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A B S T R A C T

Selective laser melting (SLM) is a promising additive manufacturing technique arising from glassy metal char-
acteristics of treated medium. When creating novel compositions of materials and intricate workpieces, reliable
thermal designs should be implemented based on well-understood heat transfer characteristics on matierlas to be
used. Herein, we investigate local and overall heat transfer characteristics of SLM processes and investigate the
principal parameters related to the magnituge of a radiative heating power and its exposure time. We present
how to exert their influence upon local melting and sequential solidification of copper powder bed. The local
solid media reach a quasi-equilibrium state in even 1ms with the incident powers of 50, 100, and 200W. The
anisotropic expansion of the molten pool is governed by a thermally-induced Marangoni flow. As the power is
increased, the Marangoni factor increases linearly up to 853.7%. Consequential heat transfer characteristics tell
us that unconditional input power should be avoided to prohibit the detrimental effect; the radiative heating
power should be confined for thermalization of a target domain and for that preventing the evaporation of a
material. These approaches from material science to heat transfer can be used to develop a platform for SLM
processes guaranteeing its feasibility and applicability.

1. Introduction

Since mankind has used tools, designing and fabricating mechanical
components have been key technologies for upgrading industries, in-
volving development novel systems and improvements of conventional
energy transferring systems, as well as for the survival of mankind it-
self. In modern engineering systems such as gas turbines and power
propulsion devices, complex geometric components have been used.
These components enable us to obtain high performance, efficiency,
improved cooling and energy transfer against their mechanical failure.
Critical and technical demands, such as more complicated geometries
for improving reliability of those components, are growing. However, it
is difficult to make intricate components using conventional fabrication
techniques. As of now, that is why a three-dimensional (3D) printing
technologies are considered promising tools for driving future in-
dustrialization, so called industry 4.0 [1,2].

Additive manufacturing, as opposed to subtractive methodologies,
can be used to develop novel methodologies for synthesizing and

fabricating complicated structures from even metallic materials [3–6].
Radiative energy sources are used for local deformation (i.e., therma-
lization) of the target materials during sintering and melting. Selective
laser melting (SLM) can be used to fabricate parts with complex geo-
metries directly from powder feedstocks [7,8]. Fig. 1 shows a schematic
of the SLM process with a target powder material. SLM is advantageous
for manufacturing sophisticated and large-scale parts. Because compo-
nents are fabricated layer by layer in a bottom-up process, SLM can be
used to fabricate free-standing pieces and does not rely on specific
molds [9]. A very dense workpiece can be obtained by completely
melting the metallic particles then immediately solidifying them, and
no post-processing steps are required. Local heating and cooling can
potentially be used to make glassy metal as the high cooling rate re-
quired for vitrification is obtainable during the SLM process. Metallic
glasses can have complex geometries and desirable properties such as
mechanical strength, corrosion resistance, and high magnetic applic-
ability [9–12]. Regarding to its process based on powder metallurgy,
there is a wide variety of materials which can be used for making
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workpieces and whole components using SLM. Such components in-
clude gas turbine systems, turbine vane of airplanes, and multi-
functional 3-D meta-structures [8,13–16].

What are principal parameters in additive manufacturing regarding
thermal treatment in a series of thermal energy transfer? This has been
still in questioning and should be resolved for further progresses to the
extent of its feasibility and applicability. However, there exist compli-
cated physical behaviors defining the process, such as the radiative heat
transfer from the laser and subsequent heat-dissipating phenomena.
SLM melting leads to thermal conditions where the transient tempera-
ture fluctuates from melting point to room temperature and there is a
significant spatial gradient confined within a sub-millimeter area
[17,18]. The variety of parameters that affect SLM makes full-scale
experimental approaches difficult [18–21]. Thus, we have conducted a
range of parameter studies, but are still in the early stages of under-
standing the effects of each parameter. Each novel material composition
has a completely different parameter set. Regarding acceptable ex-
penses of trial and error, analytical and numerical approaches, which
partially reveal the fundamental physics based on thermodynamics and
heat/energy transfer, can be used to optimize the parameters through
‘thermal design’ [22–26].

