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ABSTRACT 
This paper discusses the microstructures and textures that develop in thin struts fabricated in Inconel 718 using 
laser melting powder bed fusion. Thin struts 1 mm wide were fabricated in the vertical (ZX) and horizontal build 
(XY) orientations with respect to the build plate. Three distinct regions of well-defined grain structures with 
centerline symmetry from the outer border to the center of the inner volume were present, which was attributed to 
the laser scan strategy, consisting of a fill hatch, inner and outer border scan on each 30 �m layer. Using ex situ 
micro-tensile testing and enhanced Back-Scattered Electrons (BSE) and Electron Back Scattered Diffraction 
(EBSD), the microstructure evolution to a plastic strain near 1%, in both the ZX and XY build direction was 
studied in the initial undeformed and final deformed states. For the ZX build direction, grain rotation as well as 
grain boundary migration was observed and was more significant than in the samples fabricated in XY. This paper 
discusses the evolution of the microstructure offering valuable insights into the relationship between 
microstructure and mechanical properties in complex AM produced microstructures.  

Keyword: Inconel 718, Additive manufacturing, Complex microstructures, Border and volume fill scan, Thin 
struts, Microscale testing 

1.0 INTRODUCTION 
Nickel-based superalloys, known for their high strength, excellent creep properties, and good 
corrosion resistance [1-3], are extensively used in various industrial applications such as gas 
turbines and aerospace. Among these superalloys, Inconel 718 is a Ni-Fe-Cr alloys, with a face 
centered cubic (FCC) NiCr phase γ as major phase [4-7]. The γ matrix is strengthened by a 
body-centered tetragonal (DO22) crystal structure [8-10] γ" (Ni3Nb) phase and by a cubic 
ordered face centered (Ll2) γ’ (Ni3Al) phase [4, 5, 8-13]. The phase γ’’ is a metastable phase 
which can transform into an orthorhombic (DOa) δ-phase (Ni3Nb) [4]. This phase precipitates 
mainly at grain boundaries and presents an enrichment in Nb [2, 10-12, 14]. The δ-phase 
morphology consists in plate needles arranged in a parallel way [7, 8, 15]. While the presence 
of the δ-phase can enhance the alloy's strength, it can also reduce its ductility [8, 16]. A low 
amount of the δ-phase can be beneficial in improving creep resistance by impeding crack 
propagation [17]. Heat treatment can be employed to control the formation and fraction of the 
δ-phase [4, 18]. Another intermetallic phase in Inconel 718 is Laves phase, which forms in the 
interdentritic region [2, 12] and exhibits a significant Nb. The Laves phase has a globular shape 
and contained approximately 25% weight of Nb [12, 13, 19]. The precipitation of Laves phase 
occurs within a temperature range of 650 °C to 1100 °C [10]. The amount of Laves phase 
decreases with increasing cooling rate, as observed during the manufacturing and post-
treatment processes [4, 11]. Considering the decrease of the principal alloying element (Ni) in 
the matrix and the increase of the amount of Nb, the presence of Laves phase imparts a brittle 
nature to the material [12, 13, 16, 19] . Additionally, the bonding between the Laves phase and 
the matrix is weak, resulting in debonding under relatively lower stress. The quantity of Laves 
phase can be controlled through homogenization heat treatment, which partially dissolves the 
Laves phase at high temperatures [6, 11, 13]. 
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Understanding the complex deformation mechanisms and the evolution of microstructure 
during manufacturing processes is a major challenge in studying Inconel 718, given the 
presence of multiple phases. In this paper, the manufacturing process employed for Inconel 718 
is Laser-based Powder Bed Fusion (L-PBF), also known as Selective Laser Melting (SLM). 
This layer-by-layer additive manufacturing process offers novelty in terms of mechanical 
properties [14] and lattice structure [20, 21]. The presence of porosities, the microstructure 
organization, and the relative density in L-PBF-manufactured parts depend on various process 
parameters, such as laser power [22-25], scan strategy [24, 26-28], scanning speed of the laser 
[29, 30] and volumetric energy density (VED) [31] . Moreover, the building direction has also 
a significant influence on the microstructure, since it determines the grains orientation as well 
as their size [4, 5, 32, 33]. Several studies have demonstrated the effect of this variation in the 
obtained microstructure on the mechanical properties [34-37]. The laser scanning strategy 
during the LPBF process has also been shown to be key in determining the surface roughness, 
density, microstructure and mechanical properties of AM parts [38]. Examples of different 
scanning strategies are unidirectional, island, helix, contour, cross scan and meander scanning. 
Jia et al. [38] concluded that rotating alternate layers during a LPBF process, reduces texture 
and anisotropy of AM parts. Tian et al. [39] further concluded that contour scanning strategy 
reduces surface roughness while increasing the density of LPBF parts.  

