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A B S T R A C T

During laser-assisted additive manufacturing, the transport phenomena, solidification behavior, and melt pool
geometry are affected by base-metal sulfur content and oxygen present in the atmosphere. The role of these
surface-active elements during metal-based additive manufacturing is not well understood. In this study, the
mass transport of sulfur and its effect on liquid metal convection (Marangoni flow) are examined by using an
improved 3D transient heat transfer and fluid flow numerical model. An improved surface tension model is
proposed to take into account the influence of sulfur content and temperature at the surface of melt pool. The
sulfur mass transport equation is combined with the other conservation equations. The results show that the
sulfur redistribution leads to transitional Marangoni flow. The powder addition into the melt pool results in the
dilution of sulfur in the melt pool. Increase in mass flow rate and energy input results in decreased temperature
coefficient of surface tension. When temperature coefficient of surface tension changes sign from positive to
negative, the flow motion transition from inward flow to outward flow occurs. Two predominant types of flow
pattern lead to two types of fusion boundaries of deposited track.

1. Introduction

In laser-assisted additive manufacturing, a deposited layer is ob-
tained through melting metal powder delivered and deposited on the
surface of the base metal. Many complicated physical phenomena, such
as laser-powder interactions, heat and mass transfer, fluid flow,
melting, and solidification are involved in this process [1–3]. Since the
Peclet number is on the order of 102–105 in the melt pool in laser-
assisted additive manufacturing, convection plays a vital role in the
heat transport and the melt pool formation [4]. The convection in the
melt pool is driven by various driving forces. Marangoni stress has been
proven to be the main driving force [5,6]. Owing to the spatial gradient
of surface tension driven by the temperature or compositional gra-
dients, the Marangoni stress arises on the melt pool surface [7]. The
Marangoni stress is defined by the spatial temperature gradient mul-
tiply by the temperature coefficient of surface tension on the surface of
melt pool.

The content of surface-active elements of group VIA (i.e. oxygen,
sulfur, selenium, and bismuth) in the melt pool has an influence on the
direction and magnitude of Marangoni stress [8,9]. If surface-active
elements are not present in the melt pool, the temperature coefficient of
surface tension is negative, and liquid metal flows outwards along the

surface of melt pool [8]. If surface-active elements are present in the
melt pool, the temperature coefficient of surface tension may become
positive depending on the local temperature and the concentration of
the surface-active elements [10,11]. Oxygen exists generally in atmo-
sphere or shielding gases. The effect of oxygen on Marangoni convec-
tion in laser-assisted additive manufacturing has been studied experi-
mentally and numerically [9,12]. For most general-quality forged steel,
including low-carbon steel, medium-carbon steel and stainless steel,
containing sulfur is inevitable due to the metallurgical imperfection
[13]. Addition of sulfur-free powder leads to the redistribution of sulfur
in the melt pool. However, the influence of sulfur in the base metal on
Marangoni flow during laser-based powder deposition has not been
fully understood.

Due to high temperatures, the block of metallic powder and spatter,
and small dimension of melt pool, experimental observation is difficult
[8]. Numerical simulation has previously offered a tool of effective
evaluating the transport phenomena in laser-based powder deposition
[14–21]. Qi et al. developed a 3D transition numerical model in which
fluid flow is solved with an energy equation [14]. The level-set method
was used to capture the free surface of the melt pool. He et al. simulated
the laser-assisted additive manufacturing processing by a self-consistent
mathematical model [15]. The heat transfer, phase changes, mass

http://dx.doi.org/10.1016/j.icheatmasstransfer.2017.06.007

⁎ Corresponding authors.
E-mail addresses: gyu@imech.ac.cn (G. Yu), xlhe@imech.ac.cn (X. He).

