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ARTICLE INFO ABSTRACT

Heterogeneous grain structure is a source of the inhomogeneity in structure and properties of the metallic
components made by multi-layer additive manufacturing (AM). During AM, repeated heating and cooling during
multi-layer deposition, local temperature gradient and solidification growth rate, deposit geometry, and molten
pool shape and size govern the evolution of the grain structure. Here the effects of these causative factors on the
heterogeneous grain growth during multi-layer laser deposition of Inconel 718 are examined by a Monte Carlo
method based grain growth model. It is found that epitaxial columnar grain growth occurs from the substrate or
previously deposited layer to the curved top surface of the deposit. The growth direction of these columnar
grains is controlled by the molten pool shape and size. The grains in the previously deposited layers continue to
grow because of the repeated heating and cooling during the deposition of the successive layers. Average
longitudinal grain area decreases by approximately 80% when moving from the center to the edge of the deposit
due to variable growth directions dependent on the local curvatures of the moving molten pool. The average
horizontal grain area increases with the distance from the substrate, with a 20% increase in the horizontal grain
area in a short distance from the third to the eighth layer, due to competitive solid-state grain growth causes
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increased grain size in previous layers.

1. Introduction

Inhomogeneity in microstructure and mechanical properties of
laser-assisted directed energy deposition (DED-L) additive manu-
facturing (AM) components are affected by the spatial distribution of
the grain structure [1-5]. Four unique attributes of the AM process
result in heterogeneous grain growth in AM components. First, the
evolution of the grain structure and solidification morphology depend
on the shape and size of the moving molten pool [6,7]. Convective flow
of liquid metal due to surface tension gradients on the top surface of the
molten pool often controls the pool geometry. Ignoring the effects of
molten metal convection may result in inaccurate pool geometry and
unreliable grain structure and solidification morphology. Second, al-
ready deposited layers experience repeated heating and cooling during
the deposition of successive layers [8]. These repeated temperature
variations affect the grain structure due to both partial melting of the
previous layer and growth of the grain structure in the solid state [9].
Third, in DED-L, alloy powders are melted by a laser beam and de-
posited on the top of a substrate or previously deposited layer. There-
fore, the top surface of the deposited layer is often in a curved shape.
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The shape and size of this curved top surface affect the direction of the
grain growth [10]. Finally, local temperature gradient and solidifica-
tion growth rate determine the solidification morphology and direction
of maximum heat flow from the molten pool to the substrate, along
which columnar grains tend to grow [11,12]. Both the local tempera-
ture gradient and the solidification growth rate depend on the specific
location within a part, as spatial variation of these parameters can occur
in different hatches and layers of the deposit. Therefore, effects of these
simultaneously occurring physical processes on grain growth need to be
considered in order to understand the causes of inhomogeneity in mi-
crostructure and properties of AM components.

In order to develop a comprehensive understanding of the role of
the aforementioned causative factors, a combination of both experi-
mental and theoretical approaches is needed. Since AM is a highly
transient process, it is difficult to accurately capture the temporal
evolution of grain growth by experiments alone. In addition, experi-
mental understanding of the spatial distribution of grain structure in
three-dimensions requires serial sectioning of the component at mul-
tiple planes. This approach is time consuming and often leads to con-
fusing results. For example, columnar grains may appear to have
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equiaxed morphologies at the plane sectioned perpendicular to their
growth direction. A recourse is to develop, test and utilize a three-di-
mensional grain growth model of AM process. Several attempts have
been made to model grain growth in AM. However, many existing grain
growth models are in 2D [13,14] that are unable to provide the spatial
distribution of grain structure and solidification morphologies for the
entire three-dimensional component. Often predictions of grain growth
are done for a single layer deposit [7,15]. These models do not take into
account the repeated heating and cooling on the grain growth in a
multi-layer deposit, and cannot take into account epitaxial growth from
previous layers as reported in the literature [16-18]. Molten pool shape
and size are often considered to be unchanged during the deposition
process [19]. These models fail to include the effect of heat accumu-
lation on the grain growth in a multi-layer deposit. Convective flow of
molten metal often dominates the mechanism of heat transfer in the
molten pool and thus governs the pool geometry. Calculated grain
structure and solidification morphologies using models that ignore the
liquid metal flow do not incorporate the influence of convective heat
transfer in microstructure development [13,20-22]. Calculated grain
structure and solidification morphologies using these models
[13,20-22] often do not agree well with the experiments. Grain growth
models often use simplified geometries to represent the deposited ma-
terial in order to reduce complexity and computation costs [13,20-22].
Note that the curved surface of DED deposits [15,23] can impose sig-
nificant constraint on the grain growth process. Some models neglect
spatial variations in temperature gradients and solidification front ve-
locities while coupling the grain growth model with heat transfer cal-
culations [19,24]. In this work a mathematical framework is developed
to reveal the effects of transient temperature field, molten pool and
deposit geometries, repeated heating and cooling, temperature gradient
and solidification growth rate on 3D spatial distribution and temporal
evolution of grain growth in DED-L.

Here we examine the temporal evolution and spatial distribution of
grain structure during multi-layer DED-L of Inconel alloy 718 (IN 718).
The three-dimensional transient temperature field, molten pool and
deposit geometries, and local values of temperature gradient and soli-
dification growth rate are essential for grain growth calculations. These
parameters are estimated using a well-tested heat transfer and fluid
flow model of DED-L [23], and then grain structures are calculated
using a three-dimensional Monte Carlo (MC) based method. The me-
tallurgical variables calculated from the heat transfer and fluid flow
model serve as critical input to the grain growth model. The calculated
grain structures are compared with independent experimental results.
Furthermore, the model is utilized to examine the roles of continuously
moving pool and repeated heating and cooling during multi-layer de-
position on temporal variation, spatial distribution and spatial in-
homogeneity of grain size and topology.