Microstructure analysis plays a crucial role in understanding the mechanical properties, 
particularly in additive manufacturing (AM) processes, which result in complex microstructures 
due to non-equilibrium phenomena (solidification, rapid cooling, etc..). Previous studies have 
reported the existence of complex microstructure near the edges of L-PBF-built samples [40] 
[41]. However, the evolution of these edge microstructure, as well as the microstructure in the 
rest of the samples, has not been investigated under deformation loading. In this study, micro-
tensile tests coupled with Scanning Electron Microscope (SEM) were performed to examine 
the relationship between different additive manufacturing processes and the associated 
microstructure, with a focus on comparing edge microstructures [42]. Micro-tensile testing 
using an SEM has commonly been used to investigate the evolution of microstructure under 
uniaxial loading [43-45]. Recently, enhanced backscattered-electron images (BSE) have been 
employed to characterize deformation structures, such as slip lines and dislocations, during 
macro-mechanical testing of polycrystalline bulk titanium alloy specimens inside SEM [43, 
46]. 

Manufacturing thin struts using LPBF process is different from manufacturing bigger bulk 
samples [42]. There is a unique heat and mass transfer phenomenon followed by a unique 
external stress in a small contact area during the LPBF process. Inconel 718 manufactured by 
an LPBF process have fine grains and as such manufacturing thin walled IN718 parts require 
more understanding of the printing parameters and the resulting microstructure. Yang et al. [42] 
observed significant differences in the edge microstructure of 0.2 mm thick struts as compared 
to the mid-section of the latter which further affected its mechanical properties. Further work 
is needed to understand the effect of loading on similar struts with different border 
microstructures.  

The main objective of this work is to characterize the microstructure of additively manufactured 
Inconel 718 thin struts obtained in the vertical (ZX) and horizontal (XY) respect to the building 
directions using L-PBF. Ex-situ micro-tensile tests was conducted with plastic deformation 
going just beyond yield approaching 1% tensile plastic strain to study the deformation of the 
complex microstructure. The grain structures, and second phases were analyzed using enhanced 
BSE and Electron Back Scattered Diffraction (EBSD) measurements before and after micro-
tensile loading. The influence of the building direction on the initial and final microstructures 
together with the effect on plastic deformation at low plastic strain is discussed. 
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2.0 MATERIALS AND METHODS 
2.1 Laser Powder Bed Fusion process 
The Laser-based Powder Bed Fusion (L-PBF) process consists of spreading a layer of powder 
by a blade on a substrate plate. The powder layer is then melted using a laser under an inert gas 
atmosphere, such as Argon. This process is repeated layer by layer until the final product is 
fabricated. In this study, a Renishaw AM250 machine was used. It had a 200 W pulse wave 
fiber laser with a focal diameter of 70 µm and a build volume of 250x250x300 mm. Spherical 
Inconel 718 powder, with particle size between 15 and 45 µm was used with chemical 
composition displayed in Table 1.  