In this study, we present a numerical approach for revealing the
fundamental influence of different parameters on the subordinate do-
main. We used copper (Cu) powder as a base material due to its at-
tractive merits of products such as high thermal and electrical con-
ductivity for various applications [27–33]. Additionally, because of the
high diffusive behavior of copper powder [34] by comparing other
widespread materials such as Ni-alloys, Ti-alloys, Steels and Al-alloys
which yields the difficult control, we thought that the copper powder is
the most valuable material by adopting the thermal design process. Our
methods take into account the difficulties described above. Under local
heating conditions characterized by molten pool formation, we show

that the power of the laser, in terms of input heat flux (i.e., power per
unit area), and the exposure time are the two principal factors de-
termining a favorable local cooling rate for additive manufacturing.
When vitrification is required, an appropriate cooling rated is required.
Using qualitative and quantitative evaluations, we demonstrate local
heat transfer characteristics with transient heat transfer responses
leading to expansion of the molten pool size. The subsequent cooling
rates vary in proportion to the applied power. To ensure appropriate
melting and cooling rate performance, there should be an upper power
limit corresponding to optimal conditions for diminishing the thermal
Marangoni phenomenon. This phenomenon causes the homogeneity
and designated pattern shape to deteriorate during solidification. Sui-
table parameters can be obtained using heat transfer analysis. The de-
monstrations on these parameters can then be used to guide the de-
velopment of a framework for SLM techniques.

2. Materials and methods

2.1. Thermal design process for object function

The thermal design procedure is shown in Fig. 2. The procedure has
the following steps: select the design variables and the domains of the
design parameters; define boundary conditions based on the thermal
properties of the material; analyze the transient local/overall heat
transfer characteristics in terms of temperature variations; investigate
the thermally induced variations in the characteristic molten pool size,
the cooling rate and the Marangoni forces. The impact of the object
functions, the optimal power and exposure time of radiative heating
source, can be determined within a confined design domain. We focus
on the thermal conditions required for melting a target area and the
critical limit to prevent deterioration in performance. The performance
deteriorates when the molten area expands beyond the intended

Fig. 1. Schematic diagram of selective laser melting (SLM). Based on computer-aided design, planar patterns are drawn using a high-power laser to induce local
thermalization. The planar structure is deposited in layers and a 3 dimensional workpiece is manufactured by repeating the planar drawing whilst vertically moving
the workpiece-lathe and feeding in the powder.
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linewidth due to over-melting. This is primarily caused by the excess
heat dissipation and Marangoni effects, which accompany the aniso-
tropic expansion of the molten pool. Further details will be provided in
the Results and Discussion section.

2.2. Modeling and design variables for characterizing heat transfer

2.2.1. Geometric domain set-up with material information
Fig. 3 shows the geometric domain used in our numerical analysis to

investigate the heat transfer characteristics of the laser melting process.
Our target structure is a standalone workpiece. We investigate the
variations in transient heat transfer conditions as the system is exposed
to the laser. We focus on the effects of the power and exposure time on
stationary heating and subsequent cooling behaviors. These should be
evaluated independently in advance so that we can then investigate
parameters relating to the movements of the laser, such as velocity,
hatch style, and layer thickness. Taking into account this object on the
static but transient heat transfer conditions, we define our simulation
domain to be a quarter of the full domain with symmetric conditions.

The width (w) of the powder bed is 20mm and the heights of the target
material and substrate are both 10mm. To reduce the complexity of the
numerical analysis, the powder bed is treated as a homogeneously ab-
sorbing and scattering continuum; the effective thermal properties of
the powder bed during radiative heat absorption and subsequent con-
ductive and convective heat dissipation are equivalent to those of a
solid model [8,24,35,36].

The thermo-physical properties of materials are classified as field or
non-field properties [34]. Thermal conductivity, which is dependent on
porosity, is a field property. However, the enthalpy and density, which
are controlled by the mass of a given composition, are non-field prop-
erties. The field properties depend, in a complicated manner, on por-
osity and pore geometries. They are represented by a simplified generic
relationship as Ap=(1− φ)A, where Ap, A, and φ are the properties of
the powder form, the bulk solid from, and the representative porosity,
respectively [37–39]. The thermal conductivity of the powder depends
on the geometric structure of the powder and is a function of the re-
lative density, as follows [40]:

=
+ −

k k
ϕ

n ϕ1 (1 )eff bulk m (1)

where keff is the thermal conductivity of the target powder bed and ϕ is
the relative density of copper powder, defined as ρpowder/ρbulk, which is
equal to 0.38 [25]. The relative density takes the porosity of the par-
ticles into account. n and m are experimentally determined constants
with values of 11.73 and 0.78, respectively. The thermal conductivity of
copper powder is 16.15W/m·K. When the temperature of the target
material is higher than the melting point of bulk copper (Tm=1083 °C),
we assume that the density and the thermal conductivity of the molten
domain in the liquid phase are 8960 kg/m3 and 386W/m·K, respec-
tively. The values for solid copper are the same. The density of bulk
copper, ρ, is 8960 kg/m3. Specific heat of bulk copper (380 J/kg·K) used
in this calculation does not take into account the temperature-depen-
dent relative density because the specific heat is principally a function
of the mass fraction of a powder [41]. The Cu powder bed is placed on a
stainless-steel substrate. The density, specific heat and thermal con-
ductivity of the stainless-steel substrate are 7800 kg/m3, 480 J/kg·K and
47W/m·K, respectively [8].

2.2.2. Governing equations and boundary conditions
To analyze the thermal behavior on a target domain, we consider

the energy equation as follows [42,43]:

Fig. 2. Flow chart of the thermal design for characterizing heat transfer in SLM
[26].

Fig. 3. Three-dimensional geometry used in numerical analysis, boundary conditions of a radiative heating source, and consequent heat transfer through the target
powder bed.
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∂

∂
= ∇∙ ∇ +ρc T

t
k T S( )p eff h (2)

where ρ, cp, T, t, and Sh are the density of the target medium, specific
heat, temperature, time, and volumetric heat source, respectively. The
commercial software package Fluent v.15.0 is used to analyze the effect
of the laser heat source on the thermal behavior of the system. The
characterization of the transient heat transfer is performed to evaluate
the thermal response to the laser. The outward heat dissipation is
modeled as convective heat transfer from the surface due to a purge gas
of argon using Newton's cooling law as follows [43]:

′ = −
′q h T T( )conv f w (3)

where h, Tf and Tw are the convective heat transfer coefficient, bulk
fluid temperature and wall temperature, respectively. We assume that
the heat transfer coefficient on the target material is 40W/m2·K, re-
flecting moderate natural convection due to a purge gas [25]. The heat
transfer from the other surfaces around the domain is modeled as a
conservative natural convection, with a coefficient of 5W/m2·K. The
temperature of the fluids around the surfaces and initial temperature of
the whole domain of the system is taken to be room temperature, which
is 300 K. Radiative heat transfer occurs on the surfaces due to the
temperature difference between the surfaces. When the system is in
thermal equilibrium, the absorbance and the emissivity are the same
[44]. In each step of the calculations, the results converge towards
thermal equilibrium. We assume that the emissivity of the target
powder bed is 0.4, which is the same as the absorbance of a target
material [25,30]. We conducted a preemptive time-step test to evaluate
the convergence and choose time step durations of 0.002ms in this
simulation. The total simulation time is 2ms, with 1ms each of heating
and subsequent cooling. All simulations use double precision accuracy.
The convergence criterion of the energy equation is 10−14, which is
sufficient for the system to converge at each time step.

We model the laser as a radiating heat source under surface heating
conditions without any volumetric heating source. This model is plau-
sible in the case of metallic powder beds as they have relatively short
irradiance absorbance lengths in comparison to ceramic materials [23];
that is, Sh in Eq. (2) is null. The laser beam has an effective Gaussian
beam power distribution with a symmetrical irradiance distribution.
We assume that the laser irradiance is symmetric about the direction of
propagation and, in most cases, the maximum irradiance of the power
per unit area I0 is at the center of the beam pattern. The beam irra-
diance of the fundamental mode is defined as I(r)= I0e−2r2/r02, where r
and r0 are the radial distance from the center and the beam radius
corresponding to the point where the irradiance diminishes to 1/e2,

respectively [38]. Herein, r0 is 35 μm. The inset in Fig. 3 describes the
irradiance profile on the heating surface. Taking into account this radial
distribution of the irradiance, we can use the expression for the input
power of the laser to define the surface heat flux, ql″, as follows [38]:

′ =
′ −q P

πr
e2

l
l r r

0
2

2 /2
0
2

(4)

where Pl is the laser power. We use a conventional ytterbium (Yb) laser
with a wavelength of 1070 nm and powers of 50, 100 and 200W, which
are typical for laser-induced manufacturing [9]. They are equivalent to
apparent surface heat flux of 1.3× 106, 2.6× 106, and 5.2×106W/
cm2, respectively. The absorbance of a material α, where α is between
zero and unity, depends on a number of factors including material
composition, surface morphology, level of oxidation, wavelength of the
irradiant source, and temperature [22,45]. We can quantify the correct
input heat flux α· ql″ in terms of the radiative absorbance, which is a
quasi-interfacial property. The absorbance of the powder layer depends
not only on its physicochemical properties but also on granulomor-
phology and apparent density. The absorbance of powder is sub-
stantially higher than that of the bulk materials [46]. The absorbance of
a Cu powder bed with an average characteristic length of 45 μm in
dense packing conditions is 0.4 [25,44].

For the numerical simulations, hexahedral structured meshes are
used and their number is approximately 9.8 million. The grid is densely
concentrated on the hot spot inside the irradiating laser radius (35 μm)
and has edges of length 2 μm. This value is determined by preemptive
grid independency tests. To access the numerical reliability, the results
is compared to previously reported results and found to be in reason-
able agreement with the average discrepancy less than 3.57% as shown
in Fig. 4 [8,25].

3. Results and discussion

3.1. Heat transfer characteristics

3.1.1. Local heat transfer characteristics and temperature criteria (spatial
and transient thermal responses)

Fig. 5 shows the spatial temperature distribution and transient
thermal responses in the case of radiative heating with power of 50W
(qapp″=1.3× 106W/cm2). The thermal energy dissipates from the
center of the irradiation (i.e., the local hot spot) along the incident di-
rection of the laser (Fig. 5(a)) and radially (Fig. 5(b)) by conduction
through the powder bed. Under locally concentrated heating with
moderate secondary heat dissipation through convection and radiation
on the exterior surfaces, conduction is the principal process governing
both the local and the overall heat transfer characteristics. Convection
effects in the chamber should be minimized to prevent the material
losses that can arise due to blowing and oxidation of the material. As
this process is dominated by conduction, heat dissipation or transfer in
a solid media is explained by the Fourier's law of conduction (Eq. (2)).
Based on the relationship, we investigate local and overall heat transfer
characteristics analytically. In a powder bed system (shown in Fig. 3),
these characteristics can be determined by the effective properties of
the powder bed, the input heating power, and the exposure time
[8,20,25]. The absorbed energy can be quantified in terms of these
parameters. Herein, we consider macroscopic approaches based on the
plausible assumption that powder beds are homogeneous in confined
domains [24,38]. When the target powder bed has high thermal con-
ductivity, this will dominate the thermal response of the powder.
Conduction effects within the powder bed lead to the incident thermal
energy propagating towards the surrounding powder bed. The effective
thermal conductivity of the Cu powder bed with high thermal con-
ductivity plays a significant role in determining the local and overall
heat transfer responses. From the contours and graphs in Fig. 5, we can
see that the conductive heat spreading affects the overall temperature
increase near the local hot spot and causes a significant temperature

Fig. 4. Validation of numerical simulation data with reference which presents
the numerical simulation with experimental data [25].
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gradient [20].
The spatial temperature distributions and maximum temperature

depend on the exposure time and incident power. The local temperature
is maximized with Tmax at the center of the incident laser and decreases
outwardly due to conduction. During local heating, the overall tem-
perature increases with the exposure time. As the distance from the
center increases to more than 400 μm in the lateral and vertical direc-
tions, there are no significant transient variations and there is not sig-
nificant difference between the initial state, at room temperature, and
the state after heating. The outward spatial gradient of the temperature
diminishes with time and the increase in temperature reaches a plateau
after as little as 1ms exposure (inset of Fig. 5(b)) for each power con-
dition. The temperature at the hot spot saturates at 1581 °C at 50W and
the transient outward increment decreases with time, resulting in less
spatial deviation. This indicates that increasing the exposure time does
not lead to an unlimited temperature increase; instead, it affects the
transient thermal responses [25]. The transient characteristics below
the critical temperature are confined by the energy balance between the
external thermal load and the internal energy (i.e., local temperature)
increases within the thermal mass. By considering the energy balance,
we can conclude that the incident power is a principal factor in de-
termining the characteristic maximum temperature at the heating
point, Tmax [25]. This explains the results that, although the cases with
different incident powers all saturate after an exposure time of 1ms,

they have different saturation temperatures: 1581, 2117, and 3186 °C
with 50, 100, and 200W, respectively (inset of Fig. 5(b)).

