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During direct laser deposition process, rapid melting–solidification and addition of multicomponent
powder lead to complex transport phenomena in the melt pool. The thermal behavior and mass transport
significantly affect the solidified microstructure and properties of fabricated layer. In this paper, an
improved 3D numerical model is proposed to simulate the heat transfer, fluid flow, solidification and
multicomponent mass transport in direct laser deposition of Co-base alloy on steel. The solidification
characteristics, including temperature gradient (G), solidification growth rate (R) and cooing rate
(G � R), can be obtained by transient thermal distribution to predict the morphology and scale of the
solidification microstructure. Multicomponent transport equation based on a mixture-averaged approach
is combined with other conservation equations. The calculated melt pool geometry and the composition
profiles of iron (Fe), carbon (C), cobalt (Co) and chromium (Cr) are compared with the experimental
results. The results show that in the initial stage of direct laser deposition, the rapidly mixture of sub-
strate material and added material occur in the melt pool and conduct plays an important role in heat
transfer due to the low Peclet number. As the melt pool is developed, the heat and mass transfer in
the melt pool are dominated by strong Marangoni convection. An unmixed zone is observed near the bot-
tom of melt pool where the convection is frictionally dissipated due to the presence of solidified den-
drites. Since the G/R decreases and G � R increases from the bottom to the top of the solidified track,
the morphology of the microstructure changes from planar front to columnar dendrites to equiaxed den-
drites and the grain size decreases.

� 2016 Elsevier Ltd. All rights reserved.pac
e.i

m
ec

h.
s

1. Introduction

Direct laser deposition, as an advanced additive manufacturing
technology, provides an attractive tool to fabricate functionally
gradient materials. It has some benefits compared with the tradi-
tional surface modification and manufacture technique, such as
its small heat affected zone, low thermal strain, low porosity, and
finer grain size [1,2]. In direct laser deposition, the substrate is
melted by a high power density laser beam creating a melt pool
in which the multicomponent alloy powders are injected [3]. Co-
base and Ni-base alloy have been widely used as the added mate-
rial to improve the surface properties of substrate, such as
strength, wear resistance and corrosion resistance [4–6]. In spite
of its widespread application, an understanding of transport phe-
nomena and solidification behavior in the melt pool still remains
as a challenge.
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 During this process, metallic powders addition into the melt
pool result in the redistribution of alloy elements in the melt pool
[7,8]. Due to the difference in chemical composition and thermo-
physical property of substrate and added material, a great deal of
defects, involving the non-fusion owing to insufficient heat trans-
fer, the formation of brittle intermetallic compound and low melt-
ing point eutectics owing to inappropriate solute transport, all
make the deposited layer prone to crack and failure [9,4,10].
Selecting appropriate composition of powder material and thermo-
physical property is an approach to overcome the problem and
obtain ideal deposited layer properties. However, a large number
of trial experiments are time-consuming and money-consuming.
Numerical simulation has offered an effective tool in prediction
the thermal behavior and mass transport in direct laser deposition
[11–22]. A three-dimensional mathematical model has been estab-
lished in which the temperature field and flow field is obtained
[11]. In order to simulate mass addition process, the level set
approach was introduced into the numerical model to capture
the liquid/gas interface of melt pool. The direct metal deposition
was studied by a 3D numerical model [12]. The transport phenom-
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ena including heat transfer and fluid flow were investigated and
analyzed. Kumar et al. [13] proposed and solved sets of dimension-
less transport equations to investigate the laser metal deposition
process. Deposited track geometry, dilution rate and maximum
melt pool temperatures were calculated. Lee et al. [14] developed
a three-dimensional transport model to understand the melt pool
formation, liquid metal flow and the evolution of surface tension
in Inconel 718 laser deposition.

The heat transfer affects the solidification behavior of deposited
track. Few studies tried to obtain the solidification characteristics
of deposited track depending on computed temperature distribu-
tion. A 3D thermal FEM model has been built to calculate the tem-
perature variation, the cooling rate and the solidifying rate in the
solid–liquid interface [15]. Using a Fourier heat conduction model,
the effect of substrate temperature and cooling rates on the distri-
bution of added particles was investigated [16]. However, the Mar-
angoni convection caused by the thermocapillary effect did not
consider in these numerical models.

