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The evolutions of droplet morphology on the macroscale and solidification microstructure on the microscale, during
direct energy deposition (DED)-Arc additive manufacturing of a nickel-based alloy, are simulated by developing a mul-
tiscale model based on the lattice Boltzmann and cellular automaton models. The macroscopic model is quantitatively
validated by modeling the time-dependent phase interface position and temperature distribution for a classical Stefan prob-
lem of phase change in the multiphase system. In the simulation of droplet deposition, it is found that the contact line
length between the deposited droplet and substrate is proportional to a defined overall factor, d]% . |u|2 AT - (1+cos 6y),
composed of droplet size (dp), impact velocity (u), temperature difference (AT'), and intrinsic contact angle (0), respec-
tively. The overall factor allows one to evaluate the contact line length prior to the experiment, which is significant for
heat transfer efficiency and formability of the additive manufacturing products. The evolution of temperature distribution
during multilayer droplet deposition is obtained, and the calculated cooling rate (~ 800 K/s) and temperature gradient
(~ 1 K/m) accord well with the typical data in the literature. By mapping the macroscopic temperature field data into
the microscopic model through multidimensional linear interpolation, the growth of dendrites during solidification of the
pillar-shaped product is reproduced. Both the simulation and experimental results show that the solidification dendrites
present coarse columnar patterns, with several millimeters in length extending multiple deposition layers. This work not
only elucidates the complex interactions among droplet impact dynamics, convective heat transfer, solidification/melting,
and wetting phenomena in droplet deposition, but also provides an alternative for the predictions of the DED-Arc additive
manufacturing formability, as well as the evolution of convections, temperature, and solidification microstructure.

Keywords: droplet deposition, DED-Arc additive manufacturing, solidification microstructure, numerical

modeling, nickel-based superalloy
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1. Introduction

Nickel-based superalloys can preserve high mechanical
strength, desirable creep and fatigue resistances, and good cor-
rosion endurance in elevated temperature environments (e.g.,
> 650 °C), which are widely applied in fields of aerospace
industry, power generation equipment like gas turbines, and
refinery chemical equipment.['! Owing to the inherent mer-
its of additive manufacturing, such as high flexibility in geo-
metric design of products and excellent capability in integra-
tion of different materials, the studies of additive manufactur-
ing have attracted considerable interest in both academia and
industry.l?! In recent years, the application of additive manu-
facturing on the fabrication of nickel-based superalloy prod-
ucts has also received lots of attention in the research commu-
nity of materials processing.'>*! Among various additive man-
ufacturing techniques, the direct energy deposition (DED)-
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Arc additive manufacturing uses arc energy and wires as the
heat source and raw materials, respectively, which has high
deposition rate and is favorable for the rapid fabrication of
large-sized products.®! Through the process of droplet trans-
fer in DED-Arc additive manufacturing, a high-temperature
Then, it
impacts and melts the substrate, or the top of formerly de-

droplet is generated and detaches from the wire.

posited material, until completely solidified in the following
cooling process. It is noted that this droplet deposition pro-
cess occurs in a solid/liquid/gas (S/L/G) multiphase system,
including complex interactions among droplet dynamics, heat
transfer, phase change (melting/solidification), and wetting
phenomena. Thus, the full understanding of droplet deposi-
tion in the DED-Arc additive manufacturing requires appro-
priate analyses of the above-mentioned factors and their in-
teractions. It is known that the process of droplet deposition
in DED-Arc additive manufacturing takes place within a very
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short period. Aided by modern devices of experimental ob-
servation, e.g., high-speed camera and thermal infrared im-
ager, one can obtain the transient data of droplet morphol-
ogy, fluctuations, and temperature distribution on liquid/gas
(L/G) interfaces.!®”] However, it is still challenging to mea-
sure the significant data of temperature field, flow field, and
On the other hand,
the direct observation of the evolving solid/liquid (S/L) in-

concentration field within the droplet.

terfaces in dendritic solidification by using the synchrotron-
based x-ray tomography is somewhat difficult in DED-Arc ad-
ditive manufacturing, because it requires complex devices of
encapsulation. ]

With the tremendous progress in computing power, multi-
scale modeling based on physical mechanisms, as well as data-
driven methods, has been developed to understand and pre-
dict the information of temperature field, concentration evolu-
tion, convection distribution, and solidification microstructure
formation in molten pools produced by various types of ad-
ditive manufacturing.['>13! Liu ef al."% developed a macro-
scopic model for investigating the phenomena of heat accu-
mulation in metal droplet-based additive manufacturing. The
evolution of convective temperature field, solid fraction, and
droplet morphology of an aluminum alloy was visualized in
the simulations. Yet, the intrinsic contact angle of the droplet
on solidified parts of the product was set as constant as 90°.
This configuration is different from physical realities, since
the deposited droplet and solidified parts of the product be-
long to the same material and the wettability should be per-
fect. Liang er al.!'!l built a macroscopic model composed
of the calculations of computational fluid dynamics (CFD)
and stress evolution during a wire feeding-based laser additive
manufacturing. The convection and temperature distributions
in the molten pool, as well as temperature and stress distri-
butions on the solidified part, were reproduced and analyzed
in detail. Wang et al.l'?! studied the evolution of temperature
distribution and TiC particles in the molten pool of DED-Arc
additive manufacturing of an aluminum alloy, by using CFD
coupled with the Lagrange particle model incorporated in the
software of Ansys Fluent. However, the microscopic model-
ing of solidification microstructure evolution was not included
in the articles of Liang e al.l''! and Wang et al.!'”! A mul-
tiscale model was proposed by Wang er al.!'3] to investigate
heat transfer, dendrite growth, and solute segregation during
DED-Arc additive manufacturing of an IN718 nickel-based
alloy. The macroscopic convective heat transfer model was
implemented by using the software of Ansys Fluent, in which
the L/G interface was tracked by the volume of fluid (VOF)
algorithm. On the microscale, a phase field was applied to
simulate the microstructure evolution. In their work, the data
of cooling rate and temperature gradient were read from the
results of macroscopic modeling, and were then input into

the microscopic phase field model as constants. As a result,
the evolution of temperature field revealed in the macroscopic
modeling was not incorporated in the microscopic simulations.
It is noted that even though most of the macroscopic models
could include the various mechanisms during the process of
droplet deposition, e.g., droplet impact dynamics, convective
heat transfer, phase change, and wetting phenomena, the inter-
active effects of these factors on the determination of droplet
morphologies still require future investigation.

