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ABSTRACT

Site-specific control of solidification grain structure is one of the largest attractiveness of manufactur-
ing metallic parts with powder bed fusion additive manufacturing. In this study, we manufacture non-
weldable superalloy Alloy713ELC with powder bed fusion additive manufacturing using an electron beam
(PBF-EB) and achieve various bulk solidification grain structures, i.e. near fully equiaxed structure, inter-
locked zigzag structure, and columnar structures with various grain widths, through controlling process
parameters under a line order scan strategy. An analytical transient model, which is capable of sim-
ulating heat transfer in PBF-EB single-layer melting under the experimental conditions, is established
and validated by compared to numerical models of computational fluid dynamics and finite element
method in PBF-EB single-track melting. The evolutions of solidification grain structure are rationalized
using microstructural characterization and simulations based on various models. It is found that the
mechanisms of columnar grain refinement and columnar-to-equiaxed transition (CET) are related to the
Walton and Chalmers selection effect, which is governed by the spatial and temporal variations of so-
lidification direction, and to the effect of convection within mushy zone. Based on the grain structure
evolution mechanisms, we propose a method to manipulate CET or to achieve a novel interlocked zigzag

grain structure in PBF-EB.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Metal additive manufacturing is a rapidly emerging technology
with enormous potential [1]. Among the various categories, pow-
der bed fusion additive manufacturing (PBF-AM) has evolved to
satisfy some commercial applications especially in the aerospace
industry due to its advantages comparing to the conventional
processes, i.e. enable manufacturing lightweight components with
novel optimized geometries leading to performance benefit, and
reduce cost by decreasing the buy-to-fly ratio and the cradle-to-
gate environmental footprints [2].

Site-specific control of solidification grain structure satisfying
the optimization of structural properties is one of the largest at-
tractiveness of PBF-AM. This topic has been recently of great in-
terest in powder bed fusion additive manufacturing using an elec-
tron beam (PBF-EB), which is one of the PBF-AM technologies. Be-
cause columnar grains oriented along building direction can be
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easily achieved in PBF-EB due to the competitive growth, the ma-
jor challenges are to produce bulk single crystal with maximized
creep resistance for applications under elevated temperatures, and
to produce bulk equiaxed grain structure with isotropic mechanical
properties for applications under multidirectional stresses, through
manipulating process parameters.

Currently, only limited kinds of approaches have been reported
for site-specific control of solidification grain structure in PBF-EB.
For instance, Kérner et al. [3,4] and Chauvet et al. [5] have fabri-
cated bulk single crystals of Ni-base superalloys. Fernandez-Zelaia
et al. [6] later studied the process window that enables gener-
ating single crystals of Ni-base superalloys. On the other hand,
to the best of our knowledge, there are presently two kinds of
methods to achieve bulk equiaxed solidification grain structure in
PBF-EB through controlling process parameters. Kérner et al. [7,8]
have obtained near equiaxed grains with relatively weak (001) tex-
ture aligned along building and scanning directions, through em-
ploying a cross snake scan strategy to vary solidification direc-
tions between successive layers. Dehoff et al. [9] have demon-
strated the feasibility of another method to produce equiaxed
grains with highly weak texture, i.e. employing point heat source
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Table 1
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Process and simulation parameters of the conditions C1, C2, and EO. I, V, FO, LO, and r, denote current, scan speed,
focus offset, line offset, and nominal beam radius, respectively. NLH and TIP denote no latent heat and temperature-

independent properties, respectively.

L mA V,mm/s FO,mA LO,mm Lineorder 1, pm  Energy absorption efficiency (1)%
CFD FEM FEM ATM
NLH NLH+TIP
Cc1 9.4 500 18 0.18 11 400 95 60 40 40 35
c2 2 150 3 0.23 7 260 80 50 - - 33
EO 4 800 30 0.08 50 540 85 - - - 34

scan strategies. Through generating equiaxed grains that outline in-
tricate geometries, this method has been demonstrated to be capa-
ble of achieving site specific control of solidification grain structure
[10,11]. Raghavan et al. [12] have studied the bulk columnar-to-
equiaxed transition (CET) induced by the point heat source scan
strategy via numerical simulations. Kontis et al. [13] have demon-
strated that producing bulk equiaxed grain structure also con-
tributes to avoiding hot cracking in non-weldable Ni-base super-
alloy. Besides, Raghavan et al. [14] and Zhao et al. [15] have ratio-
nalized the variations in columnar grain size under various scan
strategies.

In this study, we propose a method to manipulate CET in PBF-
EB via a line order scan strategy. This method employs a moder-
ately defocused electron beam and an optimized line order scan
strategy with small line offset in order to make use of the spa-
tial and temporal variations of solidification direction within each
melt layer. We demonstrate that this method is capable of induc-
ing non-steady-state CET, and as a result, creates a bulk equiaxed
grain structure with a significantly weaker texture comparing to
that reported by Korner et al. [7,8].

Our previous studies have focused on the high-dimensional
process optimization [16] and cracking mechanisms [17] in PBF-EB
built non-weldable Ni-base superalloy Alloy713ELC. In this study,
the solidification grain structure evolution mechanisms are studied
via an approach based on experiments and various physical mod-
els, which consider multi-physics in single-track melting or only
heat transfer in single-layer melting.

2. Methodology
2.1. PBF-EB and single-track melting experiments

Pre-alloyed gas-atomized powders (d50 = 90.3 pm) of Al-
loy713ELC with chemical composition as reported in a previous
study [16] were applied into an ARCAM EBM® A2X system oper-
ating at 60 kV accelerating voltage. Cuboidal samples with hor-
izontal section dimensions 10 x 10 mm and height 35~43 mm
were manufactured on stainless SUS304 plates under a controlled
0.2 Pa helium atmosphere with the layer thickness and preheat-
ing temperature of 100 pm and 1000 °C, respectively. The PBF-EB
process is governed by five major process parameters, i.e. current,
scan speed, focus offset, line offset, and line order. The electron
beam with power proportional to the current, exhibiting approx-
imately a surface Gaussian distribution as a function of the focus
offset, is deflected to generate a melt pool with its thermal center
moving at the scan speed along a linear melt track. Under the line
order scan strategy, which is capable of dispersing input energy,
the spacing between adjacent melt tracks and the sequence of melt
tracks are determined by the line offset and the line order respec-
tively (see Fig. A3(a) in [17] for illustration). Three sets of process
parameters C1, C2, and EO as listed in Table 1, which are optimized
via a support vector machine (SVM) based high-dimensional pro-
cess optimization method proposed by Aoyagi et al. [16,18], were
used to fabricate PBF-EB samples with various solidification grain

structures. The process conditions C1 and C2 have been denoted as
P1 and P4, respectively, in a previous study [17]. All the 3 process
conditions drew on SVM optimized line order scan strategies and
contours were melted before hatching. The automatic mode con-
trolling scan speed during selective melting was turned off. The
scanning directions are opposite between adjacent melting tracks
in each layer and were rotated by 90° about the building direction
axis between the nth and n + 1th layers.