2. Methodology

The role of the causative factors on the evolution of the 3D grain
structure and solidification morphology are examined in two steps.
First, a well-tested heat transfer and fluid flow model of DED-L is used
to calculate three-dimensional transient temperature fields, molten pool
dimensions, local temperature gradients and solidification growth rates.
Second, based on the calculated results of the heat transfer and fluid
flow model, grain structure and solidification morphology are esti-
mated using a grain growth model. The grain growth model also cal-
culates grain structure and solidification morphology in two steps. First,
the solidification morphology is predicted based on the calculated
temperature gradient and solidification growth rate [2]. Second, grain
growth in the already solidified layers due to repeated heating and
cooling during multi-layer deposition is estimated using a MC method
based grain growth model. The methodology is explained in the fol-
lowing subsections.
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2.1. Assumptions

Several simplified assumptions are made in the heat transfer and
fluid flow simulation and the grain growth simulation to make the
calculations tractable.

(1) The liquid metal flow is assumed to be incompressible and
Newtonian. The effect of turbulence in the molten pool on heat
transfer is considered by using enhanced thermal conductivity and
viscosity of the liquid metal [25].

(2) The loss of alloying elements due to vaporization [1,8] and its ef-
fects on both heat loss and composition change are not considered
in the calculations. The heat loss due to vaporization is estimated to
be small compared to the heat input from the laser beam.

(3) Subgrain microstructure such as cells and dendrites are not con-
sidered. The proposed grain growth model focuses on the temporal
and spatial variation of the structure on the scale of grains.

(4) Epitaxial growth of grains from the partially melted existing grains
is assumed. The grain growth direction is determined by the local
maximum heat flow direction. The grain growth rate depends on
the local position at the solidification front of the molten pool [7].

(5) The solidification front is determined by the solidus isotherm [6].
The influence of undercooling on the deviation of the solidification
front are not considered for simplicity [1,26].

(6) The formation of precipitates and their effects on grain growth are
not considered for simplicity.

2.2. Estimation of 3D transient temperature fields and molten pool
geometries

Three dimensional, transient temperature fields and molten pool
and deposit geometries during DED-L of IN 718 are calculated through
a well-tested 3D heat transfer and fluid model. The model solves con-
servation equations of mass, momentum and energy in three dimension
to calculate the temperature and velocity fields, molten pool dimen-
sions and multiple thermal cycles during the multi-layer deposition
process. These equations are described in detail in our previous papers
[2,23,27-30], and the salient features of the model are presented in
Appendix A.1. Local temperature gradients and growth rates of the
solidification front are calculated based on the transient three-dimen-
sional temperature fields. The data [15,31,32] of the process para-
meters and the thermophysical properties of IN 718 used for the cal-
culation are presented in Table 1. The data [31,33,34] used to calculate
the surface tension and the temperature coefficient of the surface ten-
sion are presented in Table 2.

Table 1
Process parameters and thermophysical properties for the heat transfer and
fluid flow modeling of DED-L of IN 718 [15,31,32].

Variables Value
Laser power (W) 840
Laser scanning speed (mm s~ ') 10
Laser beam radius (mm) 1.1
Layer thickness (mm) 0.45
Solidus temperature (K) 1533
Liquidus temperature (K) 1609
Density (kg m™3) 8100

Thermal conductivity of solid (W 0.56 + 29 x 1072T — 7x10°° T2
—1p-1
m- K™7)

Specific heat of solid (J kg~ 'K~ 1) 360.4 + 0.026 T — 4x10° T?

Viscosity of liquid (kg m ™' s™%) 5x 1073
Latent heat of fusion (J kg’l) 2.1 x 10°
Coefficient of thermal expansion (K1) 4.8 x107°
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Table 2
Data used for the calculation of surface tension and its temperature coefficient
[31,33,34].

Variables Value
Surface tension at melting point, v, (N m~') 1.842

dy/dT at melting point, A (N m K™Y —-0.11
Surface excess of sulfur at saturation, I'; (mol m~2) 1.3 x107°
Enthalpy of segregation, AH® (J kg~ mol 1) —1.66 x 10°
Entropy factor, k; 3.18 x 1073
Gas constant, R (J K~ 'mol™1) 8.314

2.3. Calculation of the solidification morphology

A molten pool is generated under the irradiation of the laser beam
and the liquid metal solidifies at the trailing edge of the molten pool
during the cooling process of DED-L. The growth direction and the
growth rate of the solidifying columnar grains are dependent on the
characteristics of the molten pool which include the shape, size, and
moving speed. Columnar grains tend to grow epitaxially from the
partially melted grains in previous layers during the deposition of the
subsequent layers. Thus, prediction of the size and shape of the molten
pool are critical to the grain structure examination. In this work, the
temperature field data of the computed molten pool from the afore-
mentioned heat transfer and fluid flow model are imported to the grain
growth model to simulate the grain structure in multi-layer DED-L of IN
718. The methodologies for the calculation of the heat flow direction
and solidification rate at the solidification front of the molten pool are
presented in Appendix A.2. The grain structure developed during soli-
dification experiences further growth in the solid deposit.