Although numerical simulation has previously offered a tool of
effective evaluating the thermal behavior during the direct laser
deposition process [11–18], fewmodels considered the mass trans-
fer in this process. Huang et al. [19] studied the heat and mass
transport during the laser metal deposition process. The dual-
equation of mass transfer was utilized to calculate separately the
composition profile between deposited layer and base metal. He
et al. [20,21] proposed a 3D transient heat and mass transfer model
to predict the solute distribution in the deposited layer. The math-
ematical model was calculated by solving the species conservation
equations besides the energy and momentum conservation equa-
tions. The binary system Fe–C and Fe–Cr were evaluated to obtain
the concentration distribution of C and Cr [20]. The solute transfer
and composition profiles evolution for binary system Fe–C during
double-track direct metal deposition also have been reported
[21]. Although the multicomponent mass transfer model has been
built in metal casting and chemical engineering [22,23], such study
for direct laser deposition has not been reported in the open peer-
reviewed literature.

In this paper, a self-consistent model, including thermal behav-
ior, liquid metal flow, solidification and multicomponent mass
transfer, are investigated in direct laser deposition. The tempera-
ture gradient (G) and solidification growth rate (R) are obtained
by thermal analysis to predict the morphology and scale of the
solidification microstructure. To consider the multicomponent
convection and diffusion in the movable melt pool, multicompo-
nent transport equation based on a mixture-averaged approach is
combined with the equations of mass, momentum and energy con-
servation. The composition profiles of iron (Fe), carbon (C), cobalt
(Co) and chromium (Cr) in the deposited track are also present.
The computed melt pool geometry and composition profiles are
compared with the experimental results. The present study
demonstrates the numerical simulation of transport phenomena
can generate significant insight into details of thermal behavior
and multicomponent mass transport in direct laser deposition.http
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2. Experimental procedure

38MnVS medium carbon steel and Co-base alloy powder are
selected as substrate and added material. Table 1 shows the com-
Table 1
Material composition of 38MnVS carbon steel and Co–Cr–W powder (weight %).

Fe C Co Mn Cr W V S

38MnVS Bal 0.38 – 1.4 0.16 – 0.5 0.04
Co–Cr–W – 0.35 Bal 1.8 20 3 – –
positions of material. Fig. 1 shows the schematic diagram of exper-
imental setup. Direct laser deposition was implemented on a
1000W Nd: YAG laser manufacturing system with six-axis pro-
grammed control platform. The focal length of lens is 160 mm.
The pattern of laser beam is multi-mode and the beam radius is
set to 1 mm (defocus of beam is 10 mm). Two feeding pipes are
used to delivery powder into melt pool. High purity argon is used
as shielding gas. Samples of the substrate were prepared in the size
of 20 mm � 10 mm � 6 mm. Metallographic samples were pre-
pared by electric discharge cutting, mechanical milling and grind-
ing, followed by standard mechanical polishing and then etched in
aqua regia solution. In order to examine the solidified microstruc-
ture and concentration of alloy element, the samples were charac-
terized by JSM-6460 scanning electron microscopy (SEM) equipped
with Oxford INCA energy dispersive spectrometer (EDS).

3. Mathematical model

A mathematical model involving heat transfer, fluid flow and
mass transfer in direct laser deposition is proposed. The simplify-
ing assumptions are the following [11,20]:

1. The fluid flow in the melt pool is assumed to be Newtonian,
laminar and incompressible.

2. The thermophysical properties of powder and substrate are
assumed to be temperature-independent.

3. The laser heat flux is assumed to be a Gaussian distribution.
4. The heat flux of the heated powder and the heat loss by evapo-

ration are neglected.
5. The mushy zone where the temperature is between the solidus

and liquidus is assumed as a porous medium with isotropic
permeability.

6. There is no diffusion transport in solid phase.
7. The concentration distribution of powder flow is assumed to be

Gaussian. Powders falling in the region of melt pool are melted
immediately.