3.1.2. Prediction of the size of the molten pool
Spatial and transient characteristics impose restrictions on the size

of the molten pool. This is the area that has transitioned from a solid
state to a liquid-phase state. It varies with the exposure time and
heating power. Fig. 6(a) shows that the spatial temperature gradient
and consequential melting area should be strongly dependent on the
input power. The molten area forms where the local temperature is
higher than Tmelt, the melting point of the target material. In the case of
50W incident power at the saturation condition after 1ms exposure,
the characteristic lengths along the x- and y-axes are 95.4 and 80.4 μm,
respectively (as indicated in Fig. 5). When higher incident power is used
for local heating, larger areas melt. Incident powers of 100 and 200W
result in characteristic radii of 145.5 and 207.5 μm, respectively
(Fig. 6(a)). The effective size of the pool is determined by the local
temperature predictions as follows:

≡ ≡> >x Max x y Max y( ) | , ( ) |m T T m T Tmelt melt (5)

= ∙ +r πx y π x y2 /2 ( )/2eff m m m m
2 2

(6)

where xm, ym, Tmelt, and reff are, respectively, the distance from the
center along the x- and y-axes, melting point of the target material, and
effective radius of the elliptical melted pool. Fig. 6(b) shows that the
effective melting area is governed by variations in the input power. All
cases lead to expansion of the melting area over beyond the radius of

Fig. 5. Temperature distributions at P=50W with irradiation time along (a)
the in-depth and (b) the radial direction (where Tmelt, ym@1.0 and xm@1.0 indicate
the melting point of the target material, the width of the melting pool along in-
depth, and the radial direction, respectively). The insets in (a) and (b) show the
contours of the temperature distribution near the heating spot and the transient
maximum temperature with the input power, respectively.

Fig. 6. Thermal responses according to the variation of input power. (a) Radial
temperature distribution with various input powers at t=1.0ms (b) Effective
pool radius, rp according to exposure time and power.
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the incident laser source, r0, which was 35 μm. This is why conductive
heat dissipation through a powder bed can be used to control the ac-
curacy of the target pattern. Even after 0.2ms exposure with the lowest
power of 50W, the affected area (~62.6 μm) is larger than the area of
the laser. The molten area expands with time, but the rate of expansion
diminishes significantly when t is up to 1.0 ms because the energy
balance reaches equilibrium. There are fewer transient temperature
variations near 1.0 ms exposure as the internal energy absorption
converges to equilibrium. This leads to consequential saturation of the
expansion of the melting area.

Having characterized the local and the overall heat transfer, it
should be possible for us to specify design guidelines for controlling the
melting or sintering of the target material. First, the characteristic
length of the molten pool depends strongly on the intrinsic thermal
conduction properties of the pool material. These give rise to variations
in the over-expanded melting area (reff > r0) with the laser radius and
power. It cautions us that precise line width control is required. To
achieve a particular desired result of prescribed workpiece structures,
all parameters must be optimized. High-input power lasers, i.e., high
surface heat flux concentrated on a target area, are required to obtain
sufficient thermal energy for practical applications such as multi-com-
pound sintering or full melting. However, unconstrained increases in
input power result in widening of the melting pool – preventing precise
pattern control and resultant inaccurate or coarse patterning on the
target structure. Excessive exposure time (over 1.0 ms), which is
equivalent to a varying velocity, after reach an equilibrium state does
not have significant impacts on local sintering or melting. By con-
sidering the transient characteristics, a feasible parameter set based on
either the velocity or the exposure time of the laser can be specified.
This can be used to scan planar targets with SLM technology.
Uncontrolled or oversized melting pools cause the precision of the
pattern shape and line width to deteriorate. This is because the over-
exposed energy is accumulated and propagates conductively through
the bulk powder bed until the corresponding equilibrium state is
reached.