International Communications in Heat and Mass Transfer 86 (2017) 206–214

0735-1933/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/07351933
http://www.elsevier.com/locate/ichmt
http://dx.doi.org/10.1016/j.icheatmasstransfer.2017.06.007
http://dx.doi.org/10.1016/j.icheatmasstransfer.2017.06.007
mailto:gyu@imech.ac.cn
mailto:xlhe@imech.ac.cn
http://dx.doi.org/10.1016/j.icheatmasstransfer.2017.06.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icheatmasstransfer.2017.06.007&domain=pdf


addition, fluid flow were incorporated in the model. Since the addition
of powder results in solute redistribution during the laser-assisted ad-
ditive manufacturing process, the solute transport in the melt pool has
been computed by solving the species conservation equations [16,17].
The solute transport and composition profiles evolution during single-
track and double-track laser-assisted additive manufacturing have been
reported [16,17]. In these models, the temperature coefficient of sur-
face tension is assumed to be a constant. Lee et al. considered the
temperature-varying temperature coefficient of surface tension in sta-
tionary Inconel 718 laser cladding [18]. Two opposing surface flows
were found within the melt pool. A transition temperature dividing the
two regions has been obtained. Although the relationship between
surface tension of liquid metal and both temperature and surface-active
element content has been established theoretically [22], this surface
tension model has not been introduced into the mathematical model of
laser-assisted additive manufacturing.

In this paper, in order to investigate the transitional Marangoni
convection in laser-based powder deposition on sulfur-containing base
metal, an improved surface tension model is proposed to take into ac-
count the influence of sulfur content and temperature at the top of melt
pool. The sulfur mass transport equation is also combined with the
other conservation equations. The Marangoni flows in the melt pool
under various mass flow and energy input are examined. The calculated
concentrations of elemental sulfur and melt pool geometry are com-
pared with corresponding experimental results to validate the compu-
tational solutions.

2. Mathematical model

A numerical model to simulate heat transfer, fluid flow and mass
transfer in laser-assisted additive manufacturing has been developed.
Fig. 1 shows the physical phenomena in laser-assisted additive manu-
facturing on the sulfur-containing base metal. The simplifying as-
sumptions are the following [16,21]:

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

2. The surface tension of liquid metal depends on the temperature and
sulfur content at the top of the melt pool.

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 evaporation

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. The concentration distribution of powder flow is assumed to be

Gaussian.
7. Powder falling in the region of melt pool is melted immediately. The

powder particles are supposed to be at the same temperature as the
melt pool and Momentum quantity associated with the powder ad-
dition in the melt pool is neglected.

8. There is no diffusion transport in solid phase.

2.1. Governing equations

The following equations of continuity, momentum, energy and so-
lutions transport in the workpiece are expressed in Eqs. (1)–(4).
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where t is the time, uj is the jth component of velocity, μ is the viscosity,
p is pressure, and T is the Temperature, cp is the specific heat, ρ is the
density, k is the thermal conductivity, c and D are the concentration and
the diffusion factor of the element sulfur. The fourth term in the right
side of Eq. (2) represents the frictional dissipation in the mushy zone
[23]. K0 is the morphology constant of the porous media (107 in this
study). B is a small number to avoid division by zero (10−3 in this
study). The mass transport of sulfur is calculated based on Eq. (4). ΔH is
the latent enthalpy content of the fusion, which is given as,

Fig. 1. Modeling Marangoni flow and sulfur mass transport
during the laser-assisted additive manufacturing process.
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where the liquid mass fraction fl is defined as,
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Tl and Ts are the liquidus and solidus of substrate, respectively. In
the study, the solid and liquid phases are assumed as a continuum
media. Assuming that f and g represent the mass and volume fraction,
respectively, the physical properties are defined as,
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2.2. Surface tension of liquid metal

The surface tension variation at the surface of the melt pool plays an
important role in the fluid flow. The surface tension gradient is con-
sidered to be a function of the temperature and the concentration of the
surface-active element in the solution (sulfur in this study). This func-
tion is thermodynamically derived for different binary systems in-
cluding Fe-S and Co-S by Sahoo et al. [22] as follows,
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where σ is the surface tension of the pure metal at its melting tem-
perature, A is the negative of surface tension temperature coefficient, R
is the universal gas constant, Γs is the surface excess at saturation, k1 is a
constant corresponding to the segregation entropy, ΔH0 is the standard
heat of adsorption and as is the activity of the active element which
could be approximated by the sulfur concentration (weight%) in the
solution. The values of the parameters required for the surface tension
calculations of Fe-S and Co-S binary systems are given in Table 1. In the
evaluation of the surface tension of the ternary solution Fe-Co-S, the
modified temperature coefficient of surface tension should be used
based on the public literatures [24,25]. The variation of the tempera-
ture coefficient of surface tension at different temperatures and sulfur
concentrations according to the Eq. (11) can be calculated and present
in Fig. 2. The isotherms of the temperature coefficient of surface tension
are shown in the figure.