8. The energy attenuation of laser beam through the powder flow
is neglected.

3.1. Governing equations

The equations of conservation of mass, momentum-transport,
thermal energy and species concentration are formulated as Eqs.
(1)-(4).
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Fig. 1. Schematic diagram of experimental setup for direct laser deposition.
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where q is the density, t is the time, u is the velocity of liquid metal,
l is the viscosity, p is pressure, T is the temperature, cp is the speci-
fic heat, and k is the thermal conductivity. The last term in the right
side of Eq. (2) represents the momentum dissipation in the mushy
zone, which is quantified depending on the Carman–Kozeny equa-
tion [24]. K0 is a constant depending on the morphology of the por-
ous media (2 � 107 in this study). B is a small number to avoid
division by zero (1 � 10�3 in this study) [25,26]. In Eq. (3), H is
the latent enthalpy content of the fusion, which is given as,

DH ¼ Lfl ð5Þ
where the liquid mass fraction fl is defined as,

f l ¼
1; T > Tl

T�Ts
Tl�Ts

; Ts 6 T 6 Tl

0; T < Ts

8><
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where the subscripts s and l denote the solid phase and liquid
phase. f and g represent the mass fraction and volume fraction,
the thermophysical properties in the domain are defined as [27],

Ci ¼ f sCis þ f lCil ; ð7Þ

cp ¼ f scps þ f lcpl ð8Þ

q ¼ f sqs þ f lql ð9Þ

k ¼ gs

ks
þ gl

kl

� ��1

ð10Þ
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m
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The mass transport of the major elements, Fe, C, Co and Cr are
calculated based on multicomponent transport Eq. (4). Ci is the
concentration of the ith species. The first term in the right side of
Eq. (4) is multicomponent diffusion term. Mixture-averaged
approach is used to simulate the multicomponent diffusion mech-
anism [28]. Dm

i and Mn is the multicomponent mixture-averaged
diffusion coefficient and mixture-averaged molar mass, respec-
tively, which are calculated as follow [28],

Dm
i ¼ 1� f iP

k–i
vk
Dik

ð12Þ

Mn ¼
X
i

f i
Mi

 !�1

; ð13Þ

where vi is the mole fraction of the ith species, fi is the mass fraction
of the ith species, Dik is the multicomponent Maxwell–Stefan diffu-
sivities, which are supplied as inputs to the model, Mi is the molar
mass of the ith species. The second and third terms in the right side
of Eq. (4) represent the concentration flux owing to the diffusion
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and convection of phase change, respectively. In pure liquid or solid
phase, their effect can be neglected [27].

3.2. Boundary and initial conditions

The laser heat flux input at liquid/gas interface is as follow,

qener ¼
2Qgl

pr2b
exp

�2ððx� VstÞ2 þ y2Þ
r2b

 !
� hcðT � T0Þ

� rbeðT4 � T4
0Þ ð14Þ

The three terms in the Eq. (13) account for the laser heat flux
and the heat loss by convection and radiation, respectively. Q is
the laser power, gl is the absorptance of laser energy, rb is the effec-
tive laser beam radius, x and y are the distances to the laser beam,
Vs is the scanning speed, hc is the heat transfer coefficient, rb is the
Stefan–Boltzmann constant, e is the emissivity and T0 is the ambi-
ent temperature.

The boundary condition of momentum equation at liquid/gas
interface are given by [20],

FL=G ¼ rn�j�rsT
dr
dT

; ð15Þ

The two terms in the Eq. (14) represent the capillary force and
thermocapillary force, respectively. r is the surface tension, n⁄ is
the normal of surface and j is the curvature of surface.

The dynamic shape of the melt pool surface is explicitly
described by a moving mesh based on an arbitrary Lagrangian–
Eulerian method (ALE) [29]. Two kinds of velocities are considered
at liquid/gas interface – the fluid flow velocity and boundary mov-
ing velocity due to mass addition [18]. They can be formulated as,

VL=G ¼ u � n� þ Vp � n�; ð16Þ
where u is the fluid flow velocity at liquid/gas interface. Vp repre-
sents the moving velocity of liquid/gas interface due to mass addi-
tion. The calculation of Vp is given by,

Vp ¼ 2mfgm

qmpr2p
exp

�2ððx� VstÞ2 þ y2Þ
r2p

 !
z ð17Þ

where mf is the mass flow rate, gm is powder catchment efficiency,
qm is the density of powder and rp is the mass flow radius, z is unit
vector in the z direction.

