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Research paper 

Volumetric heat source calibration for laser powder bed fusion 

A.J. Ross , I. Bitharas , K.G. Perkins , A.J. Moore * 

Institute of Photonics and Quantum Sciences, Heriot-Watt University, Edinburgh EH14 4AS, UK   

A R T I C L E  I N F O   
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A B S T R A C T   

Computationally efficient models that consider only conduction are increasingly used in powder bed fusion (PBF) 
to predict the thermal history for relatively large build volumes. We propose a systematic method to calibrate 
experimentally representative heat sources for use in such models. An inverse heat conduction problem (IHCP) 
methodology is applied to determine the parameters that characterise a double-ellipsoid volumetric heat source, 
based on temperature measurements taken from the solidification boundary of the melt pool. We demonstrate 
that these fitted parameters follow well-defined trends across a range of laser powers and scan speeds, for melt 
pools in the conduction and transition modes typically used in laser PBF. Furthermore, we found that these trends 
in the fitted parameters are related to the energy density of the scanning laser beam, enabling an appropriate 
source to be calculated even at intermediate laser powers and scan speeds where calibration experiments have 
not been undertaken. These results enable a heat source to be selected for conduction-only models that in-
corporates experimentally calibrated effects such as the laser absorption and the penetration of the vapour 
depression into the melt pool, which are computationally expensive to calculate from first principles. The 
approach could also be used to characterize laser PBF systems, for example to monitor the drift in process settings 
that occur over time.   

1. Introduction 

Most laser powder bed fusion (PBF) processes currently produce a 
transition mode melt pool, which exists between the conduction and the 
keyhole melt pool modes [1–3]. In the conduction mode at low energy 
input, the approximately semi-circular melt pool cross-section is not 
deep enough for efficient re-melt of previously deposited layers and 
potentially causes lack-of-fusion defects; while the keyhole melt pool 
mode at high energy input is subject to unwanted porosity due to 
keyhole instabilities [4]. Recent x-ray measurements have shown that a 
stable vapour depression always exists in the melt pool at the power 
densities typically used in laser PBF [2] and that this depression deepens 
and remains stable as the melt pool depth increases towards the tran-
sition mode [5]. No systematic method to incorporate these recent 
findings into the heat sources used in computationally efficient thermal 
models for laser PBF has been reported previously. In this paper, we 
demonstrate the first calibration of a volumetric heat source with a 
semi-analytical model across the range of laser energy densities typically 
used in laser PBF. 

Meso-scale, multi-physics numerical models describe the interaction 
of the heat source with the substrate and powder layer, and typically 

incorporate temperature-dependent properties (e.g., viscosity, surface 
tension) and temperature-dependent effects (e.g., vapour pressure and 
buoyancy forces) in the molten metal [6]. The complex heat transfer and 
fluid flow cause distortion of the surface of the melt pool, and together 
produce considerable variations in absorption and stirring that deter-
mine the shape of the solidified track. Such models are computationally 
intensive and are currently limited to single laser scan tracks of a few 
millimeters in length. However, they provide a useful insight into the 
coupled physical phenomena and mechanisms for pore and spatter 
production, e.g., the pores that can form at laser turning points [7]. 
Based on experimental studies showing the dynamic nature of the 
powder bed during laser PBF [8–10], recent meso-scale models have 
been extended to couple the incompressible condensed phase (solid and 
liquid metal) with the compressible gaseous phase (vapor metal and 
protection gas) to study denudation due to the motion of individual 
powder particles, but only for laser-spot illumination to date [11,12]. 

Excluding the evaporative flow and associated atmospheric effects 
from the underlying physics in a numerical model means that spatter 
production and keyhole formation are excluded. Further simplifying 
assumptions typically include homogenous properties of the powder bed 
to ignore individual powder particles and a volumetric heat source to 
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ignore details of the interaction between the vapour jet and liquid metal. 
These simplifications enable a transient description of the heat transfer, 
fluid flow and phase transformations in the melt pool to be computa-
tionally tractable for small volumes [13]. For example, a model of 
heating and cooling for five adjacent tracks (of length 20 mm) through 
five layers was used to investigate lack-of-fusion defects [14]. 

Further simplification, ignoring thermal transport due to radiation, 
evaporation and convection in the melt pool, assumes that conduction 
dominates heat removal from the melt pool and that the calculated 
temperature in the solid material up to the melt pool boundary is suf-
ficiently accurate for process development. Such semi-analytical con-
duction-only models can be applied for larger AM build volumes, 
although that presents a different technical challenge: there is a 
mismatch in spatial and temporal scales required to resolve the tem-
perature distributions close to the laser spot and in the remainder of the 
powder bed. To address this issue, the time increment can be increased 
with a tuneable integration dilation factor at times and distances suffi-
ciently far from the current position of the laser source. The initial 
integration step size and the dilation factor can be selected manually 
[15,16] or automatically [17] to achieve a desired level of accuracy. An 
alternative approach is to decouple the cooling at points sufficiently far 
from heating at the current position of the laser source: these points are 
incorporated into a parallel cooling calculation, using finite differences 
on a relatively coarse grid [18] or a novel Gaussian convolution algo-
rithm [19]. These semi-analytical conduction-only models enable 
interesting features of the PBF process to be analysed, including the 
transient variation in melt pool width and depth for adjacent tracks, the 
accumulation of heat in corners for increasingly short scan tracks and 
the effect of solidification conditions on the microstructure [15–19]. 
Models for build volumes of 2 × 2 × 1.4 mm3 for laser PBF [18] and 20 
× 20 × 20 mm3 for e-beam PBF [15] have been reported. 

