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Abstract 1 

Microstructural anisotropy, which often leads to anisotropy in the mechanical 2 

performance, induced by the epitaxial grain growth during solidification is a major 3 

concern in a number of metal and alloy components that are manufactured using the 4 

additive manufacturing technique of laser powder bed fusion (LPBF). In this work, we 5 

demonstrate that a periodic variation in the layer thickness during LPBF results in the 6 

alteration of the grain growth direction and can effectively suppress the formation of 7 

columnar grains. Such a build strategy simultaneously decreases the grain size and the 8 

texture intensity, resulting in a reduced anisotropy in the mechanical properties. The 9 

variation of grain growth direction can be rationalized by thermal gradient variation 10 

near the transition area that occurs after the layer thickness is altered. This simple 11 

strategy provides an additional and new tool for grain structure tailoring during LPBF. 12 

 13 

Keywords：Laser powder bed fusion; Nickel alloys; Layer thickness variation; 14 

Epitaxial growth; Anisotropy.  15 
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1. Introduction 1 

Columnar microstructure—often oriented along the build direction (BD) and a 2 

result of the epitaxial grain growth—is a common feature in many alloys that are 3 

additively manufactured (AM) using techniques such as the laser powder bed fusion 4 

(LPBF)[1-6]. While such a microstructure is desirable in some contexts (AM of 5 

directionally solidified superalloys[7], for example), it (or those with a strong texture) 6 

is often deemed a major issue that must be overcome, due to the mechanical anisotropy 7 

it might induce[8, 9].  8 

Two approaches are widely employed to ‘break’ the long columnar grains and 9 

realize an equiaxed microstructure with a random texture. First is the addition of 10 

inoculants or solutes to the alloy powder [4, 10-13]. Such additions either create 11 

heterogenous nucleation sites ahead of the solidification front or facilitate the 12 

constitutional undercooling [12]. Both these mechanisms could result in a 13 

microstructure with fine equiaxed grains. While this is indeed a good and practical 14 

method, it would not only require the reevaluation of the powder production 15 

methodology, but also alter the constituent phases and hence the structural reliability, 16 

corrosion resistance, and/or other properties of the fabricated parts.  17 

The second approach for breaking the columnar grain structure is to adapt a 18 

processing parameter combination that prevents the formation of such grains. The 19 

underlaying principle in this approach involves the balancing of the thermal gradient 20 

(G) and the solidification rate (R) to manipulate the solidification mode or direction to 21 

realize the desirable grain structure. Prior studies have shown that this approach for 22 
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realizing the columnar-to-equiaxed transition (CET) may not always be cost effective 1 

within the process parameter window available for LPBF[14]. The research performed 2 

thus far indicates that the interplay between the melt pool geometry[15], 3 

crystallographic texture of the substrate plates used for LPBF[16], and the variation in 4 

G are the keys to the grain structure control during LPBF[17]. Towards this end, 5 

manipulation of the laser spot size[18], the laser power and scan speed combination 6 

[19-23], large hatch spacing[24-26], scanning strategy optimization[27-29], and 7 

altering the profile of the laser beam [17, 30] were all shown to be effective in the 8 

grain structure control. Nevertheless, these methods involve complicated re-9 

optimization of the process parameters or even redevelopment of the LPBF machine in 10 

some contexts. Keeping this in mind, we demonstrate here a simple methodology to 11 

control the grain structure in the LPBF Inconel 625 (IN625) – an extensively studied 12 

Ni-based superalloy produced using LPBF. Significant mechanical anisotropy in it, 13 

processed using many different LPBF machines with different parameters, were 14 

reported[31-33]. By tailoring the layer thickness variation (LTV) during LPBF—but 15 

without changing other process parameters or scanning strategy—the epitaxial growth 16 

of columnar grains is circumvented. 17 

2. Experimental details 18 

2.1 Fabrication of specimens 19 

Commercially available gas-atomized IN625 powder (diameters in the range of 20 

~15–53 μm) were utilized for LPBF by using an HBD-80 machine with the following 21 

build parameters: laser power 175 W, laser scan speed 800 mm/s, hatch spacing 0.11 22 
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mm, where laser travels bidirectionally during building process. The specimens for the 1 

microstructural analyses were fabricated with the dimensions of 1.8 mm 2 

(thickness/height) × 6 mm (width) × 6 mm (length).  3 

Figures 1 (a), (b), (f), and (g) show the schematic illustrations of the specimens 4 

with either 0.02 or 0.03 mm layer thickness (LT) (all the other process parameters being 5 

identical) with either 0° or 67° interlayer rotation. These specimens are labelled as 6 