The boundary condition for concentration equation at liquid/-
gas interface can be formulated as,

qco ¼ vco
2mfgm

Mcopr2p
exp

�2ððx� VstÞ2 þ y2Þ
r2p

 !
ð18Þ

qcr ¼ vcr
2mfgm

Mcrpr2p
exp

�2ððx� VstÞ2 þ y2Þ
r2p

 !
ð19Þ

qco and qcr are the concentration flux of elemental Co and Cr, respec-
tively. vco and vcr are the molar fraction of elemental Co and Cr in
the powder, respectively, which can obtain from Table 1. Mco and
Mcr are the molar mass of elemental Co and Cr, respectively.

The initial temperature in the workpiece is 293 K. The initial
velocity is zero. The initial mass fractions of Fe, C, Co, Cr in the
workpiece are 99.6%, 0.4%, 0 and 0.

A 3D orthogonal coordinate system was established in the
study. Only half of workpiece was taken into account. The equa-
tions were solved by using SIMPLE solver. A minimum size of
20 lm and a maximum size of 50 lmwere specified in the domain.
A maximum time step of 1 � 10�4s was employed. This model was
computed using a Dell T5500 computing station (12 � 2.5 GHz–
24 GB). The four components (Fe, C, Co, Cr) were included in this
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Table 3
Data used for calculations.

Parameter Value References

Laser power Q (W) 700 –
Beam radius rb (mm) 1 –
Scanning speed Vs (mm/s) 10 –
Mass flow rate mf (g/min) 6.2 –
Mass flow radius rp (mm) 2.5 –
Powder catchment efficiency gm 0.9 –
Convective heat transfer coefficient hc

(Wm�2 K�1)
100 [12]

Emissivity e 0.7 [20]
Angular frequency of the laser x (rad s�1) 1.75 � 1015 [30]
Permittivity e0 (F m�1) 8.85 � 10�12 [30]
Ambient temperature T0 (K) 293 –

Table 4
Binary diffusion coefficients for mass transport equations [33].

Parameter Value

DFe–Co (m2 s�1) 2.1 � 10�8

DFe–Cr (m2 s�1) 3.1 � 10�8

DFe–C (m2 s�1) 5.5 � 10�8

DCo–Cr (m2 s�1) 2.8 � 10�8

DCo–C (m2 s�1) 2.0 � 10�9

DCr–C (m2 s�1) 8.0 � 10�9
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case and if the numerical model includes more than ten compo-
nents, the model should be solved on the high performance parallel
computing platform or supercomputer platform to guarantee con-
vergence and stability.

3.3. Parameters used in calculations

The Absorptance of laser beam energy,gl, is a vital parameter in
direct laser deposition. The near-infrared laser energy absorptance
has been estimated by Hagen–Rubens relationship [30]. Absorp-
tance gl(T) is computed via the temperature-varying electrical
resistivity of the substrate Re(T) as follow,

glðTÞ ¼ ð8e0xReðTÞÞ1=2; ð20Þ
where x is the angular frequency of the laser beam and e0 is the
permittivity of vacuum. The resistivity ReðTÞ for liquid 38MnVS is
[31],

ReðTÞ ¼ 1:125þ 1:438� 10�4T; ð21Þ
Due to the mixture of substrate and added powder in the melt

pool, the material properties of the solutions are assumed to
depend linearly on the material properties of the substrate and
added powders [32],

Asolu ¼ aAsub þ ð1� aÞAadd; ð22Þ
where Asolu is the thermo-physical property of the solution, Asub and
Aadd are the properties of substrate and added material, respec-
tively. In this equation, A should be replaced by the density, thermal
conductivity, specific heat and viscosity. The mixture fraction, a, is
defined the mass fraction of substrate element Fe. The material
properties of the substrate and added material are present in
Table 2. The data used for calculations are present in Table 3. To
get the mixture-averaged diffusion coefficient Dm

i , the binary diffu-
sion coefficients Dik should be used based on experimental results
[33], which are present in Table 4.

