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Abstract. Selective laser melting (SLM) is a powder based additive manufacturing technique suitable for producing high precision
metal parts. However, distortions and residual stresses within products arise during SLM because of the high temperature gradients
created by the laser heating. Residual stresses limit the load resistance of the product and may even lead to fracture during the
built process. It is therefore of paramount importance to predict the level of part distortion and residual stress as a function of SLM
process parameters which requires a reliable thermal modelling of the SLM process. Consequently, a key question arises which is
how to describe the laser source appropriately. Reasonable simplification of the laser representation is crucial for the computational
efficiency of the thermal model of the SLM process. In this paper, first a semi-analytical thermal modelling approach is described.
Subsequently, the laser heating is modelled using point, surface and volumetric sources, in order to compare the influence of
different laser source geometries on the thermal history prediction of the thermal model. The present work provides guidelines on
appropriate representation of the laser source in the thermal modelling of the SLM process.

INTRODUCTION

Selective laser melting (SLM) is a common additive manufacturing technique for producing metal parts with me-
chanical properties similar to those made by traditional manufacturing methods. However, SLM allows for higher
topological freedom when compared to manufacturing techniques such as casting, milling, drawing and CNC. One
of the critical issues associated with SLM is the distortion of the part and generation of residual stresses during the
process. Part distortions and residual stresses arise due to the high temperature gradients created by the localised laser
heating and subsequent cooling [1, 2]. Therefore, accurate prediction of these field quantities requires a valid predic-
tion of the temperature history. Since laser beam is the source of energy in SLM, a reasonable description of the laser
heating is a necessity.

Generally, the laser scanning line can be discretised into finite number of heat sources along the scanning vector.
For each heat source, a Gaussian distribution of the laser intensity is usually assumed in the plane of scanning [3, 4].
Moreover, along the out of plane direction, the laser energy also decreases [3] as a result of the powder-bed laser
interaction. Therefore, a laser scanning vector employed in SLM is well described with a set of 3-dimensional heat
sources located along the scanning vector. However, the dimension of the laser spot is typically tens of micrometers,
while the part produced has dimensions on the order of millimetres. This mismatch between the characteristic length
scales of the problem requires an extremely fine discretisation of the domain upon solving the heat equation with a
standard numerical method such as finite elements (FE).

As a first level of simplification a volumetric source can be treated as a surface source, neglecting the laser
penetration depth into the powder-bed [5]. The next level simplification assumes a negligible radius of the laser spot
within the scanning plane, and thus a finite number of point heat sources become appropriate to represent a laser scan
vector. Although such simplifications will considerably improve the computational efficiency, overall temperature
history should be sufficiently insensitive for these simplifications in order not to compromise accuracy. Therefore, the
present paper intends to provide guidelines on under what conditions the laser source can be simplified into a surface
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or a point source. A novel semi-analytical thermal model is first proposed in which the laser scan vectors are described
in terms of point, surface and volumetric sources, respectively. Then the temperature field prediction of these three
source geometries will be compared along with the associated computational complexity.

MODEL DESCRIPTION

A body V is considered that has already been built and a thin layer of powder is laid on its top surface ∂Vtop, see
Fig.1a. The temperature field T of the body V is dictated by the heat equation

ρcp
∂T
∂t
= ∇. (k∇T ) + Qv, in V, (1)

where t is the time and Qv is the rate of volumetric heat generation, i.e. the heat source term. Thermal parameters
k, ρ, cp are the conductivity, constant-pressure specific heat and density, respectively. For the built body V , the lateral
surface ∂Vlat and top surface ∂Vtop are covered by the powder, as shown in fig.1a. Upon neglecting convection and
radiation effects and considering the fact that the conductivity of the powder is approximately 1/100 of that of the
solid body [6], it is reasonable to assume there is no heat flux neither across the lateral surface ∂Vlat nor across top
surface ∂Vtop. The bottom surface ∂Vbot of body V is assumed to have the same temperature of the baseplate, which is
kept constant during the SLM process.