Volumetric heat sources were introduced in conduction-only models 
for welding, recognizing that the penetration of the arc and stirring of 
the melt pool effectively distribute the heat in a small volume in the 
workpiece rather than just on the surface [20–22]. To date, the appli-
cation of such volumetric heat sources in PBF has been very limited. The 
models referenced above for PBF used a surface ring [15] or surface 
Gaussian [16,17,19] heat sources, as originally proposed for welding in 
[23] and [24,25] respectively. A volumetric source was described in 
[17] for e-beam PBF but its implementation was equivalent to a surface 
Gaussian source because negligible sub-surface penetration was 
assumed. A volumetric source for PBF has been reported in a few studies 
to date. Bruno-Rosso et al. used a double-ellipsoid volumetric heat 
source that was experimentally calibrated from micrographs of the melt 
pool cross-section and images of the top surface for the melt pool length 
[26]. The range of laser powers and scan speeds restricted the melt pools 
to the conduction mode only, for which the volumetric source is not 
most advantageous. Schwalback et al. used a single ellipsoid volumetric 
source for which no consideration was given to the length of the melt 
pool [16]. The source depth was determined from the depth-to-width 
aspect ratio of transition mode melt pools, but only at the centre of a 
relatively narrow range of laser power and scan speeds. No attempt was 
made to seek trends in the fitted parameters describing the heat source 
over a wide range of process settings or to interpolate them between the 
calibration points. Zhang et al. considered several volumetric heat 
sources and calculated melt pool depths and widths for a circular 
Gaussian source that decayed exponentially in the depth direction [27]. 
The predicted depths were 40% too small: this was improved to an 
average depth error of 7% by introducing variable anisotropic thermal 
conductivity and absorptivity, an approach that is not straightforward to 
implement with analytic and semi-analytic methods. Furthermore, no 
consideration was given to the melt pool length. Lee et al. also used 
variable anisotropic thermal conductivity and introduced a volumetric 
heat source via FE [28] that is incompatible with the semi-analytic 
approach used in this paper. 

In this paper, we present a systematic method to calibrate volumetric 

heat sources with a semi-analytical model; the resulting heat source can 
be used in semi-analytic or numeric conduction-only models of PBF 
processes. We apply an inverse heat conduction problem (IHCP) meth-
odology, which is described in the next section. We choose a double- 
ellipsoid volumetric heat source [20] from welding but introduce an 
updated notation that is more compatible with laser processing. Sub-
sequently, we demonstrate that the calibration approach works for both 
conduction and transition melt pool modes, and that the fit parameters 
describing the heat source follow well-defined trends between these 
modes. We also demonstrate that these trends can be described in terms 
of the laser energy density, enabling an appropriate source to be selected 
for intermediate process settings without additional calibration experi-
ments. The resulting calculated melt pool profiles capture the features 
observed experimentally in recent x-ray measurements of laser PBF but 
at a significantly reduced computational cost. 

2. Inverse heat conduction problem (IHCP) methodology 

A direct heat conduction problem uses known heat input parameters 
(such as the laser power, scan speed and spot diameter) and material 
thermal properties to calculate the temperature distribution. An inverse 
heat conduction problem (IHCP) considers the reverse direction [29]: it 
attempts to use a measured temperature distribution to estimate either 
the heat input for known thermal properties, or to estimate thermal 
properties for a known heat input. 

The IHCP approach has been applied in welding to determine an 
experimentally calibrated ‘equivalent’ heat source. The IHCP method-
ology avoids calculating complex physical effects that are computa-
tionally expensive to model, such as absorption of heat from the real 
source and Marangoni convection in the melt pool. It does this by 
introducing an ‘equivalent’ heat source in a conduction-only model that 
reproduces the experimental melt pool boundary. The equivalent heat 
source is then used to calculate temperature distributions outside the 
melt pool. No information on the complex effects within the melt pool is 
obtained, but their influence on the temperature in the material sur-
rounding the melt pool is implicitly incorporated via the equivalent heat 
source. Karkhin et al. proposed an equivalent heat source comprising a 
linear array of K point sources: for laser welding these point sources 
were arrayed behind the laser spot [30]; for a deeper e-beam melt pool 
the array of point sources was positioned vertically below the e-beam 
spot [31]. Their IHCP approach required adjusting the power density of 
each source in the array, q = [q1, q2,…, qK], to minimise an objective 
function F(q): 

F(q) =
∑N

n=1
wT

n

[
Tm

n − Tn(q)
]2

+ Regularization terms (1)  

where Tm
n is the experimentally measured temperature at each position 

n, and wT
n is a weighting factor related to the confidence attached to each 

measurement. Experimental temperature measurements were taken at 
various positions around the melt pool boundary from micrographs of 
the weld cross-section [30,31]. Tn is the so-called response function, i.e., 
the temperature calculated at each position n from a direct conduction 
model of the equivalent heat source, in this case the array of point 
sources q. The objective function was numerically minimised by 
adjusting the values in q to obtain the calibrated equivalent heat source. 
In practice, this choice of equivalent heat source required many addi-
tional terms to achieve a solution [30], indicated by ‘Regularization 
terms’ in Eq. (1). These included constraints on q to remain close to 
predefined values, and constraints on the local gradient and curvature 
between adjacent terms in q. Each additional regularization term adds 
weighting factors and target values that must be assigned by the user 
and make the IHCP fit less general, particularly if attempting to find 
solutions across the conduction and transition melt pool modes for laser 
PBF. 