2.4. Grain growth calculations in the already deposited layers

Multiple thermal cycles are experienced by a location in the deposit
during the multi-layer DED-L process [35,36]. Migration of grain
boundaries occurs in the solid region experiencing repetitive heating
and cooling processes. The grain growth process in the solid deposit is
simulated through the MC method [6,7,37-41] which originates from
Pott’s model [42]. The details of the algorithm and the application of
the MC method can be found in literature [6,7,37-41] and the salient
features relevant to the specific aspects of this work are presented in
Appendix A.3.

Repetitive re-heating and re-melting of the solid metal below the
depositing layer occurs, followed by the subsequent epitaxial growth of
the grains in the solidifying deposit during the multi-layer DED-L pro-
cess. Substantially elongated columnar grains are often generated
which propagate through multiple layers. Meanwhile, there are grains
produced and confined within the local layers and exhibit periodical
features due to the layer-by-layer process of DED-L. The interdependent
growth behavior of grains in the solidifying layers and the previously
deposited layers are modeled considering the characteristics of the
molten pool and the multiple thermal cycles as described above. The
data used for the calculation are presented in Table 3 [9,34,43-45].

2.5. Computation procedures

Cartesian coordinates are used in the models developed in this
work, as illustrated in Fig. 1. Unidirectional laser scanning directions
along positive x-axis are applied for the multi-layer deposition. The
build direction of multiple layers follows the positive z-coordinate. The
layer width direction from its centerline follows the positive y-co-
ordinate. Thus, the XY-plane represents the horizontal plane, the XZ-
plane represents the longitudinal plane, and the YZ-plane represents the
transverse plane.

The following procedures are carried out to complete the modeling
of the heat transfer, liquid metal flow, and grain growth processes for
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Table 3
Data used in the grain growth model for MC simulation [9,34,43-45].
Variables Value
Initial grid spacing, A (um) 12
Grain boundary energy, y (J m~?) 0.87
Accommodation probability, A 1.0
Average number per unit area at grain boundary, Z (atoms 1.1 x 10*°
m~2)
Activation enthalpy for grain growth, Q (J mol™%) 2.85 x 10°
Atomic molar volume, V,, (m® mol 1) 7.2 x10°%
Avagadro’s number, N, (mol ') 6.02 x 10%
Planck’s constant, h (J s) 6.624 x 10734
Activation entropy, AS, (J mol 'K™1) 10.7
Laser scanning direction
Symmetry
Deposit plane

Substrate

L S

Horizontal (XY-plane)
z
]
<
& Q\Q’Q
Longitudinal (XZ-plane) o\ Q(V

Fig. 1. Schematic view of the computational domain for the 3D model.

multi-layer DED-L of IN 718.

(1) The temperature and velocity fields, thermal cycles, and solidifi-
cation parameters are calculated through the heat transfer and fluid
flow model for multi-layer deposit.

(2) The temperature fields are interpolated from the heat transfer and
fluid flow model to the grain growth model utilizing linear inter-
polation technique.

(3) The temperature field progresses one step ahead and the growth
directions and growth rates of the columnar grains at the trailing
edge of the molten pool are calculated.

(4) In the solidifying layer, columnar grains near the trailing edge of
the molten pool grow epitaxially from the partially melted grains in
the substrate or previously deposited layers.

(5) Grains in the solid region evolve due to the locally experienced
thermal cycles, which affects the epitaxial growth of columnar
grains during solidification.

(6) Steps (2) to (5) are repeated until the multi-layer deposition process
has been completed.

3. Results and discussion
3.1. Effects of molten pool and deposit geometries on grain growth

3.1.1. Estimation of molten pool and deposit geometries

The width, length, depth, and profile of the fusion zone define the
geometry of the pool that develops during deposition of material. These
variables depend on the conductive heat transfer to the surrounding
substrate and on the distribution of heat due to surface-tension driven
fluid flow within the fusion zone. Fig. 2 shows the three-dimensional
temperature and velocity fields when the laser beam is at the mid
length of the track during the deposition of the first layer. The red re-
gion bounded by the liquidus temperature isotherm (1609 K) represents
the liquid region of the molten pool. The liquidus and solidus (1533 K)
temperature isotherms bound the two-phase region of the molten pool,
also called the mushy zone. Isotherms are compressed near the leading
edge and expanded near the trailing edge of the molten pool due to
scanning along the positive x-direction. In DED-L, the deposit is made
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Fig. 2. Three-dimensional temperature and velocity fields during the first layer
of DED-L of IN 718. Laser power: 840 W, scanning speed: 10 mm/s. (a) and (b)
show the views from the two sides of the deposit. (c) is the magnified view of
the boxed region in figure (b) near the molten pool. Scale bars are for the x-axis.
The scanning direction is along the positive x-axis.

by melting and accumulating powder particles. Therefore, the top
surface of the deposit is curved, with the height at a maximum at the
center and decreasing along the y-direction away from the center of the
deposit, as shown in Figs. 2(a-b).

Fig. 2(c) provides a closer view of the molten pool and shows the
measurements used to define the molten pool geometry. Black velocity
vectors represent the convective flow of the liquid metal driven by the
surface tension gradient on the top surface. The magnitude of these
velocities can be estimated by comparing their length with that of the
reference vector provided in Fig. 2(c). The flow velocity of the liquid
metal is on the order of 300 mm/s, which indicates that convective heat
transfer dominates the transport of energy within the molten pool. For
most alloys, the liquid metal flows from the center to the periphery of
the molten pool. However, the grade of IN 718 considered here has a
0.015 wt.% sulfur that acts as a surface active element [15] resulting in
a positive surface tension gradient (dy/dT). This results in a convective
flow from the periphery to the center of the molten pool, as shown in
Fig. 2. Inward flow of the liquid metal enhances the heat transfer along
z-direction from the heat source, leading to a deep molten pool
[46-48].

