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In this work, we apply a multi-scale model combining finite-element method (FEM) and phase-field model
(PFM) to simulate the evolution of solidification microstructures at different locations within a molten pool
of an additively manufactured IN718 alloy. Specifically, the FEM is used to calculate the shape of molten
pool and the relative thermal gradient G' at the macroscale. Then, the calculated thermal information is
input into PFM for microstructure simulation. Finally, the morphology of solidification structures and
formation of Laves phase at different sites are studied and compared. We found that the solidification site
with a large angle between the temperature gradient and the preferred crystalline orientation could build
up a high niobium (Nb) concentration in the liquid during solidification but has less possibility of forming
continuous long chain morphology of Laves phase particles. This finding provides an understanding of the
microstructure evolution inside the molten pool of IN718 alloy during solidification. Further, the finding
indicates that the site with a large misorientation angle will have a good hot cracking resistance after

solidification.

Keywords Laves phase, micro-segregation, phase-field simula-
tion, solidification microstructure

1. Introduction

Due to high efficiency and low cost, the laser additive
manufacturing (AM) (specially, laser powder bed fusion
additive manufacturing) has been particularly of interest in
the rapid component manufacturing and parts repairing. AM of
nickel-based superalloys (Ref 1-4) attracts extensive research
interests. As a precipitation-strengthened Nb-bearing superal-
loy, IN718 shows excellent mechanical properties (Ref 5, 6).
These mechanical properties are related to the formation of
microstructures, e.g., cell/dendrite spacing and micro-segrega-
tion, during solidification. Several experimental and numerical
studies were focused on the microstructure features of Ni-Nb
alloy during AM (Ref 7-9). Specifically (Ref 10), solidification
conditions including temperature gradient G, pulling speed V,
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and cooling rate OT/Ot are critical to the evolution of
solidification structures. Changing those conditions can easily
alter the solidification morphologies from tilted dendrites to
seaweed-like structures (Ref 11, 12). In addition, during AM of
IN718, Nb is segregated into the liquid that controls the
formation of the Laves phases (Ref 13), which can dramatically
reduce the performance of IN718 (Ref 14). Although Fe and Ti
may also contribute to the formation of Laves phase, the role of
Nb segregation is more critical (Ref 13, 15-17). Hence,
understanding the formation of Laves phase becomes a
challenge to effectively improve the ultimate tensile strength,
fracture toughness, hot crack resistance and fatigue life, of
IN718 superalloy.

Since the direct observation of microstructure evolution by
experimental technology is very difficult due to the rapid
solidification during manufacturing process, numerical simula-
tion becomes a necessary alternative method, i.e., phase-field
method (PFM) [applied to a vast range of materials phenomena
including solidification and solid-state phase transformation
(Ref 18-22)] and cellular automaton (CA). Nie et al. (Ref 23)
combined finite-element method (FEM) and CA to study the
influence of solidification conditions (i.e., the cooling rate and
the temperature gradient) on the formation of Laves phase
particles during AM. Ghosh et al. (Ref 24) investigated the
primary spacing and micro-segregation in laser deposited Ni-
Nb alloys by combing FEM and PFM. However, in these
simulations, zero misorientation between the preferred crys-
talline orientation and the temperature gradient direction is
assumed in the simulation domain. In realistic laser AM
process, the solidification conditions are not always homoge-
nous along the solid-liquid interface in the molten alloy.
Moreover, the evolution of solidification microstructure can be
impacted by the location of domain in the molten pool, i.e., the
pulling speed V), varies depending on the position of solidifi-
cation sites (as well as temperature gradient G) (Ref 25). Yu
et al. (Ref 26) investigated the evolution of solidification
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microstructure by considering different misorientation angles in
a gas tungsten arc welding molten pool of an Al-4 wt.%Cu
alloy. They found that the solidification microstructure varies
from tilted dendrites to degenerated seaweeds as the misorien-
tation angle increases. Therefore, it is necessary to investigate
the morphology and distribution of the Laves phase particles
under the influence of solidification site (i.e., the misorientation
angles).

The goal of this work is to investigate the influence of
solidification site on the solidification structures and formation
of Laves phase of IN718 alloy during laser AM. A multi-scale
model combining FEM and PFM is applied. Specifically, we
employ FEM to obtain the geometry of molten pool and G at
the macroscale, and then input them to PFM for simulation of
dendrite growth at the microscale. Finally, the morphology of
solidification structures and formation of Laves phase at
different sites (different misorientation angles) are compared.