Dense plates of Alloy713ELC with fine isotropic grain structures
and dimensions of approximately 15 mm ¢ x 5 mm were fab-
ricated using spark plasma sintering (SPS) with a 5 min hold-
ing time under a uniaxial pressure of 80 MPa, a temperature of
1100 °C, and a high-level vacuum atmosphere. The SPS process ap-
plied a DR.-SINTER Model SPS-1050 (Sumiseki Materials Co., Ltd)
equipped with a graphite die, and raw powders with diameters
small than 50 pm approximately, which were remained after fil-
tering the powders used in PBF-EB. After grinding the plate sur-
faces on 1200-grit SiC paper and cleaning in an ultrasonic bath,
single-track melting experiments were conducted on the plates
under various single-track melting conditions as mentioned in
Appendix A.1. The plates are carefully adjusted to keep their top
surfaces at a same horizontal plane before preheating. The melting
tracks on each plate were set to be sufficiently far from the adja-
cent ones and the plate boundaries in order to approximate melt-
ing on a half-infinite substrate, through considering thermal pen-
etration depth. An unused filament was employed in the single-
track melting experiments to exclude the effect of filament aging
on actual emission current.

Specimens for microstructure characterization were sectioned
along the central vertical section normal to scanning direction
from the PBF-EB samples and single-track melted samples. Scan-
ning electron microscopy photos in the backscattering electron
mode (SEM-BSE; Hitachi S-3400 N) were utilized to quantify
the width and depth of melt regions in the single-track melted
samples. Field emission scanning electron microscopy (FE-SEM;
FEI XL30S-FEG) equipped with an electron backscatter diffraction
(EBSD; TexSEM Lab, TSL) detector was used to characterize solid-
ification grain structures in PBF-EB samples. The EBSD data was
analyzed with the OIM software (EDAX-TSL).

2.2. Analytical transient model

The application of analytical transient model (ATM) in PBF-AM,
first reported by Plotkowski et al. [19], has been recently exten-
sively studied in [20,21,22,23]. The basic idea of the ATM applied
in this study is to integrate an analytical transient solution of a
ring heat source [24]:

7=t

q 1 r02+X2+y2+ZZ
T(x, ,z=T+7/—ex _—
wy2) =T c,o(47ra)1-5r_ . 715 p( dat
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where Ty is the initial temperature, g absorbed power, ¢ specific
heat, p density, a thermal diffusivity, 7; integration time variable,
t time of interest, and rq radius of ring heat source. An ATM sim-
ulation code, which had been developed to simulate heat accumu-
lation behavior in our previous study [17], was upgraded to reveal
the dependence of solidification behaviors on process parameters.
Multiple concentric ring heat sources were superimposed to simu-
late a surface Gaussian heat source. The scan path and the nominal
beam radius defined in Section 2.3 were uniformly discretized in
time and distance, respectively. The integration steps of time and
nominal beam radius were determined via sensitivity analysis as
will be mentioned in Section 3.2.

2.3. Numerical and analytical simulations

A computational fluid dynamics (CFD) model, which was es-
tablished using the Flow-3D software and Flow-3D Weld module
(Flow Science, Inc) [17,25], was employed to simulate single-track
melting on a half-symmetry solid plate of Alloy713ELC under the
3 process conditions C1, C2, and EO. The CFD simulation consid-
ers heat transfer, fluid flow, vaporization, radiation, latent heat,
and temperature-dependence of material properties. All the sim-
ulations in this study employ a surface Gaussian heat source with
the nominal beam radius defined as r, = v/60, wherein o is the
standard deviation, indicating 98.6% energy accumulates at r < ry,.
The nominal beam radius (r,) and energy absorption efficiency ()
for the 3 process conditions were determined to satisfy that the
CFD simulated melt region dimensions fit optimally with the ex-
perimental results through trial and error.

In addition, a finite element method (FEM) model reported in
our previous study [17], which considers heat transfer, fusion la-
tent heat, temperature-dependence of material properties but ig-
nore fluid flow, vaporization, and radiation, was also employed to
simulate single-track melting under the process conditions C1, C2,
and EO. Besides, the up-mentioned ATM was employed to simulate
both single-track and single-layer melting under the 3 conditions.

Here we define a solidification stage of interest (SSOI) as the
solidification temperature range that corresponds to solid fraction
0 ~ 66% under equilibrium solidification (equivalent to solid frac-
tion 0 ~ 50% under Scheil solidification as calculated in [17]). The
thermal gradient (G) and cooling rate (CR) within mushy zone dur-
ing the SSOI were calculated using finite difference method, and
solidification rate (R) was calculated as R=CR/G in the 3 kinds
of simulations CFD, FEM, and ATM. Only the G and R during the
last solidification event were calculated in the ATM single-layer
melting simulations. The calculation of cooling rate in CFD and
FEM simulations applied differential time of dt =1 x 10~* s and
dt =3 x 10~* s, respectively, which enables at least one time step
involved during the SSOI for each mesh. The calculation of cool-
ing rate in ATM employed the integration time steps of dt =3 ~
10 x 107 s as differential time. Because the small differential time
in ATM and CFD enables capturing the temporal variations in G
and R at each mesh, we calculate G and R with two kinds of mea-
sures, i.e. the transient measure at a specific time step and the av-
eraged measure during the SSOI. The averaged G and R are calcu-
lated as the numerical average value of data captured at each time
step during the SSOI. If G and R are not specifically noted as aver-
aged data or as transient data at each time step during the SSOI,
G and R refer to transient data when temperature first falls below
equilibrium liquidus in the following article. The mesh size for the
melt regions is 5~10 pm in the ATM and CFD simulations, and that
in the FEM simulations applied a mesh size of 20 pm. The physi-
cal material properties applied in the simulations are written in
Appendix A.2.
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3. Results
3.1. Solidification grain structures