Unlike the front-tracking multiphase CFD models, e.g.,
the VOF algorithm, the multiphase lattice Boltzmann (LB)
method separates the different fluid phases by adding local in-
teractions among the surrounding fluid particles, so that there
is no need to take efforts in tracking the position of the evolv-
ing interfaces.['®) Owing to this specific nature, the multi-
phase LB modeling has been widely used in the studies such
as freezing dynamics of droplets,!'”l wetting phenomena, '8!
and medical treatments.!!) Regarding the simulations of mi-
crostructure evolution during solidification, on the other hand,
the cellular automaton (CA) method has the advantages of
high computational efficiency and simplicity in coding, which
is one of the most popular methods for the descriptions of
solidification dendrite growth in various materials process-
ing techniques.”?*?! In our previous articles, several mod-
els have been developed by coupling the CA and LB meth-
ods for the simulations of dendritic solidification assisted by
ultrasound, [*?! porosity formation and dendrite growth of an
aluminum alloy,!>3! convective dendrite growth of a nickel-
based superalloy,!?*! and solute mixing during dissimilar-filler
welding.[?]

In the present work, based on the multiphase LB model
and the CA method, a multiscale model is developed for
the simulations of deposited droplet morphology on the
macroscale, and solidification microstructure patterns on the
microscale, during the DED-Arc additive manufacturing of an
IN718 nickel-based superalloy. The competitive interactions
among droplet impact dynamics, convective heat transfer, so-
lidification/melting, and wetting phenomena were reproduced,
and their contributions to the droplet morphology are analyzed
in detail. The growth of the columnar dendrites during the
multilayer droplet deposition process is revealed by the mi-
croscopic modeling and compared with the experimental re-
sults. As compared to the related research reported in the lit-
erature, the specificity of our work is, on the one hand, to ex-
plicitly correlate the synthesis effects of the above-listed com-
plex interactions on the solidification behavior of the deposited
droplets by proposing an overall factor. On the other hand,
the multiscale scheme in this work rigorously bridges the mi-
croscopic solidification microstructure model and the macro-
scopic temperature field model by using the multidimensional
interpolation algorithm. Thus, the evolving temperature his-
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tory of each local area during droplet deposition could be in-
put into the microscopic model, instead of artificially arrang-
ing the values of cooling rate and temperature gradient. The
simulation results could not only elucidate the fundamental
physics underlying the multiphase system during the process
of droplet deposition, but also provide guidance for the control
of the formability and microstructure of the DED-Arc additive
manufacturing products.

2. Model description and governing equations
2.1. Model description

In the present study, the process of DED-Arc additive
manufacturing of an IN718 alloy is simulated by using a two-
dimensional multiscale model. In the macroscale part, the
multiphase LB model is adopted to reproduce the evolution
of flow and temperature fields during droplet deposition. 26-27]
To reproduce the effects of rapid solidification during the
DED-Arc process, especially for the first droplet impacting the
base metal, the kinetics of solidification is calculated by using
the Scheil-Gulliver model.[?8! In the microscale part, on the
other hand, the CA model, coupled with the finite-difference-
method (FDM), is used to describe the process of dendrite
growth and solute diffusion.?”) The data of temperature his-
tory are produced by the macroscale model, which has in-
cluded the influence of flow field during droplet impacting and
pile-up for producing the multilayer product. The temperature
data are imported into the CA model through the algorithms of
linear interpolation in multidimensions, i.e., x, y directions in
the spatial dimension and one freedom in the time dimension.
In the microscopic CA model, the (Kurz—Giovanola—Trivedi)
KGT model is used to govern the S/L migration driven by the
undercooling.[*”! The codes of the multiscale model are writ-
ten by using the C++ computer language.

3. Multiphase lattice Boltzmann method for the
macroscopic modeling

For simulating the L/G flow phenomena interacting with
the solid phase on the macroscale, the pseudopotential multi-
phase LB model with the multi-relaxation-time (MRT) scheme
is used.?®?”1 The LB model assumes that the L/G fluids are
composed of particles, and the various flow behaviors can be
reproduced by a statistical treatment of the particle distribu-
tion functions. In the D2Q9 (two dimensions, nine velocities)
system, the time evolution of distribution functions of fluid
particles is written as

fi(z+eiAt,t+Ar)
= filw)— (M'AM), (f;- £%) +F o,
i,j=0,1,....8, (D

where f; and fieq are the distribution function and the corre-
sponding equilibrium distribution function, respectively. z, ¢,

and Ar are the position, time, and time step, respectively. The
forms of transformation matrices, M and M !, can be found
elsewhere. 3% F! represents the forcing term. The diagonal
matrix, A, is composed of relaxation times

: -1 -1 -1 -1 -1 -1 1 1 .1
A:dlag(rp Te T T 5Ty 5T Ty Ty Ty ), 2

where 7, and 7, are related to the dynamic and bulk viscosi-
ties, which are set to be T, = 4/5 and 7, =5/4, respectively.
The other relaxation times are 7, = 7; = 1, T = 5/4, and
g = 7, = 10/11, respectively. In Eq. (1), the discrete ve-
locities, e;, are

leo,e1,€2,€3,e4,€5,€6,€7, €3]
10 ¢ 0 = 0 ¢ —c —c c
0 0 c¢c 0 —c c¢c ¢ —c —c |’

where ¢ = Ax/At is the lattice speed, and Ax is the lattice size.
In this work, the values of Ax and At are Ax = 1 lu (lattice unit)
and Ar = 1 ts (time step), respectively, where lu and ts are the
units in the LB model.

Through linear transformations of m = M - f and m® =
M - £°4, the distribution functions and the corresponding equi-
librium ones are transformed from the velocity space to the
moment space. M are written as

med = p[1,—2+3ul® 1 =3 uf u,,

2 2 T
_uxauya_uy7ux_uyauxuy] ) (4)

where p and w are density and velocity, calculated by p =} f;
and pu =} e;f; + F'At /2, respectively.

