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a b s t r a c t
During multi-layer additive manufacturing, multiple thermal cycles and addition of dissimilar-metal
powder, even functionally graded materials (FGMs), lead to complicated transport phenomena and solidification behavior in the molten pool, which significantly impact the microstructure evolution and
mechanical properties of deposited part. In this study, a predictive three-dimensional numerical model
is developed to understand the multi-physical processes such as thermal behavior, Marangoni effect,
composition transport, solidification behavior, and dendrite growth in multi-layer additive manufacturing of Ni-based alloy on cast iron. Dimensional analysis is performed to simplify the force balance equation on the liquid-gas interface, which determines the dynamic profile of molten pool. The conservation
equations of mass, momentum, enthalpy and concentration are solved in parallel. Transient temperature
distribution and thermal cycles at different locations are obtained. The solidification parameters at the
liquid-solid interface are evaluated to interpret the solidification microstructure. The distribution of alloy
elements and composition profile (Ni and Cr) are also present and compared with the relevant experimental results. The results show that the cooling rate declines progressively as the subsequent layers
deposit, which results in the coarser solidified grains in the upper of part. Even though the powder
and substrate can be efficiently mixed to be a homogeneous molten pool, a non-uniform concentration
distribution is observed at the bottom of the deposited part, which agrees well with the experimental
composition profile using Energy Dispersive Spectrometer (EDS).
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Laser powder blown additive manufacturing is an advanced
manufacturing process for near-net-shape materials, even functionally graded materials (FGMs), in aviation, aerospace, automobile,
and other industries [1,2]. During this process, multi-physical and
multi-scale phenomena simultaneously occur and impact the
microstructure and mechanical properties of parts. The metallic
powder flow interacts with the focused laser beam before depositing on the base metal. A molten pool is rapidly formed on the surface
of the substrate. The addition of powder and solidification of molten
pool result in the formation of macro-structure along the laser scanning path. Temperature gradient on the surface of molten pool leads
to a significant spatial gradient of surface tension, which drives a
strong convection of liquid metal (Marangoni flow) and facilitates
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convective heat and mass transport in the molten pool [3,4]. Multiple thermal cycles due to the bidirectional laser scanning and composition redistribution owing to the addition of dissimilar-metal
powder affect the microstructure evolution and mechanical properties of deposited layers [5,6]. In order to design the suitable process
parameters and regulate the microstructure evolution, composition
distribution and mechanical properties of the manufactured part, a
thorough understanding of the details of transport phenomena,
Marangoni effect, and solidification behavior is crucial [7]. What is
required but currently unavailable is a predictive, well-tested,
multi-physical process model. It can be utilized as a foundation
for understanding the basic physical phenomena and selecting the
key process parameters, and forming parts with sound microstructure, non-defect, and excellent performances based on scientific
principles.
Because of difficulty in modeling and high computational costs,
most current models concentrated on the single-track additive
manufacturing process. A transient 3D numerical model was built
to obtain the thermal distribution and velocity field within the
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molten pool during additive manufacturing process [8]. In order to
simulate the powder addition process, a computationally intensive
approach, Level-Set method, was introduced into the numerical
model to capture the liquid-gas interface of molten pool [9]. Sets
of dimensionless conservation equations were established and
solved to examine the molten pool dimensions, temperature distribution and cooling rate in direct laser deposition [10]. Gan et al.
proposed a heat transfer and multicomponent mass transfer model
to predict the thermal behavior and composition profile in laser
additive manufacturing. Some key solidification parameters such
as temperature gradient, growth rate and cooling rate were also
evaluated based on the temperature field [11].
With the development of Laser Engineered Net Shaping (LENS)
and three-dimensional laser repairing, it is very urgent to understand the transport phenomena and solidification behavior in the
multi-layer and multi-track process [12,13]. A mathematical model
in multi-track laser hardening of AISI 4140 steel was proposed to
investigate multiple hardening and overlapping passes [14]. A 3D
heat transfer finite element model was used to obtain the molten
pool geometry, thermal cycles and hardness distributions in laser
additive manufacturing [15]. Numerical simulation of heat transfer
and its influence on the scale and morphology of microstructure in
electron beam additive manufacturing of IN718 was reported. The
columnar to equiaxed transition was examined by using an
improved grain growth model [16]. However, in above studies, liquid metal flow within the molten pool was neglected, which has
been proven to be the dominative mechanism of heat and mass
transfer in the molten pool [11,17].
Few researchers considered the liquid metal flow (Marangoni
effect) within the molten pool during the multi-track or multilayer additive manufacturing process [18–20]. A two-dimensional
(2D) transport phenomena model in multi-layer additive manufacturing was reported. An arbitrary Lagrangian-Eulerian Method
(ALE) was implemented to track the liquid-gas interface of molten
pool [18]. A predictive heat transfer and fluid flow model was proposed during the double-track additive manufacturing process.
Heat transport, fluid flow, and dynamic surface evolution were

