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Single-track investigation of rapid solidification conditions of Hastelloy-X 
Ni-based superalloy in laser powder-bed fusion and applicability of columnar 
equiaxed transition criteria
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ABSTRACT  
To understand the applicability of the columnar-equiaxed transition (CET) criteria to the rapid 
cooling conditions unique to the powder-bed fusion (PBF) type additive manufacturing (AM) 
process, we investigated relationships between the microstructure and the solidification 
conditions of Hastelloy-X (HX) Ni-based superalloy. Experimental observation revealed columnar 
crystals are formed in the single-track melt region, and the corresponding computational 
thermal-fluid dynamics simulations suggest the solidification conditions are mostly out of the 
range of the solidification conditions conventionally considered for the microstructure 
controlling: temperature gradient G = 1.0 × 105–2.0 × 108 K m−1 and solidification rate R = 1.0 ×  
10−3–4.0 × 100 m s−1. Combining the experimental and computational data, the microstructural 
morphology of HX was within the range predicted to be columnar crystals in terms of the CET 
criterion and the parameters obtained by the experiment under conventional solidification 
conditions. This study sheds light on the applicability of the CET criteria to the PBF process and 
facilitates the microstructure control of PBF-fabricated structural alloys.
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1. Introduction

Additive manufacturing (AM) technologies have 
attracted considerable attention because they facili
tate the easy fabrication of three-dimensional (3D) 
parts with complicated geometry. Among the 
various AM techniques available, powder bed 
fusion (PBF) has become the preferred one for 
metal AM [1–4], in which metal products are built 
in a layer-by-layer manner using a laser beam or 
an electron beam to fuse metal powder particles 
to form objects.

In particular, nickel (Ni) based superalloys fabricated 
by PBF-type AM have significant applications in the aero
space industry. Weldable superalloys such as IN718 [5– 
7], IN625 [8, 9] and Hastelloy-X (HX) [10–15] were 
thoroughly investigated using the PBF-type AM 
process. In contrast, non-weldable alloys such as 
IN738LC [16, 17] and CMSX-4 [18, 19], which have 
superior creep resistance, were considered difficult to 
fabricate by PBF because of the cracking during the 
preparation process. Later studies to avoid cracking in 
PBF have been conducted. Tang et al. [20] suggested a 
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strategy to avoid cracking for fabricating highly reliable 
AM parts by optimizing the alloy composition. Kontis 
et al. [14] suggested a strategy to avoid cracking by 
grain boundary engineering and showed that cracking 
sensitivities can be reduced by introducing equiaxed 
grains. Grain refinement is effective not only for obtain
ing crack-free Ni-based superalloy with high-tempera
ture strength. In general, grain refinement effectively 
improves the balance of strength and toughness of met
allic structural materials. Even for Ni-based superalloys, 
the condition for obtaining equiaxed-and-fine grains is 
of great interest in AM of structural alloys. Moreover, 
grain refinement is of great interest even for non-weld
able Ni-based superalloys used as polycrystals, such as 
HX and IN718.

The microstructures of metals fabricated by the PBF 
process are solidification microstructures. In general, soli
dification microstructures can be predicted from solidifi
cation conditions defined by the combination of a 
temperature gradient (G) and solidification rate (R) at a 
solid/liquid interface, according to the columnar- 
equiaxed transition (CET) criteria proposed by Hunt 
[21]. Thus, solidification maps, in which the types of soli
dification microstructures are indicated in the spaces of G 
and R, have been proposed as a guide for predicting the 
microstructure formed by the PBF – AM process toward 
controlling crystallographic textures via controlling 
process parameters such as the power, diameter, and 
scanning speed of the heat source [2, 7, 22–26]. In our 
previous study, we found that the CET criteria are not 
applicable to the solidification of 316L stainless steel irra
diated with an electron beam [27]. The violation of CET 
criteria was attributed to the rapid-fluid flow caused by 
the significant Marangoni effect owing to the large temp
erature gradient along the surface of the melt surface 
and the transfer of small crystals which are nucleated in 
front of the solidification front dendrite. These findings 
suggest that classical CET frameworks may be insufficient 
when applied to systems involving strong thermal gradi
ents and beam-induced convection. It is therefore essen
tial to explore whether similar phenomena occur in other 
alloy systems, particularly under high-energy beam pro
cessing conditions.

Melting and solidification in the PBF process occur 
locally with the length and time scales on the order of 
millimetres and milliseconds, respectively. This makes 
the experimental investigation of solidification con
ditions challenging. An effective approach for investi
gating solidification conditions in the melt pool 
involves combining experimental methods with corre
sponding computer simulations, such as the finite 
element method and computational thermal-fluid 
dynamics (CtFD) simulations. Previous studies of 

stainless steels, Co-Cr-Mo alloy, Ni-based superalloys 
[15, 27–29] have found that solidification in the PBF pro
cesses occurred under significantly high G and R in the 
ranges of 105–109 K m−1 and 10−3–101 m s−1, respect
ively. These conditions are out of the range of solidifica
tion conditions assumed for the conventional 
solidification map [21]. Indeed, the studies have ident
ified the ‘inverse CET’ [27, 28]; equiaxed crystalline 
grains were observed near the outmost part of the 
melt region, which were solidified under conditions 
with high flow velocities reaching up to 300 mm s−1 

induced by the non-uniformity of surface tension 
arising from the steep temperature gradient along the 
surface of the melt-pool, i.e. Marangoni flow. These 
results suggest that equiaxed crystals are formed 
owing to a high velocity of fluid flow, even though the 
G and the R are in the range for columnar crystal 
formation.