Fig. 1(a) shows the inverse pole figure (IPF) maps captured on
central vertical sections at approximately 2 mm below top sur-
faces of the PBF-EB samples. The PBF-EB samples C1 and C2 ex-
hibit coarse and fine columnar grain structures, respectively. The
columnar grain widths of C1 and C2 are 107 and 47 pm, respec-
tively, as reported in [17]. The PBF-EB sample EO exhibits a near
fully equiaxed grain structure. Fig. 2(a-b) show the area fraction of
grains in the PBF-EB sample EO as a function of diameter (circle
equivalent diameter) and aspect ratio of grains, respectively, calcu-
lated from the EBSD scanned area in Fig. 1(a). Although 2.7% areas
in the PBF-EB sample EO exhibit grain diameters of 200 ~ 300 pum,
the area fraction weighted (AFW) average grain diameter is 90 pm
and the numerical average grain diameter is 48 pm, indicating EO
possesses a significantly refined solidification grain structure. The
numerical average grain diameter is much smaller than that of the
AFW because of the existence of a large number of fine grains.
The PBF-EB sample EO exhibits an AFW average grain aspect ra-
tio of 0.46. The AFW average measure of the grain diameter and
the aspect ratio should be able to reflect the characteristics of the
bulk solidification grain structure better than the numerical aver-
age measure.

Fig. 1(b-d) show the pole figures corresponding to the building
direction calculated from the EBSD scanned areas in the PBF-EB
samples. The PBF-EB samples C1 and C2 exhibit strong (001) tex-
ture in the building direction, and their maximum values of mul-
tiple of uniform density (MUD) are 19.1 and 14.3, respectively. The
PBF-EB sample C2 has a relatively stronger (001) texture in the
scanning directions than C1. The PBF-EB sample EO exhibits a very
weak (001) texture in building direction with a maximum MUD
of 2.87, which is close to the completely equiaxed grain structure
with a MUD of near 1, indicating that the sample EO has a near
fully equiaxed grain structure.

3.2. Single-track melting

Our objective is to rationalize the variations in solidification
grain structure resulted from the various process conditions. Be-
cause the effect of heat accumulation on solidification behavior
is unneglectable, as will be mentioned in Section 5.1, we need
to simulate the single-layer PBF-EB process under various process
conditions. It is known that the CFD simulation, which calculates
thermal field within melt pool by coupling the effects of multi-
physics including heat transfer, fluid flow, vaporization, radiation,
latent heat, and temperature-dependence of material properties, is
a desired candidate for investigating the solidification grain struc-
ture evolution mechanisms. However, since the CFD simulations
consume unacceptable computing costs to simulate single-layer
PBF-EB process, especially in the case of the condition EO which
includes over 100 melting tracks in each layer, we consider solv-
ing this problem via ATM. In order to reveal the dependence of
solidification behavior on process conditions via ATM, it is neces-
sary to capture the electron beam characteristics under the various
process conditions and to optimize the simulation parameters ap-
plied in ATM. Under these circumstances, our approach is to cap-
ture the nominal beam radius and energy absorption efficiency for
the 3 process conditions by fitting the CFD simulated single-track
melt region dimensions to the experimental results, as mentioned
in Section 2.3.

Fig. 3(a-b) show the single-track melt regions under the condi-
tions C1 and C2 determined via CFD simulations and experiments.
The nominal beam radius and energy absorption efficiency are de-
termined to be r, =400 pwm, n = 95% for the condition C1 and
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Fig. 1. (a) Inverse pole figure (IPF) maps of central vertical sections at approximately 2 mm below top surfaces of the PBF-EB samples C1, C2, and EO with reference to
scanning direction (IPF-X) and building direction (IPF-Z). Pole figures of PBF-EB samples (b) C1, (c) C2, and (d) EO with reference to building direction. The pole figures are
calculated from the IPF maps in (a). BD denotes building direction. Scanning directions are parallel with X and Y directions.
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Fig. 2. Area fractions of grains as a function of (a) grain diameter (circle equivalent diameter) and (b) grain aspect ratio in the PBF-EB sample EO with a near fully equiaxed
solidification grain structure. The results are calculated from the EBSD scanned areas in Fig. 1(a). AFW denotes area fraction weighted.

CFD melt region boundary

ATM melt region boundary

C1 melt region

CFD simulation
1, =400 pm

Efficiency = 95% Substrate

CFD simulation
1, =260 pm
Efficiency = 80%

(©)

Experimental melt region boundary

SPSed substrate

200pm

Experiment

200pm

Solid fraction, %

A
0 50 100
2(8D) TQ)X(SD)

Y

Experiment

YZ section : X =4.5 mm
Scan path : X=0~9 mm

Vey=500mm/s %0 = 88°

w

Z(BD)TQZ

X(SD) Imm

Fluid velocity, m/s
.
0 0.15 03

»,=150mm/s :\ Oc, = 82°

T

Fig. 3. Results of CFD single-track melting simulations under the conditions C1 and C2, which lead to columnar grain structures with various grain widths. (a-b) CFD
simulated melt region on central sections normal to scanning direction fitted to experimental results. The black broken lines and green lines in (a-b) indicate the melt region
boundaries determined via ATM and experiment respectively. (c) Transient fluid velocity magnitude mapped on central sections normal to offset direction (Y+) of melt pools,
when the shape of both melt pools reach almost constant. BD and SD denote building and scanning directions respectively. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.).

r, =260 pm, n =80% for the condition C2, as listed in Table 1,
in the CFD simulations. Fig. 3(c) shows the central section of melt
pool normal to offset direction (Y+) simulated with CFD under the
conditions C1 and C2. The shape of both melt pools reach almost
constant during single-track melting in CFD simulations. The con-
dition C2 with smaller scan speed and power to scan speed ra-
tio (P/V) leads to a much shorter melt pool with a steeper bottom
than C1. On the other hand, the condition EO experimentally re-
sults in an extremely shallow single-track melt region, as shown in
Fig. A3(f). This leads to difficulties in determining nominal beam
radius and energy absorption efficiency for the condition EO, and
therefore, an extrapolated nominal beam radius r, = 540 pwm and

an energy absorption efficiency n = 85% are determined for EO, as
listed in Table 1. Details about determining electron beam charac-
teristics are written in Appendix A.1.