2.3. Boundary and initial conditions

A Gaussian distribution is assumed as the laser heat flux perpendi-
cularly input at liquid/gas interface, which can be formulated as follow,
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The three terms in the right side represent the energy by the laser
beam and the heat loss by convection and radiation, respectively. Q′ is
the attenuated laser power, ηl is the absorptance of laser energy, rb is the
effective laser beam radius, x and y are the distances to the laser beam,
Vs is the scanning speed, hc is the heat transfer coefficient, σb is the
Stefan-Boltzmann constant, ε is the emissivity, T0 is the ambient tem-
perature.

The momentum boundary condition at liquid/gas interface in-
corporating the capillary force and thermocapillary force are for-
mulated as [15],

= − ∇∗nF σ κ T dσ
dTL G s (14)

where σ is the surface tension, n* is the normal of surface pointing
inward to liquid phase, κ is the curvature.

The dynamic shape of the melt pool surface is explicitly described
by a moving mesh based on an arbitrary Lagrangian-Eulerian method
(ALE) [26]. They can be formulated as [27],

= +∗ ∗un V nVL G p (15)

where u is the fluid flow velocity at liquid/gas interface. Vp represents
the moving velocity of liquid/gas interface due to mass addition. The
calculation of Vp is given by,
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where mf is the mass flow rate, ηm is powder catchment efficiency, ρm is
the density of powder and rp is the mass flow radius, z is unit vector in
the z direction.

The corresponding boundary conditions for concentration equations
at the liquid-gas interface are formulated as follow [21],
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where qi is the concentration flux of the ith component of powder, χi

represents the molar fraction of the ith component of powder and Mi

represents the molar mass of the ith component of powder.
The initial temperature in the workpiece is 293 K. The initial velo-

city is zero. The initial mass fraction of elemental sulfur in the work-
piece is 0.04%.

Table 1
Data for surface tension calculations [22].

Property Fe-S Co-S

Surface tension σ (N m−1) 1.943 1.993
Negative of coefficient of surface tension for

pure metal dσ/dT (N m−1 K−1)
4.3 × 10−4 5.7 × 10−4

Surface excess at saturation Γs (Kmol m−2) 1.3 × 10−8 1.6 × 10−8

Constant corresponding to the segregation
entropy k1

0.00318 0.00318

Standard heat of adsorption ΔH0 (kJ kmol−1) −1.66 × 108 −1.55 × 108

Fig. 2. Variation of the temperature coefficient of surface tension at different temperature
and sulfur concentration of the ternary solution Fe-Co-S.
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2.4. Numerical solutions

A 3D Cartesian coordinate system is established in the study. Due to
the symmetry, only half of workpiece is considered. The basic grid
system used in the calculation contains 500 × 200 × 180 grid points.
Finer grid spacing is used near the heat source. The minimum grid space
along the x, y, and z directions are about 50 μm, 45 μm and 38 μm,
respectively. This grid system was proved to be grid independent. The
unstructured tetrahedral mesh distribution is specified as shown in
Fig. 3. A time dependent solver with a maximum time step of
1 × 10−5 s is employed. The maximum displacement of the interface at
one time step should be less than the minimum grid spacing.

With appropriate boundary conditions, the set of the continuity,
momentum, energy and species equations are discretized with the im-
plicit power law scheme in three dimensions and solved using a PISO
solver.