In this study, we investigated solidification micro
structures of HX induced by laser-beam irradiation. The 
corresponding solidification conditions at the rapidly 
migrating solid/liquid interface are also evaluated 
using a CtFD simulation to examine the applicability of 
the CET criteria for the PBF-type AM process through 
comparison with the prediction from well-established 
physical and metallurgical properties. The relationships 
between the microstructures and solidification con
ditions are discussed with reference to the CET criteria 
for IN718 and CMSX-4 superalloys obtained under con
ventional solidification conditions. This assessment 
aims to progress towards controlling the microstructure 
of alloys fabricated by the PBF-type AM process through 
comparisons with predictions based on well-established 
rules for conventional solidification processes, including 
the CET criteria. In this study, laser irradiation was per
formed on bulk HX samples without using powder. 
This approach enables controlled analysis of melt pool 
formation and solidification behaviour, without the 
additional complexity introduced by powder packing 
and particle size variation. While scanning strategies [1, 
4] and multi-layer builds [30] are known to affect micro
structure formation in the PBF through thermal cycling 
and heat accumulation. Thus, the knowledge from inves
tigating microstructure formation in single-track scan
ning is limited and cannot be directly extrapolated to 
full three-dimensional builds. However, the present 
study focuses on single-track scanning to establish a fun
damental understanding of solidification conditions and 
grain morphology in isolation under well-controlled 
thermal conditions. This provides a basis for further 
extension to multi-layer simulations and scanning path 
optimisation. Preliminary work on multi-layer modelling 
has already been initiated [30].
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2. Methods

2.1. Laser beam irradiation experiments

For the laser irradiation experiment, we used rolled and 
recrystallized HX blocks as specimens with dimensions 
of 20 mm × 50 mm × 10 mm. These were irradiated 
with a laser beam scanned along straight lines of 
length 10 mm using a laser AM machine (EOS 290 M). 
The irradiation was performed with varying beam 
powers P (180, 240, 300, and 360 W) and scanning 
speeds V (600, 800, 1000, 1200, and 1400 mm s−1), 
which are conditions commonly used in AM of Ni- 
based superalloys [22, 31]. Table 1 lists the line energies 
for each irradiation condition. The top surfaces of the 
laser-irradiated samples were observed using a laser 
microscope (Keyence VK-X200/210) to measure the 
widths and surface topographies of the melt tracks. 
The samples were cut perpendicular to the beam scan
ning direction for cross-sectional observation using 
field-emission scanning electron microscopy (FE-SEM, 
JEOL JSM 6500), and the crystal orientation analysis 
was performed using electron backscatter diffraction 
(EBSD). The accelerated voltage and the step size of 
the EBSD analysis were 20 kV and 0.4–0.5 μm, respect
ively. The size and aspect ratio of each crystal grain 
were evaluated by analysing the EBSD data. Each 
irradiation condition was performed once in this study. 
Cross-sections were taken from the steady-state region 
of the bead.

2.2. CtFD simulations

CtFD is a computational solution of the equations gov
erning thermo-fluid dynamics, including the conserva
tion laws of mass, momentum, and energy [32, 33]. 
The CtFD simulations of laser beam irradiation to the 
HX were performed using commercial 3D thermo-fluid 
analysis software (Flow Science FLOW-3D® with Flow- 
3D Weld module) [34]. For the heat source model, a 
Gaussian heat source model was used, in which the 
irradiation intensity distribution of the beam is regarded 
as a symmetrical Gaussian distribution over the entire 

beam. The beam irradiation intensity distribution is 
expressed by the following equation.

˙q(r) =
2hP
pR2 exp −

2r2

R2

􏼒 􏼓

(1)

Here, P is the power, r is the actual beam radius, and R is 
the effective beam radius. To make the model even more 
accurate, the absorption rate η was calculated assuming 
multiple reflections and incident angle θ dependence 
based on the Fresnel equation:

h = 1

−
1
2

1+ (1 − 1cosu)2

1+ (1+ 1cosu)2
+

12 − 21cosu+ 2cos2u

12 + 21cosu+ 2cos2u

􏼚 􏼛

(2)

where ε is the Fresnel coefficient, and η varies with θ as 
shown in Figure 1.