3.1.2. Evolution of grain structure depending on moving pool
The temporal variations of the molten pool dimensions are shown in
Fig. 3. As the deposition of a particular layer progresses, more heat
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Fig. 3. Variation of the molten pool dimensions with time during the first layer
for DED-L of IN 718. Laser power: 840 W, scanning speed: 10 mm/s.

accumulates in the build. That results in a continuous expansion of the
molten pool with time until a quasi-steady state is reached. In quasi-
steady state, the molten pool itself does not change over time, but the
temperature fields away from the pool are not necessarily constant. For
example, Fig. 3 shows that for the 1st layer the length, depth and width
of the molten pool reach quasi-steady state in around 0.8, 0.3 and 0.3 s,
respectively. It is evident from Fig. 3 that during the deposition of a
particular layer, the quasi-steady state is reached within a short time.
Quasi-steady state means that the local temperature gradient, G, and
the solidification rate, R, will effectively be constant for a given location
on the molten pool. Therefore, the quasi-steady state pool dimensions
can be used throughout the deposition process for predicting overall
grain growth, supporting the approach taken by Rodgers et al. [19].
However, it is noted that the time taken to reach quasi-steady state will
vary if the material and/or the processing parameters are changed [49].

Both G and R vary spatially [7,50], so local values are calculated
using the heat transfer and fluid flow model to predict the solidification
morphologies. For example, at the mid-length of the first layer at the
centerline of the trailing edge of the molten pool on the top surface the
values of G and R are 92 K/mm and 10 mm/s, respectively. These values
of G and R indicate that the grain morphology of that layer is columnar,
based on the literature [51-53], so grains will tend to solidify by epi-
taxial growth on the previously solidified grains. The G and R values for
the entire layer never reaches the value that indicates columnar
equiaxed transition (CET) for Inconel 718 [52,54]. The direction of
grain growth also depends on the local values of G. For example, co-
lumnar grains grow along the maximum heat flow direction determined
by the local values of the temperature gradient (G). In DED-L, the di-
rection of maximum heat flow from the molten pool is perpendicular to
the boundary of the molten pool at the trailing edge [2]. Fig. 4 sche-
matically shows that the growth direction of the columnar grains are
always perpendicular to the trailing edge of the molten pool. For a

Fig. 4. Schematic illustration of the progress of the columnar grain growth
based on the moving molten pool.
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Fig. 5. Evolution of the grain structure visualized in the longitudinal section
and the curved top surface of the sample during single layer DED-L of IN 718.
laser power: 840 W, scanning speed: 10 mm/s.

continuously moving molten pool in DED-L, the maximum heat flow
direction changes as the pool progresses. Therefore, the columnar
grains bend towards the scanning direction as shown in Fig. 4.

This phenomenon can be seen in Fig. 5, which shows the develop-
ment of the grain structure in three-dimensions as the molten pool
progresses during the first layer deposition. Grains are visualized with
coloring based on the arbitrary index number of the grain. The co-
lumnar grains produced during solidification grow epitaxially from the
partially melted equiaxed grains in the substrate. These long, columnar
grains bend and follow the trailing edge of the molten pool. The evo-
lution of the grain structure presented in Fig. 5 indicates that the soli-
dification process is constricted by the geometry of the moving loca-
lized molten pool. Causative factors for heat transfer and fluid flow
within the molten pool further affect the profile of the molten pool
[33,47]. Therefore, the resultant variable solidification conditions in-
fluence the temporal evolution and spatial distribution of the grain
structure.

3.1.3. Effects of pool and deposit shapes on grain structure

Fig. 6 shows that the calculated grain structure agrees well with the
experimental observation [15] in the transverse section of a single layer
sample of IN 718 deposited by DED-L. Both experimental and calculated
results show that the columnar grains grow from the fusion zone

Fig. 6. Comparison of the experimental (left) and calculated (right) results for
grain structure observed in the transverse section (YZ plane) for single layer
DED-L of IN 718. Laser power: 840 W, scanning speed: 10 mm/s. The experi-
mental result was adapted from the literature [15]. Fusion zone boundary is
marked by the yellow dashed lines. The various colors in the simulated results
represents the index numbers of different grains. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article).
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boundary towards the curved top surface of the deposit. The grain
growth angle predicted by the model agrees reasonably well with the
experiment. Fine grains near the molten pool boundary and coarse
grains near the upper center part are observed. Near the boundary of
the pool, where the pool is nearly orthogonal to the observed cross-
section, the grain growth direction is approximately in plane with the
transverse section, because columnar grain growth occurs perpendi-
cular to the molten pool boundary. In the other regions of the sample,
grain growth is out-of-plane, such that the full length of the columnar
grains is not observable. Calculated grain structures in the horizontal
and longitudinal sectional planes are further compared with corre-
sponding experimental observations in Fig. 7. The morphologies, sizes
and growth directions of the grains match well between the simulated
and experimentally characterized results, which demonstrate the va-
lidity of the 3D grain growth model developed in this study. A possible
source for the differences between the experimental and modeling re-
sults is the assumption that the grain growth direction is the same as the
maximum heat flow directions at all locations on the molten pool
boundary. This assumption provides computational efficiency although
the growth is a result of the competition between the maximum heat
flow directions and the easy growth directions. Comparison of grain
morphologies in multiple planes is necessary, due to the 3D geometry of
the molten pool. The elongated shape of the grains in Fig. 6 is not
visible in Fig. 7, due the grains being oriented nearly perpendicular to
the viewing planes.