LT2-0, LT3-0, LT2-67, and LT3-67 depending on the layer thickness (LT) and interlayer 7 

rotation angle. Here, ‘0’ and ‘67’refer to the interlayer rotations of 0° and 67°, 8 

respectively; in the former, the laser traversed bidirectionally along the X direction. 9 

These two scanning strategies were adopted since they are the most commonly used 10 

ones in different LPBF machines[33]. The 0° scanning strategy was utilized since the 11 

0-XOY, 0-XOZ and 0-YOZ planes of the specimens built with this strategy would 12 

reflect the distinct features of the microstructures along different directions. The 67° 13 

scan rotation between successive layers, on the other hand, was adopted to verify the 14 

influence of LTV strategy, since this is the most widely used scan strategy. The numbers 15 

‘2’ and ‘3’ that follow LT refer to the layer thicknesses used: 0.02 and 0.03 mm, 16 

respectively.  17 

In the LTV specimens, LT was varied, as illustrated in Figs. 1 (c) and (d). In these 18 

specimens, the first 0.3 mm thick material was removed (subsequent to the fabrication 19 

of the coupons) to eliminate any potential influence of the substrate’s texture on the 20 

built part’s microstructure[34]. Several different LT combinations (listed in Table 1) 21 

were utilized to build the rest of the 1.8 mm of the coupons. To make sure each segment 22 
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can be divided evenly by both the 0.02 and 0.03 mm LTs, the thickness of the segment 1 

was selected to be either 0.9 or 0.6 mm for different LTV strategies. The densities of 2 

specimens were not affected due to LTV, and near fully dense specimens were always 3 

obtained, as demonstrated from the optical microscopy (OM) images displayed in Fig. 4 

S1 of the supplementary material. 5 

 6 

 7 

Fig. 1 (a) - (e) Schematic illustrations of the LT2-0, LT3-0, LT23-0, LT233-0, and 8 
LT232-0 specimens. (f) - (j) Schematic illustrations of the LT2-67, LT3-67, LT23-67, 9 

LT233-67, and LT232-67 specimens. Here, the green and yellow colors represent 10 
segments that are built by using 0.02 mm and 0.03 mm layer thicknesses, respectively. 11 
 12 

Table 1. Layer thickness variation strategy of LTV specimens 13 

Specimen (total 
height = 1.8 mm) 

Height of each 
segment 

Building layer thickness in each part 
(bottom to top) 

LT23 0.9 mm 0.02 mm — 0.03 mm 

LT233 0.6 mm 0.02 mm — 0.03 mm — 0.03 mm 

LT232 0.6 mm 0.02 mm — 0.03 mm — 0.02 mm 

 14 

Additionally, dog-bone specimens for tensile testing were also directly fabricated 15 

using LPBF, as illustrated in Fig. 2. The gauge dimensions of the dog-bone specimens 16 
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are 2.1 mm (thickness) × 4 mm (width) × 15 mm (length) while the total length of the 1 

tensile specimen is 60 mm. Two types of tensile specimens labelled as VER (in which 2 

the loading axis is parallel to the build direction (BD)), and HOR (in which the loading 3 

axis is perpendicular to BD) were manufactured. Specimens were cut from the substrate 4 

plates by using the wire electrical discharge machining (WEDM). For the VER 5 

specimens, the printing pattern follows those shown in Fig. 1 and Table 1, since the 2.1 6 

mm thickness matches those for microstructural observations (1.8 mm) plus the initial 7 

0.3 mm. The HOR specimens, on the other hand, were printed such that the patterns 8 

shown in Fig. 1 and Table 1 were repeated periodically throughout the total print height 9 

(60 mm). To verify the potential influence of the height difference between HOR and 10 

VER specimens on the cooling rate and hence the microstructure and mechanical 11 

properties, additional blocks were built to the same height as VER sample (60 mm), 12 

wherein ‘HOR specimens’ (2.1 mm thick) were extracted by WEDM, as schematically 13 

illustrated in Fig. 2. Experimental results show that the mechanical property data 14 

obtained on these specimens is consistent with that obtained on the HOR specimens, 15 

implying that the printing height does not result in any obvious deviation. Thus, only 16 

HOR and VER samples are compared in this study. 17 
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 1 
Fig. 2 Illustration of tensile specimens. 2 