A local laser melt makes the vaporisation of the 
material and causes high vapour pressure. This vapour 
pressure acts as a recoil pressure on the surface, 
pushing the weld pool down. Reproduce the recoil 
pressure with the following model

precoil = Ap0exp
DHLV

RTV
1 −

TV

T

􏼒 􏼓􏼔 􏼕

(3)

Here, ρ0 is the atmospheric pressure, ΔHLV is the latent 
heat of vaporisation, R is the gas constant, TV is the 
boiling point at the saturated vapour pressure. A is a 
ratio coefficient that is generally assumed to be 0.54, 
indicating that the recoil pressure due to evaporation 
is 54% of the vapour pressure at equilibrium on the 
liquid surface.

Table 1. Laser-beam irradiation conditions. Four levels of beam 
power and 5 levels of scanning speed are employed. The values 
are indicating the line energy (Eline/ J mm−1).

Line Energy, Eline / J mm−1

Scanning Speed, V / mm s−1

600 800 1000 1200 1400

Beam power, P, W 360 0.60 0.45 0.36 0.30 0.26
300 0.50 0.38 0.30 0.25 0.21
240 0.40 0.30 0.24 0.20 0.17
180 0.30 0.23 0.18 0.15 0.13

Figure 1. Absorption rate η as a function of incident angle θ.
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Table 2 lists the simulation parameters, most of which 
were evaluated using an alloy physical property calcu
lation software (Sente software JMatPro v11). The emis
sivity and Stefan – Boltzmann constant values were 
obtained from Ref. [35], and the values for pure Ni [36] 
were used for the heat of vaporisation and vaporisation 
temperature. The dimensions of the computational 
domain of the numerical model were 4.0 mm in the 
beam scanning direction, 0.4 mm in width, and 0.3 mm 
in height. A uniform mesh size of 10 μm was applied to 
the computational domain. The boundary condition of 
continuity was applied to all the boundaries except for 
the top surface. The temperature was initially set to 
300 K, and P and V were the same as those used in the 
experiment. The solidification conditions at the solid/ 
liquid interface, that are, G, R, the cooling rate, and the 
fluid flow velocity (U ), were calculated from the obtained 
temperature distributions. The relationships between 
these solidification conditions and microstructures were 
examined based on the experimental and simulation 
results.

3. Results and discussion

3.1. Experimental observation of melt pools

Figure 2(a) shows surface laser microscope images and 
corresponding height maps of the centre parts of single 
beads formed with various combinations of P and V. 
The laser beam scanning direction was from the 
bottom to the top of the image. The surface morphology 
of a single bead varies depending on the process par
ameters; for example, uniformly melted beads were 
formed through laser beam irradiation under (1) low V 
and (2) high beam power and high V conditions. 
However, a chain of droplet-like melt tracks was formed 

under high scanning speed conditions. This phenom
enon is similar to the ‘balling phenomena’ in the PBF- 
LB process. A discontinuous track was also observed in 
the melted regions of the IN738LC Ni-based superalloy 
by laser beam irradiation [37], possibly caused by Ray
leigh – Plateau instability, reducing the surface energy 
by breaking up the continuous liquid cylinder into met
allic droplets. Figure 2(b) shows cross-sectional optical 
microscopy images of the laser-beam melt region of 
the HX. The fusion line is indicated by the dashed lines. 
The fusion line corresponds to the melt-pool boundary 
in parts fabricated by PBF. As the line energy increases, 
the width of the melt region becomes larger. Similarly, 
the bead depth increases with increasing P and decreas
ing scan speed, reflecting the higher energy input and 
deeper penetration into the substrate.

The width and depth of the melt pools were measured 
from the surface and cross-sectional images, respectively. 
Figure 3 shows the width (Figure 3(a)), depth (Figure 3(b)), 
and aspect ratio (Figure 3(c)) of the melt pools formed by 
scanning the laser beam as a function of line energy. The 
width (Figure 3(a)) increased and approached approxi
mately 160 μm as the line energy increased under all 
the conditions. It is suggested that bulk metal melts at 
the same bead width at a sufficiently slow speed in the 
range used in this study. The depth of the melt pools 
(Figure 3(b)) increased monotonically as the line energy 
increased, regardless of the changes in P and V. The 
aspect ratio also increased linearly at the P values of 
300 and 360 W. On the other hand, when P was 180 
and 240 W, the aspect ratio (Figure 3(c)) tended to satu
rate at line energies higher than 0.3 J mm−1. According 
to the conventional studies of laser welding [38], two 
types of melting mechanisms were considered: (i) con
duction-mode melting due to thermal diffusivity and (ii) 
keyhole-mode melting due to vaporisation of the metal. 
The preferential melting mode is determined basically 
by the beam power (P) and scanning speed (V ) of the irra
diated laser and the resultant line energy defined by Eline  

= P/V. The melting mode transition has also been 
observed in the PBF-LB process of the IN738LC Ni-based 
superalloy and the melting mode was determined by 
the threshold P of approximately 210 W [37]. The 
threshold beam power for the melting mode in this 
study was estimated to be approximately 240 W, and 
the similarity of the threshold value suggests that there 
are two modes of melting mechanisms.