If the thermal material properties k, ρ, cp are assumed to be constant, Eq.(1) will become the linear heat equation.
Thus, the scanning line shown in Fig.1a can be discretised by a finite number of heat sources, and the overall temper-
ature field can be obtained by the superposition principle. By performing such discretisation, the thermal influence of
each type of heat source can be taken into account individually. The total temperature field is expressed as

T = T̃ + T̆ + T̂ , (2)

where T̃ is the temperature due to all heat sources in a semi-infinite space bounded by the top surface of the body
∂Vtop, and obtained by the summation over sources, which reads

T̃ =
M∑

I=1

T̃ (I), (3)

where T (I) represents the temperature field due to source I and M is the total number of heat sources. The T̆ field
shown in Eq. (2) is the contribution of image sources, that are positioned as the mirror image of a regular heat source
with respect to a boundary, when a given regular source is in the vicinity of the boundary as shown in Fig.1b. The
boundary conditions is finally corrected by T̂ . The T̃ and T̆ fields can be obtained directly using analytical expressions
while the T̂ field is solved using a numerical method since it is a smooth field. By doing such decomposition, the steep
temperature gradients in the vicinity of the laser is captured by the T̃ and T̆ fields, and a boundary value problem
(BVP) can be solved for the smooth T̂ field using the boundary conditions of the problem.

For an instantaneous point source in a semi-infinite space, Eq.(1) has the analytical solution[7]

T̃p(xi, t) =
QA

4ρcp (πα (t − t0))3/2
exp(− U2

4α(t − t0)
), (4)

where T̃p is the temperature field for the point source, Q represents the energy associated with the heat source while A
is the absorptivity and α = k/ρcp is the thermal diffusivity. The distance between the material point of interest xi and
the point source position is represented by U. If the number sources used discretising a scanning line is sufficiently
big, the energy Q can be approximated by Q = PΔt, where P is the power of the laser and Δt is the time between
activation of two consecutive sources.

For a surface source where the total energy Q associated with the source is distributed as a Gaussian function
with the intensity expressed as

QG
ps =

2Q
πr2

l

exp(
−2r2

r2
l

), (5)

where rl is the radius of the surface source and r is the distance to the center of the laser. At r = rl, the intensity of the
Gaussian laser beam reduces to 1/e2 of the maximum intensity. Hence the energy within a radius of rl is (1-1/e2)Q.
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FIGURE 1: (a) The scanning line on the top surface of the already built body can be descritised by multiple type of
heat sources, and each heat source can be considered as a dimensionless point source, a 2D surface source or a 3D
volumetric source. (b) Schematic illustration of the image source method (c) A unidirectional scanning pattern with
20 tracks is applied on the top surface of an already built cube.

The temperature field for the surface heat source can then be obtained by substituting Eq. (5) multiplied with ω =
e2/(e2 − 1) into Eq. (4) and integrating the temperature over the area

T̃(s) =

∫ rl

0

∫ 2π

0

ω
2Q
πr2

l

exp(
−2r2

r2
l

)
exp
(
−(U)2

4α(t−t0)

)

4ρcp (πα (t − t0))3/2
rdθdr. (6)

If the laser is considered as a volumetric source, the intensity of the heat source is assumed to satisfy the Beer-
Lambert law[8]

Qpv =
QG

ps

δ
exp(−U3

δ
), (7)

where δ is the penetration depth, which is defined as the depth at which the intensity of the radiation inside the material
drops to 1/e. The distance U3 represents the depth value of the volumetric source, as shown in Fig.1a. Similar to the
factor ω used in Eq. (6), a factor ζ is used to make up for the loss of the energy. The absorptivity by the interaction of
the laser source and the powder bed is thus given by

A = ζ
∫ δ

0

exp(−U3

δ
)

δ
dU3 = ζ(1 − 1

e
). (8)

Substituting Eq.(7) into Eq.(4) and integrating over volume of the source gives

T̃(v) = ζ

∫ δ
0

∫ rl

0

∫ 2π

0

Qpv

exp
(
−(U)2

4α(t−t0)

)

4ρcp (πα (t − t0))3/2
rdθdrdx3. (9)

PROBLEM DESCRIPTION

A 2 mm × 2 mm × 2 mm cube comprises of Ti-6Al-4V alloy is considered that has already been built by SLM. An
additional layer by applying a scanning pattern with 20 unidirectional tracks is analysed, as shown in Fig.1c. The
material properties and SLM processing parameters used are tabulated in Table 1 and Table 2, respectively. The hatch
spacing is the distance between two adjacent scanning lines and the border offset d1 and d2 are shown in Fig.1a. The
time step is 1 × 10−4 s. Image source is added when the distance of the laser to a boundary is smaller than the critical
distance taken to be 0.75 mm. The bottom surface of the cube is maintained at 200 oC. An 8 noded hexahedral finite
difference cells with uniform size of 0.5 mm is used to obtain the T̂ field, and then for any point of interest xi, the
value of T̂ (xi) is estimated by the linear interpolation.
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TABLE 1: The SLM processing parameters

Laser power
P (W)

Laser speed
v (m/s)

Border offset
d1(mm)

Border offset
d2(mm)

Hatch spacing
h (μm/s)

Absorptivity
A (-)

35 0.3 0.1 0.24 80 0.8

TABLE 2: Material properties [9]

Conductivity k (W/mK) Heat capacity cp (J/kgK) Density ρ (g/cm3)
42 831 4.42

RESULTS & DISCUSSIONS
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FIGURE 2: Comparison of the normalised temperature history of point B predicted by the (a) point source model and
surface source model with a radius of 100 μm (b) point source model and the volumetric source model with a radius
of 35 μm, and two values of penetration depth are taken as 50 μm and 100 μm. The temperature Tm is the melting
point, while T is the temperate predicted by the proposed model.