 3 

2.2 Microstructural characterization and mechanial tests 4 

Due to the unique microstructures of the LTV specimens, all the specimens were 5 

cut into equal size (3 mm × 3 mm × 1.8mm) and the observations on the LTV 6 

specimens was always performed in the center of different observed planes, so as to 7 

properly reflect their representative microstructures. 8 

For OM using a Zeiss Axio Imager A2m, specimens were ground and 9 

mechanically polished using 1 μm diamond suspension. For electron back scattered 10 

diffraction (EBSD) characterizations with a Nova NanoSEM 230 equipped with an 11 

Oxford detector, specimens were further vibration polished. Electron backscattered 12 

diffraction (EBSD) was performed at a step size of 3 μm, and the data were analyzed 13 

using the commercial AZtec Crystal Software. 14 

Before mechanical testing, the gauge parts of the tensile specimens were ground 15 

using sandpapers till grit number of 1200 to ensure flat surfaces. Tensile tests were 16 

performed using a Z020 THW tensile machine (equipped with a contact extensometer) 17 
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at room temperature at a nominal strain rate of 10-3 /s. For each condition, three repeat 1 

tests were conducted. 2 

3. Results and discussion 3 

3.1 LTV specimens with 0° interlayer rotation 4 

Figure 3 shows the inverse pole figure (IPF) maps with corresponding grain 5 

boundary (GB) maps of different specimens. Both the LT2-0 and LT3-0 specimens 6 

show similar microstructural features. In the XOY plane, the microstructure reflects the 7 

laser scanning strategy adapted along the X direction and is similar to that reported in 8 

many studies that utilized a similar strategy[23, 35]. The grains on the XOZ planes 9 

of both the specimens exhibit columnar features since no interlayer rotation was applied 10 

to prevent the epitaxial grain growth. The microstructures on the YOZ planes exhibits 11 

a mix of columnar and stray fine grains. 12 

The microstructures of 0.02 mm layer-thickness segment (referred to as ‘LT2 13 

segment’ hereafter), colored green in Figure 3, in the LT23-0, LT233-0, and LT232-0 14 

specimens are similar to that seen in the LT2-0 specimen. The grains in the 0.03 mm 15 

layer-thickness segment after LTV (‘LTV3 segment’, or the yellow regions), on the 16 

contrary, are refined compared to those in the LT3-0 specimen, which is especially 17 

prominent on the XOZ plane. Pole figures obtained on the XOZ planes of different 18 

specimens are displayed in Fig. 3 (f) to (j). Texture analyses of data obtained on the LT2 19 

and LT3 specimens shows that the <001> directions tend to align with building 20 

direction, with the maximum intensity being 10.42 and 8.55 times the random 21 

orientation distribution, respectively. In the LTV specimens, however, a significant 22 
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decrease of the <001> texture intensity is noted. The maximum intensities decreased to 1 

8.31 in the LT23-0 specimen, 7.81 in the LT233-0 specimen, and 5.7 in the LT232-0 2 

specimen. Moreover, a less intense <110> texture can be observed in the {110} pole 3 

figures as well, indicating a possible deflection in the grain growth direction after the 4 

application of the LTV strategy. These features indicate a positive effect of LTV strategy 5 

in breaking the growth of columnar grains and thus promoting a more isotropic 6 

microstructure. However, it appears that the grain refinement only occurs at the 7 

transition regions of the LT2 to LTV3 segments (green to yellow grains in Figures 3 8 

(c)–(e)). Growth of columnar grains tends to reappear after the transition of the LT3 to 9 

LTV2 segment (yellow to green grains in Figure 3 (e)). 10 

 11 

 12 
Fig. 3 (a) – (e) IPF-GB maps of the LT2-0, LT3-0, LT23-0, LT233-0, and LT232-0 13 

specimens (all the planes observed along building direction) and (f) – (j) pole figures 14 
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of their XOZ planes. 1 

 2 

For a quantitative evaluation of the changes to the grain size, d, the area-weighted 3 

average grain size, 𝑑𝑑𝑎𝑎���, was utilized. This was done so as to reduce the statistical errors 4 

caused by the differences in the number of columnar and fine grains when considering 5 

the arithmetic average of d.[9] The values of 𝑑𝑑𝑎𝑎��� in different parts of the LT23-0 and 6 

LT233-0 specimens were estimated by using the relation: 𝑑𝑑𝑎𝑎𝑎𝑎����� = ∑ 𝑑𝑑𝑖𝑖𝑆𝑆𝑖𝑖
𝑆𝑆