The material properties of the base metal and added material are
present in Table 2. The data used for calculations are present in Table 3.
Due to the mixture of base metal and added powder in the melt pool,
the material properties of the solutions are assumed to depend linearly
on the material properties of the base metal and added powder [24],

= + −A αA α A(1 )solu sub add (18)

where Asolu is the thermo-physical property of the solution, Asub and
Aadd are the properties of base metal and added material, respectively.
In this equation A can be replaced by the density, thermal conductivity,
specific heat and viscosity. The mixture fraction element, α, is defined
the mass fraction of base metal element Fe. The Absorptance of laser
beam energy, ηl, is a key process parameter that varies with material
composition and temperature. A reasonable estimate of the near-in-
frared laser energy absorptance is provided by Hagen-Rubens re-
lationship [28]. There, absorptance ηl(T) is calculated from the

temperature-varying electrical resistivity of the base metal material
Re(T) by the relation,

=η T ε ωR T( ) (8 ( ))l e0
1 2 (19)

where ω is the angular frequency of the laser radiation and ε0 is the
permittivity of free space. Expression for temperature-varying re-
sistivity for liquid 38MnVS is [29],

= + × −R T T( ) 1.125 1.438 10e
4 (20)

3. Experimental verification

38MnVS steel (sulfur content 0.04 wt%) and Co-based alloy (sulfur-
free) are chosen as base metal and added powder, respectively. The
material compositions of these alloys are summarized in Table 4. Laser-
assisted additive manufacturing was implemented on a 1000 W Nd:
YAG laser manufacturing system (multi-mode laser beam) with six-axis
programmed control platform. The beam radius is 1 mm. The laser-
assisted additive manufacturing experiments were performed in an
environmentally controlled chamber with a gas purification system.
The chamber was filled with pure argon. Oxygen and moisture content
was less than 1 ppm. Thus the effect of oxygen is neglected. Samples of
the base metal were prepared in the size of 20 mm× 10 mm× 6 mm.
In order to measure the concentration of surface-active element sulfur,
Auger electron spectroscopy (AES) was performed on a PHI 660 scan
Auger microprobe unit. Spectra were obtained for an excitation
5.0 keV. The angle between the electron beam and surface normal was
30°. The measurement precision of AES is 0.01 wt%.

4. Results and discussions

4.1. Transient sulfur concentration and Marangoni flow

Fig. 4(a)–(d) shows the computed concentration profile of sulfur and
fluid flow during laser-assisted additive manufacturing at different
times. The process parameters are: laser power 700 W, scanning speed
10 mm/s and mass flow rate 5.9 g/min. The concentration is indicated
by wt%. The black arrows in the figures represent the velocity of the
liquid metal. The solidus and liquidus temperature are also presented
by isotherm. As seen in Fig. 4(a), at 100 ms, only small amount of free-
sulfur powder is injected into the melt pool, the concentration of sulfur
in the melt pool surface is almost equal to the base metal content
(0.04 wt%). With the moving of the laser beam, more sulfur-free
powder is injected into the melt pool. As seen in Fig. 4(b), at 200 ms,
the concentration of sulfur is reduced to about 0.026 wt%. With the

Fig. 3. Schematic diagram of numerical domains.

Table 2
Material properties of the base metal and added material [30].

Property Base metal
(38MnVS)

Powder
(Co-Cr-W)

Solid density ρs (kg m−3) 7400 8400
Liquid density ρl (kg m−3) 6980 6875
Solidus temperature Ts (K) 1609 1598
Liquidus temperature Tl (K) 1768 1754
Solid specific heat cps (J kg−1 K−1) 604 417
Liquid specific heat cpl (J kg−1 K−1) 758 552
Solid thermal conductivity ks (W m−1 K−1) 22 11
Liquid thermal conductivity kl (W m−1 K−1) 24 13
Latent heat of fusion L (kJ kg−1 K−1) 270 310
Dynamic viscosity μ (Pa s) 5.5 × 10−3 5.5 × 10−3

Diffusivity D (m2 s−1) 4.3 × 10−8 4.3 × 10−8

Table 3
Data used for calculations.