4. Results and discussions

4.1. Thermal behavior

4.1.1. Heat transfer and fluid flow
Fig. 2(a)–(d) shows the computed temperature field at different

times. The temperature distribution is indicated by the contour.
The green arrows are the velocity vector in the melt pool. The black
isotherms represent the liquidus and solidus temperature. In the
initial stage of process, the temperature in the laser heated area
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Table 2
Material properties of the substrate and added material.

Property Substrate
(38MnVS)

Powder
(Co–Cr–W)

References

Solid density qs (kg m�3) 7400 8400 [34]
Liquid density ql (kg m�3) 6980 6875 [34]
Solidus temperature Ts (K) 1609 1598 [34]
Liquidus temperature Tl (K) 1768 1754 [34]
Solid specific heat cps (J kg�1 K�1) 604 417 [34]
Liquid specific heat cpl (J kg�1 K�1) 758 552 [34]
Solid thermal conductivity ks

(Wm�1 K�1)
22 11 [34]

Liquid thermal conductivity kl
(Wm�1 K�1)

24 13 [34]

Latent heat of fusion L
(kJ kg�1 K�1)

270 310 [34]

Dynamic viscosity l (Pa s) 5.5 � 10�3 5.5 � 10�3 [12]
Temperature coefficient of surface

tension dr/dT (N m�1 K�1)
1.0 � 10�4 �4.3 � 10�4 [35]

http
increases rapidly owing to the sudden high-density laser heat flux.
After the maximum temperature exceeds the solidus temperature
of substrate, a liquid melt pool begins to form due to the solid–liq-
uid phase change. Liquid metal flow in the melt pool has influence
on heat transfer. The importance of convection for heat transfer
can be evaluated by Peclet number,

PeT ¼ Re� Pr ¼ quLR
l

� l
qah

ð23Þ

where Re is Reynolds number, Pr is Prandtl number, u is the charac-
teristic liquid velocity in the melt pool, LR is the characteristic
length taken as the melt pool radius, ah is the material thermal dif-
fusivity. Computed velocity fields of melt pool at different times are
shown in the Fig. 3(a)–(d). The velocity magnitude is indicated by
the contour. In the initial period of process as shown in Fig. 3(a),
the velocity magnitude of liquid metal is smaller (maximum
0.17 m/s), so the PeT is smaller than 5 in this condition. Conduct
plays an important role in heat transfer, resulting in an approximate
hemispherical melt pool boundary. With the convection gets stron-
ger, the maximum velocity in the melt pool exceeds 0.5 m/s when
the melt pool is almost fully developed as shown in Fig. 3(d). At this
condition, the PeT in the melt pool is calculated to be 100, thus the
heat transfer is dominated by thermal convection. Since the tem-
perature coefficient of surface tension is negative, the liquid metal
moves from the center of the laser beam toward the periphery of
the melt pool, enhancing heat transport in the melt pool. As a result,
the temperature gradients in the melt pool are much lower than the
case without considering the fluid flow. Owing to the strong out-
ward flow, the boundary of melt pool becomes wide but shallow.
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4.1.2. Solidification characteristics
Temperature field significantly impacts the solidification

behavior of deposited track. Two key characteristics affect the
solidified microstructure, namely temperature gradient (G) and
solidification growth rate (R). The effects of the G and R on the mor-
phology and scale of the solidified microstructure have been stud-
ied as shown in Fig. 4. The cooling rate (G � R) influence the scale
of the solidification microstructure. Higher cooling rate provides
finer size of dendrites. On the other hand, as the G/R decreases,



Fig. 2. Computed temperature distribution at different times: (a) 10 ms, (b) 300 ms, (c) 500 ms, and (d) 700 ms.

Fig. 3. Computed velocity magnitude at different times: (a) 10 ms, (b) 300 ms, (c) 500 ms, and (d) 700 ms.
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Fig. 4. The effects of the G and R on the morphology and scale of the solidified
microstructure [36].
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the morphology of the microstructure varies from planar front to
cellular dendrites to columnar dendrites to equiaxed dendrites.

