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a b s t r a c t   

In additive manufacturing especially in directed energy deposition, it is hard to control crystal growth 
pattern due to the high temperature gradient in AM. Essentially, the crystal grows epitaxially from the 
substrate and columnar crystals with strong texture are exhibited in AM components. Here, small spot 
diameter was used for DED-L of Ni-based alloys and various crystal growth patterns were obtained by 
changing power density. Samples processed under low power density were shown to exhibit wide and 
shallow spindle-like melt pool, along with apparently hierarchical planar-columnar-equiaxed micro-
structure. While samples prepared under relatively high power density were shown to exhibit narrower and 
deeper melt pool with two sharp turning points, exhibiting inclined columnar grains and several dis-
continuous central axial columnar crystals. When highest power density and small spot diameter were 
applied, crystal growth with weak texture was achieved. Under this deep and narrow melt pool, the crystal 
growth can be separated into four regions: nearly-equiaxed grains with random grain orientations; hor-
izontally symmetrically grown crystal grains; axial columnar in the center; columnar grains grew ap-
proximately vertical to the boundary of melt pool. Correlations were investigated between melt pool shape, 
solidification parameters and microstructure. The transformation of melt pool morphology was mainly 
attributed to the change of power density. Solidification parameters were shown to be different under 
different melt pool morphology. Diverse crystal growth patterns were achieved under different melt pool 
morphology controlled by power density, showing the feasibility of site-specific of microstructure control in 
DED-L according to the required mechanical properties. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Additive manufacturing (AM), building three-dimensional parts 
layer-by-layer guided by a digital model, allows design and pro-
duction of intricate and customized parts without the limitations of 
conventional processing techniques [1]. AM processes are categor-
ized into Directed Energy Deposition (DED) and Powder bed Fusion 
(PBF) based on the powder delivery system. Compared with PBF, 
DED process delivers powder directly to melt pool via powder nozzle 
and can easily fabricate a heterogeneous material with desired 
properties and characteristics via successive and simultaneous de-
positions of different materials [2], thus this technique has great 
potential in repairing worn parts, remanufacturing industry, and 

developing new materials like functionally graded materials. DED-L, 
using laser as the heat source, is widely used in aerospace, medical, 
energy and automotive applications due to high dimensional accu-
racy and low surface roughness [3]. 

Ni-based alloys have been widely used in the aerospace industry 
due to their high strengths at elevated temperature [4]. Many of the 
Ni-based components are in highly complex shapes that are very 
expensive to produce using conventional machining [5] and DED has 
great advantage over fabricating intricate parts. Thus, typical weld-
able Ni-based alloys such as Inconel 625 and Inconel 718 have been 
used as feedstock materials in DED for a long time. Commercially 
produced IN718 powder was used as the feedstock materials for DED 
technology in [6] and it was found that the deposit exhibited 
strongly anisotropic properties, which can be reduced significantly 
by subsequent hot isostatically pressing (HIP) operation. A series 
DED deposited IN625 samples have been successfully fabricated in  
[7] and the possibility of manufacturing/repairing directionally 
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solidified components by DED when following appropriate proces-
sing strategy was demonstrated. 

In metal additive manufacturing, application of a direct energy 
source, such as a laser or electron beam to melt alloy powders locally 
results in higher temperature gradient than conventional manu-
facturing processes. The high temperature gradient in AM leads to 
the grain structure of deposited components favoring epitaxial 
growth from previously deposited layers thus, resulting in aniso-
tropy of mechanical properties of metallic AM components [8–10]. 
Many efforts have been made to control crystal growth in AM, which 
fall into two categories (post-processing treatments like heat treat-
ment are not considered here because the focus of this work is 
crystal growth of as-deposited parts): (a)modifying the chemistry of 
the alloy composition to control the nucleation and/or (b) control-
ling the processing conditions during solidification. By adding nu-
cleation agents, components with fully equiaxed crystals can be 
produced in AM. Zr nanoparticles were added to Al7075 powder and 
fully equiaxed component was produced using selective laser 
melting (SLM) [11], producing crack-free materials with strength 
double that of the most common additively manufactured alu-
minum alloy. An alloy containing grain refining solutes (Ti-3Al-8V- 
6Cr-4Mo-4Zr) and thermodynamically stable nucleant particles 
(La2O3) was used as feedstock materials for wire + arc additive 
manufacturing process (WAAM) in [12]. Grain refinement and 
equiaxed grain formation were achieved attributed to β-Ti nuclea-
tion on La2O3 when proper processing parameters were applied to 
decrease temperature gradient sufficiently to permit constitutional 
supercooling. The possibility of interfering with the columnar 
growth by adding nanoparticles is demonstrated numerically in DED  
[13]. By addition of La2O3, the heterogenous nucleation was pro-
moted in DEDed NiTi alloy [14]. In general, adding inoculants with 
known undercooling promotes the equiaxed grain growth due to the 
promotion of nucleation events [15–17]. However, not all alloys can 
find their suitable nucleating agents. Lattice matching is needed to 
determine the particulate compositions and crystallographic faces 
with the highest probability of inducing epitaxial, heterogeneous 
nucleation [11] and a software is developed with Citrine Informatics 
that uses lattice matching algorithms to search through crystal-
lographic databases for the highest matching crystal structures. 
Despite this software, so far, it is still hard to find potential nuclea-
tion agents. Even though suitable nucleation particle is found, ato-
mization of additive feedstock is difficult and expensive [18]. 