The microstructures of the laser-irradiated regions in 
the HX samples were investigated using SEM-EBSD. 
Figure 4 shows the cross-sectional inverse pole figure 
(IPF) z orientation maps of the melt region. Bright 
colours indicate the melt regions, which were 
confirmed with the optical images. Epitaxial growth 

Table 2. Parameters used in the CtFD simulations. The values at 
298.15 K are indicated as a representative for temperature 
dependent parameters.
Name Symbol Value Ref.

Density at 298.15 K ρ 8.24 g cm−3 [*]
Liquidus temperature TL 1628.15 K [*]
Solidus temperature TS 1533.15 K [*]
Viscosity at TL η 0.0068 kg m-¹ s-¹ [*]
Specific heat at 298.15 K CP 0.439 J g−1 K−1 [*]
Thermal conductivity at 298.15 K λ 10.3 W m−1 K−1 [*]
Surface tension at TL γL 1.85 J m−2 [*]
Temperature coefficient of surface 

tension
dγL/dT −2.5 × 10−4 J m−2 

K−1
[*]

Emissivity Ε 0.27 [35]
Stefan–Boltzmann constant σ 5.67 × 10−8 W m−2 

K−4
[35]

Heat of fusion ΔHSL 2.76 × 102 J g−1 [36]
Heat of vaporisation ΔHLV 4.29 × 103 J g−1 [36]
Vaporisation temperature TV 3110 K [36]

*Calculated using JMatPro v11.
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Figure 2. (a) Laser microscope images (left) and corresponding height maps (right) of the top surface of melt-tracks formed by laser 
irradiation on the HX block under varying condition with four levels of beam power (P) and scan speed (V ). (b) Corresponding cross- 
sectional optical microscope images of the laser-beam-irradiated region of the HX.
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from the non-melted region was observed under all con
ditions, and columnar crystal grains with diameters of 
approximately 5–10 μm appeared at the centre of the 
melt regions. The shallow melt pools were formed at 
low P and high V, and the crystal grains grew from the 
boundary between the left and right melt pools. On the 
other hand, crystal grains growing in the z direction 
were observed from the lower centre at high P and low 
V. From these EBSD data, the average grain sizes and 
their aspect ratios in the melt regions were evaluated. 
Crystal grains of approximately 5–10 μm in size with an 
aspect ratio of 2–4 were formed. As shown in Figure 5, 
the average aspect ratios of the laser-melted regions in 
the HX samples are not understood in terms of the line 
energy, and the morphology of the microstructures 
does not change significantly with the process par
ameters. The grain size in the material appears to be 
influenced by the pre-existing grain size in the underlying 
material rather than the solidification conditions, which 
depend on the process conditions. The larger the original 
crystal grains are, the larger the crystal grains in the melt 
region seem to be, suggesting that the solidification is 
dominated by epitaxial growth. Although the number 
of grains in each melt pool enables statistical analysis of 
grain orientation and morphology, future work will 
include repeated trials to quantify variability in melt 
pool dimensions and microstructure.

3.2. CtFD simulations

Figure 6 shows a snapshot of the CtFD simulation of HX 
where P and V were 360 W and 600 mm s−1, respectively. 
The melt pool became stable after approximately 2 ms, 
i.e. travelling approximately 1.2 mm, and eventually, a 
melt pool with an elongated teardrop shape was 
formed (Figure 6(a)). The transverse and longitudinal 
sections of the melt pool coloured by temperature and 
solid fraction are shown in Figure 6(b1) and Figure 
6(b2), respectively. Keyhole-mode melting can be seen 
at the front of the melt region: the solid metal was 
melted through laser beam irradiation (Figure 6(c)), 
and the molten liquid was pressed down to the 
bottom of the melt pool (Figure 6(d)). As a result, the 
melt pool is relatively deep, and subsequently, the 
liquid on both sides of the keyhole joined together 
(Figure 6(e)) and solidified (Figure 6(f)).

The Fresnel coefficient, which determines beam 
absorption efficiency, was used as a fitting parameter 
to reproduce the morphology of the experimentally 
observed melt region. Figure 7(a) compares a CtFD- 
simulated melt pool model of HX to the EBSD IPF-z 

Figure 3. Geometries of the melt region in the HX samples sub
jected to laser irradiation at various levels of powers (P) and 
scanning speeds (V ) as a function of line energy, Eline = P/V. 
(a) Width of melt-region, (b) Depth of melt region, and (c) 
Ratio of depth to width.
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orientation map of the corresponding cross-section. The 
values of P and V were 360 W and 600 mm s−1, respect
ively. The width and depth of the simulated melt region 
were in good agreement with the experimentally 
observed melt pools using a Fresnel coefficient of 0.12. 