It is important to note that G is the temperature gradient nor-
mal to the solidification front and R is the velocity of the solidifica-
tion front, which can be expressed below,

G ¼ rT � n̂ ð24Þ
.
R ¼ Vs � i � n̂ ð25Þ

where n̂ is the unit normal vector of the liquidus front, i is unit vec-
tor of scanning direction.

According to the computed transient temperature field, both
the cooling rate (G � R) and G/R can be calculated to predict the
morphology and scale of the solidification microstructure. These
parameters are calculated for every position along the solidifica-
tion front, which is a 3D surface. To gain insight into the
microstructure of the solidified deposited track, the track is
cross-sectioned at the plane of deposition width. After obtaining
the normal vector of the liquidus front of the melt pool and com-
puting G and R on the liquidus front, values of G and R are projected
to the cross-section of deposition track to compute the solidifica-
tion characteristics G � R and G/R. Fig. 5(a)–(d) shows the contours
of G, R, G/R and G � R on the cross-section, respectively. Due to the
strong outward Marangoni flow as shown in Fig. 3, the melt pool is
shallow but wide and the solidification front is mostly flat. G
increases twofold from 1352 K/mm along the periphery to 650 K/
mm in the center of the cross-section and R changes fiftyfold from
0.2 mm/s at the bottom to 9.8 mm/s at the surface of deposited
track. So the solidification characteristic is basically affected by
the larger variation of R. Fig. 5(c) and (d) shows the contour of G/
R and G � R over the cross-section of deposited track, respectively.
The results give an idea of the morphology and scale of the
microstructure expected in the solidified track. Higher G/R and
lower G � R are observed at the bottom of the deposited track,
on the contrary, lower G/R and higher G � R are noticed at the
top of the deposited track. It is illustrated that the morphology of
the microstructure is prone to planar front and the scale of
microstructure is coarser at the bottom of the deposited track.
Whereas the morphology of the microstructure is prone to
equiaxed dendrites and the scale of microstructure is finer at the
top of the deposited track. For validating the numerical predictions,
Fig. 6 presents the experimental determined cross-section of
deposited track and the microstructure in the point of A, B and C,
which locate the bottom, the center and the top of cross-section,
respectively. The calculated G/R and G � R are also marked in the
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figure. At the bottom of deposited track, the planar front can be
notice. At the central zone, the columnar and coarser dendrites
are observed. At the top of cross-section of deposited track, the
equiaxed and finer dendrites are obtained. The experimental result
agrees excellently with the simulation tendency.

4.2. Multicomponent mass transfer

4.2.1. Multicomponent concentration fields
Besides the solidified microstructure, the composition distribu-

tion also distinguished affects the properties of cladding layer, so
the mass transfer and composition profile should be fully under-
stood. During direct laser deposition process, powders addition
lead to the redistribution of solute in the melt pool. The mixture
and transport of various alloy components in the melt pool plays
a vital role for the final composition profile. Fig. 7(a)–(d) shows
the calculated mass transport of Co in direct laser deposition at
various times. The concentration of element Co is indicated by
weight fraction. The black isotherms represent the liquidus and
solidus temperature.

During direct laser deposition process, mass transfer in the melt
pool is based on convection and diffusion. The dimensionless num-
ber Pem describes the relative importance of these twomechanisms
[20],