If an assumption is made on the functional form of the heat source, 
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the IHCP method can be reduced to estimating the limited number of 
parameters that describe it. The requirement for regularization terms is 
removed and minimisation of the objective function in Eq. (1) becomes a 
straightforward least-squares fit to an over-determined system of 
equations. We choose the well-known double-ellipsoid volumetric heat 
source proposed by Goldak et al. [20] as the functional form of the 
equivalent heat source because for welding it can effectively represent 
the increased penetration of the arc and stirring of the melt pool. Our 
work here shows that it can also represent the increased penetration at 
the front of the melt pool due to the vapour depression for PBF that was 
described in Section 1. 

The power density Q (in W/m3) of the double-ellipsoid volumetric 
heat source is given by Eq. (2) and shown in Fig. 1. 

Qi(x, y, z)

=
ri η q

(2π)3/2σxiσyσz
exp
(

−
x2

2σxi
2 −

y2

2σy
2 −

z2

2σz
2

) (2)  

where the subscript i = 1,2 denotes the two ellipsoids, one to the front 
and the other to the rear of the plane x = 0, respectively. Each ellipsoid 
represents a two-dimensional Gaussian distribution on the top surface z 
= 0 combined with a Gaussian distribution in the z-direction. We have 
updated the welding notation in [20] to be consistent with modern laser 
processing. Firstly, the laser is assumed to scan in the positive x-direc-
tion. Secondly, the width of the Gaussian in each direction is described 
by its standard deviation, σ (instead of the width where Q has reduced to 
5% of its peak value). For fibre-laser processing, the 1/e2 beam diameter 
d = 4σ is well-established and so our revised formulation makes it more 
straightforward to compare with other relevant heat sources for laser 
processing, as shown below. Finally, the total power absorbed is given 
by: 

ηq = r1ηq + r2ηq i. e., r1 + r2 = 1 (3)  

where q is the laser power (in W), η is the absorptivity and ri (a number 
between 0 and 1) is the fraction of the laser power in the front and rear 
ellipsoids. This relationship is consistent with the analytic calculation of 
the temperature distribution from an applied heat source [32]: the total 
power is applied to the infinite volume and the subsequent integration 
limits the region of interest to the substrate in the semi-infinite volume 
below the plane z = 0. Note that in the original formulation by Goldak 
et al. [20] the double-ellipsoid source was applied directly to the sub-
strate in a numerical model: the absorbed power ηq in the semi-infinite 
volume produces twice the peak power density compared to the infinite 
volume of Eq. (2). Hence, in contrast with Eq. (3), the original 

formulation used r1 +r2 = 2 where r1 was a number between 0 and 2. 
The resulting temperature distributions are identical. 

Fig. 1 shows the heat source of Eq. (2) for z ≥ 0, i.e., within the semi- 
infinite volume of the work piece. The black outline indicates the ± 2σ 
extent of both ellipsoids in all directions. The width of both ellipsoids is 
the same and assumed to be equal to the laser spot diameter 4σy = d. 
The length of the front ellipsoid is assumed to equal the laser spot radius, 
i.e., 2σx1 = d/2 or 2σx1 = 2σy. The remaining properties of the source 
must be determined by calibration: the depth of both ellipsoids given by 
2σz, the independent length of the rear ellipsoid defined by 2σx2 and the 
absorptivity η. Fig. 1(a) shows the source for σx2 = 4σx1 and r1 = 0.6. 
The red shading indicates a surface of constant power density, here 
taken to be the power density on the ± 2σ boundary of the front ellip-
soid. For the values chosen in Fig. 1(a), r1/σx1 > r2/σx2 and so the power 
density on the ± 2σ boundary of the front ellipsoid is greater than that 
for the rear ellipsoid: hence the surface of constant power density for the 
rear ellipsoid in Fig. 1(a) is closer to the origin. 

To avoid specifying r1, some authors have assumed that the source is 
continuous on the plane x = 0 as shown in Fig. 1(b), which requires r1/

σx1 = r2/σx2 from Eq. (2). We have found that in many cases this 
continuous heat source does not reproduce the penetration observed 
experimentally in laser PBF. This is because as the rear ellipsoid length 
2σx2 increases, the heat source continuity constraint requires r2 to also 
increase, distributing an increased proportion of the laser power into the 
rear ellipsoid which decreases penetration at the front. Therefore, in the 
work reported here, we use the heat source indicated in Fig. 1(a) and the 
choice of r1 is discussed later. The discontinuity in power density on the 
plane x = 0 emphasizes that the equivalent heat source is not an exact 
model of the physical source, but a representation of the heat input that 
will produce the desired temperature distribution at the experimental 
measurement positions for the IHCP fit. The temperature field produced 
by the heat source in Fig. 1(a) is continuous, as shown later. 