included in the simulation [19]. Debroy et al. developed a transient,
3d, transport phenomena numerical model for the multi-layer
direct laser deposition with coaxial powder feeding [20]. The evolution of experimental solidification texture was also evaluated in
comparison with the numerical simulation [5]. Although the additive manufacturing of dissimilar-metal powder (i.e. compositions
of the powder are different from that of the substrate) and the
FGMs have been used in the fields [21–23], the solidification
behavior, mass transfer, element redistribution, and solute segregation have not been thoroughly understood in multi-layer or
multi-track additive manufacturing.
In this paper, in order to understand the heat transport, solidification behavior and solute transport in multi-layer additive manufacturing, a 3D, transient, heat and mass transfer, and liquid metal
flow numerical model is developed for the laser additive manufacturing of Ni-based alloy on cast iron. The conservation equations of
mass, momentum, energy and concentration are solved using a
boundary-fitted curvilinear coordinate system to consider the
transient changes in the geometry. Temperature distribution and
thermal cycles at different locations can be predicted. Based on
the computed temperature distribution, the solidification parameters at the liquid-solid interface are evaluated to interpret the evolutional microstructure. Furthermore, the redistribution of alloy
elements and composition distribution during the process is present. The computed molten pool geometry and composition profile
are compared with the relevant experimental results.
2. Numerical modeling
The multi-physical phenomena in the multi-layer additive manufacturing are shown in Fig. 1. The assumptions used in this study
are listed [20,24]:
1. The liquid metal flow within the molten pool is laminar,
incompressible, and Newtonian.
2. The surface tension is temperature-dependent and
composition-independent.

Fig. 1. Multi-physical phenomena in multi-layer additive manufacturing.
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3. The heat flux of laser beam and concentration flux of powder
flow is Gaussian.
4. The heat loss due to thermal radiation is ignored in this
study.
5. The heat loss and composition loss resulting from the liquid
metal vaporization is ignored.
6. The mushy region where the temperature is from solidus to
liquidus is an isotropic porous medium.
7. The momentum due to the metallic particle impacting the
molten pool is ignored.
8. The diffusion transfer in the solid phase is ignored.
9. A pseudo-binary equivalent is assumed for the multicomponent alloy in solidification modeling.
10. Microsegregation of solutes during the solidification process
is disregarded.
2.1. Conservation equations
The conservation equations of mass, momentum, heat and concentration in the domain are present in Eqs. (1)–(4) [11,17].

@ q @ðqui Þ
¼ 0;
þ
@xi
@t

ð1Þ

@ðqui Þ @ðqui uj Þ
@
þ
¼
@t
@xi
@xi






2
@u
@p
@
@u
ð1  f Þ
l j  þ
l j  K 0 3 l ui
@xi @xj
@xi
@xi
fl þ B
ð2Þ



@ðqcp TÞ @ðqui cp TÞ
@
@T
@ DH @ðqui DHÞ

þ

¼
k
@t
@xi
@xi
@xi
@t
@xi




@ðqCÞ @ðqui CÞ
@
@C
@
@ðC  CÞ
þ
þ
¼
qD
qD l
@t
@xi
@xi
@xi
@xi
@xi
@

ðqf s ðC l  C s Þui Þ
@xi

ð3Þ

ð4Þ

2.2. Boundary conditions
The Gaussian heat flux of laser beam at the liquid-gas interface
is defined as,

2Q ð1  gp Þgl
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where Q represents the laser power, gp represents the fraction of
the laser energy absorbed by the in–flight powder, gl represents
the fraction of the laser energy absorbed by the base metal, rb rep-

ð6Þ

where x represents the angular frequency of the near-infrared laser
and e0 is the permittivity of free space. The temperature-dependent
resistivity Re(T) (lX/m) for liquid Ni-based alloy is empirically formulated as [30],

