to the GOS, the low GND densities of 3HT, 30HT, and 22HT as compared to those of 

samples 3, 30, and 22 indicated that recrystallization occurred in these samples after the heat 

treatment. It is known that the GND data correlate with the amount of plastic strain [27], [28] and 

as such, a reduction in the plastic strain and hence stored energy is the driving force for 

recrystallization. The GND map is shown in Figure 11. The relatively low GND density values 

(in blue) were spread over approximately the entire area in 22HT, whereas higher GND densities 

(in green) were spread over sample 22.  

 

                                                                                             

Figure 11. GND density maps for (a) 22 and (b) 22HT. Sample 22HT showed lower GND 

density than sample 22.  

 

The average GND density of 22HT was 0.08 × 1014/𝑚2, whereas that of 22 was 1.56 × 1014/
𝑚2. Here, the former is approximately twenty times lower than the latter. Figure 12 shows the 

average GND densities in three similar micrographs for each sample.  
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Figure 12. GND density chart showing the reduction in the average GND density of the samples 

after the heat treatment. 

 

3.4 γ’ precipitate and microhardness 

The γ’ precipitate and bright spherical particles were observed in the samples after the heat 

treatment. A visual observation of samples 1HT-30HT showed that the γ’ precipitate was still 

present in varying amounts in the samples. An example is shown in Figure 13, where γ’ is clearly 

visible. 

 

Figure 13. (a) γ’ precipitate and bright spherical particles in sample 2HT. (b) Higher 

magnification showing the γ’ precipitate and bright spherical particles. 

 

Here, the area fraction of the γ’ precipitate was 0.1, while that of the bright particles was 0.018. 

The diameter of the γ’ precipitate discernible in the SEM image was approximately 80–300 nm. 

It is speculated that a smaller diameter γ’ precipitate existed and could be discerned using high-

resolution microscopy (for example, TEM). The composition of the Alloy 247LC in Table 1 was 

input to JMatPro, and the γ’ precipitate transformation temperatures were modeled. The results 

are shown in Figure 14. This shows that fully precipitated γ’ showed a volume fraction of 

approximately 0.60. This precipitate completely dissolved at approximately 1250 °C. 
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Figure 14. JMatPro modeling of γ’ precipitation in the Alloy 247LC. γ’ precipitate volume 

fraction was approximately 0.60, and it dissolved at approximately 1250 °C. 

 

DSC experiments using a heating rate of 5 °C/min were performed on sample 31, which was 

manufactured using the same process parameters as those used for sample 30. The heating 

diagram of the first loop revealed that the dissolution of the γ’ precipitate occurred at 

approximately 1250 °C, which is similar to the temperature calculated using JMatPro. Figure 15 

shows the first and second heating and cooling DSC curves of the samples. Thus, although the 

first loop heating curve (Figure 15a) indicated that the dissolution of the γ’ precipitate occurred at 

approximately 1250 °C, the γ’ precipitate could be observed even after heating to 1260 °C. From 

the second loop heating curve (Figure 15b), γ’ dissolution could not be observed. In addition, the 

solidus was not distinct which is consistent with the DSC results reported previously [9], [11]. In 

addition, the end of the heating curve shifted more to the right as the liquidus line moved from 

approximately 1380 °C in the first loop to approximately 1393 °C in the second loop heating. 

DSC measurement was also performed on 31HT. The transformation temperatures were similar 

to those reported for sample 31. These results are discussed later in Section 4.3. 

 

Figure 15. DSC curves of heating (red) and cooling (black) performed on sample 31 (first loop) 

and then repeated on the same sample (second loop). (a) First loop γ’ dissolution, carbide 
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dissolution, and liquidus are marked with green, blue, and black arrows, respectively. (b) Second 

loop curves. 

 

The DSC experiment was repeated on sample 31, but at a higher heating rate of 10 °C/min. 

Finally, DSC experiments were performed on sample 34 at the heating and cooling rates of 5 and 

10 °C/min. The γ’, carbide, and liquidus heating temperatures of all the samples are listed in 

Table 4. 

 

Table 4a. First loop DSC transformation temperatures. 

Sample (heating rate) γ’ carbide liquidus 

31 (5 °C/min) 1250 °C 1355 °C 1380 °C 

31 (10 °C/min) 1250 °C 1357 °C 1382 °C 

34 (5 °C/min) 1250 °C 1350 °C 1378 °C 

34 (10 °C/min) 1250 °C 1355 °C 1380 °C 

 

Table 4b. Second loop DSC transformation temperatures. 