 

Element 
(w%) 

Al C Co Cr Cu Fe M
n 

M
o 

Ni S Si Ti 

Renishaw 
powder 
(0405) [20] 

0.2 
to 
0.8 

0.02 
to 
0.05 

<1.
0 

17.
0 to 
21.
0 

<0
.3 

Bal
anc
e 

<0
.35 

2.8 
to 
3.3 

50.
0 
to 
55.
0 

<0.0
15 

<0
.35 

0.6
5to 
1.1
5 

Table 1: Composition of IN718 powder in wt % 

 

Meander scanning was used for the volume fill of each layer as depicted in Figure 1 (a). With 
each layer, the volume was scanned first, followed by the internal and outer borders. The inner 
and outer borders were offset by the border distance and the laser scan paths. The laser spot 
scans each layer at an angle of 67o with respect to the previous one [47]. The process parameters 
used for the laser scanning are displayed in Table 2. Common process parameters that were 
used for the fill and border scan were the laser power set to 200 W, layer height at 30 mm, hatch 
spacing at 90 mm, and beam compensation at 60 mm. These AM process parameters for this 
alloy have been shown to be the optimum combination that delivers minimal porosity and 
defects to maximise the integrity of 3D printed thin-walled sections [31] .  

  Units Fill hatch 
Outer 
Border 

Inner   
Border 

Laser power  W 200 200 200 
Exposure time  µs 70 50 70 
Point distance  µm 70 20 70 
Scan speed mm/s 1000 400 1000 
Energy 
density  J/mm3 74.1 185 74.1 

Table 2: LPBF Process parameters used for tensile test samples 
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Figure 1: (a) Schematic of the meander strategy with the outer contour and the printing path using for the printed 
thin strut; (b) The scanning paths in the XY and ZX samples 

 

Tensile test samples with dimensions as shown in Figure 2(a) were designed and additively 
manufactured in 2 building directions (BD), XY and ZX, as shown in Figure 2(b), to investigate 
their effects on microstructure as function of the process parameters. The scanning paths for 
each sample are shown in Figure 1 (b). Following the L-PBF process, the samples, still attached 
to the build plate, were stress relieved at a temperature of 982 °C for one hour, followed by 
slow cooling to room temperature within the furnace. Subsequently, the samples were separated 
from the substrate plate using a wire cut electrical discharge machining process 
(AgieCharmilles Cut E350). The wire diameter used ranged from 0.1 mm to 0.3 mm, and the 
axis speed varied from 0 to 3000 mm/min. This machining process was employed to minimize 
internal stress during sample removal. 
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Figure 2: (a) tensile sample form and dimension in mm with a tolerance ±0.1 mm (b) Specimen printed in XY and 
ZX building direction on the substrate plate (pictures and CAD model)  (c) specimen mounted in the micro-tensile 
machine 

Microstructure characterization 
For microstructural characterizations, the samples were polished with 9 µm, 3 µm and 1 µm 
diamond pasted, followed by chemo-mechanical polishing with colloidal silica suspension 
(OPS). SEM observations, Energy Dispersion Spectroscopy EDS analysis (for phase chemical 
composition determination) and EBSD measurement (for grain orientation determination) were 
performed using a ZEISS Supra 40 SEM, operating at 20 kV. EBSD measurements were made 
before and after deformation for each sample in the same zone, in the entire width of the sample 
which provided a map of 1450 µm x 1050 µm. The post-processing of the EBSD data was done 
with the ATEX software [48]. Enhanced BSE was carried out with a Zeiss Auriga SEM 
(Oberkochen, Germany) operating at 10 kV. Enhanced BSE enables to contrast grain 
disorientations, phases (Z-contrast) and even crystalline defects (dislocations, stacking faults) 
on a bulk sample [49-51]. 

Micro-Tensile Testing 
To examine the microstructure evolution under uniaxial tensile loading, micro-tensile testing 
was conducted at room temperature using a DEBEN machine from Suffolk, UK. The machine 
was equipped with a maximum load cell capacity of 1 kN, as depicted in Figure 2c. During the 
testing, the samples were subjected to a strain rate of 4.10-4 s-1. The residual plastic strain after 
removing the load was 0.77%. 