Parameter Value

Beam radius rb (mm) 1
Mass flow radius rp (mm) 2.5
Powder catchment efficiency ηm 0.9
Powder attenuation efficiency ηa 0.8
Convective heat transfer coefficient hc (W m−2 K−1) 100
Emissivity ε 0.7
Angular frequency of the laser ω (rad s−1) 1.75 × 1015 [21]
Permittivity ε0 (F m−1) 8.85 × 10−12 [21]
Ambient temperature T0 (K) 293

Table 4
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 12 5 – –
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mixture of sulfur-free powder and base metal in the melt pool, the
concentration of sulfur further reduces as shown in Fig. 4(c). At the
time 400 ms as seen in Fig. 4(d), the sulfur concentration is below
0.015 wt%. The relative importance of thermal surface tension forces

Fig. 4. Computed three-dimensional concentration profiles of sulfur and fluid flow profiles at different times (a) 100 ms, (b) 200 ms, (c) 300 ms, and (d) 400 ms.

Fig. 5. Concentration profile of sulfur in the longitudinal section.

Fig. 6. Variation of the temperature coefficient of surface tension at different temperature
and sulfur concentration.

Fig. 7. Comparison between experimental and calculated concentration of sulfur along
the centerline of top surface.
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and viscos forces in the molten pool is evaluated by Marangoni number,

= dσ
dT

TL
μ α

Ma Δ R

0 0 (21)

where dσ/dT represents the temperature coefficient of surface tension
(10−4 N m−1 K−1 in this case), LR represents the characteristic length
(laser beam radius, 10−3 m, in this case), μ0 is the viscos
(10−3 N s m−2 in this case), α0 represents the thermal diffusivity
(10−5 m2/s in this case). Thus, the Ma is on the order of 104, which
means the liquid metal flow in the molten pool is laminar based on
some relevant estimations [5,18].

It can be observed that transient variation of sulfur concentration at
top surface has remarkable impact on the Marangoni flow within the
melt pool. At 100 ms, the Marangoni stress drives the fluid near the top
surface inward forming convection currents. The surface flow tends to
carry higher temperature fluid from the surface to the bottom of melt
pool, result in a deep-penetration region in the central melt pool. At
200 ms, an outward flow region is observed in the center of melt pool,
where the temperature of liquid metal is higher than 2350 K. Near the

periphery of melt pool, the flow pattern is still inward flow. At 300 ms,
since the temperature of melt pool increases, the outward flow region
expands. After 400 ms, only the outward flow exists in the melt pool
until the melt pool is fully developed. Note that the melt pool shape
becomes wide and shallow at time 400 ms. It can be attributed to the
outward flow pattern that tends to carry higher temperature fluid from
the center of melt pool surface toward the periphery of melt pool. As a
supplement, Fig. 5 shows the concentration profile of sulfur in the
longitudinal section. The addition of free-sulfur powder into the melt
pool decreases the sulfur concentration at the top of melt pool. At the
end of the deposition track, the sulfur distribution is almost uniform.

In order to explain the effect of sulfur redistribution on Marangoni
flow, Fig. 6 shows that the variation of temperature and concentration
affects the surface tension at different time. The isotherms of the tem-
perature coefficient of surface tension are shown in the figure. The
calculated temperature and sulfur concentration on the center of top
surface at different times are also marked in the diagram. The tem-
perature coefficient of the surface tension dσ/dT varies between
−3 × 10−4 and 2 × 10−4 N m−1 K. The contour line of dσ/dT = 0
indicates the conditions at which the direction of the Marangoni stress
at the top surface of the melt pool changes. On the left upper side of this
line, the temperature coefficient of surface tension is always positive,
which corresponds to inward flow. On the right lower side of this line,
the surface tension temperature coefficient is negative, which corre-
sponds to outward flow. Changes in temperature and sulfur con-
centration at top surface of melt pool can result in flow reversal if the
change results in an excursion cross the flow transition line. As shown
in the Fig. 6, at the initial stage of laser-assisted additive manu-
facturing, the high sulfur concentration and low temperature cause the
positive surface tension temperature coefficient and inward flow. As the
free-sulfur powder is injected into the melt pool, the sulfur concentra-
tion at the top surface decreases, accompanied by temperature of melt
pool increases. When the changes in temperature and sulfur con-
centration result in the excursion cross the flow transition line (dσ/
dT = 0), the flow motion transition from inward flow to outward flow
occurs. The temperature that flow transition takes place depends on the
sulfur concentration. As sulfur concentration decreases, the transition
temperature decreases.