Sample (heating rate)  γ’ carbide liquidus 

31 (5 °C/min) not detected 1365 °C 1393 °C 

31 (10 °C/min) not detected 1368 °C 1395 °C 

34 (5 °C/min) not detected 1362 °C 1390 °C 

34 (10 °C/min) not detected 1365 °C 1388 °C 

 

The heat-treated samples showed relatively high microhardness values, confirming the existence 

of the γ’ precipitate. To investigate the effect of the process parameters on the microhardness of 

the samples, the microhardness values of samples 1HT-30HT were analyzed using MODDE. The 

results are shown in Figure 16. 
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Figure 16. Effect of the laser power, scanning speed, and hatch distance on the microhardness of 

the solution heat-treated samples. Although no marked effect was observed for laser power and 

hatch distance, the effect of the scanning speed was slightly noticeable.  

 

The microhardness plots were analyzed in a similar manner as described for Figure 9, and the P 

values for the laser power, scanning speed, and hatch distance were calculated to be 0.16, 0.02, 

and 0.38, respectively. The P value for the scanning speed was slightly <0.05, indicating that it 

was significant. The P values of the laser power and hatch distance were >0.05 thus they were not 

significant. This is contrary to the microhardness measurement results of as-built samples 

reported previously [6]. The laser power (P = 1.46588e-05) was strongly correlated with the 

microhardness. The scanning speed was not significant, while the hatch distance was slightly 

significant (P = 0.066 and 0.04, respectively). The microhardness of the HT samples was close to 

or higher than that of the as-built samples (Figure 17).  

 

Figure 17. Microhardness of the samples in the as-built (obtained from Ref. [6]) and heat-treated 

conditions (performed in this study).  

 

4. Discussion 

4.1 Cracking 

A prominent feature of the heat-treated microstructure is the appearance of macrocracks. This is 

detrimental to the mechanical properties of the sample, even if all the other aspects of the 

microstructure are good. It has been reported that solid-state cracking occurs during the heat 

treatment of nickel-based superalloys. According to Boswell et al. [21], these cracks are either 

ductility dip or strain-age cracks. Strain-age cracking is also observed during the HIP of In 

738LC [29]. Strain-age cracking was rationalized in the present study. It is well-known that 

alloys with high Al + Ti content (>4.5 wt.% according to Ref. [1]) are susceptible to strain-age 

cracking. Such alloys show a high γ’ content, which precipitates rapidly. This causes localized 

strain in the grain boundaries, which promotes cracks when the stress is simultaneously being 

relieved. The Alloy 247LC with an Al + Ti content of 6.3 wt.% is susceptible to strain-age 

cracking. The volume fraction of γ’ when fully precipitated was approximately 60%, which can 

also be observed from Figure 14. The γ’ precipitate time temperature transformation diagram 

(TTT) (15% volume fraction) as modeled in JMatPro is shown as the green curve along with the 

heating rate plot in Figure 18. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



  

Figure 18. TTT diagram for the γ’ precipitate (15% volume fraction) modeled in JMatPro. The 

blue plot denotes the minimum heating rate required to avoid the precipitation of the γ’ 

precipitate. 

 

The green curve shows that the fastest γ’ precipitation occurred in 4.41 s at 1120 °C. To avoid the 

γ’ precipitation, rapid heating is recommended so as to avoid intersecting the TTT curve [30]. 

According to Boswell et al., strain-age cracking begins above 750 °C. The blue curve indicates 

that to prevent cracking, the rapid heating of the samples from 750 to 1260 °C requires a heating 

rate of approximately 85 °C/s. However, if cracking occurs during the precipitation of a low 

volume fraction of the γ’ precipitate (<15%), higher heating rates are required. This is because 

the green curve shifted to the left at a lower volume fraction of the γ’ precipitate. The heating rate 

of 5 °C/min used in this study was too low to avoid the TTT curve and resist the strain-age 

cracking.  

 

4.2 Influence of the L-PBF process parameters on the heat-treated grains 

Section 3.2 discussed the effects of the L-PBF process parameters on the grain size of the 

samples. Among all the process parameters investigated, the laser power affected the grain size 

most significantly. This indicates that by adjusting the process parameters, mainly the laser 

power, the grain size of the heat-treated samples could be controlled. A useful observation here is 

that sample 30HT, which showed low crack density in the as-built condition (sample 30), 

exhibited a relatively large grain size as compared to samples 3HT and 22HT, as shown in Figure 

8a. The larger grain size in sample 30HT is therefore preferable for good creep resistance. 