3.0 RESULTS 
Initial Microstructures 
Figure 3 (a) shows the section of the tensile test samples being analysed and Figures 3 (b) and 
(c) show the of the inverse pole figures (IPF) for ZX and XY samples, respectively. In both 
cases, distinct zones were symmetrically observed from the border to the center of each sample, 
with a finer microstructure in close proximity to the edges. The finer zones, denoted as zones 1 
and 5, covered approximately 5 to 9% of the width. Subsequently, a transition zone was 
observed, characterized by larger columnar grains, which accounted for approximately 14 to 
16.6% of the width. Finally, zone 3 represented the largest region of the specimen and exhibited 
columnar and equiaxed grain structures for the ZX and XY samples, respectively. It was also 
observed that [101] texture component was strongest in zone 3 for both XY and ZX.  
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Figure 3: Inverse Pole Figure of ZX and XY building directions samples before load application 

 

Figure 4 (a) displays a BSE micrograph of the specimen built in the XY build direction, 
exhibiting an equiaxed grain structure. On the other hand, Figure 4 (b) corresponds to the 
specimen built in the ZX build direction. Both BSE micrographs were captured from different 
specimens, specifically from the middle region of each sample. The BSE micrograph utilizes 
Z-contrast to highlight chemical elements with a higher atomic number, appearing as white 
compared to the matrix. Two distinct types of precipitates can be identified, characterized by 
globular and needle plate morphologies, indicated by dotted yellow and full red circles, 
respectively. 

The characterization of both the precipitates and the matrix γ phase was performed using Energy 
Dispersion Spectroscopy (EDS), and the results are presented in Table 3. Local chemical 
analyses were conducted on the matrix as well as multiple precipitates to obtain average 
chemical compositions. The chemical composition of the matrix align with the provided 
chemical composition by the supplier. Both types of precipitates exhibit an enrichment of Nb 
and a depletion of Fe and Cr compared to the matrix γ phase, as shown in Table 3. Based on 
their chemical compositions, the globular precipitates are identified as Laves phase, while the 
needle-shaped precipitates correspond to the δ-phase [8] [12]. 
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Figure 4: BSE microphotographs for (a) XY plane (b) ZX plane with precipitates looks like island in interdentritic 
region showed by dotted circle (Laves phase), and needle plate morphology showed by full circles (δ-phase) 

 Ni Cr Fe Nb Ti Al 
Laves phase (globular 
shape) 57.7 11.9 11.6 15.6 1.7 0.3 

𝛿-phase (needle shape) 52.8 16.8 16.2 9.2 1.3 0.4 
Matrix γ 53.5 19.1 18.8 4.7 1 0.5 

Table 3: Chemical composition (in wt%) on precipitates and matrix of printed Inconel 718 

Microstructure after Deformation 
Figure 5 illustrates the microstructure of the specimen built in the XY and ZX building 
direction, both before and after deformation. No significant changes in grain size and 
precipitates are observed in the micrographs of the XY samples as shown in Figure 5 (a and b). 

For the ZX sample, a focused area with a uniform contrast, revealing the presence of precipitates 
in the interdentritic region (Laves phase), as indicated by the red circle (Figure 5 (c)) was 
compared before and after loading in Figure 5 (c) and (d) respectively. Note that the red circles 
are guides for the eyes to localize the region before and after deformation. In Figure 5 (d), a 
darker area is observed compared to the neighboring grain directly above it, as indicated by the 
black arrow. This contrast change signifies a misorientation in the observed area relative to the 
enhanced BSE micrograph.  

 
Figure 5: BSE micrographs of XY (a, b) and ZX (c, d) samples before and after deformation respectively. 

Figure 6 presents EBSD orientation maps for both building directions (XY and ZX) before and 
after plastic deformation. Several zones are highlighted with black ellipses to identify the 
deformed grains following the uniaxial tensile testing. These orientation maps provide valuable 
information about the crystallographic orientation of the grains in the microstructure. By 
comparing the maps before and after plastic deformation, the changes in grain orientation can 
be analyzed, and the deformed grains can be identified within the highlighted zones. 
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Figure 6: EBSD mapping of the XY (a and b)  and ZX (c and d) samples, before and after deformation on the same 
area respectively 

Figure 6 (a) and (b) shows the microstructure of XY before and after loading. No substantial 
difference in grain or area size and grain direction is observed. This suggests that the 
deformation process did not cause significant microstructural changes in the XY building 
direction. 