Other researchers have attempted to control crystal growth 
mainly by changing processing conditions. Through changes in scan 
strategy between point and line, highly misoriented micro scale 
grains grew upon primarily columnar oriented grains in electron 
beam additive manufacturing (EBAM) [19]. With the increase of 
scanning speed, less equiaxed zone was obtained in SLM of IN625  
[20]. In laser surface re-melting of directionally solidified nickel- 
based superalloys, the occurrence of stray grain region could be ef-
fectively controlled by reducing the heat input [21]. It is shown in  
[22] that the decrease of energy density could lead to columnar to 
equiaxed transition (CET) in laser melting deposited V-5Cr-5Ti al-
loys. As demonstrated by a well-tested multiscale phase-field model 
considering heterogeneous nucleation, grain selection and grain 
epitaxial growth, the increase of scanning speed and preheating 
temperature promotes the CET because of the increase of under-
cooling [23]. In pulsed diode laser-deposited of Waspaloy, it is found 

that long cycle periods and short pulse lengths could result in a 
highly columnar microstructures due to the elongation of melt pool 
and consequently a reduction in solidification front angle [24]. Also, 
in quasi-continuous-wave laser powder deposition process, the 
periodic push-and-pull motion of solidification interface caused by 
the pulsed laser promotes the crystallographic orientation disper-
sion of columnar dendrites [25]. Samples with fine, equiaxed 
prior-β grains were manufactured in DED with high-intensity 
ultrasound [26]. 

However, efforts trying to modulate crystal growth by varying 
processing conditions have little effects on crystal growth pattern 
and texture randomization especially in DED where the variation of 
melt pool size mainly influences the relative sizes of columnar- 
equiaxed growth regions due to the relatively small change of melt 
pool morphology [27]. More significant variation of microstructure 
has been achieved in selective laser melting (SLM) and welding 
under conduction and keyhole modes resulted from high power 
density and small molten pool in these two techniques. The pre-
ferential crystal growth direction under the conduction mode is 
closer to (001) direction while the crystal grains orientation under 
the keyhole mode tends to be (001) and (101) direction [28]. Tex-
ture transition from a strong {110}(001) Goss texture along the 
laser scanning direction to a weaker {110}(001) Goss texture in 
addition to a (100) fiber texture parallel to the scanning direction 
was achieved by changing the relative position between shielding 
gas flow direction and scanning direction in SLM [29]. This was 
assumed to be caused by melt pool shape change possibly due to 
local attenuation of the effective laser power density transmitted to 
the powder bed. Melt pool variation has been achieved by laser 
beam shaping in SLM and longitudinal elliptical beam shape re-
sulted in the stronger texture for the columnar regions than cir-
cular Gaussian and transverse elliptical beam shape due to the 
generation of melt pool with shorter, wider and shallower dimen-
sion [30]. Crystal growth under different melt pool morphology by 
changing welding speed was investigated both experimentally and 
numerically during keyhole mode laser welding [31,32]. With the 
decrease of welding speed, coarser grain and larger axial columnar 
grain region were found in the weld. In DED, compared with SLM, 
the relatively small change of melt pool morphology such as depth/ 
width ratio is due to the low power density and has little impact on 
the growth direction of columnar crystals. It is uncommon to in-
crease power density like SLM because the spot diameter used in 
DED (~mm) is often two orders of magnitude larger than that in 
SLM (~10 µm). 