2. Methodology

2.1 Finite-Element-Based Thermal Model

To obtain the molten pool geometry, relative temperature field
and thermal gradient during laser AM of IN718, an FEM-based
heat transfer simulation is conducted based on ABAQUS™
platform, which is governed by the heat conduction equation

Table 1 Physical properties of IN718 superalloy and re-
lated parameters (Ref 23, 24)

Symbol Value Unit
Liquidus temperature, 7. 1678 K
Solidus temperature, 7 1643 K
Initial solute solution, c., 5.0 wt.%
Liquid diffusion coefficient, D 3.0 x 107° m?s”!
Liquidus slope, m — 10.5 K/wt.%
Anisotropy of surface energy, &, 0.03

Equilibrium partition coefficient, k. 0.48
Gibbs—-Thomson coefficient, I' 3.65 x 1077 Km
Capillary length, d, 8.0 x 1077 m

The solute concentration is normalized and represented by weight
percentage, as “wt.%”.

Temperature
1678

s =

1562.4
1446.8
1331.2
1215.6
1100

~

(a)

Fig. 1

I(pH(T))
ot

where T is the temperature, k is the thermal conductivity, p
represents the density, ¢ is the time and H(7) is the enthalpy
per unit mass, which incorporates the latent heat of phase
change (Ref 27). quser is the laser energy simulated using a
Gaussian heat source (Ref 24).

Consider the high difference of temperature between the
printed component and ambient, the convection and radiation
boundary conditions are imposed on the surface

V- (KVT) + Jlaser = (Eq 1)

KV - T = hee(Ta — T) + erksp (T — T*) (Eq 2)

where T, is ambient temperature, /.. is the heat convection
coefficient, &, kgg are the thermal radiation coefficient and
Stefan—Boltzmann constant, respectively.

2.2 Phase Field Modeling

The microstructural pattern formation during AM of IN718
is predicted by the quantitative PFM developed by Echebarria
et al. (Ref 28). The “frozen temperature approximation” is
adopted in which an imposed temperature gradient G is
translated along the z axis following T = T + G(z — V),
where T (z = 0, t = 0) is a reference temperature. In the PFM,
a scalar variable ¢ is introduced to distinguish the type of
phases at a fixed point and time. The field ¢ takes on the value
¢ = — 1 in the liquid phase and ¢ = 1 in the solid phase and
varies smoothly across the diffuse interface. The solute
concentration ¢ is characterized by a generalized supersatura-

tion field U:
( e 1)

1
1=k
where k. is the partition coefficient, c.. is the average solute
concentration in the far-away field. For cubic crystals such as
IN718, the fourfold surface energy anisotropy function in 2-D
system is approximated as

2kec/Coo
T+ke— (1 —ke

U (Eq 3)

a(ﬁ) = a(0) = 1 + ¢ cos 40 (Eq 4)
where &, is the anisotropy strength, 0 is the angle between
the interface normal and the axis z with 6 = arctan(d,$/0,¢).
Equation 4 can be further modified as

W N NN NN N NN NN NN NN NN RN NN SN RN NN RN NN RN NN RN N SN N R R R

M ———

(b)

Scanning
direction

Heat
source

——

(a) A representative temperature contour at the macroscale, of which unit is in Kevin (K); (b) schematic of the molten pool. The real-

time information, including shape of the molten pool, temperature field and thermal gradient, can be extracted from the thermal model
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Fig. 2 Simulated evolution of microstructure during solidification (misorientation angle 6, = 0°). Nucleation and growth of dendrites at
t =10,000A7 (1.61 x 1073 s) with (a) the phase contour and (b) the solute concentration of Nb, at ¢ = 17,000A¢ (2.74 x 1073 s) (c) the phase

contour and (d) the solute concentration of Nb, and at ¢ = 50,000A¢ (8.05 x 107> s) with (e) the phase contour and (f) the distribution of Laves
phase particles. The domain size is 80 pm x 80 um

Journal of Materials Engineering and Performance Volume 28(2) February 2019—659



Length unit: pm

Fig. 3 Morphology of Laves phases particles during solidification with the misorientation angle 6, = 0° at a low cooling rate: 1000 K s™' (a)
the solute concentration of Nb, (b) the distribution of Laves phase particles and (c) observation (Ref 23); and at a high cooling rate: 4000 K s~'
(d) the solute concentration of Nb, (e) the distribution of Laves phase particles and (e) observation (Ref 23)

a(ﬁ) =a(0+0y) =1+¢ cos4(0+ 0p), in which 0, means

the misorientation angle between the preferred crystalline ori-
entation and the temperature gradient direction.