The widths and depths of the simulated melt pools 
formed under various laser-beam irradiation conditions 
were measured and compared with those of the exper
imentally observed melt tracks, as shown in Figure 7(b1 
– b3). The width, depth, and aspect ratio were consistent 
with the experimental results with a single Fresnel coeffi
cient of 0.12. Although the beam absorption ratio is 
known to vary with temperature and surface condition, 
preliminary simulations using different η values indi
cated that a constant value of η = 0.12 can reproduce 
the experimentally observed melt pool dimensions 
across all scan conditions. Therefore, this constant 
absorption coefficient was adopted to approximate the 
thermal field and solidification conditions for microstruc
ture analysis. Currently, simulations are conducted using 
a temperature-dependent absorption rate model and 
are compared with in situ observation data to improve 
the accuracy of reproducing melting and solidification 
behaviour.

It should be noted that there is a difference in the 
height between the experimentally observed melt 
pools and the simulated ones (Figure 7(a)). Although 
Marangoni convection during laser irradiation induces 
melt flow opposite to the scanning direction, resulting 

Figure 4. SEM–EBSD IPF z orientation maps on the transverse cross-section of the HX samples irradiated with laser beams under 
various beam powers P and scanning speeds V. The melt regions are indicated by bright colours while non-melted regions are rep
resented dark shaded colours, which were confirmed with the optical images (Fig. 2b).

Figure 5. Average aspect ratio of laser-melted regions in the HX 
samples evaluated from SEM–EBSD IPF orientation maps.

VIRTUAL AND PHYSICAL PROTOTYPING 7



in surface deformation, the surface profile was not used 
for model validation in this study. This is because the 
surface height depends strongly on cross-sectional 
location and is highly dynamic. Therefore, we focused 
on validating melt pool width and depth, which are 
more consistent and measurable. In-situ observations 
of melt flow and surface evolution are also currently 
being conducted to support future model development.

The temperature gradient (G) and solidification rate 
(R) were evaluated from temporal changes in the temp
erature distribution during the CtFD simulation. Figure 8
shows the cross-sectional views of melt pools coloured 
according to G (Figure 8(a)) and R (Figure 8(b)). To 
output the temperature conditions at the solid/liquid 

interface in the melt pool, only the data of the mesh 
with a solid phase fraction of approximately 0.5 in the 
CtFD simulation was plotted. It is noted that the G 
became extremely large at the surfaces of the melt 
pools. It is suggested that the surface region was 
cooled mainly by external thermal radiation rather 
than by thermal diffusion through the metal substrate. 
In the regions near the fusion line, the G (Figure 8(a)) 
was the highest, which decreased as the liquid/solid 
interface shifted toward the centre of the melt pool. It 
is noteworthy that the G became extremely large at 
the surface of the melt pool, suggesting that the 
surface region was cooled mainly by external thermal 
radiation rather than thermal diffusion through the 

Figure 6. Snapshots of the CtFD simulation of laser beam irradiation on the HX alloy with process parameters of P = 360 W and V =  
600 mm s−1. (a) Bird’s eye view, (b) longitudinal vertical cross-section along the centre of the scanning line, and (c1–d4) transversal 
vertical cross-sections at the moment of (c1, d1) 2.00 ms, (c2, d2) 2.15 ms, (c3, d3) 2.20 ms, and (c4, d4) 2.70 ms. The snapshots are 
coloured according to (a, b1, c1–c4) temperature or (b2, d1–d4) solid fraction.
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metal substrate. On the other hand, the R (Figure 8(b)) 
was the lowest near the fusion line and increased as 
the interface approached the centre of the melt region.

Figure 9 shows the plots in the G – R space of the soli
dification conditions of each mesh coloured according 
to line energies (Figure 9(a)), beam powers (Figure 
9(b)), and scanning speeds (Figure 9(c)). An increase in 
the line energy (Figure 9(a)) and scanning speed 
decreased both G and R, while changes in the beam 
power had no effect on G and R. Except for the surface 
regions, all the regions had G and R in the ranges of 
1.0 × 105–2.0 × 108 K m−1 and 1.0 × 10−3–4.0 × 100 m 
s−1, respectively. Almost all of the conditions are out of 
the range of black squares in Figure 9, which correspond 
to the solidification conditions assumed for the conven
tional solidification map [21]. Ding et al. [29] reported 
that the Ni-based superalloy IN718 melted by electron 
beam irradiation for the PBF process at room 

temperature could be solidified at G and R of 106–107 

K m−1 and 10−2–10−1 m s−1, respectively. The reported 
solidification conditions fell within the range of the soli
dification conditions obtained in this study. This study 
suggests that Ni-based superalloys solidify under 
nearly identical conditions in the PBF-type AM process, 
regardless of the heat source.

Figure 10 shows cross-sectional views of melt pools 
coloured according to the fluid flow velocity (U ) of 
the mesh with a solid phase fraction of approximately 
0.5 in the CtFD simulation. The side edges of the melt 
pool were solidified under high U conditions, that is, 
at U above 300 mm s−1. In addition, the bottom 
regions of the melt pool melted by a beam with 
high line energy were solidified under high U con
ditions. Figure 11 shows the G – R plot coloured 
according to flow velocity when a liquid/solid inter
face passes through the mesh. Solidifications under 

Figure 7. (a) Comparison of melt regions in experimental SEM image and CtFD simulation for the case with absorption rate of 0.8, 
beam power of 360 W, and beam scanning speed of 600 mm s−1 and (b1) depths, (b2) widths, and (b3) ratios of depth to width of 
CtFD simulated models plotted by line energy. For comparison, the experimental values are also presented.