Re ðTÞ ¼ 1:251 þ 1:346  104 T

ð7Þ

The powders are interacted with the laser beam after being
ejected from the nozzle. The absorbed heat by in-flight powder
depends on the powder size, velocity of the gas, powder properties,
laser energy density, and residence time. The laser energy
absorbed by laser-powder interaction is expressed as a source term
in the energy equation:

Sener ¼

2Q gp

pr2b d
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!
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where d represents the depth of the molten pool, which is determined iteratively. The corresponding boundary conditions for the
momentum equations at the liquid-gas interface, including the surface tension and thermocapillary force, can be defined as [18],

F L=G ¼ rnj  rs T

where t represents the time, uj is the jth component of velocity, l
represents the viscosity, p is pressure, and T is the temperature, cp
denotes the specific heat, q is the density, k is the thermal conductivity, C and D represent the concentration and the diffusion coefficient of element. The fourth term on the right side of Eq. (2)
formulizes the frictional dissipation in the mushy region [25]. The
mass transfer is simulated based on Eq. (4). The second and third
terms on the right side of Eq. (4) are the solute partitioning at the
solid-liquid interface [26]. DH represents the latent enthalpy content of the fusion. The detailed of conservation equations have been
reported in our previous study [11,17].
In order to fit the curved surface profile of molten pool, a
nonorthogonal deformable grid is implemented in this study. The
above conservation equations are transformed from the Cartesian
to the curvilinear coordinate system based on the theory of coordinate transformation [27]. The detailed deducing of coordination
transformation and transformed conservation equations are available in the published literatures [28].

qener ¼

resents the radius of the laser beam, Vs represents the scanning
speed of laser, hc represents the heat transfer coefficient, T0 represents the ambient temperature. gl is a crucial coefficient that
depends on both of material and temperature. Hagen-Rubens relationship is a plausible estimation of the near-infrared laser absorptivity [29]. gl(T) is estimated from the temperature-dependent
electrical resistivity of the material Re(T) by the following formula,

dr
dT

ð9Þ

where r represents the surface tension of liquid metal, n is the normal of surface, j represents the curvature of surface.
The corresponding boundary conditions for concentration equations at the liquid-gas interface are formulated as follow [11],

!
2mf gm
2ððx  V s tÞ2 þ y2 Þ
qi ¼ vi
exp
r 2p
Mi pr 2p

ð10Þ

where qi is the concentration flux of the ith component of powder,
mf represents the powder flow rate, gm represents the powder
catchment efficiency, rp represents the radius of powder flow. vi
represents the molar fraction of the ith component of powder and
Mi represents the molar mass of the ith component of powder.
2.3. Liquid-gas interface profile of molten pool
Due to the addition of powder, the liquid-gas interface of molten pool becomes a curved surface. Assuming the flat surface of
molten pool will lead to the overestimation of thermal behavior
and mass transfer [31]. In order to describe the dynamic surface
of molten pool, surface tracking [18] or surface capturing methods
[3,9] are highly computationally intensive. Dimensional Analysis
method [32] is utilized to obtain a simplified equation for the surface profile of molten pool. At quasi-steady-state, the profile of
liquid-gas interface of molten pool is derived from the force balance acting on the liquid-gas interface [10],

r
R

þ 2l
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@n
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where r represents the surface tension, n represents the normal of
surface pointing inward to liquid phase, R represents the radius of
curvature, v represents the vector of velocity, p1 represents the
ambient pressure, Hc represents the built-up height. For estimating
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the magnitude of each term in Eq. (11), some dimensionless parameters can be defined as below [32].
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Based on the previous calculation results [11], the order of magnitudes of Ca, We, and Bo are 101, 104 and 102, respectively. It
implies that velocity and gravitational terms could be ignored in
comparison with the surface tension and differential pressure
terms. Thus, in this study, the effect of convection within the molten pool on the free surface profile is neglected. The liquid-gas
interface profile of molten pool is calculated by minimizing the total
energy of the surface. The total energy of surface involves the surface energy due to the surface curvature and the differential pressure due to impact of the metallic powder. The total energy is
therefore given by the following equation [33]:
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where s denotes the top surface of the computational domain, the
variable / is the configuration function of the molten pool surface
that represents the elevation or depression across a datum level
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where the radius of laser beam, rb, is selected as characteristic
length, U0 is the speed of heat diffusion, which can be selected as
the scale of velocity. h is the specific sensible enthalpy. The subscripts 0 and 1 denote the reference and ambient condition,
respectively. The Capillary number (Ca), Weber number (We) and
Bond number (Bo) are defined. Ur is selected for estimating the fluid
inertia within the molten pool [10].
The shape equation for the liquid-gas interface is nondimensionalized as,