The nominal beam radius values determined above were then
applied in single-track melting simulations based on FEM and ATM
in order to determine effective energy absorption efficiencies that
lead to melt region depth fitting optimally with the experimen-
tal results under the 3 process conditions. The ATM and FEM
simulations have multiple limitations which will be discussed in
Section 4 while the CFD simulation does not have such limitations,
and then, the effective energy absorption efficiencies in ATM and
FEM are lower than those in CFD as shown in Table 1. The condi-
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integration time step dt and (b) beam radius divide number n = r, / dr in ATM
single-track melting simulations under the conditions C1 and C2.

tions with larger current exhibit larger energy absorption efficien-
cies in the 3 different simulations, indicating that energy absorp-
tion efficiency in PBF-EB is actually as a function of beam current.

In addition, because the accuracy of ATM simulation is also de-
pendent on the integration parameters [19], we investigated the
sensitivity of single-track melt region dimensions to integration
time step dt and beam radius divide number n = r,/dr. As shown
in Fig. 4, decreasing dt and dr leads to converged results, and a
dt =10~% s and a n = 10, which yield balance between accuracy
and computational cost, are determined for the conditions C1 and
C2. Besides, a dt =3 x 10> s and a n = 15, which yield sufficient
accuracy, are determined for the condition EO.

3.3. Single-layer melting simulation

Fig. 5(a) shows the illustration of ATM single-layer melting sim-
ulation and the line order scan strategy applied in this study. We
selectively calculated the thermal field on target sections of in-
terest by considering the heat accumulating effect of entire beam
path in one layer. Here, the target sections in ATM simulations are
defined as the regions containing the last several melting tracks
within a divide unit that locates near the center of hatching area,
as shown in Fig. 5(a). The target section has a thickness of 2 times
the mesh size, i.e. 10 and 20 pm for EO and others, respectively.
Fig. 5(b) shows the melt layers mapped with the averaged G and R
on the target sections simulated by ATM single-layer melting un-
der the conditions C1, C2, and EO. Because of the relatively small
or medium scan speed combined with the optimized line order
scan strategy, the melting behaviors under the 3 different condi-
tions consist of multiple individual melt pools propagating along
scanning directions (this fact has been demonstrated in [17]). The
last solidified areas in each individual melt pool exhibit smaller G
and larger R than the areas near melt region boundaries under the
3 different conditions. Note the color scales of averaged G and R
under the 3 conditions are different.

4. Model validation

Prior to discussing the grain structure evolution mechanisms
based on the ATM simulation results, it is necessary to judge the
limitations in ATM through comparing to the numerical models
considering multi-physics in this study. The physics in each model
are summarized in Table 2. Without the effect of fluid flow such
as the Marangoni effect induced convection [25] transferring heat
away from thermal center of melt pool, the width to depth ra-
tio of single-track melt region simulated by ATM is smaller than
that simulated by CFD as shown in Fig. 3(a-b). Although this width
to depth ratio was not considered when determine beam param-
eters for ATM, the influences of physics (iv) and (v) in Table 2 on
the magnitude of G and R are negligible because the FEM model,
which ignored the physics (iv) and (v), yields G-R plots close to
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those simulated by CFD as shown in Fig. 6(a). It should be noted
that the G-R plots simulated by CFD include transient data ex-
tracted at each time step during the SSOI for each mesh on the
central section normal to scanning direction, as shown in the
Fig. 6(a), while those simulated by FEM and ATM employ averaged
measure.

As shown in Fig. 6(a), despite the averaged G-R simulated by
FEM under the condition C2 obviously shifts towards larger R com-
paring to C1, it is difficult to compare the transient G-R extracted
at each time step during the SSOI simulated by CFD between the
conditions C1 and C2. However, it should be noted that the G-R
at the lower part of melt regions determine the bulk solidification
grain structure in PBF-EB samples and that the averaged G-R at the
lower part of melt regions simulated by CFD under the condition
C2 are also shifted towards larger R comparing to C1, as shown in
the sub-diagram of Fig. 6(a). This indicates that the dependence of
averaged G-R at the lower part of melt regions on process param-
eters simulated by FEM is consistent with that simulated by CFD,
and therefore, we consider that ignoring the physics (iv) and (v) is
acceptable.

On the other hand, the averaged G-R simulated by ATM are ap-
parently deviated from those simulated by FEM and CFD, as shown
in Fig. 6(a-b). In order to analyze the main factors leading to this
deviation, the FEM simulations were additionally performed in 2
cases of no latent heat (NLH) and no latent heat + temperature
independent properties (NLH+TIP) under the condition C1. The ef-
fective energy absorption efficiency for the 2 cases was determined
to 40%, which is smaller than 60% in the regular FEM case but
close to 35% in the ATM as listed in Table 1, by fitting the FEM
simulated single-track melt region depth to the experimental re-
sult. This indicates that the low effective energy absorption effi-
ciency in ATM mainly attributes to ignoring the physics (ii), (iv),
and (v) in Table 2. Besides, comparing to the G-R simulated by
FEM, the deviation in the magnitude of averaged G-R simulated
by ATM predominantly attributes to the effect of ignoring fusion
latent heat, because the averaged G-R simulated by FEM-NLH and
FEM-NLH+TIP are almost consistent with those simulated by ATM
under the condition C1, as shown in the sub-diagram of Fig. 6(b).
The dependence of averaged G-R on process conditions simulated
by ATM is consistent with those simulated by CFD and FEM, i.e. the
averaged G-R under condition C2 are shifted towards larger R com-
pared to those under C1, indicating that the current ATM approach
is capable to at least semi-quantitatively reveal the dependence of
solidification conditions on process conditions.