However, the grain sizes of the samples were less than the range classified as fine grains 

(equiaxed grains of width 360 µm) for cast + heat-treated (solutioning and ageing) Alloy 247 

[31]. Therefore, sample 30HT may demonstrate lower creep resistance than its cast equivalent. 

The effect of the process parameters on grain size of the heat-treated samples has been 

investigated by Engeli [5]. In contrast to the present study, Engeli demonstrated that the scanning 

speed and hatch distance are the most significant process parameters affecting the grain size. The 

reason for this discrepancy may be due to the different values of the process parameters 

investigated in these two studies. Engeli explained that the plastic strain and stored energy 
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characteristics at various L-PBF process parameters are the driving forces for the recrystallization 

of the grains of a sample subjected to heat treatment. This affects the recrystallization 

temperature or/and the grain-size of the heat-treated sample. The study explained that samples 

with higher plastic strain have higher nucleation rates, and hence produce smaller grain sizes. 

However, Engeli did not discuss the as-built microstructure, which could further influence the 

grain size. In the present study, the effects of the as-built microstructure of samples 3, 30, and 22 

(printed with high, medium, and low energy density, respectively) on the grain size of the heat-

treated samples 3HT, 30HT and 22HT were investigated. 

Figure 8a indicates that sample 22 showed the smallest grain size in the as-built and heat-treated 

conditions. Thus, it is ambiguous to relate the recrystallization and grain size to the driving force 

of the initial strain and the consequent stored energy as the samples with an initial small grain 

size have a higher number of nucleation sites during recrystallization than samples with a large 

initial grain size [18]. This means that the recrystallization of grains may be driven more by 

nucleation than by growth. Thus, sample 22 with a small grain size in the as-built condition 

produced smaller grains in 22HT than 30HT, assuming that the amount of stored energy was 

approximately the same in the two samples 22 and 30. This reasoning indicates that sample 30HT 

should have a smaller grain size than sample 3HT. However, as discussed earlier, the initial 

plastic strain and stored energy also influence the final grain size. The plastic strains were not 

measured experimentally, thus it was not possible to evaluate the effect of the relationship 

between the initial plastic strains on the final heat-treated grain size. This analysis becomes 

complex when the texture is considered. It is well-known that the texture of plastically deformed 

materials before and after the deformation influences the recrystallization of their grains [18]. 

The texture analysis showed in Figures 6 and 7 indicates that sample 22 had weaker <001> 

texture than samples 3 and 30. This may have contributed to the difference in the final grain sizes 

of the samples. Texture was reduced in samples 3HT, 30HT, and 22HT. A reduction in the 

texture was also observed in a study performed by Engeli. This reduction in the texture enables a 

reduction in the anisotropy (high anisotropy in the as-built condition and low anisotropy in the 

heat-treated condition) of the material. The grain sizes of samples 1–30 in the as-built condition 

were observed using optical microscopy and SEM. The sizes were assessed visually. The samples 

with small grain sizes in the as-built condition produced small grain sizes in the heat-treated 

condition. Thus, it appears that there is a correlation between the small grain sizes in the as-built 

and heat-treated conditions. Another possible factor influencing the heat-treated grain size is the 

effect of the second-phase particles, for example, bright spherical particles (carbides and/or 

oxides) and γ’ precipitate. Second-phase particles may pin the grain boundaries to restrain the 

grain growth [18], [20], [22]. The possible influence of the γ’ precipitate on the grain size of the 

heat-treated samples was evaluated by plotting the microhardness of the samples (in the as-built 

and heat-treated conditions) against the grain height and/or width after heat treatment. The 

findings did not indicate any significant correlation. 

 

4.3 γ’ dissolution, microhardness and homogenization. 

The γ’ precipitate was detected after the solution heat treatment, followed by quenching. The L-

PBF process parameters did not show strong effect on the heat-treated microhardness which 

suggested that the former had low influence on γ’ strengthening. The microhardness values of 

many samples in the as-built and heat-treated conditions were similar. These microhardness 

values were also close to the microhardness values obtained after aging, as reported in Ref. [2], 

[32]. A possible debate is whether it is necessary to perform aging heat treatments when such 

high microhardness can be obtained by a solution heat treatment. Recall from Section 1 that 
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Carter [9] recommended a solution heat treatment without subsequent aging heat treatment. The 

γ’ precipitate was also observed after solution heat-treatment in a study performed by Divya et al. 

[11]. The microhardness obtained after the solution heat treatment was approximately 512 HV. 