ZZ

(initial surface of substrate). Pd means the pressure owing to the
injection of metallic powder, which is assumed to be zero in this
study. Detailed procedure for minimizing of the total surface
energy, Eq. (13), is available in published literatures [33]. Eqs.
(14) and (15) can be solved for obtaining the surface profile of molten pool,
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where k denotes the Lagrange multiplier. Eq. (14) formulizes the
force balance equation at any time, and Eq. (15) denotes the corresponding constraint equation that the deposited volume is equal to
the amount of powder fed into the molten pool zone. Subscript mp
means the molten pool zone, z0 represents the initial z location of
the substrate top surface, qm is the density of powder.
2.4. Numerical solutions
A six-layer additive manufacturing process of Ni-based alloy on
compacted graphite cast iron (CGI) was numerically simulated.
Fig. 2 shows the schematic of the six-layer additive manufacturing
process. The view of x-z plane is shown. The scanning path is present in the figure. 22 mm  10 mm  10 mm computational
domain was built, and a grid system of 290  32  40 was discretized. Minimum size of the grid is 50 lm. (The diameter of laser
beam is 2 mm.) Half of work piece is taken into account for simplification. The total simulation time in this study is 18,000 ms and
the time step is 0.1 ms. The Courant number can be limited to 2
or less. In each time step, the continuity, momentum, energy and
concentration equations are solved. Then, the surface profile of
molten pool can be obtained based on the temperature field and
input parameters. Based on the surface profile, the z coordinate
of grids are varied to fit the change of geometry. And the conservation equations are recomputed in the fitted grid structure. The
solution process is repeated until the residuals satisfy the convergence criterion. In order to speed up the calculation, the solver was

Fig. 2. Schematic of the six-layer additive manufacturing process.
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Table 1
Material compositions of compacted graphite cast iron and Ni-based alloy powder (wt%).

Cast iron
Ni-based alloy

Fe

C

Ni

Al

Cr

Co

S

Bal
–

3.6
–

–
Bal

–
3.4

–
31

–
2.6

0.02
–

3. Results and discussions

Table 2
Thermophysical properties of the substrate and powder [6,34].
Property

Substrate
(Cast iron)

Powder
(NiCoCr)

3.1. Thermal behavior

Solid density qs (kg m3)
Liquid density ql (kg m3)
Solidus temperature Ts (K)
Liquidus temperature Tl (K)
Solid specific heat cps (J kg1 K1)
Liquid specific heat cpl (J kg1 K1)
Solid thermal conductivity ks (W m1 K1)
Liquid thermal conductivity kl (W m1 K1)
Latent heat of fusion L (kJ kg1 K1)
Dynamic viscosity l (Pa s)
Temperature coefficient of surface tension dr/
dT (N m1 K1)
Effective mass diffusivity D (m2 s1)

7090
7090
1393
1498
441
704
43
32
8.7
5.5  103
4.3  104

7500
6100
1616
1650
665
673
33
46
10
5.1  103
3.7  104

3.1.1. Heat conduction and convection
Fig. 3 shows the computed temperature field and velocity field
within the molten pool at the time of 1500 ms (i.e. at the midlength of first layer). In Fig. 3(a), the temperature field is shown
by the contour. The velocity in the molten pool is indicated by
the black arrows. The liquidus and solidus are present by the black
isotherms. In Fig. 3(b), the contour indicates the velocity magnitude. A reference vector of 1 m/s is shown in the figure. The relative
importance of conduction and convection in the molten pool is
evaluated by Peclet number [32],

7.0  107

7.0  107

PeT ¼
Table 3
Calculation data used in the simulation [4,9].
Parameter

Value

Laser power Q (W)
Beam radius rb (mm)
Scanning speed Vs (mm/s)
Mass flow rate mf (g/min)
Mass flow radius rp (mm)
Powder catchment efficiency gm
Absorption coefficient in in-flight powder gp
Convective heat transfer coefficient hc (W m2 K1)
Angular frequency of the laser x (rad s1)
Permittivity e0 (F m1)
Ambient temperature T0 (K)
Solute partition coefficient kp