Because R at the bottom of melt region can be geometrically
linked to the scan speed (V), when the shape of melt pool reaches
almost constant, as follows [26]:

R =V x cosf (1a)

where 0 is the deviation angle of the solidification front normal
with respect to the scanning direction at melt pool bottom, and the
condition C2 generates a very short melt pool with smaller 8 than
C2 as shown in Fig. 3(c), the geometrically deduced dependence
of R on scan speed is consistent with those simulated by various
models, i.e. Rc; ~# 500 mmy/s x cos88° < 150 mm/s x c0s82° ~ Rc.
This indicates that increasing scan speed does not necessarily tend
to increase R.

5. Discussion
5.1. Non-steady-state CET mechanisms

The fundamental theories of solidification correlate the varia-
tions in solidification grain structure to the solidification condi-

tions [27,28], and the solidification map, which maps solidifica-
tion grain structure as a function of G and R, has been utilized
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Table 2

Physics considered in the 3 kinds of simulations CFD, FEM, and ATM. ‘Y’ and ‘N’ denote consider and ignore the corre-
sponding physic, respectively. NLH and TIP denote no latent heat and temperature-independent properties, respectively.

FEM
Physics CFD FEM ATM
NLH NLH+TIP
(i) Consider temperature-dependence of material properties Y Y Y N N
(ii) Consider fusion latent heat Y Y N N N
(iii) Do not assume half-infinite substrate Y Y Y Y N
(iv) Consider radiation and vaporization Y N N N N
(v) Consider fluid dynamics Y N N N N

to discuss the solidification grain structure in PBF-EB built ma-
terials [12,14]. Fig. 7 shows a solidification map of Alloy713ELC
and the plots of averaged G-R, which are calculated for the tar-
get sections indicated in Fig. 5(b) by using ATM single-layer melt-
ing simulation, under the conditions C1, C2, and EO. The solidi-
fication map was calculated with the nucleation volume density
No = 10" m~3, through employing the steady-state CET models
by Hunt [27], Kurz et al. [29], and Gdumann et al. [26], as men-
tioned in Appendix A.3. During single-layer melting, the heat accu-
mulation induced by thermal-field superposition of adjacent tracks
tends to decrease G, and therefore, the G-R plot of later tracks shift
towards smaller G comparing to the former tracks, as indicated by
the yellow arrows in Fig. 7, especially under the conditions C1 and
EO with relatively large scan speed. Besides, the R simulated by
ATM single-layer melting follows EO > C2 > C1, and this fact is
consistent with those simulated by ATM single-track melting.

Despite the solidification grain structures under the conditions
C1, C2, and EO are distinctly different with each other in the ex-
periment as mentioned in Section 3.1, their G-R plots at the lower
part of melt layer simulated by ATM single-layer melting locate
within the columnar zone in the solidification map, as shown in
Fig. 7. The G-R plot of EO is not closer to the equiaxed zone com-
paring to those of C1 and C2. Since the calculation of the bounds
of the steady-state CET, i.e. the dotted curves in Fig. 6-7, is de-
pendent on the calculation parameters mentioned in Appendix A.3,
one cannot ignore the sensitivity of the steady-state CET, especially
of the CET bound slope to calculation parameters, which may dra-
matically affect the rationalization of the variations in solidification
grain structures between EO and C1~2. Haines et al. [30] have sys-
tematically quantified the sensitivities of the steady-state CET to
various calculation parameters under a context of Ni-base super-
alloy, and have revealed that the influence of the uncertainties in
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Fig. 6. Solidification maps with plots of thermal gradient (G) and solidification rate
(R) during single-track melting under the conditions C1, C2, and EO simulated with
CFD, FEM, and ATM. NLH denotes no latent heat. TIP denotes temperature inde-
pendent properties. f; denotes solid fraction range under Scheil solidification em-
ployed for calculating G-R. Note the G-R are calculated with two kinds of measures,
i.e. transient measure and averaged measure. See main text for details about the
two kinds of measures. The FEM and ATM results apply averaged measure. The CFD
results in the main-diagram of (a) apply transient measure, while those in the sub-
diagram of (a) apply averaged measure. Note the transient G-R simulated by CFD
include transient data extracted at each time step during the solidification stage of
interest for each mesh. The dotted frames in (a & b) are accurately determined to
indicate the scale of G-R in sub-diagrams. Note the axis scales of (a) are different
from those of (b) and the G-R plots of C1-FEM and C2-FEM in (a) are consistent
with those in (b).

calculation parameters on the slope of CET bound is neglectable
compared to that on the intercept of CET bound, and that the in-
fluence of uncertainty in nucleation volume density Ny on the in-
tercept of CET bound is much greater than other calculation pa-
rameters. This indicates that the slope of the CET bound in Fig. 6-
7 is acceptable and the steady-state CET model is insufficient to
rationalize the variations in solidification grain structures between
EO and C1~2. Despite the intercept of the CET bound varies when
calibrating Ny, as is reported in [30,31], this aspect has little influ-
ence on the rationalization of the variations in solidification grain
structures in this study.

In order to understand the CET mechanisms in this study, there-
fore, we still need to consider the aspects deviated from the
steady-state CET model. The steady-state CET model assumes con-
stant G direction (solidification direction) ahead of the columnar
front [27] while the actual solidification in PBF-EB can be affected
by the spatial and temporal variations of G direction. According to
the widely accepted Walton and Chalmers selection model for the
competitive growth [32], the columnar fronts of grains with a fa-
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Fig. 7. A solidification map with plots of thermal gradient (G) and solidification rate
(R) during the last solidification event on the target sections calculated with ATM
single-layer melting simulation under the conditions C1, C2, and EO. f; denotes
solid fraction range under Scheil solidification employed for calculating G-R. Note
G-R apply averaged measure. See main text for details about averaged measure.

vorable orientation, i.e. with preferential growth directions ((001)
in this study) aligning closely with the G direction, can outgrow
those of grains with a less favorable orientation, and most impor-
tantly, the latter exhibits a larger undercooling than the former
[33].

The arrow plots in Fig. 8(a) indicate the G directions in melt
layer on the target sections simulated by ATM single-layer melting
under the conditions C1, C2, and EO. The color of arrows denotes
the deviation angle of G direction with respect to the plane nor-
mal to scanning direction. The line order scan strategies under the
3 different conditions result in obviously different spatial variations
of G direction. As shown in Fig. 8(a), since the scanning directions
are opposite between adjacent melting tracks in each layer, the G
directions swing back and forth with respect to the plane normal
to scanning direction between the adjacent single-track melt re-
gions (the color switches between reds and blues). Since both the
C2 and EO conditions generate short melt pools with steeper bot-
toms than C1, the swing induced by C2 and EO exhibits deviation
angles exceeding 15° while that induced by C1 exhibits deviation
angles near 0° within the lower part of the melt layer, which is
not re-melted during the processing of consequent layers.