In the case of the ZX building direction (Figure 6 (c and d)), there are noticeable differences 
between the two orientation maps, particularly in zones 3, 4, and 5, indicating significant 
changes in the microstructure after deformation. In zone 5, the size of the grains increases from 
69 µm to 124 µm after deformation. Additionally, there is a rotation of the elongated grain 
within this zone, as depicted in the magnified micrograph in Figure 6(c and d). The angle β, 
which represents the angle between the growth direction of the elongated grain and the building 
direction, evolves from 15° to 25° (±4.7°) following deformation. Zone 4 exhibits larger grain 
sizes compared to the pre-deformation microstructure, indicating grain growth during the 
deformation process. On the other hand, in zone 3, the grains appear more elongated along the 
loading direction after deformation. 
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These observations suggest that the deformation process in ZX leads to distinct changes in grain 
size and shape, as well as grain rotation, within different zones of the microstructure. 

The lateral deformation of the sample was quantified by measuring the width of the specimen 
before and after plastic deformation using ten measurements along the entire width of the 
sample. The initial width of the specimen was 0.98 mm, which increased to 1.05 mm after 
deformation, with a standard deviation of ± 0.02 mm. This indicates that the sample experienced 
a lateral expansion during the deformation process. 

To analyze the grain size evolution, charts were plotted for each area before and after 
deformation using the ATEX software. It was observed that the microstructure does not exhibit 
a standard normal distribution in terms of grain size, indicating a heterogeneous microstructure. 
The main focus was on zones 3, 4, and 5, and the corresponding charts for these regions are 
shown in Figure 7.  
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Figure 7: Grain size (µm) distribution with respect to area fraction for Zone 1, 2, 3, 4 and 5 for XY (a, b, c, d, e) 
and ZX (f, g, h, I, j) respectively. 

The charts display the median grain size as a function of the area fraction, with the dotted red 
line representing the median before deformation and the solid red line representing the median 
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after deformation. It can be observed that, in general, the grain size increases after deformation 
in zones 3, 4, and 5, as shown in Figure 7. There was no major change in grain size distribution 
in zones 3, 4 and 5 for XY as shown in Figure 7 (a), (b) and (c) respectively. Conversely, 
significant changes in grain size distribution were observed for ZX sample as follows: 

i. In zone 3, the fraction of grains with sizes ≤ 50 µm decreased, while the fraction of 
larger grains (≥ 180 µm) increased. 

ii. In zones 2 and 4, the distribution of grain sizes remained relatively unchanged. 
iii. In zones 1 and 5, the fraction of small grains (≤ 30 µm) decreased, while the fraction of 

larger grains (≥ 180 µm) increased. 

These findings suggest that the plastic deformation process resulted in an increase in grain size, 
particularly in zones 3, 4, and 5, while the distribution of grain sizes in other zones remained 
relatively unaffected. 

4.0 DISCUSSION 
Effect of Build Direction on IN718 Microstructure 
The samples printed in the XY build direction exhibit equiaxed grains, while those printed in 
the ZX direction have elongated and columnar grains parallel to the building axis as shown in 
Figure 3. This difference in microstructural architecture is characteristic of the laser powder 
bed fusion (L-PBF) process, which involves complex heat flux dynamics. For the ZX samples, 
the laser provides a heat source that interacts with the powder layer, resulting in heat transfer 
between the previously deposited layer and the current substrate [52, 53]. The remelted zone 
under the laser forms a new interface between these layers, leading to metallurgical bonding 
[52]. Instead of nucleating new grains, the grains grow epitaxially along the preferential growth 
direction, which is theoretically perpendicular to the melt pool due to the maximum heat flux. 
However, the Marangoni convection, driven by heat-mass transfer effects, can deviate the heat 
flux and cause the growth direction to have a slight angle from the building direction, as 
observed in Figure 3. For the XY samples, the temperature between different meltpools is 
somewhat similar resulting in a low thermal gradient G in the volume region. Together with a 
high cooling rate, and thus high grain growth R, the low G results in a low solidification rate 
G/R and thus grains with similar dimensions are formed in all directions.   