VIRTUAL AND PHYSICAL PROTOTYPING 9



Figure 8. Cross-sectional views of melt pools of HX, simulated via CtFD, demonstrating variations in (a) temperature gradient G and 
(b) solidification rate R for different combinations of beam power and scan speed.
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high flow velocity conditions appeared at high G and 
R, suggesting that a higher cooling rate ( =  G × R) 
causes a higher flow velocity.

Previous studies on the melting and solidification 
behaviour of stainless steels [27] and Co – Cr–Mo 
alloys [28] under electron beam irradiation demon
strated that equiaxed grains appear even under high G 
and low R conditions. Furthermore, it was suggested 
that these equiaxed grains are formed due to the frag
mentation of dendrites and the transportation of these 
fragments by the high fluid velocity of approximately 
400 mm s−1. On the contrary, equiaxed grains were 
not observed in the regions solidified even under high 
fluid flow velocity in the HX alloy, as shown in Figure 4
and Figure 8(c). Such columnar microstructures were 
also observed in the Ni-based IN718 superalloy [29] pre
pared through the electron-beam PBF process.

The fluid flow causes grain refinement owing to the 
fragmentation of primally and secondly dendrites and 
the transport of fragments in conventional processes 
[39–41], and the fragmentation mainly occurs by enhan
cing the fluctuation of peaks and troughs due to the 
Plateau–Rayleigh instability, as shown in Figure 12(a) 
[42]. The instability is driven by surface tension: the 
system attempts to minimise its surface area via heat 
and solute diffusion in the bulk phases. Conversely, the 
fragmentation is suppressed under a high cooling rate 
because of a shortage of the time for diffusions [42, 
43]. Solidifications in the PBF process also occur under 
rapid cooling conditions, and inverse CET microstructure 
formations, i.e. fragmentations of dendrites, occurs in 
the stainless steels [27] and the Co-Cr-Mo alloy [28]. 
On the other hand, the inverse CET does not occur in 
Ni-based alloys [29]. We propose that the difference 
occurs mainly by mechanical shearing fragmentations 
of dendrites. Figure 11(b–d) schematically illustrates 
the dendrite growth in the PBF-type AM process. Fast 
flow affects the growing Dendrites and its dynamic 
pressure pv can be calculated by pv = 1/2ρv2 using a 
density of liquid phase ρ and a flow velocity v. A 
dynamic pressure of 3.5–4.5 × 103 Pa is caused by the 
fast flow of an alloy liquid, assumed with ρ = 7.0–9.0 g 
cm−3 and v = 1.0 m s−1. The solid fraction at the dendrite 
tip is 0 and at the melt-pool boundary is 1 during the 
solidification (Figure 12(c)). Deformations of polycrystal
line in semi-solid state highly depends on the solid frac
tion [44–46], and when the shape of the crystal grains is 
close to spherical, a small amount of liquid phase 
relieves the constraints between the crystal grains and 
the flow stress decreases rapidly [44]. In the PBF 
process, dendrites with nearly circular shapes are 
formed in the cross section perpendicular to the 
growth direction (Figure 12(d)). Thus, there is almost 
no mechanical interaction between dendrites during 
the deformation in the semi-solid phase, and we 
propose that the deformation occurs depending on 

Figure 9. G–R plots of HX coloured according to (a) line energy, 
(b) beam power, and (c) scanning speed. Black squares indicate 
the ranges of solidification conditions assumed in the conven
tional solidification map [21].
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the strength of the dendrite itself. HX Ni-based superal
loy [47] exhibits higher strengths at high temperatures 
than stainless steels [48] and Co alloys [49]. Therefore, 
it is supposed that the Ni-based superalloys are 
difficult to refine by fast fluid flow occurring in the PBF 
process and the inverse CET behaviour is not observed 
in the PBF process of the HX alloy in this study. 

However, it is necessary to investigate the fragmentation 
process by experiments and computational simulations, 
such as in-situ experimental observations of melting and 
solidification processes induced by laser irradiation and 
phase-field simulations of crystal growth that take into 
account the effects of fast flow.

Martin et al. [50] reported that the deep keyhole 
melting can lead to pore formation, and the effects of 
porosity or defects on the strength must be discussed. 
However, the process conditions, e.g. P and V, used in 
this study are reported [22, 31] to be able to fabricate 
the dense parts without defect formations. In our exper
iments, optical and SEM images of cross-sections did not 
reveal significant porosity or lack-of-fusion defects. More 
quantitative assessment of fragmentation and defect 
formation would strengthen the conclusions and in- 
situ observation experiments are currently underway.