Furthermore, the condition EO generates shallow melt pools
with a large width to depth ratio, leading to an overlapping effect,
i.e. each melt layer is highly overlapped by multiple single-track
melt regions along offset direction. Edge portions of 2~3 adjacent
single-track melt regions with opposite swing orientation of G di-
rections with respect to the plane normal to scanning direction,
i.e. the local areas in reds or blues as shown by EO in Fig. 8(a), are
stacked along building direction within each layer. Therefore, we
consider that the intrinsic spatial variations of G direction in each
individual single-track melt region in conjunction with the over-
lapping effect can result in remarkable spatial and temporal varia-
tions of G direction, hindering the columnar growth in the PBF-EB
sample EO. This argument is supported by the experimental result
that some regions in the PBF-EB sample EO exhibit zigzag shaped
grains, as indicated by the arrows in Fig. 9(a). The zigzag shaped
grains form when the G direction happens to wing from one of the



Y. Lei, K. Aoyagi and A. Chiba

(@ c1
= R e
e e e PP
el ad e o i
e el ld T
FAXAA XA
AAAA A
AAAA AAA

A1 A7

11

Acta Materialia 227 (2022) 117717

a7 | >+15
AAAAAAAAA
AAAAAAAA
AAAAAAA
AAA g ; : +5

C14—1 C1-2

>

W)

(e
Arctan(Gx/Gyz), deg

744

A
EO 21
A7 11775171 77774 117777777777777 7011 (SDY)
777 777 1777 17211711 7¢7277274717111%
1tt 1111 1 /fffff;;
it 11
Aa
BO-1EO2 g,

(b) 90° Y+

45" 1354

180°

315° 225°
7(BD)

270° Y- 270° Y- 270° Y-
Y(OD)| O) Melt region depth
- ]
X(SD%) Bottom Top

Fig. 8. (a) Arrow plots and (b) pole figures indicating the spatial variations and distributions of thermal gradient (G) direction during the last solidification event within
one melt layer on the target sections. G directions are calculated with ATM single-layer melting simulation under the conditions C1, C2, and EO. BD, OD, and SD* denote
building, offset and one of the scanning directions, respectively, during single-layer melting.

(b) Equiaxed

. \ » s =
* i‘ ‘r*.{ﬁx ‘;i{" 111
v £ ﬁiir' M Q.
A Ceadioom K2 f", *‘ gcmoum 001 101

Fig. 9. Inverse pole figure (IPF) maps with reference to building direction (BD) of
two kinds of grain structures at different positions in the PBF-EB sample EO: (a)
zigzag and (b) equiaxed.

preferential growth directions (001) to another, as will be further
discussed in Section 5.4. In other cases, we consider that the large
undercooling ahead of the columnar front induced by the Walton
and Chalmers selection effect can promote nucleation, and eventu-
ally, the frequently formed new grains impinging on the columnar

front can lead to a near fully equiaxed solidification grain structure,
as shown in Fig. 9(b).

The Walton and Chalmers selection effect needs to be consid-
ered in conjunction with the effect of convection, because mod-
erately increasing fluid velocity within the mushy zone can make
the solute concentration curve steeper within the boundary layer
ahead of solid-liquid interface, elevating the constitutional under-
cooling and detaching the existing dendrite arms to act as nuclei
[34]. Fig. 3(c) and Fig. 10 show the fluid velocity within mushy
zone and pure liquid zone calculated by CFD single-track melt-
ing simulations under the conditions C1 and C2. The mushy zone,
which is treated as porous media corresponding to a primary den-
drite arm spacing of 11.6 ym [16] in CFD, exhibits a much smaller
fluid velocity than the liquid zone. The fluid velocity under the
condition C2 is much larger within the mushy zone and slightly
larger within the pure liquid zone than that under the condition
C1, indicating that the shorter melt pools with a larger thermal
gradient along melt pool top surface can lead to larger Marangoni
force which results in stronger convection.
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Fig. 10. Box plots of transient fluid velocities monitored on the central section nor-
mal to scanning direction at various time step within mushy zone (0 < f; < 0.5)
and pure liquid zone (f; = 0). Fluid velocities are calculated with CFD single-track
melting simulations under the conditions C1 and C2. f; denotes solid fraction un-
der Scheil solidification. The X spot is the mean value, the line within the box is
the median value, the upper and lower box boundaries are the 3rd and 1st quar-
tiles respectively, and the whiskers are the minimum and maximum values within
1.5 times the interquartile range from either boundary of the box.

Based on the above discussion, we define a non-steady-state
CET as the CET that combines the steady-state CET [27,29] with
the effect of spatial and temporal variations of G direction (i.e. the
Walton and Chalmers selection effect [32]). In detail, we consider
that a columnar growth predicted by the steady-state CET model in
conjunction with the Walton and Chalmers selection effect and the
effect of convection can promote nucleation to generate new grains
ahead of columnar front, inducing a non-steady-state CET within
each layer. This argument is supported by the fact that 50% ar-
eas in the PBF-EB sample EO exhibit grain diameters below 80 pm,
which is smaller than the layer thickness of 100 pm, as shown in
Fig. 2(a). Eventually, the CET within each layer, coupled with the
CET induced by the changes of G direction from one layer to the
other as demonstrated by Korner et al. [7,8], result in the near fully
equiaxed grain structure in the PBF-EB sample EO.