The temperature history of point B, which is at the center of the top surface as shown in Fig.1c, is first used
to compare the laser source geometries. In Fig.2, the temperature normalised with melting point Tm, i.e. T/Tm, as a
function of the scanning time is plotted. The temperature T is calculated by the proposed model. It can be seen from
Fig.2a that when the laser source is modelled as a set of surface sources each with a radius of 100 μm, except the peak
value, the temperature history of point B is very similar to that predicted by the point source model. The considerable
difference between the peak temperature values arises when the laser is close to the point B (t = 0.057 s and 0.063
s). This means the change of the laser radius has little influence on the temperature of the material that is far from
the laser. When the radius of the surface source increases, the predicted peak temperature decreases. Similarly, if the
radius of the surface source is reduced, the peak temperature predicted by the surface source model increases and
converges to the peak value predicted by the point source model when the laser radius is approximately 35 μm.

When modelling the laser scanning vectors with a set of volumetric sources, the laser spot radius is set to be
35 μm in order to isolate the effect of penetration. The penetration depth is assumed to be 100 μm and 200 μm. The
difference in the temperature history of point B obtained by the point and volumetric source models can be clearly
observed in Fig.2b. The temperature predicted by the volumetric sources is smaller than that predicted by the point
source. Besides, for the volumetric source, the higher the penetration depth, the lower of the temperature. Moreover,
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the penetration depth has a larger effect for the temperature of the material close to the heat source, which can be
clearly observed in Fig.2b by the variance of the peak values predicted by the two volumetric source models with
different penetration depth. The more energy-concentrated heat leads to higher temperature.

Fig.3a - c shows the normalised temperature field of the top surface (x3 = 2 mm) when the laser arrives at the end
of the 10th track (t = 0.06 s). For the surface source, the radius is 100 μm, while for the volumetric source, the radius
is 35 μm and the penetration depth is 100 μm. In the vicinity of the laser, temperature decays faster for the volumetric
source compared to the surface source. Fig.3d - f show the normalised temperature field of the x1 − x3 plane when
the laser arrives at the end of the 10th track, where x2 = 0.96 mm. Fig.3d, e and f are the temperature distribution
predicted by the point source, surface source and the volumetric source models, respectively. It can be observed that
along the thickness direction, the temperature predicted by the point and surface source models are higher than that
predicted by the volumetric source model.
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FIGURE 3: Normalised temperature distribution at the end of the 10th track on (a)-(c) x1 − x2 plane when x3 = 2 mm,
and on (d)-(f) x1 − x3 plane when x2 = 0.96 mm. Temperature field is calculated at (a) and (d) by the point source
model, at (b) and (e) by the surface source model with a radius of 100 μm and at (c) and (f) by the volumetric source
model with a radius of 35 μm and a penetration depth of 100 μm.

All calculations are performed on a machine with an Intel i7 - 6600U processor with a clock of 2.60 GHz and
with 8 GB RAM. The total calculation time for the volumetric, surface and point source are 502.1 s, 287.1 s and 9.8
s, respectively.
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CONCLUSIONS

A semi-analytical thermal model for SLM process is employed to describe the laser scanning vectors with point
sources, surface sources and volumetric sources with achieving considerable efficiency. By comparing the temperature
history and distribution of a body during SLM with different heat source geometries, it is found that when energy is
more concentrated, the source can lead to higher temperature. For the processing and material parameters shown in this
paper, if the penetration depth is smaller than 100 μm and the laser spot radius is smaller than 35 μm, it is reasonable
to represent the laser by point sources instead of modelling it in a volumetric source. The semi-analytical thermal
model is also computationally least costly when the laser scanning vectors are described by such point sources.

In the present paper, results are reported for a small cube for simplicity. Upon considering a part with a complex
geometry the image field considerations is more complicated and we anticipate the boundary conditions to be imposed
by T̂ fields only. Although this will increase the computational cost, the cost is still cheaper than using the finite
element scheme directly.
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