The results (Figure 4 and Table 3) indicate that the microstructure of Inconel 718 produced by 
powder bed fusion consists of two types of precipitates, with an enrichment in Nb for both 
types. The globular precipitates, which exhibit a higher content of Nb (average of 15.6% wt), 
are identified as Laves phase, as supported by previous studies [12, 13]. The precipitates with 
a needle and plate morphologies, on the other hand, are identified as δ-phase, consistent with 
the findings of Azadian et al. [8]. The formation of δ-phase is typically associated with 
prolonged thermal treatments between 700°C and 1000°C [15]. Interestingly, these temperature 
ranges are similar to those reached during the L-PBF process for the fusion of Inconel 718 
powder. The EDS measurements of the main matrix γ showed a Nb content of about 5% wt, 
which is the minimum required amount of Nb for δ-phase formation [12]. For the formation of 
Laves phase, a Nb content between 10% and 12% wt, along with temperatures ranging from 
650°C to 1000°C, is required [11, 12]. These temperature ranges correspond to the temperatures 
within the melting pool during the L-PBF process. Based on the comparison of Nb quantities 
in the two phases, it can be inferred that Laves phase forms after the δ-phase, predominantly 
precipitating in the interdentritic region. Furthermore, the stress-relieving heat treatment 
reduces the amount of Laves phase by homogenizing the microstructure, which explains the 
lower quantity of Laves phase precipitates observed in the samples compared to δ-phase.  

The quantity and distribution of precipitates vary depending on the build direction. On the XY 
plane, where the microstructure consists of equiaxed grains, the precipitates are mainly 
concentrated along the grain boundaries (Figure 5 (a)). The rapid solidification in the XY 
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direction also limits the time available for precipitates to nucleate resulting in a lower precipitate 
density in the XY build direction. In contrast, the ZX plane, which exhibits a dendritic structure 
with columnar grains developed through the heat flux and layer-by-layer process, shows 
precipitates both along the grain boundaries and in the interdentritic region (Figure 5b). This 
difference can be attributed to the specific microstructure of each building direction. In the case 
of the ZX building direction, microsegregation occurs in the interdentritic region, leading to the 
formation of Laves phase with Nb enrichment [11]. Delta-phase can also be observed within 
the grains, caused by the microsegregation of Nb induced by the rapid cooling of Inconel 718 
during the process, as reported by Trosch et al. [14].  

Complex Microstructure of LPBF IN718 thin struts 
Figure 6 shows varying microstructure in the printed Inconel 718 samples, where the 
microstructure varies from the edge to the middle bulk of the sample. Similar observations have 
been made by Tang et al. [54] for nickel based superalloys ABD 850 AM, CM247LC and IN939 
cubes (10 mm by 10 mm by 10 mm) manufactured by a LPBF process. The researchers also 
used a meander scanning strategy for the AM process whereby the border scanning was 
associated with the local grain growth at the edges of the cube samples. Langi et al. [41] also 
observed a similar complex microstructure in stainless steel 316L cylindrical samples (8 mm 
diameter and 0.5 mm wall thickness), and Jhabvala et al. [40] reported it in gold cube samples 
(5mm by 5mm by 5mm), both manufactured using L-PBF. Yang et al. [42] also found different 
microstructures in thin walls of varying scanning speeds in Inconel 718.  