]
By left multiplying M on the right-hand side of Eq. (1),
it is rewritten as

m*=m—A(m—m®)+ At <I/21> S, )

where I and S are the unit tensor and forcing term, respec-
tively. The streaming of the particle distribution functions is
described as f (x + e;At,t + Ar) = f* (x,t) with the transfor-
mation of f* = M ~!m*. The form of S is

S = [0,6u-F +12¢|F|*/(y?At(1. —0.5)),
—6u-F —12¢|F[*/ (y*At(ty —0.5)),
Fx;_FX7Fy7_Fva2(uxe_”yFy)7MxFy+"‘ny]Ta (6)

where € = 0.09 is applied in this work and it is consistent with
the literature.>>! F' represents the force acting on the fluid par-
ticles, which includes the intermolecular interaction force F),,
the gravitational force F}, and Marangoni force caused by sur-
face tension gradient at the L/G interface Fiarangoni- Fin 1S
calculated by

F(z,1) = -Gy (z.1) ) oy(z+ e, i)e;, @)
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where ; are the weight coefficients, i.e., 01234 = 1/3 and @567 = 1/12. y is the pseudopotential function and computed by
v = \/2(Peos — pc?) /G, where ¢2 = 1/3 is the square of the lattice sound speed. G is the interaction strength, which is taken

as G = —1. Pgog is the equation of state, given by

2
ap? [1 (1= /TT2)(0.37464 + 1.52260" — 0.26992) 0

where T’ controls the strength of the fluid-fluid interaction and
the liquid-gas density ratio. According to the work of Yuan
and Schaefer,?!! the parameter T; is equal to 0.072922, and
the coefficients of a, b, R, and w' are selected to be a = 2 /49,
b=2/21,R=1, and w' = 0.344, respectively. In the present
study, 7’ = 0.86T.. is adopted, and the liquid-gas density ratio
is around 20.

At the L/G interface, the non-uniform temperature
distributions produce surface tension gradients, leading to
Marangoni convection and thus influencing the heat and mass
transport in the molten pool. The Marangoni force is calcu-
lated by!*?!

aT
FMa.rangoni = GTA% = orA (VT : S) S, )

where or is the temperature coefficient of surface tension. A
and s denote the area and tangential unit vector of the L/G
interface, respectively. It should be noted that the L/G inter-
face must be tracked for the calculation of Eq. (9), since the
determination of s requires the evolving position of the L/G
interface. In this work, the local data of s are obtained by 90°
counterclockwise rotating the corresponding normal vector of
the L/G interface, which is written

c0s90° —sin90°
B <sin90o c0s90° ) e (10)

where n is the normal vector and is computed according to the
gradient of density, n = Vp/|Vp].

An improved virtual-density scheme is applied in the
present work to regulate the intrinsic contact angle, 6y, of a

[26] This scheme could avoid the

droplet on a solid substrate.
drawback of producing unphysical thick mass-transfer layers
near the solid boundaries, which is a common issue in previous

studies. The formula for the virtual density is

PPave (), ¢>1 for 6 <90°,

pW(@:{pave(m)Ap, Ap >0 for 6 >90°, !V

where ¢ and Ap are constants. A limiter is applied to bound
the value of py, (), given by p, < pw(x) < pi, where p, and p;
are the equilibrium densities of the gas and liquid phases, re-
spectively. When ¢ = 1 or Ap = 0, the above formula reduces
t0 Pw () = Pave (), in Which pyye () is calculated by

Y wip(x + e;At,t)s(x + e;At, 1)
i

Pave (@)= ):wis(m+eiAt,t) ’ a2)

1+ 2bp — b2p2 ’

®)

where s(x + e;At) is an indicator function that is equal to 1
or 0 for a fluid or a solid node, respectively. Table 1 lists the
values of ¢ and Ap used in this work for the simulation of
droplets with various 6y impacting the solid base surface.

Table 1. Values of ¢ and Ap used for obtaining various 6 in the present
work.

9 Ap 6o
1.65 0 0°
1.49 0 30°
1.22 0 60°
1.00 0 90°
1.00 0.47 120°
1.00 0.86 150°

Another set of distribution functions is introduced in the
present work to calculate the temperature field. According to
the lattice Bhatnagar—Gross—Krook (LBGK) approximation,
the evolution of the temperature distribution function, h;(x, 1),
can be written as!?”]

hi(m-i-eiAtJ—i—At) —hi(CB,Z)
1
= —T—[h,-(a:,t) —hfq(:r:,t)] +H;i(x,t) +Ci(x,1)

Tk

i=0,1,...,8, 13)

where h; (z,t) represents the equilibrium distribution func-
tion for temperature field computation. H;(x,f) is the tem-
perature source term induced by latent heat during solidifi-
cation and melting. C;(x,t) is a correction term calculated
by C;=3 (1 — le or ;0 (Tw), where or; are the weight
coefficients for the calculation of temperature field, given by
wro=4/9, or,1—4 =1/9, and wrs_g = 1/36, respectively.

8
The local temperature can be obtained by 7 = Y} h;. The heat
i=0
diffusion coefficient, o, is determined by the relaxation time,

Tr,k» and is given by

1 1
O =3 (TT,k - 2) At,

where the subscript ‘k” denotes ‘s’, ‘I’, or ‘g’, representing

(14)

solid, liquid, and gas phases, respectively. In the present work,
the heat diffusivities of the gas and liquid phases are assumed
to be oz = 0.01 1.

In Eq. (13), 44 (2, 1) is calculated by?"!

e
B (x,1) = o1, T (x,1) [1+3 - 2 (15)
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The flow velocity vector necessarily includes the contri-
butions of convection to the temperature field evolution. Note
that u is derived from the flow field calculation by the mul-
tiphase LB model, which provides connections between the
MRT multiphase LB model and the solute transport computa-
tion by using the LBGK model.