In this work, in order to achieve high power density in DED, 
experiments were conducted under the spot diameter of 1 mm. 
Experiments under relatively low power density with spot diameter 
of 2 mm were also conducted to elucidate the effect of power density 
on crystal growth. The aim of this work is to describe further the 
different crystal growth pattern under different melt pool mor-
phology of Ni-based superalloys samples fabricated by DED-L and 
explain how melt pool morphology combined with solidification 
parameters affects the microstructure of a material. In this paper, 
single scan tracks of Ni-based superalloys under different power 
density were fabricated on 304SS substrate. Optical microscope and 
Electron backscattered diffraction were then used to characterize 
melt pool and crystal growth. Further analysis about process, melt 
pool morphology, crystal structure and size were conducted. 

Table 1 
Chemical composition of 304SS substrate and Ni45 powder (wt%).            

Fe Ni Cr C Mn P Si S  

304SS (substrate) Bal. 8.0–10.5 18–20 ≤0.080 ≤2.0 ≤0.045 ≤1.0 ≤0.030 
Ni45 (powder) 17.0 Bal. 14.0 0.4 – – 3.0 –    
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Fig. 1. (a)The SEM image for Ni45 powder particles and (b)the particle distribution of powder materials.  

Fig. 2. Schematic representation of DED-L.  
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2. Experimental setups 

2.1. Materials and fabrication method 

The powder material used for the study was Ni45, with compo-
sition and particle distribution shown in Table 1 and Fig. 1(b), re-
spectively. Fig. 1(a) is the scanning electron microscope (SEM) 
photograph of powder particles, showing mostly spherical mor-
phology. The substrate material was polycrystalline 304 stainless 
steel, with the composition shown in Table 1. The substrate was 
mounted to make the roughness below 0.8 µm and washed by 
acetone before experiment. 

The DED samples were manufactured using a self-developed 
five-axis gantry robot system equipped with Trumpf Nd+: YAG laser 
and DPSF-2 powder feeding machine. A schematic diagram of DED-L 
process is shown in Fig. 2. In DED-L, laser was used as the heat 
source and powder particles were fed laterally into the melt pool by 
inert gas such as argon. The laser and powder feeding nozzle syn-
chronously moved along the predefined scanning strategies. With 
the solidification of melt pool, scan tracks formed over the substrate. 
The laser wavelength was 1030 nm and the focal length was 160 mm. 
The laser spot diameters (d) were set to be 1 mm with a defocus of 
4.96 mm and 2 mm with a defocus of 9.98 mm. The powder was 
carried by argon (99.99%~99.999% purity) and the gas flow rate was 
set at 5.8 L/min, with a powder flow diameter of 4 mm and an in-
clination angle of 50°. Specific processing parameters and sample 
labels are shown in Table 2 and power density is defined as P d4 /( )2 . 

2.2. Sample preparation and characterization 

The samples were wire-cut from the substrate using a wire 
electrical discharge machine. Then, all the samples were mounted 

and ground using 60#, 200#, 600#, 1000# and 1500# silica sand-
paper in order. Polishing was carried out using cloths with 2 µm 
diamond suspension. In order to display the microstructure under 
Optical Microscope (OM), the samples were electrically etched in 
5 ml H2SO4 + 95 ml C2H5OH solution under the voltage of 20.0 V for 
5 s. The samples were observed on a MD-50 UM200i optical mi-
croscope. 

After rough grinding and polishing, samples were polished using 
0.25 µm colloidal silica suspension for electron backscattered dif-
fraction (EBSD) experiments. The EBSD characterization was carried 
out on a QUANTA FEG 450 scanning electron microscope equipped 
with EDAX system. The acceleration voltage of the SEM during ac-
quisition was 20 kV. Post processing of the collected data was con-
ducted using TSL OIM v7 software. 

3. Results 

3.1. Melt pool shapes and dimensions 

Different melt pool shapes under different power density are 
displayed in Fig. 3. According to Fig. 3, the melt pool dimensions are 
measured and displayed in Fig. 4. 