3.2. Required transient thermal response for glass-metal synthesis: cooling
rate

Fig. 7 shows the transient thermal response of the temperature de-
crease during cooling. This occurs when the radiative heat source is

switched off, after which the system cools quickly. When we turn off the
radiative heat source of the laser after 1ms of heating, the local tem-
perature at the point directly heated by the laser decreases significantly.
Although the heating power affects the saturation temperature, local
temperatures decrease rapidly towards the temperature of the exterior;
room temperature is reached in approximately 0.4 ms. Conduction ef-
fects accompanied by fast and concentrated temperature variations
were found to dominate both local transient heating and cooling. The
local temperature rapidly approaches the exterior temperature as the
heating preceding the cooling was confined to a local rather than
heating the entire target thermal mass, as in a typical casting process.
We define the apparent cooling rate as (Tmax− Tmelt)/△t, where Tmax

and △t are the maximum temperature and time from the start of the
cooling to the moment when the local temperature reaches Tm, re-
spectively. The evaluated cooling rates are extremely high, over 106 K/s
and they vary almost linearly with the heating power. The high cooling
rates evaluated must be one of greatest advantages of using SLM for
material synthesis [47]. The high cooling rate following the material
melting suppresses the growth of crystalline structures and enables us
to fabricate amorphous structures for synthesis of ‘metallic glasses.’
[11,47,48] To obtain glass compositions, the local cooling rate should
be sufficiently high to bypass the ‘crystalline nose’ in the continuous
cooling transformation diagram, as shown schematically in Fig. 7 [9].
In actual SLM and other manufacturing methods, the dynamic behavior
of the heating affects the bulk temperature increase of the target
thermal mass. However, we can evaluate the exposure time required in
terms of static local heating without taking into account any dynamic
behaviors. Using a unit-cell specification for the heating and cooling of
a local spots without any auxiliary bulk temperature heating, the de-
sired exposure time and following cooling duration can be calculated.
To obtain an amorphous solid, the actual cooling rate must be higher
than the threshold for avoiding the ‘crystalline nose’ on the continuous
cooling transformation diagram [11]. The glass transformation should
be regarded as a kinetic process that occurs during local melting within
a critical time period [9,49]. The very short cooling times required to
induce metallurgical processes such as vitrification should be men-
tioned in guidelines for using lasers for pattern drawing. The time for
cooling can be used to deduce velocity of the laser, which controls
consequential equivalent cooling period after the heating [50].

3.3. Homogeneous and confined heat treatment: thermal Marangoni effect

Using SLM should lead to homogeneous solidifications and accurate
patterns. The parameters must be carefully controlled to ensure the best
results. By using locally concentrated heat radiation from a laser, the
target material is heated to beyond the melting temperature in milli-
seconds. High temperature gradients as well as transient variations
arising in the local molten pool generate thermocapillary forces
[18,51]. The aforementioned local heat transfer characteristics imply
that SLM, which uses a remarkably concentrated thermal load on a local
spot, should be accompanied by secondary convection in the molten
pool: thermal Marangoni flow [51–53]. When this thermocapillary
force is present, vortices are generated in the liquid, and the heat and
mass transfer characteristics can be affected. This means that the
molten zone has clear dependence on solidification during the thermal
process of SLM [18,54]. This convective flow has been pointed out as a
detrimental factor to the production of uniform and homogeneous
structures in a locally molten area [51]. The Marangoni flow is induced
by surface tension gradients. These are caused by temperature gra-
dients. The flow is quantified numerically using the Marangoni number,
Ma [51,55]:

= −
∆

∝ = ∆Ma dσ
dT

TL
μα

β β TL,
t (7)

where σ, L, μ, and αt are the surface tension, characteristic length, dy-
namic viscosity, and thermal diffusivity, respectively. Each variable is a

Fig. 7. Transient variation of the local temperature at the heated spot (Tmax)
with a schematic continuous cooling diagram. At higher cooling rates, which do
not cross the crystalline nose, glassy metal formation occurs through direct
vitrification. Hollow dots and solid lines indicate results from the transient
cooling after the showdown of the laser power and analytic predictions of
temperature decrease with the cooling rate (cr) of 106 K/s, respectively.
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property of the target material, apart from the local temperature dif-
ference ΔT and L, which depend on the input parameters. When a local
spot is subjected to intense radiation, the temperature-induced surface
tension gradient plays a more significant role than the concentration
gradients [18]. The characteristic length is a substitute for the effective
radius of reff. The negative surface tension gradient is 1257–0.2(T-1356)
mN/m in the case of a Cu powder bed [56]. We can predict that there
will be a vortex pair with radially outward flow. The flow will be from a
weakly attractive area with low σ and a high temperature to a strongly
attractive region with high σ, as schematically illustrated in Fig. 8(a).
The effects of these vortices are quantified as a function of input power
and exposure time in Fig. 8(b). As mentioned regarding transient local
temperature variations and their impact on the effective pool radius,
the Marangoni factor β increases with exposure time. Using a higher
power leads to a higher β value and a steeper gradient with respect to
time.