𝑁𝑁
1 , where N is 7 

the number of grains considered, di is the equivalent diameter of the grain, Si is the area 8 

of the grain, and S is the total area of all the grains considered. Typically, the grains on 9 

the XOY planes (sometimes called ‘top surface’ in the literature) of the LPBF alloys 10 

show insignificant anisotropy in their morphology[36], which is also the case here (as 11 

seen from Fig. 4). Hence, the variations in 𝑑𝑑𝑎𝑎��� on XOY planes were not considered 12 

here after. Variations in 𝑑𝑑𝑎𝑎��� in the LT2 and LTV3 segments of the LT23-0 and LT233-13 

0 samples are displayed in Fig. 4 (a). The relative reduction in 𝑑𝑑𝑎𝑎��� , δ (=14 

𝑑𝑑𝑎𝑎𝑎𝑎−𝐿𝐿𝐿𝐿2�������������−𝑑𝑑𝑎𝑎𝑎𝑎−𝐿𝐿𝐿𝐿𝐿𝐿3��������������

𝑑𝑑𝑎𝑎𝑎𝑎−𝐿𝐿𝐿𝐿2������������� )  is also shown in the same figure, while the distributions in d are 15 

shown in Figures 4 (b) to (e). A significant reduction in 𝑑𝑑𝑎𝑎���  in the LTV3 segment, 16 

especially on XOZ planes, can be noted. In addition, as shown in Figures 4 (b) to (e), 17 

the fraction of large grains also decreased which results in a more uniform grain size 18 

distribution overall. 19 

 20 
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 1 
Fig. 4 (a) Area weighted grain size and grain size reduction of the specimens. (b) – (e) 2 
Grain size distribution of the LT23-0-XOZ, LT23-0-YOZ, LT233-0-XOZ and LT233-3 

0-YOZ specimens, respectively. 4 
 5 

3.2 LTV specimens with 67° interlayer rotation 6 

The above results confirm that LTV from 0.02 to 0.03 mm during LPBF is effective 7 

in reducing the grains size as well as its anisotropy when a bidirectional printing 8 

strategy (0° interlayer rotation) is utilized. To further explore the influence of LTV 9 

strategy on the grain structure in a more realistic situation, the effect of most widely 10 

used 67° interlayer rotation was also explored. For this purpose, LT2-67, LT3-67, 11 

LT23-67, and LT233-67 specimens were fabricated and analyzed. Both the VER and 12 

HOR tensile specimens were manufactured and tested. The LT232-67 specimen was 13 
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not investigated here due to the insignificant improvement in the isotropy of grain 1 

structure in LT232-0. 2 

Microstructural analyses of the LT2-67, LT3-67, LT23-67, and LT233-67 3 

specimens (see Figs. 6 (a)–(d)) shows that the reduction in 𝑑𝑑𝑎𝑎��� in the LTV3 segments 4 

is similar to that noted in the LT23-0 and LT233-0 (Fig. 4 (a)) specimens. Notably, 𝑑𝑑𝑎𝑎��� 5 

reduced ~30% in XOZ and YOZ planes of both the LTV specimens. Besides, a uniform 6 

grain size distribution can be noted, as shown in Figures 6 (b) to (e). It was accompanied 7 

by a reduction in the crystallographic texture intensity as well, as illustrated through the 8 

pole figures obtained on the XOZ planes in Figs. 5 (g) and (h). (Pole figures of the YOZ 9 

plane were not shown here because of the similar microstructural features of the XOZ 10 

and YOZ planes when built with the 67º interlayer rotation.) In the LT2-67 and LT3-67 11 

specimens, <001> texture along the building direction can still be observed in the {100} 12 

pole figures, indicating limited effect of interlayer rotation on reducing the anisotropy 13 

of microstructure. In the specimens built using LTV strategy, on the other hand, no 14 

obvious texture is seen. The maximum texture intensities are 2.39 and 2.45 in the LT23-15 