900
1
6
4.3
2
0.9
0.3
100
1.75  1015
8.85  1012
293
1

parallelized using OPENMP tools in a computing platform with
12  2.5 GHz CPU and 24 GB memory. The total time of actual
computation is about 30 h. Table 1 presents the compositions of
powder and base metal. Table 2 shows the thermophysical properties of materials. Table 3 shows the calculation data used in this
simulation.

uLR

ah

ð16Þ

where u represents the characteristic velocity (1 m/s in this case), LR
represents the characteristic length (laser beam radius, 103 m, in
this case), ah represents the thermal diffusivity (105 m2/s in this
case). Thus, the PeT is on the order of 102, which means the heat
transfer in the molten pool is dominated by convection (liquid
metal flow). Because of the negative temperature coefficient of surface tension (3.7  104 in this case), the fluid flow is outward
from the center to the periphery of molten pool, resulting in convective heat transfer in the molten pool.
3.1.2. Thermal cycles
Fig. 4(a)–(f) shows the evolution of computed temperature field
and built-up geometry during the 1st–6th layer. As expected, the
region with the highest laser density has the highest temperature.
The maximum temperature in the domain of the molten pool at
different time is present in Fig. 5. As shown in Fig. 5, in the initial
stage of process, due to the high-density of laser heat flux, the temperature rapidly increases. After about 15 ms, the maximum temperature is more than the solidus and the formation of molten pool
begins. After about 900 ms, the peak temperature of molten pool is
relatively steady (2350 K) until the end of the first layer process. At
the time of 3000 ms, the scanning of the first layer completes, and
the reverse scanning begins. As shown in Fig. 5, the maximum tem-

Fig. 3. Computed temperature and velocity distribution at 1500 ms (at the mid-length of first layer): (a) temperature field, (b) velocity field.
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Fig. 4. Computed temperature field and built-up geometry at different times: (a) 1500 ms-1st layer, (b) 4500 ms-2nd layer, (c) 7500 ms-3rd layer, (d) 10,500 ms-4th layer, (e)
13,500 ms-5th layer, and (f) 16,500 ms-6th layer.

Fig. 5. Variation of peak temperature of molten pool at different time. The range of temperature is from 2300 K to 2500 K. The sub-lines represent the maximum and
minimum temperature at each layer and temperature at the mid-length of track, respectively.

perature rapidly increases from 2350 K to 2440 K at 3000 ms,
because of the insufficient heat transfer at this position. Then the
peak temperature gradually decreases until the end of the track.

The peak temperature in the 1st layer is obviously lower than that
in other layers. Because the temperature of the base metal is ambient temperature initially, the heat flux into the base metal is high

Z. Gan et al. / International Journal of Heat and Mass Transfer 111 (2017) 709–722

at first layer. As the deposition of the subsequent layers, owing to
the increase of temperature of base metal, the peak temperature
increases. However, the temperature rise slows down as the deposition process continues, because the higher temperature leads to
higher heat loss caused by natural convection.
The calculated thermal cycles at mid-length and top surface
within the first, third, and fifth layers are shown in Fig. 6. Each
thermal cycle presents the rapid melting and solidification processes and the progress of deposition processes. From the plot of
thermal cycles, the rate of melting and cooling can be obtained
to interpret the real solidification behavior of molten pool, which
will be discussed in the next section. The calculated peak temperatures in each layer are shown in Fig. 7. The peak temperature
raises in the upper layers due to the multiple laser energy inputs
and diminished heat transfer into the base metal. In comparison
with the calculated peak temperature with present model, the
computed result without considering fluid flow is also shown in
Fig. 7. As expected, because the convective heat transfer is
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neglected in the molten pool, the computed peak temperature is
overestimated with the heat conduction model, which results in
quick rise in peak temperature. Thus, some conclusions only made
by the heat conduction simulations may be revised.
3.1.3. Solidification behavior
The cross-sections of the calculated geometry of molten pool in
different layer are present in Fig. 8(a)–(c). The experimental crosssections are also present in the figure. As shown in Fig. 8, the calculated geometries agree well with the relevant experimentally
observed result, which indicates that the present model has abilities to predict the accuracy dimensions of the deposited layers.
Solidification of the molten pool is remarkably influence by the
thermal behavior. Two key parameters impact the formation of
microstructure at the liquid-solid interface, temperature gradient
(G) and growth rate (R). G represents the temperature gradient normal to the liquid-solid front and R represents the velocity of the
liquid-solid front as follow,

Fig. 6. Thermal cycles at three monitoring locations in 1st layer, 3rd layer and 5th layer.