3.2. Effect of repeated heating and cooling during multi-layer deposition

The aforementioned mechanisms of the grain growth for a parti-
cular layer repeats itself for multi-layer deposition. However, in a multi-
layer deposit the already deposited layers experience repeated heating
and cooling during the deposition of the upper layers. This results in
either re-melting or coarsening of grains in the already deposited layers,
depending on if the heating is sufficient to melt the previously de-
posited material. Therefore, the molten pool geometry is not the only
mechanism that influences grain sizes and shapes, because the thermal
history of the location also changes grain structure.

Fig. 8 shows the temporal evolution of the grain structure during 10
layers of DED-L of IN 718. The 2nd, 6th, and 10th layers serve as ex-
amples to demonstrate the variation of the grains with the progress of
the build. Partially melted grains at the trailing edge of the molten pool
serve as nuclei for the epitaxial growth of the columnar grains during
solidification. During the deposition of a particular layer, the layer
below is partially re-melted and re-solidified. For example, first layer is
re-melted during the deposition of the second layer as shown in Fig. 8.
This re-melting eliminates much of the curvature in the grain growth
caused by the curved surface of the deposit. The curvature seen in the
grains during the deposition of the second layer disappears by the time
the sixth layer is deposited, and the grains are long, straight columnar
grains angled normal to the lower portion of the molten pool.

Reheating and cooling of a particular layer can be understood by
calculating the variation of temperature with time for a particular lo-
cation of that layer. Fig. 9 shows the transient temperature variations
for four locations at the fourth layer while depositing fourth to eighth
layers. The locations A, B and C experience melting during the de-
position of the fourth layer. In addition, location A experiences re-
melting during the depositions of both fifth and sixth layers and loca-
tion B undergoes re-melting only during the deposition of fifth layer. In
contrast, monitoring locations C and D do not experience re-melting
during the depositions of subsequent layers. However, these two loca-
tions undergo multiple reheating and cooling in solid state. These re-
heating and cooling affect the temporal evolution of the grains and their
sizes. Fig. 10 shows the variations of the grain structure on a horizontal
plane that contains the location A, marked by a white circle, while
depositing the fourth through eighth layers. Fig. 10 (a) shows the grain
structure during the deposition of the fourth layer. The grains in this
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Fig. 8. Temporal evolution of the grain structure visualized in the longitudinal
central plane and the top surface of the deposit for ten layers DED-L of IN 718.
Laser power: 840 W, scanning speed: 10 mm/s.

sectional plane experience re-melting during the deposition of the fifth
and sixth layers, with the morphologies of the grains reformed during
re-solidification, as shown in Fig. 10 (b-c). During the depositions of
the seventh through eighth layers, the grains in this selected sectional
plane experience solid-state growth due to the repeated heating and
cooling, as shown in Fig. 10 (d—e). However, during the deposition of
the eighth layer, the solid-state growth is insignificant because of re-
latively low reheating temperature as shown in Fig. 9. Though this
phenomenon is only highlighted in one region, solid-state grain growth
occurs throughout the previously deposited layers when reheating
temperatures are high enough. Grains compete as they grow in the solid
metal via boundary migration driven by the reduction of total grain
boundary energy [9]. The grain structure formed during solidification
acts as the initial condition and thus affect the subsequent grain grow in
the solid metal. In this way, the geometry of the molten pool that
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Fig. 7. Comparison of the experimental and
calculated results for grain structure observed
in (a) and (b) horizontal sections (XY plane),
(c) and (d) longitudinal sections (XZ plane) for
single layer DED-L of IN 718. (a) and (c): EBSD
results taken from the literature [15], (b) and
(d): simulation results. Laser power: 840 W,
scanning speed: 10 mm/s. The various colors in
the simulated results represents the index
numbers of different grains.
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Fig. 9. Thermal cycles experienced at four monitoring locations, A-D, during
the deposition of the fourth to the eighth layers. The location A is 0.2 mm away
from the top of the fourth layer. The distance between the neighboring mon-
itoring locations is 0.45 mm.

determines the initial solidification structure and the solid-state grain
growth are intricately linked.

3.3. Spatial inhomogeneity in the grain structure of a multi-layer deposit

The spatial variations of temperature gradient and solidification
growth rate and the thermal cycles during multi-layer deposition result
in spatial inhomogeneity in the grain structure. Fig. 11 shows the
spatial distribution of the grain structure in a series of longitudinal
planes. The morphologies and dimensions of the grains appear sig-
nificantly different in these planes. In the central plane shown in Fig. 11
(a), elongated columnar grains propagating through multiple layers are
present. Moreover, it can be observed that these columnar grains are
inclined to the slope of the molten pool’s trailing edge. The inclination
angles of the columnar grains with the horizontal plane are about 60°
through the build height. The origin of the growth directions of these
columnar grains is from the solidification process constricted by the
moving molten pool. The local maximum heat flow directions at the
trailing edge of the molten pool are 0° on the top and 90° at the bottom
of the molten pool. The maximum heat flow direction is about 60° for
the major part through the depth of the molten pool. The growth



H.L. Wei et al.