In the simulation of solidification in the macroscopic
modeling, the Scheil-Gulliver equation is applied to relate lo-
cal solid fraction (f;) and temperature (7°), which is given

by 28]
Tme 1/<kp_1)
=1- , 16

: <Tm—Tl> o

where Ty, is the melting point of pure nickel. 7; and k, are
the liquidus temperature and solute partitioning coefficient of
an IN718 alloy, respectively. According to the evolution of
fs in each node, the melting and solidification phenomena are
reproduced. The temperature source term in Eq. (13) can be
computed as

— a)T,iAfsAH

Hi(mat) C
P

A7)

where Af; is the increment of solid fraction in each node. AH
and C, are the latent heat and specific heat, respectively. At
the S/L interface, Cj, is calculated by C, = fsCp s + (1 — f5)Cp,1s
where C,, s and Cpy ) are the specific heats of the solid and liquid
phases, respectively.

In the flow field and temperature field calculations, the
periodic and zero-flux boundary conditions are used on the do-
main walls, and a bounce-back boundary condition is adopted
on the S/L boundaries.

3.1. Cellular automaton model for microscopic modeling

The phenomena of melting and solidification during
DED-Arc additive manufacturing are simulated by a CA
model on the microscopic scale. At the S/L interface, the solid
fraction increment is evaluated by

At
Ay=v- 3-8 (18)

where v is the migration velocity of the S/L interface. g is the
geometrical factor for decreasing the grid anisotropy, given by

g—min<(i an+% is},ﬁ)/& 1),

m=1 m=1
rar_ JO (<),
s's _{1 ) (19)

where S' and S"! are the states of the nearest and next-nearest
neighboring cells.

According to the KGT model, v in Eq. (18) is determined
by the local undercooling, 67, at the S/L interface, which is

y=a(8T), (20)

where a and b are the kinetic parameters. For an IN718 alloy,
the values of a and b are 1.2754x 1077 and 3.0, respectively.
These values are selected according to the work of Hunziker et
al.®3 b = 3.0 in the present work is a little bit different from
b = 3.05 calculated by Hunziker ez al.33! This is because the
melting phenomenon simulation requires the definitional do-
main of 67 < 0, which can be fulfilled by b = 3.0. Otherwise,
the CA model can only cover the solidification kinetics with
6T > 0. 6T is calculated by

8T = (Tn+m-C) —T'Ky — T, 1)

where Ky, is the weighted curvature of the S/L interface, and
I' is the Gibbs—Thomson coefficient. m is the slope of the
liquidus line. Cf is the local actual liquid composition at the
S/L interface. Additionally, the effects of v on my and k,, are
considered.**! The actual temperature on each CA grid, T*,
is calculated by the linear interpolation algorithm. The output
parameters for solving Egs. (18)—(21) in the microscopic CA
model are the evolving local data on each grid, including lo-
cal solid fraction increment, S/L interface migration velocity,
local undercoolings, efc. As a result, the local data of solid
fraction, f;(x,y), can be obtained and it evolves with time and
position, which present the morphological evolution of the so-
lidification dendrites.

Figure 1 illustrates the schematic map for the interpola-
tion algorithm on spatial and temporal dimensions. Suppose
T (xp, yp, t) is the target temperature on a CA grid at any time,
which is required in the microscopic modeling. At the time of
t1, the temperature data of T (xi, yi1, t1), T(x2, y1, t1), T (x1,
y2, t1), and T (x2, yo, #1) are obtained from the macroscopic
modeling. Through the bilinear interpolation, the temperature
of T (xp, yp, t1) can be derived by

y2—y X2 — X,
T (xp,ypst1) = yz_yllj[m_;:T(thl,tl)

Xp — X1
L T(x2a)’1atl):|
X2 — X1
Yp— Y1 | X2 —X

+p{pT(x1,y2,l1)
Y2 —Y1 [ X2 —X]
Xp — X1

+-2 T(xz,yz,m} (22)
X2 — X1

where the values of x and y are the corresponding coordinates.
At the time of #,, similarly, the temperature of T (x,, yp, #2) can
also be obtained. Then, the target temperature of T (xp, yp, )
is computed through the linear temporal interpolation, which
is written as

T (xp,¥pst) = T (¥p,¥pst1)

i T (xpsYps12) =T (%p,Yps11)
h—1

(l‘—l‘]). (23)
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T (22,y2,t1)
T (21,y2,t1)

T (x2,y1,t1)
T (z1,y1,t1)

T ($17y27t2)

T (z2,y1,t2)

= Temporal evolution
tl_’ t— tQ

T (22,y1,t2)

T (x1,y1,t2)

Fig. 1. Schematic sketch for the illustration of the multidimensional linear interpolation algorithm.

As described in our previous work,?*! the solute trans-
port is calculated by solving the equation of Fick’s second law.
Zero-flux boundary conditions are implemented on all walls of
the computational domains.

In the present work, the materials of the deposited droplet
and the substrate are arranged as the same. Thus, the thermo-
physical properties of the droplet and the substrate are iden-
tical. The physical parameters used in the present work for
microscopic and macroscopic modeling of an IN718 nickel-
based alloy are listed in Table 2.

Table 2. Physical parameters of an IN718 alloy used in the present

work,[24:29.32]
Symbol Definition and units Value
r Gibbs—-Thomson coefficient (K-m) 3.65x1077
D, diffusion coefficient in liquid (m?/s) 3x107°
Dy diffusion coefficient in solid (m2/s) 1x10712
Ol heat diffusion coefficient of solid (m? /s) 7.35%107°
o heat diffusion coefficient of liquid (m?/s) ~ 6.17x107°
Oy heat diffusion coefficient of gas (m?/s) 6.17x1078
m equilibrium liquidus slope (K/wt.%) —10.5
T melting point of the pure Ni (K) 1726
kp equilibrium partition coefficient of Nb 0.48
u viscosity of liquid (Pa-s) 6.2x10°
Cos heat capacity of solid (J/kg/K) 720
GCoi heat capacity of liquid (J/kg/K) 512
AH latent heat (J/kg) 2.1x10°
Ps density of solid (kg/m?) 8.19x103
oI density of liquid (kg/m>) 7.62x103
or Marangoni coefficient (N/m/K) —1.1x107*
4. Results