5.2. Columnar grain refining mechanisms

Understanding the non-steady-state CET mechanisms discussed
in Section 5.1 helps us to reveal the columnar grain refining mech-
anisms in this study. The following discussion focuses on the lower
part of melt layer because the lower part of melt layer, which is
free from re-melting, determines the solidification grain structure
in PBF-EB samples. The G directions in Fig. 8(a) are plotted to polar
coordinates in Fig. 8(b). Fig. 8(a-b) reveal that the G directions at
the lower part of melt layer under the condition C1 mainly align
with the building direction and slightly point to the offset direction
(Y+), while those under the condition C2 exhibit large deviation
angles of G direction with respect to the building direction. This
difference is also shown on the sections normal to offset direction
at the various positions (C1-1 ~ C2-2 indicated by the arrows in
Fig. 8(a)), which represent different patterns of the overlapping ef-
fect mentioned in Section 5.1. As shown in Fig. 11, the above state-
ment about the condition C1 is true regardless of the Y-position.
Therefore, the condition C1 is favorable for the epitaxial columnar
growth along building direction. And the relatively weak (001) tex-
ture in scanning direction of PBF-EB sample C1 shown in Fig. 1(b)
can attribute to the weak deflection of G direction to offset direc-
tion (Y+).

The difference between the conditions C2 and EO is that C2 has
a much larger line offset and a smaller width to depth ratio of melt
pool than EO, and therefore, despite C2 has larger deviation an-
gles of G direction with respect to the building direction than EO,
EO has a larger and more extensive overlapping effect than C2, as
shown in Fig. 8(a-b). The spatial variations of G direction at the po-
sitions overlapped by single-track melt regions under the condition
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C2, e.g. section C2-2 in Fig. 8(a) and Fig. 11, are similar with EO,
while those at the positions not overlapped by single-track melt
regions, e.g. section C2-1 in Fig. 8(a) and Fig. 11, are different from
EO. Therefore, the condition C2 is insufficient to induce CET within
the entire PBF-EB sample because the small overlapping fraction
provides growing space for columnar grains. Nevertheless, those
areas overlapped by single-track melt regions under the condition
C2 are capable of forming new grains more frequently than C1. Be-
sides, the strong deflection of G direction to scanning direction at
the lower part of melt layer under the condition C2 leads to the
stronger (001) texture in scanning directions than in C1, as shown
in Fig. 1(b-c).

5.3. A method to manipulate non-steady-state CET in PBF-EB

Understanding the non-steady-state CET mechanisms that ap-
peared in this study enables us to scheme a method to manipulate
CET in PBF-EB by using a line order scan strategy optimized by the
ATM simulation. Our basic idea for manipulating CET lies on that
employing individual melt pools with a large width to depth ratio
and steep bottoms in conjunction with a small line offset induces
not only a deviation of G direction from building direction within
the bottom of each melt pool but also an extensive overlapping
effect within each melt layer, resulting in remarkable spatial vari-
ations of G direction along building direction, as shown by the EO
in Fig. 8(a) and Fig. 11. To achieve an appropriately large width to
depth ratio of the melt pool, it is necessary to moderately increase
focus offset according to beam current. Besides, the melt layer gen-
erated by the highly overlapped melt pools with steep bottoms and
large width to depth ratio can lead to a V-shape in the scatter plot
of G direction in polar coordinates, reflecting the real swing angle
of G directions, as shown by the EO in Fig. 8(b). Short melt pools
are favorable for achieving steep bottoms and increasing the swing
angle of G directions to an appropriate level that is capable of in-
ducing either CET or zigzag growth.

The condition C2 is not capable of inducing CET extensively in
the PBF-EB sample despite it leads to melt pools with steeper bot-
tom than EO, indicating that the intrinsic spatial variations of G
direction within each melt pool coupled with the changes of G di-
rection from one layer to the other can be insufficient to manufac-
ture bulk equiaxed solidification grain structure. The dash lines in
Fig. 11 illustrate approximately the boundaries between the upper
part that will be re-melted and the lower part that is free from re-
melting of the melt layer under the 3 conditions, indicating that
the fraction of the melt layer that is free from re-melting increases
with decreasing P/V value. This implies that generating an appro-
priately shallow melt layer with ideal spatial variations of G di-
rection within the lower part of melt layer that is free from re-
melting is important for manufacturing near fully equiaxed PBF-EB
samples with the current method.

It is worth mentioning that the highly overlapped melt re-
gions applied in this method tend to accelerate heat accumula-
tion. Therefore, an optimized line order scan strategy, which can
disperse heat input, plays an important role. Besides, linking with
our prior study regarding the thermo-mechanical effect in PBF-EB
[17], we suggest that the total input energy should be tightly con-
trolled as a function of scan speed to prevent hot cracking. Since
the current method depends on multiple crucial process parame-
ters, we propose that the guideline of manipulating CET is to deter-
mine high-dimensional process windows that satisfy the balance
between several factors, i.e. (i) the swing angle of G direction in-
duced by the overlapping effect discussed in Section 5.1, (ii) the
melt layer depth, and (iii) the total plastic strain index reported in
[17]. The factor (i) is discussed further in Section 5.4. An optimiza-
tion, aiming at achieving the balance between the three factors,
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Fig. 11. Arrow plots showing the spatial variations of thermal gradient (G) direction during the last solidification event on the central XZ sections indicated in Fig. 8(a). G
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directions, respectively, during single-layer melting.

should also take into account the advantage and the limitation dis-
cussed in Section 5.5.

As shown in Fig. 12, we have experimentally proved the capa-
bility of the current method to generate bulk solidification grain
structures with either near fully equiaxed or interlocked zigzag
shapes, through fabricating PBF-EB samples under the two kinds
of process conditions, E1 and E2, which are modified from EO.
Both the conditions E1 and E2 employ current 3.5 mA, scan speed
800 mmy/s, line offset 40 pum, line order 100, and layer thickness
60 pm, with their only difference being that E1 applies focus off-
set of 30 mA while E2 applies that of 20 mA. The interlocked
zigzag solidification grain structure is one kind of variant product
acquired when adjusting electron beam focus, under the current
method proposed to manipulate the non-steady-state CET.