In the ZX building direction, zones 1 and 5 showed columnar grains with a grain growth 
direction forming an angle with the building direction. The transition zones, zones 2 and 4, 
exhibited larger grains, while the most significant zone was the third one, with elongated grains 
along the building direction. The variation in grain morphology is primarily attributed to the 
heat flux and rapid cooling during the additive manufacturing process. According to the model 
proposed by Hunt [54] and studied by Gaumann et al. [52], the development of equiaxed and 
columnar grains is influenced by the temperature gradient (G) and the growth rate (R). The 
product of G and R, representing the cooling rate, determines the final microstructure. A low 
value of G x R leads to columnar microstructure, while a high value results in equiaxed grains 
[55]. Additionally, a higher solidification rate (G/R) contributes to a finer columnar structure 
[41]. Therefore, the thermal gradient and growth rate are fundamental factors for predicting the 
microstructure in terms of columnar or equiaxed dendrites. 

The microstructure change at the edge is explained by the thermal gradient during the L-PBF 
process and the scanning strategy employed. The meander scanning strategy involves filling 
the volume with parallel paths along two opposite directions, followed by melting the outer 
contour of the specimen. As a result, the powder in the volume is the first to be melted, creating 
a melting pool and allowing grain growth along the liquid/solid interface determined by the 
laser energy density [55, 56] and building direction [5, 33]. Subsequently, the outer contour is 
traced by the laser, creating a high thermal gradient between the border zone, the volume, and 
the unmelted powder. This high cooling rate near the edge leads to a finer microstructure in the 
border zone. This has also been associated with the remelting process during the border 
scanning after the volume scan  [57].   

Meanwhile, the volume (zone 3) starts cooling down before the border zone. The thermal 
gradient between the border and the volume (zones 1 or 5 and zone 3) results in different 
solidification and cooling rates, causing the microstructure to evolve and form a transition zone 
joining the two zones. Hunt et al. [59] described the existence of a Columnar Equiaxed 
Transition (CET), which depends on the thermal gradient (G), solid/liquid interface velocity 
(R), and the number of nucleants. Depending on the thermal gradient and growth rate, the grain 
morphology can be either finer and equiaxed or columnar. However, for certain values of G 
and R, a transition from columnar to equiaxed grains can occur (as seen in the XY samples for 
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zone 2 and 4), leading to the formation of a complex microstructure known as the transition 
zone.  

Raghavan et al. [60] conducted a numerical study on the heat transfer and grain morphology of 
Inconel 718 printed using Electron Beam Melting. Their results demonstrated that the 
microstructure depends on various process parameters, which influence grain morphology and 
the CET during solidification of the melting pool. A high solidification rate (i.e., high G and 
low R) at the beginning leads to columnar grains, while the end of solidification results in 
equiaxed grains. The transition zone observed in the samples can be seen as a CET zone with 
different microstructure, thus creating a microstructure gradient. In the XY build direction, 
elongated grains were present in Zone 2 and 4, as compared to the equiaxed grains in zone 1, 3 
and 5. This was associated with the high volume energy density (VED) outer border scan 
happening after the low VED inner border. The high thermal gradient created between inner 
and outer border scans caused the molten pool to extend horizontally across the build direction 
resulting in directional solidification along XY in Zone 2 and 4. 

The microstructure change observed in the printed Inconel 718 samples is a result of the thermal 
gradient and cooling rates during the L-PBF process. The scanning strategy and the interaction 
between the border zone, volume, and unmelted powder contribute to the formation of different 
microstructures. The thermal gradient, growth rate, and CET play crucial roles in determining 
whether the grains are columnar or equiaxed, and the transition zone represents a complex 
microstructure between the two. Considering the tensile test samples gauge width and that less 
than 50% of the latter width (44% for XY and 47% for ZX) have different microstructure than 
the bulk; it was assumed that the mechanical properties of the thin wall structures such as a strut 
will be influenced by the LPBF printing parameters and scanning strategy. In samples with 
larger width, the edge effect is minimal considering the ratio of the different grains is minimal 
[61].  

Microstructure Change under loading at low plastic strain 
Under tensile loading, the microstructure of the samples printed in the XY building direction 
did not exhibit significant changes in terms of microstructure gradient and grain size as shown 
in Figure 5, 6 and 8. The loading on the XY samples occurs perpendicular to the grain direction 
and against more grain boundaries with strengthening precipitates as shown in Figure 3 and 4. 
However, the samples printed in the ZX build direction showed a distinct evolution of the 
microstructure. 