3.3. Relationships between grain structures and 
solidification conditions

Solidification microstructures can be predicted from soli
dification conditions defined by the combination of a 
temperature gradient, G, and R at a solid/liquid interface 
using the CET criteria proposed by Hunt [21]: Hunt 

Figure 10. Cross-sectional views of melt pools of HX coloured according to fluid flow velocity (U ), simulated by CtFD for the varying 
cases with four levels of beam power (P) and five levels of scan speed (V ).

Figure 11. G–R plot of HX coloured according to U. Black rec
tangular indicates the ranges of solidification conditions 
assumed in the conventional solidification map [21].
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compare an equiaxed growth and hemispherical den
drite growth, and suggested the criterion for the fully 
columnar microstructure:

G . 0.617(100N0)
1/3DTc 1 −

DT3
n

DT3
c

􏼒 􏼓

(4)

DTc = (R · C0/A)1/2 (5)

Here, N0, ΔTc, ΔTn, C0, and A are the density of the hetero
geneous nucleation sites, the dendrite tip undercooling, 
the undercooling at the heterogeneous nucleation 
temperature, the alloy composition, and a constant, 
respectively. Gäumann et al. [50, 51] modified the cri
terion for realistic dendrite growth models of complex 
alloys, such as superalloys, introducing material depen
dent constants a and n:

G . 8.6
N1/3

0

n+ 1
DTc 1 −

DT n+1
n

DT n+1

􏼒 􏼓

(6)

DTc = (R · a)1/n (7)

Additionally, the nucleation undercooling ΔTn is pro
posed to be safely neglected for solidification under 
high G and high R conditions [52] and the criterion can 

be expressed as following:

Gn

R
. a 8.6DT0

N1/3
0

n+ 1

􏼠 􏼡n

(8)

where ΔT0 is the differences between the liquidus and 
solidus temperatures. Thus, solidification maps, in 
which the types of solidification microstructures are indi
cated in the spaces of G and R, have been proposed as a 
guide for predicting the microstructure formed using 
the PBF-type AM process.

In this study, columnar crystals were formed under 
almost all solidification conditions, as shown in Figure 
5. Therefore, all of the solidification conditions obtained 
in this study were within the columnar region; that is, the 
solidification occurred under higher G/R conditions than 
those required for the CET criterion [21, 51–53] for fully 
columnar dendrite growth. Table 3 shows ΔT0, a, and 
N0 of the Ni-based superalloys IN718 [54, 55] and 
CMSX-4 [52] used for calculating the CET criteria in 

Figure 12. Schematic illustrations of (a) the fragmentation 
caused by enhancing the fluctuation of peaks and troughs 
due to the Plateau–Rayleigh instability: (a1) Initial dendrite 
shape before instability, (a2) growth of surface fluctuations 
due to the Plateau–Rayleigh instability, (a3) fragmentation of 
dendrites into smaller pieces; (b–d) the dendrite growth in the 
PBF-type AM process. (b) Melt pool geometry, (c) growth of cel
lular dendrites, (d) Cross-sectional view perpendicular to the 
growth direction (growth direction is normal to the plane of 
the figure).

Table 3. Parameters used for calculating the CET criteria.

Name Symbol IN718 [54, 55]
CMSX-4 

[52]

Temperature difference between 
TL and TS

ΔT0 76 K 66 K

Alloy constant (coefficient of 
proportion)

a 4.5 K2 s m−1 1.2 K2 s 
m−1

Alloy constant (exponent) n 2 3.4
Density of heterogeneous 

nucleation sites
N0 2.65 × 1014 m−3 2 × 1015 

m−3

Figure 13. A comparison between solidification conditions eval
uated by the CtFD simulation and CET criteria calculated using 
with a, n, and N0 of IN718 and CMSX-4 shown in Table 4
(dashed lines), and ΔT0 for the alloys and the HX alloy (solid 
lines). Fully columnar dendrite growth is predicted to occur 
under a higher G/R condition than the CET criteria.
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previous studies. Using a and N0 of these alloys, the CET 
criteria for full columnar growth were calculated to 
predict a and N0 of HX, as shown in Figure 13. For quan
titative analysis, it is preferable to use experimentally 
determined CET parameters for HX. The primary aim of 
this study was not to establish definitive guidelines for 
microstructure control but rather to elucidate the 
trends in microstructure formation in the single-track 
experiment. Thus, the analysis was conducted using pre
viously determined CET parameters for the other Ni- 
based superalloys. The solidification conditions of HX 
evaluated by CtFD calculations are also shown for com
parison. Only columnar crystals form under the higher G/ 
R condition than the line, and equiaxed crystals form 
under the smaller G/R condition than the line. The 
modified CET criteria shifted to a higher G value from 
the positions of the originally predicted lines because 
the ΔT0 of HX (95 K) was larger than those of IN718 
(76 K [54]) and CMSX-4 (66 K [52]). The CET criterion 
line calculated using a and N0 of IN718 was located 
below the solidification condition. In contrast, the line 
using the values of CMSX-4 was located above the soli
dification condition. In this study, columnar crystals 
were formed under almost all conditions; therefore, 
the transition line predicted using the values of IN718 
agreed with the experimental trend. In the solidification 
process, the heterogeneous nucleation ability is gener
ally discussed based on the composition of the hetero
geneous nuclei [56, 57]. It can be assumed that N0 is 
almost the same as that in the alloys with similar compo
sitions under the same solidification conditions. Table 4
lists the alloy compositions of HX, IN718, and CMSX-4, 
and the composition of HX is similar to that of IN718. 
Although further study is needed to fully understand 
how compositional differences, such as variations in Co 
and Mo content, may affect the nucleation site density 
N0, we consider it reasonable to approximate the trend 
in microstructure morphology of HX using the N0 