5.4. Non-steady-state CET vs interlocked zig-zag growth

Rappaz et al. [35,36] have systematically studied the correlation
between three factors: (i) the G direction, (ii) the crystallographic
orientation of the dendrite within the mushy zone, and (iii) the
growth velocity of the active (001) dendrite tip, during solidifica-
tion for melt pool in FCC system. Their studies indicate that the
transition of the active dendrite tip from one (001) to another oc-
curs along some transition boundary lines (see [35,36]) that are as
a function of the angle between G, & Gy, i.e. the deviation an-
gle of the projection of G on the YZ-plane with respect to the Y-
axis in Fig. 8(a), and the angle between G & G, ie. the devia-
tion angles of G with respect to its projection on the YZ-plane in
Fig. 8(a), for a given crystallographic orientation of dendrite, when
ignoring the effect of non-steady-state CET. However, in the alloy
systems that constitutional cooling may lead to nucleation, which
is the case in the current study, one has to consider the effect of
the transition boundary lines in conjunction with that of the non-
steady-state CET. We deduce that the transition boundary lines in
[35,36] can be dilated to transition boundary areas, which enlarge
the minimum deviation angle of G with respect to the six (001)
dendrite tips, and therefore, are the most likely to induce the non-
steady-state CET. The non-steady-state CET occurs when the G di-
rection swings into the transition boundary areas, whereas the zig-
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zag growth occurs when the G direction swings skipping the tran-
sition boundary areas, with the width of the transition boundary
areas depending on the alloy system.

Based on the above theory of transition boundary area, in or-
der to rationalize the variations in solidification grain structure be-
tween E1 and E2, the following discussions will focus on the areas
within each melt layer that do not suffer remelting and thus dom-
inate the bulk solidification grain structure. Since the process pa-
rameters of the conditions E1 and E2 are similar to those of EO, the
spatial and temporal variations of G direction of E1 and E2 should
be similar to those of EO shown in Fig. 8(a) to a certain extent.
Given the effect of the electron beam focus on the melt pool ge-
ometry, as is discussed in Appendix A.1, one can deduce that the
condition E2 has larger varying ranges than E1 for the angles be-
tween Gy & Gy, and also for the angles between G & Gy,. This in-
dicates that the condition C2 is statistically more likely than C1
to exhibit swings of G direction that skip the transition boundary
areas, within the varying ranges for the angles between Gy & Gy,
and the angles between G & Gy, and consequently inducing a zig-
zag growth. Besides, the interlocked zig-zag grain structure across
multiple layers suggests that the swings of G direction within ad-
jacent melt layers are well coupled to induce the interlocked zig-
zag growth in the PBF-EB sample E2. This aspect needs to be fur-
ther studied if one aims to establish process windows for the in-
terlocked zig-zag growth.

5.5. Towards site-specific control of non-steady-state CET

The emerging science and technology of site-specific control
of solidification grain structure in metallic components via PBF-
AM have been greatly advanced in recent years, especially through
the method by Dehoff et al. [10,11,37], employing the point heat
source scan strategy to manipulate CET. Here, it is worth compar-
ing the method proposed in this study for manipulating the non-
steady-state CET, which is based on the line scan strategy, with
the method based on the point heat source scan strategy. Raplee
et al. [37] have reported that the point melt region exhibits a much
coarser primary dendrite arm spacing than the line melt region,
which can be rationalized by the theoretical predictions by Ragha-
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Fig. 12. Two kinds of bulk solidification grain structures created by using the method proposed in this study under the conditions E1 and E2: (a & c) near fully equiaxed
and (b & d) interlocked zigzag structures. (a-b) Optical microscope photos of the entire central vertical sections of the upper parts of the PBF-EB samples. (c-d) EBSD grain
maps captured at approximately the areas indicated by dotted frames in (a-b). BD denotes building direction.

van et al. [14] based on the Kurz-Fisher model [38]. This indicates
that an advantage of the method proposed in this study is that, be-
ing capable of creating bulk equiaxed grain structures with a much
finer substructure compared to those generated by the point heat
source scan strategy. This aspect should rely on the quantitative
control of G and R. Since the solidification grain structure created
by the non-steady-state CET are distinct from that created by the
steady-state CET, the microstructural and mechanical characteris-
tics for the non-steady-state CET will be studied in future.

On the other hand, Frederick et al. [31] have revealed that the
solidification conditions under the line scan strategies are actually
functions of not only the process parameters but also the hatch-
ing area geometries. Therefore, a major challenge in the current
method for site-specific control of the non-steady-state CET could
be to achieve consistent solidification microstructure across hatch-
ing areas with complex geometry, compared to the method based
on the point heat source scan strategy which does not have this
limitation [10,11]. Besides, given that the conditions EO and E1 rely
on a significant heat accumulation effect to generate sufficient melt
layer depths, as mentioned in Appendix A.1, future approaches to
advance the current method can be either to search process win-
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dows for the non-steady-state CET on the premise of minimized
heat accumulation effect, or to develop algorithms for the man-
agement of heat accumulation.

6. Conclusion

We proposed a method for site-specific control of solidification
grain structure through controlling process parameters under a line
order scan strategy in PBF-EB. Through fabricating PBF-EB samples
under optimized conditions, we have demonstrated the capability
of this method to manipulate the solidification grain structure of
Alloy713ELC into (i) near fully equiaxed structure with highly weak
texture, (ii) interlocked zigzag structure, or (iii) columnar structure
with various grain width. The solidification grain structure evolu-
tion mechanisms under this method are summarized below:

(1) Single-layer melting simulations reveal that the spatial varia-
tions of solidification direction within each individual single-
track melt region, in conjunction with the overlapping effect of
adjacent single-track melt regions, have a significant influence
on the solidification grain structure.
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(2) Appropriately decreasing the deviation angle of solidification
direction with respect to the scanning direction at melt pool
bottom helps to induce spatial variations of solidification di-
rection between adjacent single-track melt regions within each
layer. Moderately decreasing the depth of melt layer tends to
increase the fraction of melt layer that is free from re-melting
during the processing of consequent layers, and thus, helps to
retain the spatial variations of solidification direction in the so-
lidification grain structure.

An optimized line order scan strategy with a moderately large
focus offset and a small line offset, leading to multiple individ-
ual melt pools with a large width to depth ratio and steep bot-
toms, generates a highly overlapped melt layer with remarkable
local spatial variations of solidification direction along building
direction. Depending on the swing angle of thermal gradient di-
rection and the transition boundary areas, the local spatial vari-
ations of solidification direction can either induce a significant
Walton and Chalmers selection effect within each melt layer or
induce interlocked zigzag growth.

The Walton and Chalmers selection effect combined with the
effect of large convection in short melt pools leads to a large
constitutional undercooling at columnar fronts, which is ca-
pable of promoting nucleation and eventually inducing non-
steady-state CET in PBF-EB.

The non-steady-state CET defined in this study is important in
the solidification grain structure evolution mechanisms in PBF-
EB.
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