The governing equations of ¢ and U are expressed as
follows (Ref 28)

toa(ﬁ) {1 —(1- ke)z_ th} ¢

It ot

=v. [W(ﬁ)ZW] +é— ¢ —g() {U—FZ_ VP’}

Ir
(Eq'5)
l+k 1-k \OU
< 2 2 "5)5
= V- | Da(#)FU +a(a)wii+ 1 —kJU]%—f%
1 o
+5[1+(1_ke)U}5
(Eq 6)

where g(¢) = (1 — ¢*)* is the double-well function which
ensures g(— 1) =g(1) =0, the function gq(¢)= (1 — ¢)2
dictates zero solute diffusivity in the solid phase. D is the so-
lute diffusivity in the liquid, /r = [m|c.(1 — k)/k/G is the

660—Volume 28(2) February 2019

thermal length as a function of thermal gradient G, m is the
liquidus slope. W and 7, are length and time scales represent-
ing interface width and relaxation time, respectively. Neglect-
ing the kinetic effect, physical quantities W = dyl/a; and
To = arAW*D are used to linked these parameters, respec-
tively, where a; = 0.8839 and a, = 0.6267 are numerical con-
stants, J is the coupling constant, do = I'/|lm|(1 — ko)ci is the
capillary length, I' is the Gibbs—Thomson coefficient, and
¢ = c./k. is the concentration on the liquid side of the inter-
face. The temperature T is connected with U and ¢ through
the term (z — V,f)/Ir, of which ¥}, is extracted from the melt
pool solid-liquid boundary given by the FEA simulations.

2.3 Simulation Details

Since we only focus on selected small regions in the molten
pool, the AM process can be treated as directional solidifica-
tion. Using a finite volume method and an explicit time March
scheme, Eq 5 and 6 are solved on a uniform mesh with a fixed
grid size of Ax/W, = 0.8. The size of the simulation domain is
80 um x 80 um with zero-flux boundary conditions for both ¢
and U. The value of W, is taken as 10 times smaller than the
dendrite tip radius (Ref 24), so we use 0.27 um as the
maximum interface width, which leads to a coupling constant 4
of 30. To ensure numerical stability, the maximum time step is
taken according to At < Ax’/(4D). As shown in Table 1, the
thermophysical parameters of IN718 superalloy are referred to
Ref 18.

Journal of Materials Engineering and Performance
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Fig. 4 Dendrite growth during solidification with different misorientation angles: (a) 6y = 10°; (b) 6y = 30°; (c) 6 = 40°; (d) 0, = 45°

3. Results and Discussion

3.1 FEM Simulation and Estimates of G and V,

Figure 1(a) displays a representative temperature contour
calculated using FEM, and Fig. 1(b) shows the schematic of a
2D molten pool: the blue region reflects the shape of the molten
pool, where g, and b, are the depth and rear length. V represents
the scanning speed, and the parameter o is the angle between
the directions of ¥ and ¥}, (as the scanning direction and the
dendrite growth direction). 7p and 7T are the temperatures of
the molten pool center and liquidus line, respectively. The value
of V, follows V,, = cos(a)V (Ref 29). Besides, the values ay, by,
Tp and Ty are obtained from FEM (aq; ~ 0.5 mm and b; = 1.6
mm).

The inputs of FEM calculation are: =10 mm s~ and
with the laser power of 1 kW. From the FEM simulation, we
note that G varies between 3.0 x 10° K m™' at the bottom to
0.5 x 10° K m™" at the solid-liquid interface along the molten
pool boundary. However, compared to the variation of 7}, from
0.175 mm s~ (a=89°) to 9.5 mm s~ ' (¢ = 10°) which is in
the range of rapid solidification processing, G plays a minor
role in the microstructure selection process (Ref 30, 31).
Therefore, we adopt the fixed values of G (10° K m™") and
o = 10° in the following phase field simulation.