Fig. 10. Monitored grain structure in a selected horizontal sectional plane (XY)
containing location A (Fig. 9) after the deposition of the (a) fourth layer, (b)
fifth layer, (c) sixth layer, and (d) seventh layer, (e) eighth layer. Location A is
marked with a white circle in all subfigures.

direction of a columnar grain varies dynamically with respect to its
local position at the trailing edge of the molten pool during the soli-
dification process.

The dynamic directional growth of the columnar grains appears in
the upper most region of Fig. 11 (a). However, as discussed earlier, the
curvature of the grains disappears as each layer is re-melted. The mi-
crostructure is predominantly composed of columnar grains with in-
clination angle of about 60° except in the uppermost region near the top
of the deposit. The unidirectional scanning direction of the laser beam
generates a quasi-steady state molten pool approximately 0.5 s after the
start of scanning in each layer, so the temperature gradient direction
remains constant throughout the build and allows epitaxial growth seen
in Fig. 11 (a) to occur. Fig. 11(b)—(d) show the longitudinal sectional
planes with distances of 60 pm, 240 um, and 840 uym from the long-
itudinal central plane, respectively. It can be observed that the grains
appear less elongated as the distance from the central longitudinal
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plane is increased. Moreover, the average area of the grains decreases
with larger distance from the longitudinal central plane. However, the
curvature of the molten pool is such that moving away from the central
plane, the grain growth direction is increasingly more perpendicular to
the longitudinal plane. The influence of the y-direction component on
the maximum heat flow directions increases with larger distances from
the central longitudinal plane, which correspondingly affects the
growth directions of the columnar grains. While the general grain
morphology is similar, i.e., columnar, heterogeneity in the planar cross-
sections occurs due to variations in the local growth directions of the
grains.

Fig. 12 shows the variation of the grain structure in series of hor-
izontal sections for a ten-layer build. Only the local sections of the
columnar grains with near equiaxed appearances can be observed in the
horizontal planes. Cross-sectional areas of the grains increase with
greater distance from the bottom of the substrate However, unlike the
longitudinal sections, the apparent shape of the grains remains similar
throughout the height of the build. Pool geometry is nearly constant
throughout the build, so there is no source for differences in the shape
of the grains for horizontal planes near the top and bottom of the build.
That said, increasing areas of the grains indicates that competitive
growth is playing a role in eliminating smaller grains from the substrate
and previous layers, meaning that epitaxial grow in higher layers occurs
on larger grains.

Quantitative variation of the average grain area and aspect ratio is
examined for series of longitudinal and horizontal sectional planes in
Fig. 13 and Fig. 14. The aspect ratio is the ratio of the height over the
width of a certain section of a grain, with height and width defined
relative to the vertical and horizontal axes of the plane, respectively.
The length and height of the selected longitudinal sectional planes are
4 mm and 3 mm, respectively. The bottom of the sectional plane coin-
cides with the bottom of the third layer. Three sets of measurements are
carried out in different regions along the laser scanning direction. The
areas of the grains in corresponding sectional planes are averaged with
the standard deviations displayed as the error bars shown in the figure.
The length and width of the horizontal sectional planes are 4 mm and
1 mm, respectively. The increment distance between two neighboring
longitudinal or horizontal sectional planes is 12 pm, which is the mesh
size of the grain growth model. The selected sectional planes are
schematically shown by the insets of Figs. 13 and 14.

Fig. 13(a) shows the average grain areas in the longitudinal sec-
tional planes dropping by approximately 80% when moving from the
center of the deposit to the edge. Fig. 14(a) supports the observation
from Fig. 11 that the grain size change is largely due to the changing
orientation of the columnar grains, because the aspect ratio approaches
unity as the distance from the central plane increases. Equiaxed grains
do not form with the calculated solidification conditions, so the change
in apparent aspect ratio must be due to columnar grain orientation
misalignment with the observed section.

In the horizontal sectional planes, the average grain area increases
with the build height as shown in Fig. 13(b). Average area of the grains
is overall much less than in the longitudinal sections due to the lack of
observed columnar grains, but there is still a 20% increase in grain size
over three millimeters of build height. Local variations of the grain
areas result from the periodical solidification and partial re-melting of
the deposited layers during the build process. In a single layer, the
sectional areas of the columnar grains increase with large distance from
the bottom of the layer mainly due to the heavier inclination of the
grains. When a layer is partially re-melted and grains in the new layer
continue to grow, the grain areas undergo the above variation once
again. Variation of the aspect ratios of the grains in the horizontal
planes is minimal, especially compared to the longitudinal planes.
Fig. 14(b) shows the average aspect ratio of the grains remains close to
2.0, indicating only a slight elongation of the grains. The nearly con-
stant aspect ratio suggests that grain area increases are due to actual
increases in grain size, and that it is not due to grain orientation change
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Fig. 11. Spatial variation of grain structure visualized in series of longitudinal sections (XZ planes) for 10 layers DED-L of IN 718. (a) - (d) are sectional planes with
distances of 0.0 um, 60 um, 240 um, and 840 um from the longitudinal central plane (y = 0 um), respectively.
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Fig. 12. Spatial variation of grain structure visualized in series of horizontal sectional planes constructed for 10 layers DED-L of IN 718. (a) 1.5 mm, (b) 3.5 mm, (c)
6.0 mm from the bottom of the substrate. (d) schematic showing the approximate locations of the horizontal planes within the part.

like in the longitudinal sections. This further supports earlier discussion
suggesting that competitive grain growth causes the average grain size
in the previously deposited layers to increase. Because of epitaxial
growth, the size of solidified grains is largely dependent on the size of
the previous layers’ grains.