For the same spot size (Sample A and B, spot size = 2 mm), the 
height and width of melt pool increase with the increase of power 
density (sample A: 24 W/mm2, sample B: 40 W/mm2). Comparing 
sample C (spot size = 1 mm) with sample B (spot size = 2 mm), the 
width decreases although the power density increases nearly five 
times (from 40 W/mm2 to 223 W/mm2), meaning that the melt pool 
width is mainly determined by spot size. The height of melt pool 
slightly increases from sample B and C. As for the ratio of depth 
against width (aspect ratio), the ratio increases with the increase of 
power density. Sample A processed under low power density was 

Table 2 
Processing parameters used in DED-L.        

Sample label Laser power P/ (W) Spot diameter d/ (mm) Scanning speed (mm/s) Powder feeding rate (g/min) Power density (W/mm2)  

A  300  2  2  14.0  24 
B  500  2  2  14.0  40 
C  700  1  8  11.7  223 

Fig. 3. OM images of melt pool for (a)Sample A, (b)Sample B and (c)Sample C.  
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shown to exhibit wide and shallow spindle-like melt pool. With the 
increase of power density, sample B prepared under relatively higher 
power density was shown to exhibit wider and deeper melt pool 
with two sharp turning points/steps. Melt pool manufactured under 
higher power density (Sample C) became narrower with high aspect 
ratio. 

3.2. Crystal growth patterns under different melt pool morphology 

3.2.1. Melt pool with low aspect ratio (Sample A) 
In order to investigate the effect of melt pool morphology on the 

microstructure, EBSD experiments were conducted on the 

transverse (xz plane in Fig. 2), horizontal (yz plane in Fig. 2) and 
central longitudinal (xy plane in Fig. 2) planes for samples A, B and 
C. Fig. 5 shows Inverse pole figures (IPFs) for the transverse, 
central longitudinal and horizontal cross sections of single scan 
track deposited under relative low power density of 24 W/mm2 

(Sample A), with the three-dimensional (3D) visualization of the 
grain structures illustrated in Fig. 5(d). The melt pool boundary 
was highlighted in black thick solid line for more clarity. The re-
lationship between colors in IPFs and crystal orientations is 
shown in Fig. 5(d), within the direction illustrated in Fig. 2. As 
shown in Fig. 5(a), there are clearly two different grain structure 
regions. In region II, columnar crystal grains grew perpendicularly 
to the relatively flat boundary of melt pool and the reddish color 
indicated strong epitaxy along (001) direction. In region I, nearly 
equiaxed crystal grains with random orientations grew at the top 
of the melt pool, surrounding the columnar crystal grains. These 
crystal evolution patterns were also verified in the central long-
itudinal section (Fig. 5(b)) while columnar crystal grains, showing 
strong (001) orientations, grew nearly perpendicularly to the 
substrate and were truncated by the equiaxed crystal grains with 
random orientations at the upper part. In this plane, it is also 
worth mentioning that the columnar crystals grew with a slight 
inclination towards the scanning direction. As for the horizontal 
section (Fig. 5(c)), since this section was sampled 100 µm away 
from the top surface, the equiaxed crystal grains were somewhat 
cleared, thus only the horizontal projection of epitaxial columnar 
grains was shown. As shown in this picture, columnar crystals 
growing along (001) direction showed nearly equiaxed shape in 
the top view. Overall, the 3D visualization shown in Fig. 5(d) in-
dicated strong epitaxy along (001) direction. 

In order to further study the difference between two regions 
obtained in Sample A, quantitative comparison of the transverse 

Fig. 4. The melt pool dimensions (height, width, depth and aspect ratio) for all three 
samples. 

Fig. 5. Inverse pole figures superimposed by grain boundary for sample A (a) transverse plane, (b)central longitudinal plane, (c)horizontal plane 100 µm away from the top surface 
and (d) 3D visualization. 
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section including grain size and aspect ratio were shown in Fig. 6. 
Due to the differences in defining size for columnar and equiaxed 
crystals, occupied area is used here to demonstrate the grain size. 
For a single crystal, the ratio of shortest distance to the longest 
distance is taken as aspect ratio. As shown in Fig. 6, grain size in 
Region II with the average size of 2614 µm2 is much larger than in 
Region I with the average size of 218 µm2. The aspect ratio of Region 
II is smaller than that of Region I, meaning more elliptical columnar 
crystals in Region II. 