The reason for the presence of the γ’ precipitate after heating to 1260 °C and quenching may be 

the incomplete dissolution. This may also be because the γ’ precipitate reprecipitated. It has been 

reported that the dissolved γ’ precipitate reprecipitates after recrystallization [22], [33]. Some of 

the γ’ precipitate also formed during the cooling process. It was observed that the cells in the as-

built condition (Figure 3) disappeared after the solution heat treatment (Figure 5). 

Homogenization followed the elimination of the cells and the dissolution of the γ/γ’ eutectic. As 

discussed in Section 1, L-PBF Alloy 247LC was reported to homogenize after a solution heat 

treatment at 1260 °C for 2 h [34]. Homogenization was suspected to occur because neither cells 

nor microsegregation of elements between the cells was observed after the heat treatment, even 

though they were observed in the as-built condition. The first loop heating curve of sample 31 at 

a heating rate of 5 °C/s shown in Figure 15a is a representative of the furnace heating rate used in 

this investigation. It has been reported that when directionally solidified CMSX-10 is solution 

heat-treated, the γ’, solidus, and liquidus temperatures shift to higher values, which can be 

attributed to the dissolution of γ/γ’ and the subsequent homogenization [35]. The γ’ temperature 

increases by 15 °C, the solidus temperature increases by 25 °C, and the liquidus temperature 

increases by 5 °C after the solution heat treatment of the aforementioned study. In the present 

study, the γ’ and liquidus temperatures of 31HT were close to those of 31. The solidus could not 

be identified in the samples. The fact that γ’ solvus did not increase in 31HT indicates that there 

was no significant post-homogenization increase in the γ’ forming elements that promote such an 

increase. When the γ/γ’ dissolves, as suggested from the microscopy observations here, it is 

accompanied by the release of high atomic number elements such as Ta, which diffuse into the 

dendrite core and subsequently partition to the γ’ formed during cooling [35]. This may then 

increase the γ’ solvus in the DSC experiment. Thus, the DSC results here could not be utilized to 

substantiate the microscopic observation of the dissolution of γ/γ’ and the possible occurrence of 

homogenization. Further investigation is needed to analyze the microsegregation profile, which 

can be performed using atomic probe tomography. As shown in Figure 15 and Table 4, the 

heating curve shifted to the right during the second loop heating along with an increase in the 

liquidus temperature. The first loop heating curve (Figure 15a) shows the first cycle heating of 

the as-built L-PBF sample, which had a specific material condition and an amount of γ/γ’. 

Subsequently, at higher temperatures, the material melted, and the liquid so formed then 

solidified, as illustrated by the first loop cooling curve. A second cycle was then performed, as 

illustrated by the second heating and cooling loop. Note that the material being heated in the 

second loop was processed differently as compared to the as-built sample, which was heated in 

the first loop heating. As such, the composition and amount of γ/γ’ differed. It is likely that a 

more homogenized composition in the second loop material promotes a higher liquidus.  

 

5. Conclusion 

The influence of the L-PBF process parameters on the microstructure of a solution heat-treated 

Alloy 247LC was investigated. The main conclusions are as follows. 

 Cracking (likely strain-age cracking) was observed in the microstructure. It is estimated 

that a high heating rate of approximately 85 °C/s from 750 °C suppressed the 

precipitation of 15% volume fraction of the γ’ precipitate. This is most likely to reduce 

the strain-age cracking. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 The L-PBF process parameters that influenced the grain size of the solution heat-treated 

alloy can be identified.  

 Among all the process parameters investigated, the laser power affected the grain height 

and aspect ratio most significantly, while the interaction between the laser power and 

hatch distance was the most significant process parameter influencing the grain width.  

 The as-built grain size of the investigated samples most likely influenced the 

recrystallization process. The smallest as-built grain-size produced the smallest heat-

treated grain size. 

 The material condition that resisted solidification cracking during L-PBF printing (sample 

30), produced relatively large grains after solution-heat treatment (sample 30HT). The 

large grain size in this material condition possibly provides better creep resistance than 

the small grain size material conditions. 

 Recrystallization occurred in the investigated samples printed with high, medium, and 

low energy densities.  

 The strong <001> texture in high and medium energy densities in the as-built condition 

reduced as a result of the solution heat treatment. 

 The L-PBF process parameters had a low influence on the γ’ strengthening of the solution 

heat-treated material conditions.  
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 During the laser powder bed fusion process, the process parameter employed will affect 

the material condition obtained after heat-treatment. 

 The desired material condition that resisted cracking during the laser powder bed fusion 

process produced the large grain size that was preferred for improved creep resistance. 

 The heating rate required to avoid cracking during post processing heat-treatment was 

calculated.  
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