4.1. Model validation

In the multiscale model, the microscopic model has been
validated by the previous work of the present authors.!??! Nev-

ertheless, the validity of the macroscopic model, implemented
by the multiphase LB model, needs to be demonstrated. Be-
fore performing the simulation of melting and solidification
phenomena during the DED-Arc process, the classical Stefan
problem of phase change is simulated using the macroscopic
LB model, and the simulation results of the interface position
and temperature distributions varying with time are compared
with the analytical predictions. The schematic sketch of the
Stefan problem is shown in Fig. 2. Suppose a semi-infinite slab
x > 0 initially filled with liquid at the temperature of T > T,
where Ty, is the melting/solidification point of the pure sub-
stance. At the position of x = 0, the temperature remains con-
stant at Ty, which is lower than T;,. Therefore, directional so-
lidification occurs from the position of x =0 to x > 0. The
time evolution of the S/L interface position, X (¢), and the tem-
perature distribution, T'(¢, x), can be quantitatively predicted
by the analytical model proposed in the work of Solomon. 33!

Periodic boundary

Initially filled with liquid at Ty

0T/0x =0

Periodic boundary

I<Twn T=Ty T>T,
o i BT/ar -
X(1) «— Solid-liquid interface position

Fig. 2. Schematic sketch of the Stefan problem for solidification of a
pure substance.

The solutions of the analytical model for predicting the
S/L interface position, X (), and the temperature distribution,
T(x,t), are as follows: 39!

X2 24
Erf&) Erf[x/ (4a41)"/?], 0 <x<X(t):solid,
T (x,t) = o5)

(To — Tm) Exfec[x/ (40ut) /%]

Erfc[A (o /04)'/?]

, x> X (1) :liquid,

where o is the heat diffusion coefficient of the solid phase. The value of A in Egs. (24) and (25) can be obtained by solving the

following equation:
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B Ko (To — Tm) exp (—A 20t /1)
K‘S(Xll/szErfC [l (as/oq)l/z}

_exp (—2?%)
Erfc (1)

AAH /2
CpsTi

(26)

where K, and x are the thermal conductivities of the solid
and liquid phases, respectively. In this part, the dimension-
less physical parameters in the macroscopic LB model and
analytical model are determined according to the work of
Solomon, 33! which are T, = 170, T = 340, T;, = 0, AH = 30,
ps=p1=1,K=xK=1,and C,s = Cp,| = 10, respectively. In
the LB simulation, the domain size is set to be 20000 x 2 lu
with 1 lu=0.1 mm.

Figure 3 displays the evolution of S/L interface position
and temperature distributions, obtained from the macroscopic
LB model (symbols) and the analytical model (lines). As
shown in Fig. 3(a), the value of X increases with time, denot-
ing the ongoing solidification phenomenon from the left wall
to the right-hand side. The temperature curves also present ris-
ing trends, as displayed in Fig. 3(b), and gradually decrease as
the solidification proceeds.

0.7
0.6f
0.5
0.4f
0.3f

0.2f
0.1k —— Analytical model Eq. (21)
. O Macroscopic LB model
oL . A L L . .
0 1 2 3 4 5 6
Physical time t (s)

SL interface position X (m)

350
300
250
200
150
100
50
0

T

0 0.2 04 06 08 1.0 1.2 1.4

Dimensionless temperature T'

Position z (m)

Fig. 3. Comparisons of (a) evolution of the S/L interface position and
(b) temperature distribution at different times, obtained from the macro-
scopic LB simulation and analytical model.

4.2. Macroscopic modeling of droplet impact, solidifica-
tion, melting, and heat transfer

The behavior of droplet impingement during the DED-
Arc process is coherently governed by complex interac-
tions among droplet spreading dynamics, heat transfer, melt-
ing/solidification, and wetting phenomena. In order to elu-
cidate the effects of the above-mentioned mechanisms indi-
vidually, the simulation of droplet impingement is firstly per-

formed by the macroscopic LB model eliminating the melt-
ing/solidification mechanism. The initial temperatures of the
solid base, atmosphere, and droplet are set to be 423 K, 298 K,
and 2273 K, respectively. The grid size is 1 lu=10 pm, and
the diameter of the droplet is dp = 120 lu (1.2 mm). The im-
pacting velocity of the droplet is set to be 0.08 lu/ts. Figure 4
exhibits the morphologies of droplets that have different in-
trinsic contact angles on the base, 6y, shown by the S/L/G
phases and temperature fields, respectively. These snapshots
are at the same time (4600 ts) in the simulations of droplet im-
pingement. The various intrinsic contact angles are obtained
by setting different values of ¢ and Ap as listed in Table 1.
When the intrinsic contact angle is low, the droplet tends to
expand on the solid base, so that the droplet has a large con-
tact area. As the intrinsic contact angle increases, however, the
droplet is likely to shrink and to depart from the solid base. As
shown in Fig. 4(b), for the case of 6y = 30°, the temperature of
the droplet is obviously lower than that of the other cases. In
Fig. 4, the effects of melting and solidification of the deposited
droplets are not incorporated. In the practical DED-Arc pro-
cess, however, the coupled phenomena of droplet deformation,
heat transfer, and variation of final droplet morphology during
solidification should be more complex.

(a)

=30°

6[)

T (K)

l 1700

1600

=60°

6[)

1400
1200
1000
800

90°

624
546

I 500
400

=120°

6[)

111

6y = 150°

00 =

1 m

Fig. 4. Snapshots of (a) droplet morphologies and (b) temperature dis-
tributions for droplets having various intrinsic contact angles (6y) af-
ter impacting the base metal, simulated by the macroscopic LB model
without the melting and solidification mechanisms. The snapshots are
all taken at the simulation time of 4600 ts.