In order to verify the calculated results, Fig. 7 shows comparison

Fig. 8. Concentration profile of sulfur in the longitudinal section (x-z plane) and fully developed flow pattern under different mass flow rate (a) 6 g/min (b) 4 g/min (c) 2 g/min (d) 0.1 g/
min.

Fig. 9. Variation of the temperature coefficient of surface tension at different temperature
and sulfur concentration under different mass flow rate.
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between experimental and calculated concentration of sulfur along the
centerline of top surface. The calculated sulfur concentration agrees
well with the experimental results, which gives strong support for the
numerical results and the above interpretation.

4.2. Transient Marangoni flow under various mass flow rate

Fig. 8 (a)–(d) shows the concentration profile of sulfur in the
longitudinal section and fully developed flow pattern under mass flow
rate of 6 g/min, 4 g/min, 2 g/min, and 0.1 g/min. The laser power and
scanning speed are 700 W and 10 mm/s. At higher mass flow rate of
6 g/min and 4 g/min, as shown in Fig. 8(a) and (b), due to the mixture
of free-sulfur powder, the sulfur concentration at top surface of melt
pool drops rapidly along the scanning direction. Then fully developed
fluid flow is outward flow. It is implied that a flow transition from in-
ward flow to outward flow occurs during the process. At lower mass

flow rate of 2 g/min and 0.1 g/min, as shown in Fig. 8(c) and (d), the
sulfur concentration at top surface drops but reaches the quasi steady
state quickly. The flow pattern of melt pool is inward flow in the whole
process. The changes in sulfur concentration and Marangoni flow under
different mass flow rate can be explained in Fig. 9. Similarly with Fig. 6,
the changes in sulfur concentration and temperature at different times
under the mass flow rate of 0.1 g/min, 2 g/min, 4 g/min and 6 g/min
are marked in the diagram of the temperature coefficient of surface
tension. As shown in Fig. 9, at higher mass flow rate, the sulfur con-
centration at top surface decreases rapidly. When the sulfur con-
centration falls below the transition concentration (cross the flow
transition line), the flow pattern in the melt pool changes from inward
flow to outward flow in that region. At the lower mass flow rate, the
sulfur concentration at top surface decreases slowly and reaches the
quasi steady state quickly. Less powder and more bulk of base metal are
mixed into the melt pool. Since the elemental sulfur is only contained in

Fig. 10. Experimental and calculated sulfur concentration along the centerline at vertical cross-section under different mass flow rate (a) 6 g/min (b) 4 g/min (c) 2 g/min (d) 0.1 g/min.

Fig. 11. Experimental and calculated geometry of melt pool (y-z plane) under different mass flow rate (a) 6 g/min (b) 4 g/min (c) 2 g/min (d) 0.1 g/min.
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the base metal, more sulfur transfer into the melt pool. The decrease of
sulfur concentration in the melt pool is not enough to make the ex-
cursion cross the flow transition line. The temperature coefficient of
surface tension is positive throughout the process, causing the flow
pattern of inward flow in the melt pool.

Comparisons between experimental and calculated sulfur contents
and geometry of cross-section of deposition track are shown in Figs. 10
and 11, respectively. Smaller deviations of computed sulfur con-
centration and size of melt pool from experimental results are observed.
It is mainly resulted from the simplicity 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. The heat loss due to melting of the powder is neglected.
The experimental results give strong evidence for the numerical results.
As the mass flow rate decreases from 6 g/min to 0.1 g/min, the sulfur
concentration at top surface raises from 0.005 wt% to 0.035 wt%. Two
predominant types of flow pattern in the melt pool are observed under
different mass flow rate as shown in Fig. 11. Laser-assisted additive
manufacturing under high mass flow rate of 6 g/min and 4 g/min are
shown in Fig. 11(a) and (b), less melting of substrate with larger mass of
powder covering the surface of base plate leads to lower sulfur con-
centration at the top of melt pool. Due to the negative temperature
coefficient of surface tension, the flow pattern is outward flow. When

the mass flow rate is 2 g/min and 0.1 g/min, due to the higher sulfur
concentration at the top of melt pool, the fluid flow is predominantly
inwards.