value reported for IN718. This is based on the assump
tion that nucleation-promoting precipitates (e.g. 
oxides, borides, nitrides) form in a similar manner in 
both alloys under L-PBF conditions due to comparable 
levels of trace impurities. Therefore, it is suggested 
that that the trend in microstructure morphology of 
HX can be described using the values of IN718.

Although experimental determination of CET-related 
parameters such as N0 would be ideal, it requires 

extensive effort under controlled conditions. In this 
study, we adopted a reference value from IN718 due 
to its compositional similarity with HX. This method
ology provides a practical approach to predicting 
trends in solidification microstructure in alloys fabricated 
by PBF with comparable compositions. Additionally, in- 
situ alloying has become possible in recent years [58], 
and it is possible to custom-order alloy compositions 
easily, which is one of the advantages of the PBF 
process rather than other processes. We think that con
trolling the microstructural formation is also important 
for an order-made alloy [1, 4]. The advanced aspect of 
the present study is that it has been shown that par
ameters can be predicted from the composition as a 
guideline for controlling the microstructure.

4. Conclusions

We investigated the solidification microstructure of HX 
Ni-based superalloys melted through laser beam 
irradiation for PBF type AM process. Additionally, we 
evaluated the solidification conditions at the solid/ 
liquid interface using CtFD simulations of the laser 
melting process. Combining the experimental and com
putational data, we achieved a deeper understanding of 
the relationship between the solidification conditions 
and the resulting microstructure.

The surface morphology of a single bead varied 
depending on the process parameters; that is, uniformly 
melted beads were formed through laser beam irradiation 
under the conditions of (1) low V and (2) high beam power 
and high V. On the other hand, a chain of drop-like melt 
tracks was formed under high-speed scanning conditions 
owing to Plateau-Rayleigh instability. The width of the 
melt pools increased and approached approximately 
160 μm as the line energy increased under all the 
energy conditions. The depth increased monotonically 
as the line energy increased, regardless of the changes 
in P and V. EBSD analysis revealed epitaxial growth from 
the non-melted region under all conditions. Columnar 
crystals with diameters of approximately 5–10 μm 
appeared at the centre of the melt regions, and the mor
phology of the microstructures did not change signifi
cantly with the process parameters.

Keyhole mode melting was observed at the front of 
the melt region in the CtFD simulations. Both the 
width and depth of the simulated melt pools formed 

Table 4. Compositions of Ni-based superalloys (mass%).
Element Ni Al Co Cr Hf Mo Re Ta Ti W C Nb Si Fe Mn P

HX Bal. - 1.1 21.4 - 8.8 - - - 0.5 0.08 - 0.39 17.6 0.46 0.01
CMSX-4 Bal. 5.6 9 0.1 0.6 3 6.5 1 6 - - - - - - -
IN718 Bal. 0.44 0.14 18.6 - 2.93 - 0.01 0.82 - 0.06 4.96 0.07 18.7 - -
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under various laser beam irradiation conditions were 
consistent with the experimental results, with a single 
Fresnel coefficient of 0.12.

The temperature gradient (G), solidification rate (R), 
and flow velocity (U ) at the solid/liquid interface in the 
molten pool were evaluated from the temporal 
changes in the temperature distribution of the CtFD 
simulation results. Except for the surface regions, all 
the regions exist under conditions of G in the range of 
1.0 × 105–2.0 × 108 K m−1 and R in the range of 1.0 ×  
10−3–4.0 × 100 m s−1. G was highest in the regions 
near the fusion line (melt-pool boundary) and decreased 
as the liquid/solid interface moved toward the centre of 
the melt pool. On the other hand, R is lowest near the 
fusion line and increases as the interface approaches 
the centre of the melt region.

Columnar crystals were formed under almost all the 
solidification conditions. The microstructural mor
phology of HX is within the range predicted to be colum
nar by the CET criterion using a and N0 of IN718 and ΔT0 

of HX (95 K). The number of heterogeneous nucleation 
sites was assumed to be almost the same as those in 
the alloys with similar compositions under the same soli
dification conditions. Therefore, the trend in microstruc
ture morphology of HX can be described using the 
values of IN718, whose alloy composition is similar to 
that of HX. Further validation focuses on experimentally 
determining the CET parameters (ΔT₀, a, n, and N₀) of HX 
and on validating the criteria across various scanning 
strategies and multi-layer build processing conditions 
to confirm the applicability of the findings.
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