Fig. 7. Peak temperature of molten pool at different layer with the present model and a conduction model, in which the fluid flow is neglected.
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Fig. 8. Comparison of experimental and calculated cross-section of part: (a) one layer, (b) three layers, (c) six layers (adapted from the literature [35], with permission from
Elsevier).

G ¼ rT  n

ð17Þ

R ¼ Vs  i  n

ð18Þ

where n represents the unit normal vector of the liquidus and i represents the unit vector of scanning direction. The cooling rate is
defined as G  R, which affects the scale of microstructure [36].
Lower cooling rate leads to coarser size of grain. The morphology
factor is defined as G/R, and the morphology of solidified
microstructure changes from dendritic, cellular to planar as the G/
R increases [36].
Fig. 9 shows the variation of temperature gradient G and growth
rate R as a function of layer depth along the symmetry plane at the
mid-length of the first layer. The molten pool shape on the symmetry plane is also present in the figure to explain the effect of the
profile of liquid-solid interface on the solidification parameters
(G and R). In Fig. 9, the correlation between solidification direction
(i.e. normal direction of the liquidus) and the slope of the liquidus
contour (1498 K) can be illustrated. A more horizontal slope of liquidus leads to a lower growth rate R, since the normal of surface is
misaligned to the scanning direction. If the slope is nearly zero
(horizontal) at the bottom of molten pool as shown in Fig. 9, the
growth rate R is nearly zero as well. On the other hand, the distance
between solidus and liquidus (i.e. the width of the mushy region)
can be used to discern qualitatively the value of temperature gradient G. A smaller distance between solidus and liquidus means a
higher temperature gradient, such as the top and bottom of the
molten pool in Fig. 9.
The spatial variability of G and R along the liquid-solid interface
results in the variability in the solidification parameters, which

impact the scale and morphology of microstructure. The cooling
rate G  R and the morphology factor G/R as the function of layer
depth along the symmetry plane and the cross-section at the
mid-length of different layers are present in Fig. 10(a) and (b).
There are a local minimum and local maximum of both G  R
and G/R near the half of the molten pool at each layer. Because near
the surface of molten pool, the profile of liquid-solid interface is
significantly affected by the strong liquid metal flow, leading to
the variation of G and R in this region. Higher cooling rate G  R
is shown at the top of the molten pool (depth equals to zero) and
the G  R is nearly zero at the bottom of molten pool (depth equals
to about 1 mm) as shown in Fig. 10(a). On the contrary, lower G/R is
found at the top and higher G/R is shown at the bottom of the molten pool as shown in Fig. 10(b). For example, at the first layer, the
G  R changes from 6000 K/s (at the top of molten pool) to zero (at
the bottom of molten pool), while the G/R changes from 175 K s/
mm2 (at the top) to 480 K s/mm2 (at the bottom). These trends
imply that the microstructure in the first track is prone to finer
equiaxed dendrites at the top of the track and coarser planar front
at the bottom of the track.
The influence of subsequent progress on the solidification
parameters (G  R and G/R) is also illustrated in Fig. 10. The
G  R significantly declines with the increase of layer number.
The maximum value of G  R changes from 6010 K/s at the top of
first layer to 4700 K/s at the top of third layer to 3980 K/s at the
top of sixth layer, which implies that the scale of the grains is coarser at higher layers. However, there is no obviously change in G/R
as the layer number increases (i.e. G and R proportionally
decrease), which means the morphology of microstructure may

Fig. 9. The variation of G and R as the function of layer depth along the symmetry place.
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Fig. 10. The solidification parameters as the function of molten pool depth along the symmetry plane at different layers: (a) cooling rate G  R, (b) morphology factor G/R.

not remarkably change at different layer. In order to validate the
simulation results, Fig. 11 shows the relevant experimental
microstructure at the top region of cross-section in 1st, 3rd, and
6th layer. The calculated solidification parameters (G  R and G/
R) and measured average primary dendrite arm spacing (PDAS)
and secondary dendritic arm spacing (SDAS) in lm are also marked
in the figure. The experimental results show that at the top of first
layer, the microstructure is the finer columnar dendrites. The aver-

age PDAS and SDAS are about 22 lm and 1.9 lm, respectively. As
the layer number increases, in the 3rd and 6th layer, the average
PDAS increases to about 27 lm and 31 lm, respectively, and the
average SDAS also increases to about 2.5 lm and 3.1 lm, respectively. However, the morphology of microstructure is still dominated by the columnar dendrites. The simulation predictions are
strongly
supported
by
the
experimentally
observed
microstructure.