It is worth noting that different flow patterns significant affect the
geometry of the melt pool boundary. For outwardly flow pattern as
shown in Fig. 11(a) and (b), the melt pool boundary is similar to a
hemisphere. The fluid moving away from the central laser beam leads
to a wide and shallow melt pool geometry. However, for inwardly flow
pattern as shown in Fig. 11(c) and (d), unusual melt pool shapes with
multiple inflections in the slope of the boundaries are observed. Higher
temperature fluid from the area heated by the laser beam is carried
toward the bottom of melt pool, resulting in a deep-penetration region
in the central melt pool.

4.3. Transient Marangoni flow under different energy input

In order to investigate the effects of energy input on sulfur transport
and Marangoni flow, three laser powers (600 W, 700 W and 800 W)
were selected. The mass flow rate and scanning speed are 2 g/min and
10 mm/s. Fig. 12 shows the changes in the sulfur concentration and
temperature at different times under the different energy input. The
isotherms of the temperature coefficient of surface tension are shown in
the figure. The variation of energy input has impact on both sulfur
concentration and local temperature during the laser-assisted additive
manufacturing process. However, the change of melt pool temperature
caused by the variation of energy input is the main factor for the flow
transition. At lower energy input (600 W or 700 W), the temperature
coefficient of surface tension is positive throughout the process. The
flow pattern in the melt pool is inward in these conditions. However, as
the energy input approaches 800 W, the maximum temperature at top
surface of melt pool reaches 2464 K. The remarkable increase of tem-
perature changes the temperature coefficient of surface tension from
positive to negative, resulting in the flow reversal from inward to
outward in the melt pool. Experimental and calculated geometry of
melt pool under different energy input (a) 600 W (b) 700 W (c) 800 W
is shown in Fig. 13. The experimental results agree well with the nu-
merical results. When energy input increases to 800 W, the deep-pe-
netration region caused by inward flow is vanished. The melt pool
boundary becomes a convex circular arc.

5. Conclusions

The transient Marangoni flow and mass transport of sulfur in laser-
assisted additive manufacturing on sulfur-containing base metal are

Fig. 12. Variation of the temperature coefficient of surface tension at different tem-
perature and sulfur concentration under energy input.

Fig. 13. Experimental geometry of fusion zone and calculated fully developed melt pool (y-z plane) under different energy input (a) 600 W (b) 700 W (c) 800 W.
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simulated using an improved 3D transient numerical model. The nu-
merical results on the sulfur concentration distribution and melt pool
geometry under different mass flow rate and laser power agree well
with the experimental data. Some important conclusions are as follows:

(1) The sulfur distribution in the melt pool is non-uniform and time-
varying in laser-assisted additive manufacturing. The sulfur-free
powder addition into the melt pool results in the dilution of ele-
mental sulfur in the melt pool. The sulfur concentration along the
centerline of top surface gradually decreases. When the local con-
centration of sulfur is lower than a transition concentration, the
temperature coefficient of surface tension changes from positive to
negative. The fluid motion transition from inward to outward oc-
curs in that region.

(2) The mass flow rate has remarkable impact on the redistribution of
sulfur and the Marangoni flow in the melt pool. With the increase of
mass flow rate from 0.1 g/min to 6 g/min, the sulfur concentration
at top surface drops from 0.035 wt% to 0.005 wt%. At lower mass
flow rate of 0.1 g/min and 2 g/min, the flow pattern of melt pool is
inward flow, resulting in unusual melt pool shapes with multiple
inflections in the slope of the boundaries. At higher mass flow rate
of 4 g/min and 6 g/min, lower sulfur concentration causes the flow
reversal from inward flow to outward flow. The melt pool boundary
becomes a convex circular arc.

(3) The change of melt pool temperature caused by the variation of
energy input is a significant factor for the flow transition. When
energy input increases to 800 W, the increased surface temperature
of melt pool results in the negative temperature coefficient of sur-
face tension. The flow transition occurs from inward flow to out-
ward flow in the melt pool.
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