67 and LT233-67 respectively, suggesting a prominent effect of LTV strategy on 16 

reducing the anisotropy of microstructure. 17 



 14 / 25 
 

 1 
Fig. 5. (a)–(d) IPF-GB maps of LT2-67, LT3-67, LT23-67, and LT233-67 specimens, 2 
respectively. (The IPF maps are all along the building direction). (e)–(h) Pole figures 3 

of XOZ planes of LT2-67, LT3-67, LT23-67, and LT233-67, respectively  4 

 5 
Fig. 6 (a) Area weighted grain size and grain size reduction of the specimens. (b) – (e) 6 

Grain size distribution of the LT23-67-XOZ, LT23-67-YOZ, LT233-67-XOZ, and 7 
LT233-67-YOZ, respectively. 8 
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For the LTV specimens, such as LT23-67 and LT233-67, columnar grains still exist 1 

in their LT2 segments, but with further optimization of the LTV strategy, isotropic 2 

microstructure and mechanical properties can be expected. Such a weakening of texture 3 

intensity helps in reducing the anisotropy in the tensile properties. Fig. 7 shows the 4 

representative tensile stress-strain responses and the mechanical properties extracted 5 

from such responses obtained on different specimens. It is noted from Fig. 7 (a) that the 6 

degree of anisotropy in the yield strength (∆= 𝜎𝜎𝑠𝑠−𝐻𝐻𝐻𝐻𝐻𝐻�����������−𝜎𝜎𝑠𝑠−𝑉𝑉𝑉𝑉𝑉𝑉�����������
𝜎𝜎𝑠𝑠−𝐻𝐻𝐻𝐻𝐻𝐻�����������

) decreased from 20.7% 7 

in LT2-67 and 15.3% in LT3-67 to 13.7% in LT23-67 and 10.7% in LT233-67. The 8 

anisotropy degree in the ultimate tensile strength decreased slightly as well, as shown 9 

in Fig. 7 (c). A marginal reduction in the elongation to failure of the LTV-HOR 10 

specimens (from ~35% in LT2-67 and LT3-67 to ~30% in LT23-67 and LT233-67) was 11 

also noted. This mild reduction in elongation might have been a result of the strain 12 

incompatibility between the LT2 and LTV3 segments caused by the difference in their 13 

grain structures. 14 

 15 
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 1 
Fig. 7 (a) Representative tensile curves of LT2-67, LT3-67, LT23-67, LT233-67 2 

specimens along horizontal and vertical direction and (b) and (c) their corresponding 3 
yield strength, ultimate tensile strength, and degree of anisotropy of mechanical 4 

properties. 5 

3.3 Microstructural evolution near trasition area 6 

To investigate the reasons responsible for the observed decrease in the grain size 7 

and the variations in the crystallographic texture after LTV, additional LPBF 8 

experiments were conducted such that only three 0.03 mm layers were printed on the 9 

LT2-0 specimen. Grain structure evolutions near the transition area of LTV on the XOZ 10 

and YOZ planes were studied, and the results are displayed in Fig. 8. The melt pool 11 

geometry in the YOZ plane of LTV3 (Fig. 8 (b)) remained the same as that of LT3-0 12 

(Fig. 8 (a)). This observation suggests that LTV had no effect on the melt pool geometry, 13 

which would otherwise have influenced the epitaxial growth of grains. As shown in 14 

Figs. 8 (b-Ⅰ), fine grains formed in the overlapping area of two neighboring melt pools 15 

in LTV3. Results of the detailed EBSD mapping on this area are presented in Fig. 8 (b-16 
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Ⅱ). While the grains labeled 1 and 4 maintained the epitaxy beyond the melt pool 1 

boundaries, grain 2 formed as a result of the competitive growth of the neighboring 2 

melt pools; grains 3, 5, and 6 did not grow epitaxially to 'follow' the crystallographic 3 

orientation of grain 2. The crystallographic orientation of grain 3 was slightly tilted 4 

towards BD, compared to that of grain 2, indicating a tendency of grain growth along 5 

the thermal gradient, Gz, that exists along BD. Compared to grain 3, crystallographic 6 

orientations of grains 5 and 6 turned towards the center of melt pool, which seems to 7 

be a result of grain growth affected by the increase in the transverse thermal gradient 8 

(Gy). The variation of thermal gradient at the bottom of melting pool is no doubt related 9 

to the increase in the layer thickness. 10 

The grain structure on the XOZ plane of the LTV3 (Figs. 8 (d) and (d-Ⅱ)) 11 

corresponds to that on the YOZ plane (Figs. 8 (b) and (b-Ⅱ)) due to the 90º rotation 12 

around Z axis. Detailed analyses of the positional relationships, displayed in Figs. 8 (b), 13 

(b-I), (d), and (d-II), reveal that the grains labeled A, B, C, and D on the XOZ plane 14 

correspond to grains 1, 2, 5, and 6 on the YOZ plane, respectively. It should be noted 15 

that these grains are not exactly the same grains as discussed above on YOZ plane, but 16 

their positional relationships are similar such that the orientation variations are properly 17 

reflected. Differences in crystallographic grain orientations of these grains confirm the 18 

large variations of grain growth directions in the transition area. Besides, an increase of 19 

grain growth along longitudinal thermal gradient (Gx) is expected when considering the 20 

crystallographic orientation variations of the grains B, C, and D on the XOZ plane. 21 
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 1 