1

Journal of Materials Engineering and Performance

3.2 Model Calibration

Here, we calibrate the simulation results (including nucle-
ation probability, see “Appendix” for details) with the results
from Ref 18. The simulation parameters are referred to Ref 18
under a fixed cooling rate (10° K s ') and temperature gradient
(10° K m™"); Fig. 2 shows the nucleation and dendrite growth
during solidification of IN718. Similar to Ref 18, the nuclei
(i.e., nucleus 1, 2 and 3) appear in the liquid phase during the
early stage of solidification and grow into columnar and
equiaxed dendrites, respectively, as shown in Fig. 2(a). The
nucleation site far away from the solid phase leads to the
equiaxed dendrite growth (see Nucleus 1). The nuclei which
forms near the solid phase (See Nucleus 2) shows typical
columnar morphology. Although a nucleus could formed in the
equiaxed mode at the beginning, it essentially grows in
columnar mode, due to limit spacing with the adjacent
columnar dendrites (see Nucleus 3 in Fig. 2a and c). Fig-
ure 2(b) and (d) displays the corresponding solute distribution
of Nb, where the growing solute concentration indicates more
Nb being rejected into the liquid as the solidification proceeds.
Further, the liquid of the IN718 alloy with a low concentration
of Nb transforms into the austenite phase () and liquid with a
high concentration of Nb transforms into the eutectic phase
(y + Laves phase) (Ref 23). It shows that eutectic transforma-
tion takes place when the concentration of Nb in the liquid is

Volume 28(2) February 2019—661



Length unit: pm

Fig. 5 The solute distribution of Nb with different misorientation angles: (a) 8o = 10°; (b) 0y = 30°; (c) 6y = 40°; (d) Oy = 45°. The maximum
concentration in each case is: (a) 15 wt.%, (b) 17 wt.%, (c) 20 wt.% and (d) 22 wt.%, respectively

greater than 23 wt.% (Ref 17). Thus, in the present simulation,
a magnitude of 23 wt.% is set as a criterion of eutectic
transformation in IN718 superalloy. That is, liquid with a
concentration of Nb < 23 wt.% transforms into the y phase,
and liquid with a concentration of Nb 2> 23 wt.% transforms
into the Laves phase (Ref 17, 32). Figure 2(e) and (f) shows the
final stage of solidification and the distribution of the Laves
phase particles (with the local solution field ¢ > 23%).
Moreover, Fig. 3(a) shows the solute distribution of Nb, and
Fig. 3(b) and (c) is the distribution of Laves phase particles
under low laser power and high laser power AM (the high laser
power generates low cooling rate as 1411 K s~ ', whereas high
cooling rate as 4473 K's ' is from the low laser power).
Figure 3(c) shows the solute distribution of Nb, and Fig. 3(e)
and (f) is the scanning electron microscopy images from Ref
18. The morphology of the Laves phase particles under
different cooling rates is reasonably predicted by the present
model showing a good consistency with the previous work and
the experimental observations.

662—Volume 28(2) February 2019

3.3 Micro-segregation Under Different Misorientation
Angles and Hot Crack Resistance

In this section, we simulate the dendrite growth and
formation of the Laves phase by choosing the domains with
different misorientation angles as 0y = 10°, 0, = 30°, 0, = 40°
and 0y = 45° due to the fourfold symmetry (without consider-
ing the nucleation probability). Figure 4 compares the solidi-
fication microstructures at the same height in z-direction. The
red arrow represents the temperature gradient, and the blue
dashed arrow indicates the primary dendrite growth direction.
The growth angle between temperature gradient direction and
the actual growth direction of primary dendrite is related to 0,
(Ref 33). It can be seen that the primary dendrites growth
direction approximately equals to the preferred crystalline
orientation rather than the direction of G. Meanwhile, the
solidification microstructure changes from tilted dendrites (see
Fig. 4a) to the degenerated seaweeds (see Fig. 4d) with respect
to the misorientation angles. Though the primary dendrite arm
spacing is proportional to the 0, (Ref 24, 26), the gap between

Journal of Materials Engineering and Performance
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Fig. 6 Formation of the Laves Phase under different misorientation angles: (a) 6y = 10°; (b) 6y = 30°; (c) 6y = 40°; (d) 0, = 45°

neighboring dendrites is filled by the growing secondary
dendrite arms (side branches).

The corresponding Nb concentration during solidification is
given in Fig. 5 for the completeness. The increase in the
darkness of red colors in the inter-dendritic region with the
increase in misorientation angle indicates that the larger the
misorientation angle is, the higher the solute concentration of
Nb in the liquid becomes (with the maximum concentrations as
(a) 15 wt.%, (b) 17 wt.%, (c) 20 wt.% and (d) 22 wt.%). It can
be explained in twofold: First, the dendrites grow faster with a
small misorientation angle, giving less time for high Nb
concentration to build up. Second, a complex local microstruc-
ture formed at high misorientation angles (45°) prevents Nb
being further diluted to the liquid far away from the solid—
liquid interface, i.e., two neighboring primary dendrites enclose
large amount liquid in the middle, as shown in Fig. 5(d).