The IHCP approach requires the response function Tn to be calcu-
lated at each position n using a direct conduction model for the equiv-
alent heat source. Nguyen et al. [21] were the first to obtain a 
semi-analytic temperature distribution for the double-ellipsoid heat 
source. Fachinotti et al. [22] demonstrated that the heat source length 
had not been dealt with correctly by Nguyen et al., which is discussed 
further in Appendix 1 of this paper. The correct temperature solution 
given by Fachinotti et al. [22] is shown in Eq. (4), again updating their 
welding notation to incorporate our revised notation for the heat source 
that is more familiar for laser processing: 

T(x, y, z, t) − T0 = 2
α
k

q
π3/2

∫ t

τ=0

1
̅̅̅̅̅̅̅̅̅̅
ϕyϕz

√ exp

(

−
(y − y′)2

ϕy
−

z2

ϕz

)

×

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

r1
̅̅̅̅̅̅̅
ϕx1

√ exp

(

−
(x − x′)2

ϕx1

)[

1 + erf

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2σx1
2

4α(t − τ)

√

(x − x′)
̅̅̅̅̅̅̅
ϕx1

√

)]

+
r2
̅̅̅̅̅̅̅
ϕx2

√ exp

(

−
(x − x′)2

ϕx2

)[

1 − erf

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2σx2
2

4α(t − τ)

√

(x − x′)
̅̅̅̅̅̅̅
ϕx2

√

)]

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

dτ

(4)  

where ϕx1 = 4α(t − τ) + 2σx1
2, ϕy = 4α(t − τ)+2σy

2 etc., α is the thermal 
diffusivity (in m2/s) and k is the thermal conductivity (W/(m K)). T0 is 
the initial temperature of the semi-infinite domain at t = 0, and (x′, y′) is 
the position of the heat source on the surface z = 0 at time t. An 
expression identical to that of Fachinotti et al. [22] was subsequently 
reported in [33]. 

Using our revised notation, it is straightforward to obtain the well- 
known solution for a surface Gaussian heat source in a form familiar 
for laser processing [24,25], by setting r1 = r2 = 0.5, σx1 = σx2 = σy = σ 
and σz = 0 in Eq. (4):    

Fig. 1. Double ellipsoid volumetric heat source, given by Eq. (2), for σx1 = σy, 
σx2 = 4σx1 and σz = 3σx1. (a) r1 = 0.6, resulting in r1/σx1 > r2/σx2. (b) Source 
continuity on the plane x = 0, requiring r1/σx1 = r2/σx2. 
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Additionally, the familiar temperature distribution for a point source 
(Appendix 1 in [32]) is obtained by setting σ = 0 in Eq. (5):   

Eq. (6) has the advantage of being integrable to produce the familiar 
steady state, analytic solution for a point source [32,34,35]. 

T(ξ, y, z) − T0 =
q

2πk
1
r

exp
(
−

v
2α (r + ξ)

)
(7)  

where ξ = x − vt represents the quasi-stationary reference frame intro-
duced in [32], v is the scan speed of the laser and r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2 + z2

√
. 

Fig. 2(a) shows the temperature distribution calculated using Eq. (4) 
over an integration time sufficient for the temperature to reach the 
steady state in the plotted volume. The source parameters are those 
given in Fig. 1(a) for d = 4σy = 50μm and its ± 2σ extent is indicated in 
Fig. 2(a) by a black line in both the side and front views. As noted in 

Section 1, conduction-only models are less reliable inside the melt pool 
and so temperatures above the melting temperature, Tm, are capped at 

Tm in the plot. The calculated melt pool boundary, T = Tm, is indicated 
by the white line. The side view of the melt pool is taken on the plane 
y = 0. The front view was obtained by taking the maximum temperature 
through all x values at each yz position: the contour T = Tm is equivalent 
to the melt pool cross-section that would be recorded in a micrograph. 
All temperature distributions for the side and front views are calculated 
in this way for the remainder of this paper. The material properties used 
in the calculation are shown in the figure caption. These values are used 
for all temperature calculations for the remainder of this paper: the 
choice of values is discussed later. 

Fig. 2(b) shows the temperature distribution again calculated using 
the semi-analytic solution of Eq. (4) but for the volumetric heat source 
parameters taken to convert it to a point source: i.e., r1 = r2 = 0.5 and 
σx1 = σx2 = σy = σz = 0. The integration time was sufficient for the 
temperature to reach the steady state in the plotted volume. Fig. 2(c) 

Fig. 2. Temperature distribution (in K) around the heat source for the volumetric heat source of Fig. 1(a) with: (a) Laser spot diameter d = 4σy = 50μm; (b) Point 
heat source, i.e., diameter d = 0μm; (c) Difference (in K) between the temperature of Fig. 2(b) calculated by numerical integration and the analytic solution of Eq. (7). 
In all cases, laser power q = 50 W and scan speed v = 0.5 m/s. Material properties used for stainless steel: α = 7.11 × 10− 6 m2/s, k = 35.14 W/(m K) and Tm 
= 1648 K [45]. 

T(x, y, z, t) − T0

= 2
α
k

q
π3/2

∫ t

τ=0

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4α(t − τ)

√
1

4α(t − τ) + 2σ2 × exp

(

−
(x − x′)2

+ (y − y′)2

4α(t − τ) + 2σ2 −
z2

4α(t − τ)

)

dτ

=
α
k

q
4(πα)3/2

∫ t

τ=0

1
(t − τ)3/2

4α(t − τ)
4α(t − τ) + 2σ2 × exp

(

−
(x − x′)2

+ (y − y′)2

4α(t − τ) + 2σ2 −
z2

4α(t − τ)

)

dτ

(5)   

T(x, y, z, t) − T0 =
α
k

q
4(πα)3/2

∫ t

τ=0

1
(t − τ)3/2 × exp

(

−
(x − x′)2

+ (y − y′)2
+ z2

4α(t − τ)

)

dτ (6)   

A.J. Ross et al.                                                                                                                                                                                                                                  



Additive Manufacturing 60 (2022) 103267

5

shows the difference between the temperature of Fig. 2(b) and the an-
alytic steady state temperature for a point source given by Eq. (7). The 
difference is essentially zero everywhere, at the level of the numerical 
precision of the calculation. The largest difference occurs immediately 
under the point source due to the singularity in the analytic solution: its 
magnitude is inconsequential, and it occurs within the melt pool where 
the temperature is not of interest. The exact agreement between the 
semi-analytic and analytic solutions shows that Eqs. (4–7) are consistent 
and that the numerical integration is performed accurately. The inte-
gration was performed in Matlab with the integral() function that uses 
adaptive quadrature to define sub-intervals to accommodate automati-
cally the large variation of gradients in the integral [17]. 