This heterogeneity has implications for both characterization of
microstructure and mechanical properties. The strikingly different ap-
pearances of the columnar grains demonstrated in various sectional
planes indicate that the selection of the 2D sectional planes for grain
structure examination has significant influences on the characterization
results. The 2D sections of the columnar grains shown in Fig. 11(c) can
be misleading since the cross-sectional view of columnar grains may
appear to have equiaxed morphologies. Even with electron backscatter
diffraction to show the orientation of the grains, such as experimental
results in Fig. 7(a) [15], it is not always clear from a single cross-section
if grains are columnar grains oriented with a temperature gradient
perpendicular to the viewing section or randomly oriented equiaxed
grains. Consequently, assessment of the representative grain size for a
part is difficult with only a single cross-section. If determining material
strength from Hall-Petch type relationships, heterogeneity introduces a
source of significant error. Variations in grain areas between the
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horizontal and longitudinal planes seen in Fig. 13 may also lead to
anisotropic material properties when loading in the horizontal and
longitudinal planes.

In brief, the solidification process is influenced by the moving
molten pool geometry, the curved surface of the deposit, re-melting and
re-solidification of previous layers, and solid-state grain growth during
multiple heating and cooling cycles. These factors produce the non-
uniform, heterogeneous grain structure in AM. Furthermore, thorough
examination of the grain structure through a single sectional plane can
be a poor representation of the overall grain structure. The research
presented in this work highlights the challenges faced by the experi-
mental characterization of the 3D microstructure and provides insight
about the grain structure due to a unidirectional laser scanning
strategy.

4. Conclusions

The temporal evolution and spatial distribution of the three-di-
mensional grain structure and solidification morphology are elucidated
during the multi-layer laser deposition of Inconel 718. Three-dimen-
sional transient temperature fields, fusion zone geometries, and the
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Fig. 13. Variation of the average grain areas in series sectional planes: (a)
longitudinal planes with larger distances from the longitudinal central plane,
(b) horizontal planes with larger distances from the bottom of the third layer.

local temperature gradient and solidification growth rate are estimated
using a well-tested heat transfer and fluid flow model of DED-L. The
computed results of grain structures in three orthogonal planes agreed
well with the independent experimental data. Below are the specific
findings.

(1) The continuous movement of the molten pool during the deposition
of a particular layer facilitates the epitaxial growth of the columnar
grains that follow the direction of maximum heat flow from the
molten pool to the substrate. It has been found that the grains start
growing perpendicular to the molten pool boundary and continue
up to the curved top surface of the deposit.

(2) Repeated heating and cooling during the deposition of successive
layers has significant effect on grain growth. For example, average
grain size in lower layers was found to increase because of the re-
melting of the layers and the subsequent epitaxial growth during
solidification. Moreover, grains grow due to the repeated heating
and cooling during the deposition of upper layers. However, after
depositing four layers in the case of this work, the effect of heating
and cooling in lower layers becomes insignificant and the grain size
remains constant.

(3) The average longitudinal grain area decreases by approximately
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Fig. 14. Variation of the average aspect ratios of the grains in series sectional
planes: (a) longitudinal planes with larger distances from the longitudinal
central plane, (b) horizontal planes with larger distances from the bottom of the
third layer.

80% when moving from the center to the edge of the deposit. Such
variation originates from the variable growth directions of the co-
lumnar grains that are dependent on the local curvatures of the
moving molten pool.

(4) The average horizontal grain area is found to increase with distance
from the substrate, with 20% increase in the horizontal grain area
from the third to the eighth layer. Competitive solid-state grain
growth causes increased grain size in previous layers. Epitaxial
growth from previous layers means that as grain size of the previous
layers increases, so too does the grain size of the current layer.
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Appendix A. Transport process and grain growth model for DED-L of IN 718

A.1. Heat transfer and fluid flow model for DED-L of IN 718

In DED-L, the deposit is formed due to the accumulation of the molten material on the substrate or previously deposited layers. Therefore, the
deposit takes a crown like shape with the height being tallest at the center and decreasing with the distance from the center. The shape and size of
this curved deposit depend on the powder mass flow rate, scanning speed and the efficiency of the molten pool to catch depositing powder and are

calculated based on the methodology proposed by Knapp et al [23].

The total heat energy supplied by the laser beam in DED-L process is absorbed in two steps [1]. First, a part of that energy is absorbed by the
powders during their flight from the nozzle to the deposit. Second, the powders deposited on the build absorb heat and melt. The first part of the
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energy is considered using a volumetric heat source and the second part is modeled using a surface heat flux whose intensity varies in a Gaussian
manner [23].