The growth of side branches can effectively reduce the
formation of the Laves phase particles with long chain
morphology, as shown in Fig. 6. The distribution of Laves
phase particles is dominated by the continuous long chain at
0o = 10°, as the total number of continuous long chains is six
(see Fig. 6a). As the angle reaches 30°, a long chain is
separated by the growth of secondary dendrite arms into a
shorter one (see Fig. 6b). It is similar to the findings of previous
work that the side branches are beneficial to the formation of
discrete Laves phase particles (Ref 23), because in the growth
of tilted dendrite, the side branches of two neighboring parallel
dendrites are less developed to separate nearby liquid into
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several regions. Therefore, when the misorientation angles
reach 40° and 45° (Fig. 6c and d), more side branches join
neighboring dendrites and, hence, squeeze more liquid into the
relatively isolated, discrete regions (or shorter chains). Conse-
quently, the probability of the formation of the Laves phase
particles with long continuous chain morphology is reduced.
This finding shows that the solidification sites with large
misorientation angles have less possibility of forming Laves
phase particles with long continuous chain morphology during
solidification. The hot cracking is usually found in the
microstructure that contains Laves phase particles with long
continuous chain morphology, but the cracking is not often
observed in the microstructure with the discrete distribution of
Laves phase. Avoiding the long continuous chain morphology
can improve the hot cracking resistance of IN718 alloy (Ref
23). Hence, large misorientation angle can improve the hot
cracking resistance of IN718 alloy by reducing the formation of
Laves phase with long continuous chain morphology.

4. Conclusion

In this work, we studied the influence of solidification site
on the morphology of solidification structures and formation of
Laves phase of IN718 alloy during laser AM. A multi-scale
model combining FEM and PFM was applied. The FEM was
used to obtain the geometry and the temperature gradient G due

Volume 28(2) February 2019—663



to laser scanning. Then, the results were employed as inputs to
PFM. Finally, the morphology of solidification structures and
formation of Laves phase at different misorientation angles
were compared. We found that the solidification site with large
misorientation angle could build up higher solute concentration
in the liquid during solidification but with less possibility of
forming continuous long chain morphology of Laves phase
particles. Further, it indicated that, after solidification, those
possible sites with low hot crack resistance may have large
angle between the temperature gradient G and the preferred
crystalline direction during solidification. This investigation
provided an understanding of the microstructure evolution
inside molten pool of IN718 alloy during solidification.
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Appendix: Nucleation

The number of grains, dN; and dN;, that nucleate in the
volume of the liquid and at the solid/liquid interface during
each time step is calculated by using nucleation site distribu-
tions, M(AT) and N;(AT), respectively. These distributions can
be calculated assuming some experimental approaches similar
to those already used in deterministic models of solidification
(Ref 23, 32). Note that the solidification analysis is based on the
assumption of no grain movement in the liquid, and the
nucleation rate is (Ref 32)

ON oT
i —2HNATE(1 —55)
where the N is the number of the nuclei (note that we apply
N; and N; as the nuclei number in the liquid phase and at the
interface, respectively) and the f; is the fraction of solid. uy
is a nucleation parameter (in the liquid phase: ,u{\l =10° K2
m 2 or at the interface: 1 = 5%10° K2 m?) (Ref 23).
OT /0t is the undercooling rate and AT denotes the local
undercooling.

The nucleation probabilities in liquid and at the interface are
given as follows, respectively,

ONi ON;
N yo anddpi =

where N and N are the number of the nodes in the bulk
liquid and at the interface, respectively. In order to predict the
nucleation, a random number that ranges from 0 and 1 is gen-
erated by computer and compared to the magnitude of dp, or
dp;, corresponding to probabilities in the liquid and at the
interface, respectively. Once the random number is greater
than dp, or dp;, nucleation occurs in the liquid or at the inter-
face.

(Eq Al)

dpy = (Eq A2)

664—Volume 28(2) February 2019

Note that Nb is segregated into the liquid that controls the
formation of the Laves phases (Ref 13). Other elements, i.e., Fe
and Ti, can also contribute to the formation of Laves phase. It
has been, however, revealed that the formation of Laves phase
is mainly controlled by the segregation of Nb (Ref 13, 15-17).
Thus, in this paper, for the IN718 superalloy, we will focus on
the segregation of Nb.
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