Fig. 2 demonstrates that the double ellipsoid source can replicate an 
increase in penetration at the front of the melt pool compared to a point 
source, which is seen experimentally due to the vapour depression. It 
can also be seen that, at a given laser power and scan speed, the 
increased penetration reduces the melt pool width and length on the top 
surface compared to a point source because the heat input is distributed 
deeper into the material by the source depth 2σz. 

3. Experimental measurements 

Initial single-track experiments were performed in an open- 
architecture laser PBF system that has been characterized to build 
fully dense parts [36], and used to observe in-situ effects such as the 
laser plume and particle entrainment, denudation and agglomeration 
[10]. Additional island scan experiments were performed in the same 
system but with an upgraded flow straightener that provides a laminar 
flow of argon gas across the powder bed at speeds of approximately 
2.1 m/s [37]. In all experiments, a single-mode fibre laser (SPI 400 W 
continuous wave, 1070 nm) was used, focused with a 4Dσ diameter of 
50 µm. 

The single-track experiments were performed on the substrate only, 
i.e., without powder, which was made of stainless steel SS304L with a 
surface roughened by manual, circular rubbing with P400 sandpaper. 
Single tracks of length 20 mm were recorded at a laser power of 200 W 
for various scan speeds, to take the melt pool cross-section from the 
conduction mode (1.8 m/s) through to the keyhole mode (0.5 m/s). A 
delay of approximately three minutes was set between scanning each 
track to enable the substrate to return to ambient temperature, moni-
tored with a K-type thermocouple fixed to its rear surface. To produce 
the micrographs, specimens were diamond cut perpendicular to the scan 
direction and machine-polished using silicon carbide grinding papers 
(240–2000 grits) and a cashmere cloth. The samples were then elec-
trolytically etched at 10 V, 5 A in a solution of ratio 10:1, de-ionised 
water to oxalic acid. The melt pool solidification boundaries were 
imaged on an Alicona Infinite Focus with a 20x objective. 

The island-scan experiments were performed for both the substrate 
only and for the substrate covered with a powder layer. The powder 
comprised a 50 µm thick layer of gas-atomised stainless steel SS316L 
with particle diameters in the range of 15–45 µm and a mean diameter of 
30 µm [38]. Islands of 5 × 5 mm2 were recorded at two laser powers 
(100 and 200 W) and scan speeds in the range 0.4–1.0 m/s. The hatch 
spacing was 80 µm and the laser-off time was 1 ms between adjacent 

tracks in the island. Specimens were sectioned perpendicular to the scan 
direction at the centre of the island, followed by the same polishing and 
etching process described previously. The coupon was again allowed to 
cool to ambient temperature between island scans in order to eliminate 
cumulative thermal effects. 

4. Results 

4.1. Single-track experiments 

Fig. 3 shows the melt pool solidification boundaries obtained from 
the micrographs for the single-track experiments. The image of each 
melt pool was manually sampled to determine the yz coordinates at 33 
positions around the boundary. The cross-section at v = 0.5 m/s was 
excluded because it is clearly in the unstable keyhole mode: the small 
black regions are pores in the melt pool. The temperature at these yz- 
points on the melt pool boundary corresponds to the melting point for 
stainless steel. These experimental temperature measurements Tm

n were 
used in Eq. (1) to minimise the objective function, by adjusting the 
temperature calculated using the volumetric heat source, Tn, from Eq. 
(4) via adjustments to the three parameters that describe the heat 
source: namely the absorptivity η, depth 2σz and rear length 2σx2. Just as 
for the for the ‘Front view’ temperature distribution in Fig. 2, Tn was 
obtained by taking the maximum temperature through all x values at the 
yz position of each measurement point. The weighting function wT

n on 
these experimental points was set equal to 1 at the two edges and centre 
of each melt pool: the weighting at intermediate points in each half of 
the melt pool followed one period of a cosine curve. This approach 
emphasized the melt pool width and depth on the fit parameters and 
reduced the influence of intermediate points. The melt pool boundary is 
constantly subjected to small perturbations [3,9] and so we aim to 
capture the main features rather than attempting to achieve an exact fit 
to the profile. 

Fig. 2 demonstrated that increasing the source depth 2σz whilst 
maintaining other parameters constant reduces the length of the melt 
pool. In practice, it is expected that Marangoni convection and the 
momentum imparted by the recoil pressure lengthen the melt pool [12, 
39]. Therefore, an additional point was included in the fit for the rear of 
the melt pool on the top surface: this prevents the melt pool length being 
reduced unrealistically due to an increase in source depth 2σz for melt 
pool cross-sections with increased penetration. The melt pool length was 
not measured during these experiments. Instead, the temperature at a 
point corresponding to the length of the melt pool calculated for a 
Gaussian source with the same absorbed laser power, scan speed and spot 
diameter was included as an additional point in the objective function. 
The absorbed laser power included the current value of the absorptivity 
η during each iteration of the fit. The weighting function wT

n on this 
additional point was set equal to the sum of all the weighting factors 
used for the melt pool boundary points, to give the length and boundary 
residuals similar importance in the final fit. Incorporating experimental 
points from the top surface of the melt pool is discussed later, but it does 
not affect the IHCP methodology proposed here. 