The following simulations are then carried out by using
the macroscopic model considering the melting and solidifica-
tion mechanisms, governed by Egs. (16) and (17). Figure 5
visualizes the simulated evolution of the single droplet im-
pingement and solidification shown by different phases and
temperature field, respectively. In this case, the intrinsic con-
tact angle between the liquid droplet and base metal is set to
be 8y = 0°, mimicking that the base metal and the deposited
droplets belong to the same material (IN718 alloy). The value
of 6y could be regulated when using different base metal mate-

rials in the simulations.!'”! The downward impinging velocity
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of the droplet is 0.1 lu/ts. The initial temperatures of the base
metal and droplet are 423 K and 2073 K, respectively, so that
the temperature difference is 1650 K in the beginning of the
simulation. As shown in Figs. 5(a) and 5(f), the hot droplet
is falling with the vertically downward velocity. The droplet
then impacts the base surface, so that some local velocities
at the droplet bottom generally turn into the horizontal direc-
tion, which can be seen in Figs. 5(b) and 5(c). Meanwhile, it
is found in Figs. 5(g) and 5(h) that heat transfer occurs once
the droplet contacts the solid surface. As a result, the tem-
perature of the solid phase near the contacting area gradually
becomes higher, see Figs. 5(2)-5(j), whereas the bottom part
of the droplet is cooled by the base surface. The solidification
phenomenon takes place as the local temperature of the droplet
becomes lower than the liquidus temperature. Even though
the solidification completes in a short time, the L/G interface
is still fluctuating, and these mechanisms coherently control
the final morphology of the solidified droplet. As observed
in Figs. 5(d) and 4(e), the former L/G interface solidifies ear-
lier than the upper interior of the droplet. This is attributed to
the fact that the large temperature gradient at the L/G interface
also leads to local heat transfer from the droplet to atmosphere.
Then, the droplet is enveloped by solid and it leaves a liquid
pocket that solidifies at last during the entire deposition pro-
cess.

1600
1400
1200
1000

Time

800
624
546

Fig. 5. Evolution of (a)—(e) droplet morphology and (f)—(j) temperature
field during single droplet impacting the base metal and the gradual so-
lidification process. The intrinsic contact angle is 0°, and the arrows
indicate the local velocities inside the droplet.

Figure 6 illustrates the morphologies of solidifying
droplets that impinge on the solid base, as well as the cor-
responding temperature fields, simulated by the macroscopic
LB model incorporating the melting and solidification mecha-
nisms. Note that the intrinsic contact angles (8) between the
droplets and the solid base are set to be different. The cor-
responding apparent contact angles, 8, are also measured and
labeled in Fig. 6. The other simulation conditions of the cases
with 8 =30°, 60°, 90°, 120°, and 150° keep the same as those
of Fig. 6. It is worth noting that the obtained apparent angles

are higher than the intrinsic contact angles. On the other hand,
the lengths of the contact lines (/) between the droplets and
substrate differ when O is regulated. It is apparent that the
contact line length becomes smaller as 6 increases.

Y 0 = 30° 0y = 60°
0o = 120° 0y = 150°

(b T (K)

1 700 1400 800 546 400

Fig. 6. Snapshots of (a) droplet morphologies and (b) temperature distri-
butions for droplets having various intrinsic contact angles after impacting
the base metal, simulated by the macroscopic LB model with the melt-
ing/solidification mechanisms. The snapshots are all taken at the LB sim-
ulation time of 3000 ts.

In order to elucidate the determination of the contact
line length by various factors, i.e., droplet diameter (dp),
droplet impinging velocity (w), initial temperature difference
(AT), and intrinsic contact angle () between droplet and
substrate, 21 sets of simulations are implemented using the
macroscopic LB model by regulating the above-described val-
ues. An overall factor is proposed to describe the contribu-
tions of the various physical quantities, which is written as
d3 - |u|?- AT - (14 cos 6). Figure 7 displays the value of the
contact line length varying with the overall factor. Note that
the scatters are the results obtained from the macroscopic LB
model, while the line represents the corresponding linear fit.
It is revealed that the contact line length almost increases with
the overall factor in a linear manner.

O  Simulated
Linear fit

4.0p

Length of contact line I (mm)

1 1 1 1 1 1 1

0 1 2 3 4 5 6
dp-|u|2- AT (14cosbp) (10~5 m*s-2.K)

Fig. 7. Length of contact line between deposited droplet and sub-
strate varying with an overall factor composed by droplet diameter (dp),
droplet impinging velocity (u), initial temperature difference between
droplet and substrate (AT'), and intrinsic contact angle (6p).
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Figure 8 displays the LB simulation results of the multi-
layer droplet deposition shown by the temperature field. The
domain consists of 400 x 700 lu with 1 lu=20 um. In order
to eliminate the effect of heat accumulation and to improve
the forming quality, the interval time between each droplet is
different. The droplets are set at the LB simulation times of
4100 ts, 10900 ts, 17900 ts, 25400 ts, and 36500 ts, which cor-
respond to the physical times of 0.20 s, 0.54 s, 0.88 s, 1.25 s,
and 1.80 s, respectively. The intrinsic contact angle, initial ve-
locities of the droplets, and the initial temperatures are iden-
tical with those of Fig. 5. As shown in Fig. 8(a), the droplet
melts the solid phase produced by the former droplet that so-
lidifies. The droplet continues to expand and shrink due to
the impingement behavior until it completely solidifies, see
Fig. 8(b). It can be seen in Figs. 8(c) and 8(d) that a pillar is
fabricated as the droplet pileup and solidification proceed. As
displayed by the temperature field evolution in Fig. 8, appar-
ent temperature gradients are seen between the liquid droplet
and solid regions, which determines the direction of heat trans-
fer. As a result, the temperature of the substrate increases
obviously as compared to the initial state. The macroscopic
simulation results of temperature field in Fig. 8 could reason-
ably reproduce the interactions between heat transfer and melt-

ing/solidification phenomena during the multilayer droplet de-

position process in the S/L/G coexisting system.

T (K)
1400.0
1256.5
1140.2
1096.1
1082.7
9173
661.1

577.4
2 mm
S— 200.0

Fig. 8. Simulated evolution of multilayer droplet deposition shown by temper-
ature field at the LB simulation times of (a) 11700 ts, (b) 17800 ts, (c) 26300 ts,
and (d) 54400 ts, corresponding the physical times of 0.58 s, 0.88 s, 1.29 s,
and 2.68 s, respectively.