One noticeable change was observed in zone 5, which increased in width from 69 µm to 124 
µm after deformation in the ZX building direction. In Figures 6 (c and d) and 7 (j), it can be 
observed that the grains became larger and more elongated after deformation. Additionally, the 
grains appeared to rotate from the volume towards the border, as depicted in Figure 4 (a). Since 
zone 5 is adjacent to zone 4, where the movement of grains required high energy, the grains in 
zone 5 were able to rearrange and grow while rotating. This rotation of grains applied a force 
on the border, leading to lateral expansion of the sample. Rotational deformation has been 
observed in nanocrystalline ceramics and metals as a result of non-equilibrium grain 
boundaries. In order to achieve an equilibrium solution, an unconstrained grain may rotate to 
lower its energy and adjust the misorientation of the two boundaries. It can be assumed that the 
grains rotated at their respective boundaries during deformation. Rotational deformation is a 
novel aspect in the context of polycrystals. However, this particular microstructural evolution 
was specific to the ZX build direction and was not observed in the XY build direction. The 
combination of columnar microstructure at the edge and the microstructure gradient is 
necessary to provide a negative Poisson's ratio under tensile load. 

Another change in the microstructure was observed in zone 4 of the ZX samples. The grain size 
increased after deformation, which can be associated with a phenomenon called Stress Induced 
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Boundary Migration (SIBM) driven by Energy Density Jump (EDJ). During loading, in the 
presence of defects such as porosity in the microstructure (which is the case for the studied 
material), the grains tend to reduce their total energy through boundary migration. The 
migration direction depends on the surface energy, occurring from the side with lower surface 
energy to the side with higher surface energy. If the equilibrium state is not reached, additional 
grain rotation can occur to adjust the local misorientations. 

In summary, the reorganization of the microstructure under tensile loading in the ZX build 
direction samples is facilitated by grain boundary migration coupled with rotational 
deformation. The grain size increases, and the grains tend to rotate to achieve an equilibrium 
state within the microstructure at the microscale under tensile loading. 

5.0 CONCLUSION 
This paper investigated the microstructure of Inconel 718 produced by L-PBF and examined its 
evolution under plastic deformation through uniaxial micro-tensile testing. The following key 
findings were observed: 

i. The presence of Laves phase and δ-phase on interdendritic and grain boundaries regions 
was attributed to the temperature range of the melting pool and the amount of Nb present 
in Inconel 718. The BSE micrographs suggested that the XY building direction 
contained fewer precipitates compared to ZX which was linked to the rapid 
solidification process .  

ii. A variation in microstructure was observed, divided into three zones symmetrically 
from the border to the center. This variation was a characteristic feature of the L-PBF 
process and was influenced by the thermal gradient and solidification rate associated 
with the border scan during a meander scanning strategy.  

iii. Both the XY and ZX building directions exhibited variation in microstructure in the 
same manner, but with different grain sizes and shapes. Both XY and ZX, exhibited fine 
columnar grains in the zone 2 and 4 [Inner border of sample]. The presence of columnar 
grains in the XY samples was attributed to the high thermal gradient between inner and 
outer border scan. ZX displayed columnar grains, while XY exhibited equiaxed grains 
in the main volume and outer borders of the sample. 

iv. No significant change in struts microstructure was observed in XY sample after tensile 
loading. 

v. A distinct evolution of the microstructure was observed in ZX under loading. The non-
equilibrium state of the columnar grain shape and grain size distribution led to rotational 
deformation and grain boundary migration, resulting in the attainment of an equilibrium 
state within the microstructure.  

Overall, this study provided valuable insights into the microstructural characteristics and 
evolution of Inconel 718 produced by L-PBF. The findings contribute to a better understanding 
of the relationship between process parameters, microstructure, and mechanical properties, 
which can aid in the optimization of L-PBF processes for Inconel 718 and similar materials. 
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