3.2.2. Melt pool with high aspect ratio 
As for sample C prepared under high power density, with IPFs 

shown in Fig. 7, columnar crystal grains grew perpendicularly to the 
contour of melt pool, separating melt pool into four regions ac-
cording to the crystal growth direction. At region I, nearly-equiaxed 
grains were found, with random grain orientations. At region II, the 
crystal grains grew horizontally where the boundary of melt pool 
was nearly perpendicular. Also, the crystal growth pattern was al-
most symmetrical along the center line of melt pool. Orientation 
here tended to be (110) judging from the greenish color in this re-
gion. At region IV, columnar grains grew approximately vertical to 
the boundary of melt pool. However, since the melt pool boundary in 

this region has an inclination angle to the substrate, crystals here 
grew at an angle along the scanning direction which was clearly 
shown in the central longitudinal section. At region III, columnar 
grains grew perpendicularly to the boundary colliding with each 
other and nearly perpendicular columnar crystal grew. This growth 
mode has been verified in the IPF of horizontal section (Fig. 7(c)). 
Long axial columnar grains were observed in the middle of scan 
track where inclined crystals were shown bilaterally. However, 
though the longitudinal section was sampled at the central of single 
scan track, the axial columnar crystal in Region III was not clearly 
shown in Fig. 7(b) due to the sampling error and subsequent ma-
terial removement such as grinding and polishing necessary for 
further EBSD characterization. 

The orientation of columnar crystals in different regions was 
different as stated above, but quantitative characterization about it 
was not applicable due to the little sampling points in each in-
dividual region. However, other than orientation, the aspect ratio 
and average length also varied in different regions. It should be 
noted that the columnar crystals vary with the sampling and ob-
servation planes. The grain size and aspect ratio shown in Fig. 8 are 
just phenomenological. As shown in Fig. 8(b), the grain size in Re-
gion II is largest. 

Fig. 6. Comparison of grain size and aspect ratio in (a) Region I and (b)II corresponding to Fig. 5(a).  
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3.2.3. Melt pool with medium aspect ratio 
IPFs for sample B is presented in Fig. 9. It can be observed from  

Fig. 9(c) that the horizontal plane was composed of columnar grains 
with an inclination towards scanning direction. When observing the 
grain structure in the transverse and central longitudinal plane, the 
columnar grains had similar appearances to equiaxed grains, which 
might be misleading. Whereas, this seemingly misleading appear-
ance further verified the uniformity of columnar grains observed in 
the horizontal plane (columnar morphology can also be verified 
through the grain structure revealed in the transverse (Fig. 9(a)) and 
central longitudinal (Fig. 9(b)) planes). Remarkably, this is the 
meaning of 3D visualization of grain structure and investigating 
from three dimension. Generally speaking, for Sample B, columnar 
grains grew with an inclination angle converged in the center of scan 
track. At the middle of scan track, unlike the long axial columnar 
crystal observed in sample C, the majority of columnar crystals on 
both sides converge here with several discontinuous columnar 
grains. The orientations of these discontinuous crystals are shown to 
be parallel to the scanning direction since they are mostly reddish. It 
can be observed from the transverse section (Fig. 9(a)) and long-
itudinal section (Fig. 9(b)) of sample B that there is not a dominant 
direction for crystal growth. Although there is a sharp turning of the 
melt pool boundary, no obvious change of crystal growth is ob-
served. 

3.3. Effect of power density on crystal growth 

As analyzed above, crystal growth with significantly different 
appearances has been demonstrated under different power den-
sity. In order to quantify the effect of power density on crystal 
growth evolution, texture, aspect ratio and grain size have been 

studied. Fig. 10 shows the pole figures (PFs) under various power 
density. It should be noted that following analysis is based on 
sampled taken from transverse section unless specified ad-
ditionally. The preferred crystallographic orientation is (100) for 
sample A and (110) for sample B and C. The texture density is the 
smallest for sample C while the power density is highest in this 
work. Orientation distribution function (ODF) using Roe Euler 
angles is shown in Fig. 11. In order to convert Euler angles (ψ, θ, ) 
to Miller indices {hkl}(uvw) for cubic system, calculation was based 
on the following formulas [33]. 

=h k l sin cos sin sin cos: : ( ):( ):

=u v w cos cos cos sin sin cos cos sin sin cos

sin

: : ( ):( )

:(cos )

The maximum texture indexes of three samples studied are (001) 
[−110] 7.7 × random (Fig. 11(a)) for sample A, (101)[010] 8.1 × random 
(Fig. 11(b)) for sample B and (101)[− 101] 5.1 × random (Fig. 11(c)) for 
sample C. It can be concluded that the texture intensity decreased 
with the increase of power density in this work. 