The time evolutions of temperature, 7, and temperature
gradient, 7g, at a local position during the DED-Arc additive
manufacturing are extracted from the simulation results, as ex-
hibited in Fig. 9, to analyze the solidification conditions. The
selected local position is denoted by the white spot in Fig. 8(d),
which is located in the middle on the horizontal direction and
2.2 mm below the pillar top. In Fig. 9(a), it is seen that the in-
crease of temperature is due to the impact and deposition of the
hot droplets, while the temperature decrease is caused by heat
transfer during solidification. In the temperature interval rang-
ing from the solidus temperature (1615 K) and the liquidus
temperature (1673 K) of the IN718 alloy, the cooling rate is

evaluated from the slope of the 7—¢ curve in Fig. 9(a), which

is about 800 K/s. For the temperature gradient (7g), as shown
in Fig. 9(b), the peak values also appear when the hot droplets
impinge and melt the solidified top of the pillar. However, the
temperature gradient quickly resumes to be stable once the so-
lidification initiates. During the solidification process of the
local region, the value of the temperature gradient is less than
1 K/m.

2900 (a) 1501 (1)

]
(=3
S
=]

100

—
o
=3
=]

50

UJ;—\/R_,\

0.5 1.0 1.5 2.0 2.5
Physical time t (s)

Temperature T (K)

500

Temperature gradient Tg (K/m)

0
0.5 1.0 1.5 2.0 2.5
Physical time ¢ (s)

Fig. 9. Time evolutions of (a) temperature and (b) temperature gradient of the

local position denoted by the white spot in Fig. 8(d).

4.3. Microscopic modeling of solidification microstructure

As described in Fig. 8, the macroscopic LB simulations
provide the temperature history during droplet impingement,
pileup, and solidification. The temporal and spatial tempera-
ture data are then interpolated into the microscopic CA model
to visualize the growth of columnar dendrites and concentra-
tion distribution evolution of solute Nb of the IN718 alloy. In
the microscopic CA simulation of solidification microstruc-
ture, the grid size is set to be 2 um, and the computational
domain consists of 1500 x 4000 CA grids. On the tempo-
ral dimension, 532 sets of evolving temperature distributions,
spanning the physical time of 2.68 s, are imported in the CA
model. In order to compare the simulation results with ex-
periments, the DED-Arc additive manufacturing of an IN718
nickel-based alloy is carried out in this study. The details of
the experimental equipment could be found elsewhere in our
previous work.3®! A thin-wall component is fabricated by us-
ing the DED-Arc additive manufacturing. After polishing and
etching the cross-section of the sample, an Olympus SZX10
optical microscopy is used to observe the morphology of the
solidification microstructure. Figure 10 exhibits the simu-
lated evolution of columnar dendrites in the case of multilayer
droplet deposition, as well as the comparison with experimen-
tal metallograph. As shown by the evolving Nb concentra-
tion fields, displayed on the left-hand sides of Figs. 10(a) and
10(c), the fully liquid regions present nearly uniform Nb con-
centration distributions. Nearby the solidification front, how-
ever, the solute concentration fields show heterogeneous pat-
terns due to the solute partitioning effects. After solidifica-
tion, it can be seen that the Nb concentrations in the middle
region are lower than the surrounding areas, presenting non-

negligible segregation within the component. The panels on
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the right-hand sides of Figs. 10(a)-10(d) exhibit the evolution
of columnar dendrites during solidification/melting in the case
of multilayer droplet deposition simulation. It is obvious that
the columnar dendrites originate from the bottom of the pil-
lar, and grow toward the high temperature direction along the
temperature gradient. Even though some grains are eliminated
in the process of dendritic growth, most of the columnar den-
drites present coarse morphologies, with the length of several
millimeters extending multiple deposition layers. Figure 10(e)
is the experimental metallograph showing the coarse colum-
nar dendrites of the thin-wall product fabricated by the DED-
Arc additive manufacturing. It is shown that the columnar
dendrites grow epitaxially toward the higher temperature di-
rection, presenting identical morphologies with the simulation

results.

Frmmm—————————

Fig. 10. Images of (a)-(d) simulated evolution of solidification mi-
crostructure by using the microscopic CA model and (e) coarse colum-
nar dendrites in the experimental metallograph. The left- and right-hand
sides of (a)-(d) are shown by the concentration field of solute Nb and
grain orientations, respectively.

5. Discussion

Figure 3 displays the comparison of the simulation results
of the S/L interface position and temperature distributions oc-
curring in the classical Stefan problem of phase change, ob-
tained from the proposed macroscopic model (symbols) and
the analytical model (lines),*! respectively. The excellent co-
incidence demonstrates the soundness of the LB model and the
correctness of the codes in the present work, which gains reli-
ability of the simulation results of the following cases.

It is understandable in Fig. 4(a) that the good intrinsic is
beneficial for increasing the length of the contact line. Ad-
ditionally, the variation of the wettability could also influ-
ence the heat release of the hot droplet in the cooling period.
Namely, the temperature of the droplet with the best wettabil-
ity is obviously lower than that of the other cases, see Fig. 4(b),
in which all of the temperature distribution snapshots are taken
at the same simulation time. This is because more heat flux
could transfer to the solid base that has a lower temperature

through the larger contact area within a certain period.

The simulation results in Fig. 5 reveal that the solidifica-
tion of the deposited droplet not only takes place from bot-
tom to top, but also occurs concurrently on the top of the
droplet, i.e. the L/G interface. Consequently, the concurrent
solidification leaves a transient liquid pocket in the upper area.
This phenomenon was also observed in the literature regard-
ing DED-Arc additive manufacturing.37-38) In fact, the forma-
tion of the liquid pocket tends to occur at the top layer of the
deposited droplets in multilayer droplet-based additive manu-
facturing cases. Owing to the effect of heat accumulation, the
rate of heat transfer from the hot droplet to the lower layers
becomes weaker, which decelerates the solidification from the
bottom to the top. Once the heat transfer rate at the L/G inter-
face is high enough to trigger the local solidification, the tran-
sient liquid pocket might be produced. Thus, the formation of
the transient liquid pocket is determined by the competition of
heat transfer at different local regions of the deposited droplet.
It is considered that the existence of transient liquid pocket is
favorable for improving forming accuracy, but might lead to
negative effects including shrinkage and cracking defects.