Fig. 11. The relevant experimentally determined microstructure at the top of cross-section in different layer: (a) 1st layer, (b) 3rd layer, (c) 6th layer (adapted from the
literature [35], with permission from Elsevier).
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3.2. Mass transport
3.2.1. Solute transfer
Besides the heat transfer, the mass transfer also significantly
impacts the solidification behavior and mechanical properties of
deposited layer [37]. Thus the mass transfer processes during the
laser additive manufacturing, including solute transfer in the molten pool, macro/micro-segregation, and solute redistribution in
micro-scale should be thoroughly understood. During laser additive manufacturing process, addition of dissimilar-metal powder
results in the solutes redistribution within the molten pool. Consequently, the mass transport of components in the molten pool
affects the final composition distribution and mechanical properties of part. The mass transfer in single-track additive manufacturing has been reported in published literatures [11]. Thus, this study
mainly focuses on the mass transport in multi-layer additive manufacturing process.
Fig. 12(a)–(f) present the computed concentration profile of Ni
at different times (i.e. different layers). The elemental Ni is indicated by weight fraction. The liquidus (1498 K) and solidus

(1393 K) are also shown by the black isotherms in the figure. Diffusion and convection are the main mass transfer mechanisms in
the molten pool for laser additive manufacturing. These two mechanisms can be estimated by the dimensionless number Pem as follow [32],

Pem ¼

uLR
D

ð19Þ

Based on the calculation, the Pem in the molten pool is on the
order of 104. The convection dominates the mass transport within
the molten pool. Thus, at the each layer, the composition distribution in the molten pool quickly becomes uniform due to the strong
Marangoni convection after a short premixing stage. However,
multiple remelting processes during laser additive manufacturing
lead to more complicated mass transport and composition profile.
As shown in Fig. 12(b), the second layer deposits and remelts the
top part of the first layer due to bidirectional scanning of laser
beam. Because the Ni-containing powders are continuously
injected into the molten pool (The weight fraction of Ni in the powder is taken as 63 wt%), the concentration of Ni in the molten pool

Fig. 12. Computed concentration profile of Ni at different times (different layers): (a) 1500 ms-1st layer, (b) 4500 ms-2nd layer, (c) 7500 ms-3rd layer, (d) 10,500 ms-4th
layer, (e) 13,500 ms-5th layer, and (f) 16,500 ms-6th layer.
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Fig. 13. Variation of the maximum concentration of elemental Ni and Cr in the domain as the function of time.

Fig. 14. Calculated composition profile of Ni in the cross-section for parts of different layers: (a) one layer, (b) two layers, (c) three layers, (d) four layers, (e) five layers, and (f)
six layers.
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significantly increases at the second layer as shown in Fig. 12(b). As
the layer number increases, the concentration of Ni in the molten
pool increases, which leads to higher concentration of Ni at higher
layer of part as shown in Fig. 12. It is noteworthy that since the
subsequent layer cannot remelt the entire portion of previous
layer, the bottom portion of the previous layer remains the previous concentration of Ni, resulting in a stair-stepping concentration
distribution at the bottom of part as shown in Fig. 12(b)–(f). A concentration transition zone from 10 wt% to 41 wt% exists at the bottom of the part as shown in Fig. 12(f).
The maximum concentration of elemental Ni and Cr in the
domain as the function of time are shown in Fig. 13. The steadystate concentration of Ni and Cr in the molten pool of each layer
is also marked in the figure. As shown in Fig. 13, the maximum
concentration reaches a constant after a rapid increasing period
in each layer. The time of premixing for each layer is about
900 ms in this study. The steady-state concentration of Ni for each
layer is 9.9 wt%, 17.2 wt%, 24.3 wt%, 30.4 wt%, 36 wt%, and 41 wt%,
respectively. The trend of concentration variation of elemental Cr is