The grain size and aspect ratio distribution for the three samples 
studied are shown in Fig. 12. Generally, grain size for sample B and C 
were much larger than sample A. Under the same spot diameter, 
with the increase of power density, the grain size increases from 
2173 µm2 (Sample A) to 7804 µm2 (Sample B). Whereas grain size of 
Sample C (4135 µm2) was smaller than that of sample B despite the 
increased power density due to different spot diameter. Meanwhile, 
Sample A exhibits the smallest aspect ratio which means that crys-
tals in this sample are more elliptical. Despite the dramatic change in 

Fig. 7. IPFs superimposed by grain boundary for sample C (a) transverse section, (b)central longitudinal section, (c)horizontal section and (d) 3D visualization.  
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Fig. 8. Comparison of grain size and aspect ratio in (a) Region I, (b) II, (c) III and (d) IV corresponding to Fig. 7(a).  
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power density, all three samples exhibit similar distribution of grain 
size and aspect ratio. 

4. Discussion 

Essentially, mechanical behaviors and performances of additively 
manufactured components, which have always raised great concern 
since the arise of this technique, are determined by microstructural 
development and texture evolution. However, there is no efficient 
and precise way of controlling crystal growth especially site-speci-
fically. Efforts trying to modulate crystal growth by varying proces-
sing conditions have little effects on crystal growth pattern and 
texture randomization especially in DED. Here, this work tries to 
explore the possibility of diverse crystal growth pattern in DED-L by 
controlling spot diameter and power density. The mechanism be-
hind it is discussed below. 

This work has shown that considerable control over the crystal 
grain growth and texture can be achieved by changing the melt pool 
morphology， including the change of melt pool shape and solidi-
fication parameters at the liquid/solid interface. The melt pool 
boundary, representing the liquid-solid interface, is essential for 
crystal growth. On the one hand, the driving force of grain growth is 
maximum along the direction of local maximum heat flow direction, 
which is perpendicular to the melt pool boundary. On the other 
hand, grain morphology and grain size are determined by the soli-
dification parameters (morphology factor, G/R and cooling rate, CR) 
at liquid-solid interface, which is demonstrated as melt pool 
boundary in the experimental observations afterwards. 

Three crystal growth patterns are obtained by varying power 
density. At low power density, growth pattern in Fig. 5 is obtained. 
As shown in the transverse section (Fig. 5(a)), under low power 
density, shallow melt pool with relatively small aspect ratio was 

achieved due to the low penetration depth of heat. Since the sub-
strate was composed of polycrystalline crystal stainless steel grain, 
as illustrate in Fig. 13, columnar crystals grew from it with no pre-
ferred orientation to substrate crystal lattices and grew along the 
direction of maximum heat flow, which was perpendicular to the 
melt pool boundary. Thus, at the lower part of melt pool, columnar 
crystal grew along <  001  >  direction as shown in Fig. 13(a) and 
13(b). However, at the upper part of the melt pool, due to the in-
clination of melt pool boundary and the change of thermodynamic 
condition, solidification parameter, which is the morphology factor 
(G/R), here decreased below the critical columnar-to-equiaxed 
transition G/R number, causing the crystal here to exist as equiaxed 
crystals. Similar result has been studied in [34]. In this paper, a 
three-dimensional numerical model considering Marangoni con-
vection, phase change, heat conduction has been developed to si-
mulate temperature field which is then used to calculate 
solidification parameters. The G/R increases approximately from 
1000Ks/mm2 to 2998Ks/mm2 from the bottom to the top of melt 
pool. At the central longitudinal section, the trailing edge of melt 
pool was in a curved shape, causing the columnar crystals to grow 
slightly inclined towards scanning direction as shown clearly in  
Fig. 5(b) and the inclination angle was approximately 15°. 