Pem ¼ uLR
D

ð26Þ

which is on the order of 104, so convection is the main mass transfer
mechanism in the melt pool. Thus, it is essential to take into
account the convection mass transport in the model. It can be seen
from Fig. 7(a) that at the time of 10 ms, the element Co begins to
mix with the substrate. Due to the outward Marangoni flow (see
Fig. 3), the element Co tends to accumulate on the periphery of
the melt pool and the concentration at the bottom of melt pool is
almost zero at this moment. At the time of 300 ms as shown in
Fig. 7(b), the concentration of Co increases rapidly. The distribution
of Co is non-uniform in the melt pool. The concentration on the
trailing edge and periphery of melt pool is higher than other parts.
At the time of 500 ms as shown in Fig. 7(c), with the movement of
laser beam, the maximumweight fraction of Co is 20 wt%. Owing to
the strong Marangoni convection, which is a surface tension driven
flow, the distribution of Co is almost uniform at the top surface of
melt pool. However, an unmixed zone is observed at the bottom
of melt pool. The distribution of element is fairly non-uniform in
this region. The unmixed zone is near the bottom fusion boundary
where the convection is frictionally dissipated due to the presence
of solidified dendrites. The insufficient mixture leads to the non-
uniform distribution of element in the unmixed zone. At 700 ms
as shown in Fig. 7(d), the concentration of Co is uniform and is
about 32 wt% except in the unmixed zone.

Fig. 8 shows the multicomponent composition profile in the
longitudinal of deposited track. Fig. 8(a) and (b) presents the com-
position profile of substrate material (i.e. Fe and C). Fig. 8(c) and (d)
shows the added material (i.e. Co and Cr). It can be seen that in the
initial stage of direct laser deposition process, the distribution of
elements in the melt pool is un-uniform, due to insufficient time
for mixing and lower convection. Then the composition distribu-
tions are gradually uniformity. The unmixed zone is also observed
at the bottom of deposited track. Fig. 9 shows variation of compo-
sition profile of Fe, Co, and Cr along a scanning track (set in Fig. 8
(d)) for two cases: one with diffusion, and the other without diffu-
sion. The experimental composition distributions by EDS are also
marked in Fig. 9. As seen in Fig. 9, in the initial stage, due to the
mass addition and high concentration gradient in the melt pool,
the rapidly transport and mixture of substrate material (Fe, C)
and added material (Co, Cr) take place in the melt pool. Due to
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Fig. 5. Computed contours of solidification characteristics: (a) temperature gradient G, (b) solidification growth rate R, (c) G/R, and (d) cooling rate G � R.

Fig. 6. Experimental cross-section of deposited track and the microstructure in the points of A, B and C.
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the difference of concentration and molar mass, the mass transfer
rate for various elements is different. The mass transport rate of Fe
is highest. With the development of melt pool, the mass transfer
rate rapidly decreases and the concentration of Fe gradually
increases while the concentration of Co and Cr gradually decreases.
It is mainly resulted from the melt pool widen and deepen during
the direct laser deposition as shown in Fig. 10. More bulk of sub-
strate material is melted into the melt pool, resulting in the
increase of substrate elements and decrease of powder elements.

It is worth to note from the Fig. 9, in the initial period of melt
pool formation, due to the low velocity in the melt pool, the effect
of diffusion on mass transfer cannot be neglected for multicompo-
nent alloys system. The calculation with diffusion agrees better
with the experimental result. As the development of melt pool,
due to the strong Marangoni flow, the convection is the main mass
transfer mechanism in the melt pool.

4.2.2. Experimental composition profile
In order to validate the numerical model, firstly, geometrical

validation for the model should be done and then more detailed
comparisons, such as composition profile, can be made. The exper-
imental cross-section of deposited track is compared with the cal-
culated geometry in Fig. 11. A little deviation between computed
dimensions of melt pool and the experimental cross-section of
deposited track can be seen in Fig. 11. During the laser cladding
process, many factors will affect dimensions of melt pool, such as



Fig. 7. Computed concentration profile of Co at different times: (a) 10 ms, (b) 300 ms, (c) 500 ms, and (d) 700 ms.

Fig. 8. Multicomponent composition profile in the longitudinal of cladding bead (a) element Fe, (b) element C, (c) element Co, (d) element Cr.
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absorptivity, effective powder flow rate, material properties
(temperature-independent in this study), overestimated driving
force of fluid flow.
Fig. 12 shows the computed and experimental composition dis-
tributions. The scanning track of EDS is present in Fig. 11(b). The
weight fractions of alloy elements for points A, B and C are shown



Fig. 9. Weight fraction of Fe, Co, and Cr along the scanning track.

Fig. 10. Computed melt pool dimension at different times.