If we wish to consider it macroscopically, the propagation of the
absorbed thermal energy can be treated as a simplified thermal con-
duction circuit through a solid or quasi-solid medium. When we assume
that the confined medium has isotropic thermal properties, and that
there are no significant energy losses, the effective heat flow dissipates
through the medium following its absorption from the incident laser.
This is formulated by Fourier's law of heat conduction as follows [43]:

= − ∇ ∝ −Q k TA kβ"ffe (8)

where A is the unit area of the target unit cell. This relationship tells
us that β is an indirect indicator of the heat flow; the effective heat flow

through the target medium is proportional to β. Herein, the subscript of
β in Fig. 8 indicates the incident laser power. From the results shown in
the inset of Fig. 8(b), however, we can see that β is valued over linear
proportion to the input power. When the input power increases from 50
to 100 and 200W, βi/β50 increases by over 304.3% and 853.7%, re-
spectively. The subscript indicates the corresponding input power.
Higher incident powers lead to stronger Marangoni force due to the
large temperature difference (ΔT) and enlarged characteristic lengths
(reff). The effects of the Marangoni phenomenon become more pro-
nounced as the power increases as βi/β50≈ B·Qi/Q50, where B is a
coefficient over unity. In the case of a radially outward vortex pair
(Fig. 8(a)), they bring about a lateral widening of the molten area due
to convective heat dissipation. This degrades the accuracy of the pat-
tern width control. Uncontrollable pattern sizes (melting area size)
caused by secondary vortex flows can arise due to Marangoni effect's
significant influence on the quasi-effective heat flow [17,43]. In the
case of Cu, this secondary thermal effect caused by the Marangoni force
can become exaggerated due to the high thermal conductivity of Cu.
This results in non-spherical melting and anisotropic patterns [50].
Therefore, we have to remind that the dependency of β on the input
power should be analyzed carefully to enable us to achieve precise and
accurate control of the shape and width (or depth) of the molten pool.
We can obtain an upper limit by noting that the local temperature
should not be much higher than the boiling point (i.e., Tmax < Tboiling,
where Tboiling of Cu is 2562 °C) to minimize material losses due to
evaporation and the consequent uneven surface profile.

4. Conclusion

SLM is a promising technique for manufacturing complicated com-
ponents and synthesizing glassy metals. These undergo amorphous vi-
trification during thermal treatment. To create novel materials and
workpieces, we must understand the local heat transfer characteristics
during SLM. This will enable us to obtain reliably target objects that
have the desired pattern shapes, dimensions, and mechanical perfor-
mances. We presented a methodology to evaluate the local/overall heat
transfer characteristics of materials undergoing the SLM process and
determined the most prominent transient effects of the principal para-
meters. Through exemplary approaches and analytical demonstrations,
we showed how to control the local melting and sequent solidification
of the powdered target material. The radiated power and exposure time
were found to be of importance to determine the local heat transfer
characteristics. We also discussed the role of secondary local advection
in the molten pool, the causes of thermally induced Marangoni flow,
and approaches to reducing the detrimental effects of this flow. The
input power should be limited as it has a significant effect on both the
spatial and the transient heat transfer characteristics. The character-
istics of radiative heating accompanied by secondary heat dissipation
over a metallurgic powder bed should be optimized by selecting ap-
propriate values for the exposure time and the input power. Our de-
monstration can be used to test SLM systematically and tailor it to novel
alloy compositions. In the future, dynamic multi-scanning simulations
will be performed and different scanning strategies will be evaluated
numerically and compared to experimental SLM. This will optimize the
parameters to obtain the greatest improvement in SLM performance
along the basis of the proposed numerical analysis. We are going to
improve our numeric approaches by incorporating a variety of techni-
ques from material science and the theory of heat transfer into our si-
mulations. This will lead to making a platform in SLM process guar-
anteeing its feasibility and wider applicability.
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