In addition to the fact that the contact line length (/) and
apparent contact angle (0) are changed by setting different in-
trinsic wettability (see Fig. 6), the values of / and 6 are co-
herently determined by the competitions among heat transfer,
phase transformation (melting/solidification), multiphase flow
dynamics (e.g., droplet impinging velocity), and intrinsic con-
tact angle. Once the local region of the contact area solidifies,
the morphologies of the deposited droplets and the values of
[ and O could be acquired. As compared to the apparent con-
tact angle, the contact line length has more significant influ-
ences on heat transfer and S/L phase transformation in the case
of multilayer depositions in DED-Arc additive manufacturing.
This is because the contact line length determines the rate of
heat dissipation from the deposited droplets to the cooler sub-
strate.

In the proposed overall factor set as the x-axis of Fig. 7,
d2 -|u|?- AT - (1 + cos 6), the value of d2 - |u|* is directly pro-
portional to the kinetic energy due to droplet impingement in
the two-dimensional system. The initial temperature differ-
ence between droplet and substrate, AT, is related to the heat
energy released during cooling and solidification. The term
of (1+cos®) in the overall factor correlates the contact line
length with the intrinsic wettability, which ranges from O to 1.
Thus, the proposed overall factor integrates the physical mean-
ings of kinetic energy, heat energy, and intrinsic wettability.
As a result of competition among multiphase fluid dynamics,
heat transfer, S/L phase transformation, and wetting behavior,
the bounding feature between the solidified droplet and sub-
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strate, e.g., the contact line length, is finally determined. Thus,
one can evaluate the contact line length by using the proposed
overall factor prior to the experiment, which is significant for
heat transfer efficiency and formability of additive manufac-
turing products.

The fluctuation of the 7—¢ curve in Fig. 9(a) exhibits that
the measured peak temperatures gradually decrease with time.
As more upper droplets impact the pillar, the heating effect
on the local position becomes weaker, so that the cooling rate
of the local position is gradually decreased. Accordingly, the
peak temperatures measured at the local position are lower
when later droplets deposit, as compared to the ones generated
by the earlier droplets. In addition, it is revealed in Fig. 9(a)
that there is a short plateau of the temperature curve as the first
droplet impacts and solidifies. This plateau is caused by the
effect of solidification latent heat, which alleviates the contin-
uous cooling trend of the temperature curve. The temperature
continues to decrease once the first droplet fully solidifies, un-
til the second droplet arrives. However, as more droplets im-
pact, the temperature variation due to latent heat could not be
detected at that position gradually. Thus, the plateau is nearly
unidentified as the second and latter droplets solidify. It is
noted that the values of cooling rate (~ 800 K/s) and tem-
perature gradient (~ 1 K/m) obtained from Fig. 9 are on the
same magnitudes of the corresponding data in DED-Arc addi-
tive manufacturing reported in the literature.>*! These levels
of cooling rate and temperature gradient generate millimeter-
sized coarse columnar dendrites in the additive manufacturing
product, as illustrated by both the simulation and experimental
results in Fig. 10. The formation of coarse columnar solidifi-
cation microstructure will lead to severe anisotropy on aspect
of mechanical property. The refinement of the solidification
microstructure of IN718 products fabricated by DED-Arc ad-
ditive manufacturing will be investigated through experiments

and numerical modeling in our future work.

6. Conclusions

A multiscale model is proposed for reproducing the evo-
lutions of flow field, temperature field, and columnar den-
drite microstructure during droplet impingement and the melt-
ing/solidification phenomena in DED-Arc additive manufac-
turing of a nickel-based alloy. On the macroscale, the flow
field is simulated by using the MRT multiphase LB model,
while the temperature field is calculated by using the LBGK
LB algorithm. The melting and solidification of the IN718
nickel-based alloy are described by using the Scheil-Gulliver
model. On the microscale, the CA model is used to simu-

late microstructure evolution. The solute transfer in the mi-

croscopic modeling is calculated by solving the equation of
Fick’s second law. The coupling of the macroscopic and mi-
croscopic models is realized through the algorithms of linear
interpolation in multidimensions.

The proposed macroscopic model is validated by com-
paring its simulation results with the analytical predictions re-
garding the S/L interface position and temperature, belonging
to the classical Stefan problem of phase change. The excel-
lent agreement between the simulated data obtained from the
macroscopic model and the analytical model demonstrates the
correctness of the proposed macroscopic model.

The macroscopic model is then applied to simulate the
interactions among droplet impact dynamics, convective heat
transfer, phase change (melting/solidification), and dynamic
wetting phenomena during droplet impingement on the sub-
strate. The morphological features of the solidified droplets
are coherently determined by several factors including the
droplet size (dp), impact velocity (u), droplet-substrate tem-
perature difference (AT), and intrinsic contact angle (8). The
contact line length (/) between the deposited droplet and the
substrate is found to be proportional to a defined overall factor,
d3 - |u|?- AT - (1 +cos 6y). The relationship of I o< d3- u)? -
AT - (1+cos6p) could illustrate the contributions of kinetic
energy, heat energy, melting/solidification, and intrinsic wet-
tability to the bonding features of the deposited material and
the substrate. In addition, the temperature histories and tem-
perature gradient at a local position are extracted and analyzed
in the case of multilayer droplet deposition. The cooling rate
and temperature gradient are evaluated at levels of ~ 800 K/s
and ~ 1 K/m, respectively, which compare well with the data
reported in the literature. After interpolating the evolving data
of the temperature field into the microscopic CA model, the
growth of columnar dendrites is simulated during solidifica-
tion in DED-Arc additive manufacturing. It is found that the
large columnar dendrites occupy several layers of the product,
agreeing well with the experimental metallograph. This study
not only reveals the complex interactions among heat transfer,
convection, melting/solidification, and wetting phenomena in
the multiphase system during the DED-Arc additive manufac-
turing, but also provides a methodology for the predictions
of formability and solidification microstructure of the IN718

nickel-based superalloy.
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