Fig. 11. Computed and experimental cross-sections of melt pool (a) from numerical
simulation, (b) from experiment.
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in Table 5. The computed results agree well with the experimental
results. Litter deviations between computed concentrations and
experimental results are found. It is mainly resulted from the sim-
plicity of the numerical model. The effect of temperature on the
thermo-physics properties is ignored. The laser beam energy and
powder flow are considered to be Gaussian distribution. As seen
in Fig. 12, the experimental compositions distribution in the
cross-section are asymmetry. The asymmetry of the real powder
flow, vibration during experimental process, and compositional
heterogeneity of substrate and powder may lead to the asymmetry.
Even so, the relative errors for three points are less than 17%, ver-
ifying the numerical model proposed in this study. As seen in
Fig. 11, the dimension of the melt pool (1.8 mm) is smaller than
the diameter of laser spot (2 mm), owing to the higher thermal
conductivity of solid substrate.

In the numerical results, the concentration distribution is
almost uniform in the most regions of cross-section. However,
based on the experimental measurement, the concentration distri-
bution is fluctuant from one point to the other as shown in Fig. 12
and Table 5. In fact, in real solidification process of multicompo-
nent alloys system, microsegregation toward the cell boundaries
will occur. Due to the high cooling rates, the elementals are incom-
plete solute diffusion in the solid phase. This microsegregation
phenomenon didn’t consider in this study. Thus, the present model
only can obtain the macroscopic composition profile. The micro-
scopic composition profile should be obtained by considering the
microsegregation phenomenon in future study.



Fig. 12. Computed and experimental weight fraction of Fe, Co, and Cr in the cross-section.

Table 5
Computed and experimental weight fraction of Fe, Co, and Cr for different points of
cross-section (wt%).

Element Fe A B C

Experimental 41 48 43
Calculated 45 46 45
Relative error 10% 4% 5%

Element Co A B C

Experimental 36 39 40
Calculated 35 36 35
Relative error 3% 8% 13%

Element Cr A B C

Experimental 13 16 12
Calculated 14 15 14
Relative error 8% 6% 17%
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5. Conclusions

The thermal behavior, fluid flow, melting–solidification and
multicomponent mass transfer are investigated utilizing a pro-
posed 3D heat and mass transfer numerical model. The solidified
microstructure of the deposited track are predicted and explained
by the transient temperature distribution. The multicomponent
mass transfer is considered into the model. The computed melt
pool geometry and macroscopic composition distributions are in
good agreement with the experimental results. Some valuable con-
clusions are as follows:

(1) In the initial stage of direct laser deposition, the Peclet num-
ber for heat transfer is smaller than 5, so conduct plays an
important role in heat transfer, resulting in an approximate
hemispherical melt pool boundary. When the convection in
the melt pool is fully developed, the Peclet number for heat
transfer is greater than 100. The heat transfer in the melt
pool is dominated by convection.

(2) G increases twofold from 1352 K/mm along the periphery to
650 K/mm in the center of the solidified track and R changes
fiftyfold from 0.2 mm/s at the bottom to 9.8 mm/s at the sur-
face of the solidified track. Since the G/R decreases and G � R
increases from the bottom to the top of the solidified track,
the morphology of the microstructure changes from planar
front to columnar dendrites to equiaxed dendrites and the
grain size decreases.
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(3) In the initial stage of direct laser deposition, the rapidly
transport and mixture of substrate material and added
material occur in the melt pool. As the melt pool is devel-
oped, the mass transfer rate rapidly decreases. The Peclet
number for mass transfer is on the order of 104, so convec-
tion is the main mechanism for mass transport of alloy ele-
ments in the melt pool. An unmixed zone is observed near
the bottom of melt pool where the convection is frictionally
dissipated due to the presence of solidified dendrites. The
insufficient mixture leads to the non-uniform distribution
of element in the unmixed zone.

(4) The discrepancy of calculated and experimental element
concentration is less than 17%. The proposed model is bene-
ficial in the understanding of the heat and mass transport
phenomena and predicting the optimized powder system
and process parameters in direct laser deposition. It is rea-
sonable to expect that this model will be conveniently devel-
oped to simulate the multi-pass and multi-layer direct laser
deposition and take into account more components in the
future.
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