For each melt pool, Eq. (1) was minimised over the 34 points (33 
cross-section, 1 length) to determine the heat source parameters η, 2σz 

Fig. 3. Melt pool solidification boundaries obtained from the micrographs for the single-track experiments. Laser power q = 200 W and d = 50 µm at the scan speed 
indicated. This is a composite image: the tracks were spaced 1 mm apart on the substrate. 
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and 2σx2, i.e., its absorptivity, depth and rear length. No additional 
regularization terms were required due to the constraints inherent in the 
volumetric heat source of Eq. (2). The diameter of the heat source was 
fixed to match the laser spot diameter, d = 4σy = 50μm and the length of 
the front ellipsoid was set equal the laser spot radius, d/2 = 2σx1 =

25μm. The ratio of laser power between the front and rear ellipsoids was 
set at r1 = 0.6, which is discussed later. Minimisation was implemented 
in Matlab using the fminsearch() function. The initial condition for the 
minimisation represented a perfectly absorbed circular, surface 
Gaussian source that matched the laser spot diameter, i.e., η = 1, 2σz 
= 0 and 2σx2 = 25 µm. It is convenient to express the rear length 
parameter 2σx2 in terms of the ratio σx2/σx1, because the front length 
2σx1 = 25 µm remains fixed during the fit: hence σx2/σx1 = 1 was the 
initial condition for the minimisation. Fig. 4(a) shows an example of the 
objective function F(η, 2σz, 2σx2) calculated over a three-dimensional 
volume of the three fit parameters. Calculating the objective function 
over this volume is not necessary to perform the minimisation: it is used 
here to demonstrate that the objective function is well-behaved and that 
a local minimum could be identified. Fig. 4(b)-(d) show contours of 
constant value of the objective function on the three orthogonal planes 
in Fig. 4(a) that intersect at the local minimum. A local minimum was 
found for all the experiments reported. 

Fig. 5 shows the three fitted heat source parameters determined at 
each laser scan speed and reveals some interesting initial trends. Fig. 5 
(a) shows that the fitted absorptivity η increases from ~0.4 at high 
speeds in the conduction melt pool mode to ~0.8 at lower speeds in the 
transition mode, which is consistent with experimental measurements 
[1]. The absorptivity increases due to an increase in the depth of the 
stable vapour depression [2,5], which increases the depth-to-width 
aspect ratio of the melt pool. Hence the depth of the heat source 2σz is 
approximately zero at high speeds in the conduction mode, corre-
sponding to a surface Gaussian, Fig. 5(b). The source depth increases as 
the speed decreases which corresponds to increased penetration at the 
front of the melt pool. Similarly, Fig. 5(c) shows that the length of the 
rear ellipsoid 2σx2 at high scan speeds in the conduction mode also 

corresponds to a circular Gaussian source with the ratio σx2/σx1 = 1. The 
rear ellipsoid length increases at lower speeds, in order to maintain the 
melt pool length as the source depth 2σz increases. 

Fig. 6 shows melt pool profiles calculated from the heat source with 
the fitted parameters at a sample of the laser scan speeds. As before, 
temperatures are capped at the melting point Tm, the white lines indi-
cate the melt pool boundary T = Tm and the black lines show the ± 2σ 
extent of the volumetric heat source. The 33 experimental melt pool 
boundary points taken from Fig. 3 and used to fit the heat source in each 
case are included in the front view as white points. The fitted heat source 
predicts a melt pool boundary that is in good agreement with the 
experimental points: the average absolute depth and width errors are 
2.7% and 9.4%, respectively. The additional point used in the fit for the 
target melt pool length on the top surface is included as a white circle in 
the side view. The IHCP fitting methodology was the same for all laser 
scan speeds and is seen to manage the continuum between the con-
duction and transition melt pool mode profiles. The increased penetra-
tion at the front of the melt pool in the side view is consistent with recent 
x-ray images. 

4.2. Island scan experiments 

Fig. 7(a) shows an example micrograph recorded for the substrate 
only, and Fig. 7(c) with the powder layer. The first track is on the left of 
both images, with the laser scanning in alternate directions in each 
subsequent track. The first 20 tracks from the full 5 × 5 mm2 island are 
shown. The accumulation of heat during the island scan is observed from 
the increasing cross-sectional area of later tracks. The form of each track 
along the island is generally the same, although there are small differ-
ences in the exact shape due to the constant fluctuations in melt 
boundary [9]. With powder, small variations in the melt pool depth and 
shape are even more noticeable than for the substrate only, due to 
fluctuations in the absorbed laser power caused by the powder particle 
motion in the powder bed and above it [37]. The bead of accumulated 
powder for the first track is larger than for subsequent tracks because 