Fig. 8. (a) and (c) OM images of LT3-0 of YOZ and XOZ planes. (b) and (d) OM 2 
images of YOZ and XOZ planes of specimen with three layers of 0.03 mm layer 3 

thickness on the top of LT2-0. (b-Ⅰ) and (b-Ⅱ) IPF-GB maps (observed along building 4 
direction) and corresponding grain orientation of (b). (d-Ⅰ) and (d-Ⅱ) IPF-GB maps 5 

and corresponding grain orientation of (d). 6 

In the above additional experiment, the printing process for each layer is the same 7 

as that used for fabricating the LT2 and LT3 specimens. Therefore, the same thermal 8 

gradients should exist for successive layers, thereby promoting the epitaxial growth of 9 

columnar grains, as illustrated schematically in Figs. 9 (a) and (b). This is the main 10 

reason for the anisotropic grain structure in the LPBF specimen, when built using an 11 

invariant LT. The color scheme used in Fig. 9 schematically represents different thermal 12 

gradients that exist during processing. While the lighter yellow color represents a milder 13 

thermal gradient, the darker red represents a steep one. With a similar melting pool 14 

geometry, a steeper thermal gradient at the bottom of melting pool can be expected 15 

when a smaller LT is used, i.e., LT2 (as represented by the red color in Fig. 9 (a) as 16 

compared to the orange color in LT3 in Fig. 9 (b))[37]. 17 

Through LTV with LT2 to LT3 transition, the thermal gradient near the LTV layers 18 

is altered (T31, T32 and T33 in Fig. 9 (c)), whereas the melting pool geometry and 19 
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crystallographic orientations (C31, C32 and C33 in Fig. 9 (c)) of the substrate grains 1 

remain unchanged. This, in turn, results in an unfavorable condition for epitaxial growth 2 

of the grains in the LTV layer due to a relatively shallower thermal gradient (Fig. 9 (c)). 3 

Therefore, a simple thermal gradient variation can effectively change the growth 4 

direction (GD) of grains. In the subsequent LTV layers, the growth directions of the 5 

grains continue to change because the substrate grain’s crystallographic orientation is 6 

no longer suitable for the epitaxial growth even under similar thermal gradient and melt 7 

pool geometry (Fig. 9 (d)). As a result of the competitive grain growth, a decrease of 8 

grain size and weakening of texture intensity occur and contribute to the reduced 9 

anisotropy in mechanical properties.  10 

It is important to note here that LTV is not always applicable to suppress epitaxial 11 

growth, as observed in the case of transition from LT3 to LT2. In this case, a steeper 12 

thermal gradient introduced by a smaller LT brings about a tendency to promote 13 

epitaxial growth. Thus, when the transition from LT3 to LT2 happens during printing, 14 

epitaxial growth would still occur. In addition, the as-formed small grains in LTV3 15 

layers would still be ‘consumed’ during the remelting induced by the laser scanning of 16 

the subsequent layer. Thus, continuous epitaxial growth is observed in the case of LT3 17 

to LT2 transition in LT232-0 sample. 18 
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 1 

Fig. 9 Illustration of the grain growth in (a) LT2, (b) LT3 and LTV ((c) and (d)). 2 

4. Conclusions 3 

In summary, we have demonstrated that LTV during the LPBF of IN625 can 4 

effectively reduce the epitaxial growth of columnar grains and result in a significant 5 

decrease in grain size and weakening of the texture intensity. This LTV strategy can 6 

reduce the area-weighted grain size by ~30%, which is accompanied by a ~50% 7 

reduction of anisotropy in yield strength. A dispersion in the grain growth direction, 8 

caused by the thermal gradient variation, is the main reason for the suppression of the 9 

epitaxial growth near the transition area of LTV. This growth direction variation 10 

persisted in subsequently formed grains because the growth conditions are no longer 11 

suitable for epitaxial growth even though the thermal gradients are identical. This study 12 

provides a new strategy by combining and varying the relatively thick and thin LTs 13 

during LPBF for the microstructural manipulation as well as a potential improvement 14 

of productivity. This method could be a promising strategy that can be extended to many 15 
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other alloys that are suitable to the LPBF process. 1 

2 
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