The boundary conditions for the energy conservation equation include convective and radiative heat losses from the surfaces of the deposit and
substrate. With the progress of the deposition, the total surface area of the deposit increases and the boundary conditions are updated. Spatial
variation in pool surface temperature creates a surface tension gradient that drives the convective flow of molten metal inside the pool. The
temperature gradient along the 3D curved surface (G) has three components along the x-, y-, and z-directions (G,, G,, G,, respectively). The
Marangoni stress at any point on the curved surface along the x-, y-, and z-directions, respectively, is [27],

du dy

= —— = =G4

TR T dr (A1)
dv dy

=u— =—-Lg¢

SR = ar® (A.2)

L=ydw_dy

TRy Tar ™ (A.3)

where T is the temperature, vy is the surface tension, y is the viscosity of the liquid metal, r is the radial distance from the central axis of the heat
source, and u, v, and w are the velocities of the liquid metal along the x-, y-, and z-directions, respectively. The value of surface tension gradient with
respect to temperature (dy/dT) for most alloys without surface-active element is a negative constant [33,46,47]. However, for the IN 718 alloy
considered here, sulfur acts as a surface-active element and consequently surface tension varies with temperature. It has been reported that the
behavior of sulfur in IN 718 can be assumed to be similar to that in Fe-Cr-Ni alloys [34,55]. The local surface tension of the alloy, v, in the liquid
metal is calculated by [33,46,56,571]:

Y =¥n — AlT — Tl — RTIIn[1 + Kay] (A.4)
AH®
K=k
leXp( RT ) (A.5)

The temperature coefficient of surface tension, dy/dT, can be calculated by differentiating Eq. (A.4) with respect to T [33,46]:
dy

KC TIL,AH®°
& o _A—RGIn[1+KC] — s
T sl I-Tixc 7 (A.6)

where vy, is the surface tension of the pure material at the melting point T, A is the negative of the temperature coefficient of surface tension, T is the
local temperature of the molten metal, R is the gas constant, I's is the surface access at saturation, K is the adsorption coefficient, k; is a constant
related to the entropy of segregation, AH" is the standard heat of adsorption, and a; is the activity of sulfur which is its weight percent in the material.

A.2. Calculation of maximum heat flow direction and solidification rate

For polycrystalline materials such as the IN 718 alloys studied in this work, the grain growth direction coincides with the local maximum heat
flow direction at the trailing boundary of the molten pool. The direction of heat transfer at the local site of the molten pool boundary is normal to the
isosurface and can be computed by [7]:

VT = a—Ti + a—Tj + a—Tk
ox dy oz (A7)
where T is the local temperature and i, j and k are unit vectors along the laser scanning, width, and build directions, respectively. The temperature

gradient is the magnitude of VT, which can be calculated as [58]:

[ P 2 2
G=IVTIl = '(a—T) + (a—T) + (a—T)
\/ ox dy 0z (A.8)
The local growth direction of a columnar grain varies with its actual position at the trailing edge of the molten pool according to Eq. (A.7). For
example, a grain tends to grow along the vertical direction near the bottom of the molten pool in the longitudinal central plane due to the dominant
heat flow along the z-direction. When the same grain progresses to the near surface region, it alters to grow near horizontally due to the dominant
factor of the x-direction heat flow. These local heat flow directions are computed at each time-step during the moving process of the molten pool
according to Egs. (A.7) and (A.8). The growth directions of the columnar grains vary correspondingly with the maximum heat flow directions in the
3D computational domain for multi-layer deposition.
Apart from the variable local growth directions of the columnar grains, the local growth rates of the columnar grains change correspondingly
during the solidification process. The angle, 6, between the grain growth direction and the laser scanning direction is calculate by:

080 = —dT/dx
=— (A9)
The local grain growth rate, R, can be calculated respect to the laser scanning speed, v, as:
R =v-cosf (A.10)

Egs. (A.9) and (A.10) indicate that the local growth rate of a columnar grain is zero at locations where the heat flow direction is perpendicular to
the laser scanning direction. Thus, the zero values of R appear at the dividing line separating the leading melting interface and trailing solidification
interface of the molten pool respect to the solid metal. Moreover, the maximum value of R appears at the trailing point of the solidification surface on
the top surface where the heat flow direction is parallel with the laser scanning direction. Therefore, upon the initialization of a columnar grain
starting at the dividing line for melting and solidification in the 3D domain, the local growth rate for that grain increases gradually as the
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solidification progresses.
A.3. Monte Carlo method to calculate grain growth in already deposited layers

The migration of the grain boundaries in the solid deposit is simulated through MC technique. The grain boundary energy is represented by the
interaction between nearest neighbor lattice sites, with unlike orientations resulting in higher total energy. The kinetics for the migration of grain
boundaries are simulated by examining the variation of the system energy through randomly changing the orientation of a site to one of the
orientations of its nearest neighbors. Initially all grids in the solid region are assigned a random integral number between one and q representing the
orientation. The value of q is 48, which specifies the total number of possible grain orientations. The grids in the liquid region have an index of zero.
The probability, p, to select a site depends on thermal cycles that the site experiences and can be calculated by [6,7,37]:

_ _tucs
IMesmax (A.11)

where tycs is the MC time for a local site and tycspax is the maximum MC time for all the sites in the computation domain. Grain boundary migration
model is used to calculate ty;cs considering the thermal cycles and the material properties [6,7,37]:
1
: Lo
1 | YAZVy as ik Q N 1

tues = { —— | M g4Sa Atexpl——=||+L¢| - =
MCS KA Neh Zi i eXp RT, 0 K
(A.12)
where A is the grid spacing, K; and n; are model constants, y is the grain boundary energy, A is the accommodation probability, Z is the average
number of atoms per unit area at the grain boundary, V,, is the atomic molar volume, N, is Avogadro’s number, h is Planck’s constant, AS, is the
activation entropy, Q is that activation enthalpy for grain growth, T is temperature, R is the gas constant, L, is the initial average grain size, and t is
time.
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