Fig. 4. Example of the objective function, F(η, 2σz, 2σx2), calculated for the case v = 0.8 m/s from the single-track experiments of Fig. 3. (a) The objective function 
plotted over a range of the three parameters describing the double ellipsoid heat source, where η is the absorptivity, 2σz is the depth, and σx2/σx1 is the length of the 
rear ellipsoid with respect to the front ellipsoid. The identified minimum is at η = 0.73, 2σz = 93 µm and σx2/σx2 = 8.85. (b)-(d) Contours of constant value of the 
objective function on the planes passing through the minimum shown in (a), where ‘X′ indicates the local minimum in each plane. 
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powder can be entrained from both sides of the melt pool [10]. 
Fig. 8 shows the results for all the island scan experiments for the 

substrate only, and Fig. 9 shows the results for the island scan experi-
ments with powder. The left half of each image shows the micrograph of 
the first track of each island. The melt pool boundary position was 
sampled at 17 points, which are indicated as white points in the right 
half of each image, reflected in the line y = 0. The right half of each 
image also shows the front view temperature distribution calculated 
with the fitted heat source parameters. The emphasis of the fit (through 
the choice of weighting function wT

n ) was to the width and depth of the 
melt pool boundary, rather than to intermediate ‘wine glass’ features at 
low laser power and scan speed (e.g., Fig. 9, 100 W at 0.4 m/s) and 
excessive penetration at high power (e.g., Fig. 9, 200 W at 0.6 m/s); 
neither profile is generally preferred for laser PBF. Transition melt pools 
profiles, e.g., Fig. 9, 200 W at 0.8 m/s; and 100 W at 0.5 m/s, are 
generally preferred, because they increase re-melting efficiency 
compared to a shallower conduction melt pool mode, e.g., Fig. 9, 100 W 
at 0.6 m/s. For Figs. 8 and 9, the average absolute depth and width 
errors are 3.0% and 9.9%, respectively. 

The three fitted heat source parameters for all the islands scans are 
shown in Fig. 10(a)-(c), plotted against the experimental melt pool 
depth, D. The fitted parameters for the single-track experiments from 

Fig. 5 are also included. The absorptivity η increases as the melt pool 
depth increases, Fig. 10(a), i.e., as the laser scan speed decreases at a 
given laser power. It is larger than 0.8 for some of the 200 W mea-
surements with powder, which have a melt pool depth that is too far into 
the transition regime towards a fully formed keyhole than desired for 
pore-free laser PBF. The trend line in the graph considers all the stainless 
steel results presented in this paper, i.e., both the single-track and island 
scans (substrate only and with powder) at all laser powers. The fitted 
heat source depth 2σz varies linearly with the experimentally measured 
melt pool depth, Fig. 10(b). However, there is no direct relationship 
between the heat source rear length 2σx2 and the melt pool depth, 
Fig. 10(c). A linear fit is included only to indicate the general trend: for 
shallow melt pools in the conduction regime, the heat source tends to-
wards the ideal surface Gaussian distribution with σx2/σx1 = 1 and 2σz =

0; as the melt pool depth increases and the absorbed power increases, 
the heat source rear length 2σx2 must increase to achieve the target melt 
pool length. Fig. 10(d) shows the change in melt pool length L′ between 
the length calculated with the fitted parameters (including the heat 
source rear length 2σx2 given by σx2/σx1 in Fig. 10(c)), and the length 
calculated by setting σx2/σx1 = 1 and leaving the other fit parameters 
unchanged. There is a direct relationship between the increase in melt 
pool length and the heat source rear length 2σx2. This increase can be 

Fig. 5. Fitted parameters describing the volumetric heat source for the single-track experiments. (a) Absorptivity, η; (b) Depth, 2σz; and (c) Length of the rear 
ellipsoid with respect to the front ellipsoid, σx2/σx1. 
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Fig. 6. Temperature distribution (in K) around the volumetric heat sources fitted to the single-track experimental melt pool boundaries for: (a) 0.7 m/s; (b) 1.0 m/s; 
(c) 1.4 m/s; and (d) 1.8 m/s. The experimental melt pool boundary points taken from Fig. 3 and used in the fit are included as white points in the Front view. The 
target melt pool length used in the fit is indicated by a white circle in the Side view. 

Fig. 7. Examples of island scan micrographs: (a) Substrate only at 200 W and 1.0 m/s; (c) With powder at 200 W and 0.8 m/s. Calculated temperature distribution 
from the fitted volumetric heat source: (b) and (d) correspond to (a) and (c) respectively. The temperature scale for (b) and (d) is the same as shown in Fig. 6 and the 
melt pool solidification boundary at T = Tm is shown as a white line. 
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Fig. 8. Island scan results for the substrate only at the laser power and scan speed indicated. The micrograph for the first track of each island is shown in the left half 
of each image. The right half of each image shows the melt pool boundary points taken from the micrograph, reflected in the line y = 0, as white points. It also shows 
the calculated temperature distribution from the fitted volumetric heat source in each case: the same temperature scale as Fig. 6 is used, and the melt pool solid-
ification boundary at T = Tm is shown as a white line. 

Fig. 9. Island scan results with powder layer at the laser power and scan speed indicated. The micrograph for the first track of each island is shown in the left half of 
each image. The right half of each image shows the melt pool boundary points taken from the micrograph, reflected in the line y = 0, as white points. It also shows 
the calculated temperature distribution from the fitted volumetric heat source in each case: the same temperature scale as Fig. 6 is used and the melt pool solidi-
fication boundary at T = Tm is shown as a white line. 
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applied irrespective of how the target melt pool length is determined, e. 
g., calculated (as used here) or from an experimental measurement. 
Overall, the ~50 µm powder layer was observed to have very little effect 
on the melt pool profile below the surface, which corresponds to 
experimental observations of the laser PBF process where the laser 

interacts directly with the melt pool and the powder tumbles or is 
entrained into the molten track [2,10,40]. 