Under high power density, crystal growth pattern was separated 
into four regions. As shown in Fig. 14, at Region II (middle upper part 
of the melt pool), the direction of columnar grains growth was 
nearly parallel to y-axis because the melt pool boundary here was 
almost vertical. At Region IV (lower part of the melt pool), columnar 
crystal grains grew with inclined grains. This is because the melt 
pool boundary in this region is inclined gradually in a curved shape 
from the nearly straight shape in upper Region II. As for equiaxed 
crystals with random orientation in Region I, this is mainly because 
of the small G/R here. The axial columnar grew in Region III, which is 

Fig. 9. IPFs superimposed by grain boundary for sample B (a) transverse section, (b)central longitudinal section, (c)horizontal section and (d) 3D visualization.  
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due to the collective effect of collision of columnar growth in Region 
IV and the curved melt pool boundary. Also, G/R here was large 
which had promoted the epitaxial columnar growth. 

Growth pattern of inclined columnar grains with several central 
axial columnar grains was achieved under the power density of 
40 W/mm2 (Sample B). The columnar crystals grew perpendicular to 
the melt pool boundary on both sides and collided with each other, 

promoting the central axial columnar crystals. Schematic crystal 
growth of this sample is shown in Fig. 15. Inclined columnar crystals 
grew due to the curve melt pool boundary. And the central dis-
continuous axial columnar grains grew due to the collective effects 
of collision of bilateral columnar crystals and large G/R here. 

With the increase of power density, average grain size increases 
from 2173 µm2 (Sample A) to 7805 µm2 (Sample B) under the same 

Fig. 10. Stereographic {001}, {101} and {111} pole figures for sample (a) A, (b) B and (c) C.  
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spot diameter (Fig. 12(a, b)). Similar results are shown in [35,36] and 
it is confirmed to be linked to the decrease of cooling rate (CR) with 
the increase of power density. 

When it comes to applications involving multidirectional 
stresses, the anisotropy of mechanical behaviors, which originates 
from columnar grains in AM, is detrimental [8,9]. When it comes to 
applications involving unidirectional stresses, microstructure with 
preferred orientation inclined with stress direction is favored such as 

single-crystal blade [37]. It is necessary to control crystal growth 
under specific working condition, accordingly. This work enriches 
the crystal growth pattern in DED-L and provides the possibility of 
controlling crystal growth by changing processing parameters. It is 
possible to get single crystal components under the crystal growth 
presented in Fig. 5. In order to weaken the anisotropy of mechanical 
behaviors, low texture density of crystal growth pattern in Fig. 7 is 
favored. 

Fig. 11. ODF sections with = 0°, 30° and 60° for sample (a) A, (b) B and (c) C, respectively.  
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Fig. 12. Grain size and aspect ratio distribution for sample (a) A, (b) B and (c) C.  

Fig. 13. Schematic diagram of crystal growth behaviors of (a) central longitudinal and (b) transverse section under shallow and wide melt pool for Sample A.  
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5. Conclusion 

Crystal growth has been a great concern in AM for a long time. In 
this paper, crystal growth pattern in DED of Ni-based superalloys 
have been modulated through control of melt pool morphology. 
Three dimensional EBSD characterization experiments were con-
ducted to elucidate crystal growth evolution. Crystal structure ap-
pearance, texture, size and aspect ratio were studied. Relationship 
between power density, melt pool morphology, crystal structure was 
further illustrated. Main conclusions are as follows: 

Under low power density of 24 W/mm2, shallow and flat melt 
pool was obtained. Columnar crystal grains grew perpendicularly to 
the relatively flat boundary of melt pool and nearly equiaxed crystal 
grains with random orientations grew at the top of the melt pool. 

Under high power density of 223 W/mm2 with the spot diameter 
of 1 mm, deep and narrow melt pool shape was presented. Crystal 
growth pattern here was composed of four regions: nearly-equiaxed 
grains with random grain orientations at Region I; the horizontally 
symmetrically grown crystal grains at region II; axial columnar in 
the center at Region III; columnar grains grew approximately vertical 
to the boundary of melt pool at Region IV. 

Under the power density of 40 W/mm2, sample exhibited co-
lumnar grains with an inclination angle towards scanning direction 
and several discontinuous axial columnar at the center of scan track. 

The diverse crystal growth patterns under the control of power 
density contributed to the melt pool morphology and solidification 
parameters at the solid-liquid interfaces. This work has demon-
strated the feasibility of controlling crystal growth in DED-L by 
modulating melt pool morphology. 

With the increase of power density, the preferred orientation 
transformed from (001) to (110) and the texture density decreased. 
The grain size increased with the increase of power density due to 
lower cooling rate. And the aspect ratio was the largest at the power 
density of 223 W/mm2, meaning that more elliptical columnar 
grains grew. 
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