similar to that of elemental Ni, because of the similar mass transfer
mechanism of Ni and Cr.
3.2.2. Composition profile
Fig. 14(a)–(f) presents the calculated composition profile of Ni
in the cross-section for the parts of different layers. As shown in
Fig. 14(a), the solute concentration in the molten pool is uniform
except for the vicinity region of the fusion boundary. As the deposition proceeds, the height of layer increases as expected. Furthermore, the concentration of solute increases as well at the remelting
region of the part due to the dissimilar-metal powder addition. As
shown in Fig. 14(b), an obvious stair-stepping concentration distribution is observed at the bottom of the part. Because the remelting
only occurs at the top part of previous layer, the concentration of
the bottom of previous layer remains. As the deposition proceeds,
the non-uniform concentration distribution at the bottom can be
observed. In this composition transition zone, the concentration
of Ni increases from 10 wt%, the concentration of molten pool at
the first layer, to 41 wt%, the concentration at the sixth layer.

Fig. 15. Calculated and experimental weight fraction of Fe, Ni, and Cr in the cross-section of parts: (a) one layer, (f) six layers.
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In order to validate the simulation results, Fig. 15(a) and (b)
show the computed and experimental weight fraction of Fe, Ni,
and Cr in the cross-section for one layer and six layers of deposited
structure. Energy Dispersive Spectrometer (EDS) was used to measure the composition distributions of samples [35]. The scanning
track of EDS is present in Fig. 14(a) and (f). As shown in Fig. 15,
the experimental measurements well agree with the calculated
predictions of composition distribution. There are few deviations
between calculated and experimental results due to the simplicity
of present model. The thermoproperties of materials are
temperature-independent, except the laser energy absorptance.
The Gaussian distribution of laser beam and powder flow also
may result in some deviations. As seen in Fig. 15, the computed
composition of Fe is higher than the experimental composition.
Because some kinds of elements in the powder and substrate, such
as Al (3.4 wt%), Co(2.6 wt%), and C(3.6 wt%), are neglected in this
calculation to simplify. Even so, the relative error is less than 15%
between calculated and experimental results, which validates the
proposed heat and mass transfer model in this work.
The proposed numerical model is beneficial to the understanding of the transport phenomena and designing optimized process
parameters in one-step fabrication of complex parts and functionally graded materials by using additive manufacturing technology.
It is reasonable to expect that this model will be conveniently
developed to take into account more detailed solidification behavior and solute segregation during advanced additive manufacturing
processes. The spatial-temporal variant of solidification parameters and dimensionless number could be further investigated in
the future.
4. Conclusions
The multiple thermal cycles, and the scale and morphology of
microstructure are examined based on the transient temperature
distribution. Multi-layer solute transport and solidified composition profile are present. The calculated molten pool dimensions,
microstructure and macroscopic composition profile agree well
with the experimental determined results. Some conclusions can
be drawn as listed:
(1) The Peclet number for heat transfer is more than 102 after
the formation of molten pool in laser additive manufacturing. The strong Marangoni convection dominates the heat
transport in the molten pool. The results of numerical simulations present that neglecting the liquid metal flow leads to
overestimated temperature field as well as the solidification
parameters. More realistically and reliable thermal behavior
can be obtained by the present heat transfer and fluid flow
model
(2) The calculated cooling rate G  R declines progressively as
the subsequent layers deposit. The maximum cooling rate
GR declines from 6000 K/s at the top of the first layer to
3980 K/s at the top of the sixth layer, which result in the
coarser solidified grains at higher layers. The independent
observation of microstructure strongly supports the simulation results. At the top region of the 1st, 3rd, and 6th layer,
the average primary dendrite arm spacing is about 22 lm,
27 lm and 31 lm, respectively, and the average secondary
dendrite arm spacing is about 1.9 lm, 2.5 lm and 3.1 lm,
respectively. On the other hand, there is no obviously change
in the computed G/R as the layer number increases while the
columnar dendrites are observed at different layers of experimental samples.
(3) The Peclet number for mass transfer in the molten pool is on
the order of 104. The convection dominates the mass trans-
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port within the molten pool. At each layer, the composition
distribution in the molten pool quickly becomes uniform
due to the strong Marangoni convection after a short
premixing stage (about 900 ms in this study). Due to continuous powder addition and multiple remelting, the steadystate concentration of Ni for each layer remarkably
increases. An obvious non-uniform concentration distribution is observed at the bottom of the solidified part. In this
composition transition zone, the concentration of Ni
increases from 9.9 wt%, the concentration of molten pool
at first layer, to 41 wt%, the concentration at sixth layer in
this case.
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