The heat source fit parameters for absorptivity η and depth 2σz 
together influence the shape of the melt pool cross-section, as indicated 
by their well-behaved relationship with the melt pool depth across the 
range of laser powers and scan speeds, Fig. 10(a) and (b). Increasing the 
absorptivity η, whilst holding all other parameters constant, increases 
the melt pool cross-sectional area but leaves its depth-to-width aspect 
ratio relatively unchanged. On the other hand, increasing the heat 
source depth 2σz, whilst holding all other parameters constant, increases 
this melt pool aspect ratio. Fig. 10(d) shows that increasing the heat 
source rear length 2σx2 increases the length of the melt pool, leaving the 
melt pool cross-section profile relatively unchanged. These observations 
from Fig. 10 provide insight into properties of the volumetric heat 
source but do not directly help our desired implementation for laser PBF: 
for a given process setting, the melt pool depth would need to be 
measured experimentally before the source parameters could be deter-
mined. Thus, more information is needed if the heat source parameters 
are to be interpolated at intermediate process settings not used in the 
calibration experiments. 

We recently demonstrated that the energy density, E = φ/v, where 
φ = 4q/(πd2) is the power density, can be used to predict the stability of 
the vapour depression at the process settings typically used in laser PBF 
[5]. In particular, a linear relationship between the vapour depression 

Fig. 10. Fitted parameters describing the volumetric heat source for the island scan experiments. (a) Absorptivity, η; (b) Depth, 2σz; (c) and (d) Length of the rear 
ellipsoid with respect to the front ellipsoid, σx2/σx1. Fitted heat source parameters for the single-track experiments are also included. The Ti-6Al-4V results are 
described in Section 5 and were calculated from the melt pool cross-sections in reference [42]. Material properties used for Ti− 6Al-4V: α = 9.44 × 10− 6 m2/s, 
k = 32.67 W/(m K) and Tm = 1970 K [41]. The legend shown in (b) is the same for all the graphs. 

Fig. 11. Experimental melt pool depth plotted against energy density for all 
results. The Ti-6Al-4V results are described in the Discussion and were calcu-
lated from the melt pool depth in reference [42]. 
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depth and the energy density was observed. This energy density depends 
on the process settings (q, v and d) only and does not include the powder 
layer thickness or hatch spacing. Fig. 11 plots the experimentally 
measured melt pool depth against energy density for all the stainless steel 
experiments reported here. The single-track experiments were per-
formed in a modified system to the island scan results, resulting in a 
different linear fit in both cases. The causes of this different gradient, 
and its potential use in PBF machine calibration, are deferred to Section 
5. The energy density therefore enables the melt pool depth to be pre-
dicted, Fig. 11, from which the absorptivity η and heat source depth 2σz 
can be determined for any intermediate process settings, Fig. 10(a) and 
(b); the heat soured rear length 2σx2 is then chosen to increase the 
calculated melt pool length to the target value, Fig. 10(d). Hence, the 
desired predictive capability for a range of laser PBF settings based on a 
smaller set of calibration experiments has been achieved. 

5. Discussion 

The IHCP calibration described here provides a systematic approach 
to incorporate volumetric heat sources into the semi-analytic and nu-
merical conduction-only models that are increasingly used in AM. Via 
calibration from experimental data, the heat source indirectly in-
corporates more complex physical phenomena but at a significantly 
reduced computational cost, enabling realistic effects such as absorp-
tivity and remelt depth (and hence potential lack of fusion porosity) to 
be included for process planning. The source calibration also in-
corporates machine-specific settings that affect the laser PBF process. 
For example, Fig. 11 showed that the melt pool depth was greater at a 
given energy density in the experimental system used to record the is-
land scans than for the single track experiments: differences between the 
systems included a stronger shielding gas cross-flow for the island scans 
that improved the removal of process fume. The increased depth at a 
given energy density for the island scans results in different heat source 
parameters via Fig. 10. Hence the calibration approach proposed could 
also be used as a systematic method to characterize individual laser PBF 
systems and to quantify the inevitable drift in their set-up that occurs 
over time. 

The measurements for stainless steel reported in this paper are sup-
ported by data from the literature. Fig. 11 incorporates the melt pool 
profile taken from Ti-6Al-4V melt pool cross sections recorded in a 
commercial EOS M270 PBF system for a range of laser powers and scan 
speeds (Fig. 5 in [42]). A linear relationship between the energy density 
and melt pool depth was again observed and is consistent with recent 
measurements for Inconel 625 [43]. We measured the Ti-6Al-4V melt 
pool boundaries from [42] and applied our IHCP fitting procedure to 
calculate the equivalent heat source parameters at each process setting, 
which are included in Fig. 10. The material properties used for Ti-6Al-4V 
are shown in the figure caption. Note that in Fig. 10(a) and (b), the 
Ti-6Al-4V absorptivity η and heat source depth 2σz data were not 
included in the respective trend lines, which were calculated only from 
the stainless steel data. The similarity in the heat source fit parameters 
between the two materials is due to two factors: the similar geometric 
shape of the melt pool typically used in laser PBF at a given depth (which 
is determined by η and 2σz as noted previously); and our intention to 
capture the main features of the melt pool profiles (depth and width) 
rather than an exact fit to small perturbations that can arise through 
natural melt pool fluctuations. Clearly the energy density required to 
produce a melt pool of a given depth is significantly different between 
the two materials, Fig. 11, but the geometric shape of the melt pool at 
that depth is similar. For other materials, it is possible that only the melt 
pool depth and length need to be calibrated against energy density and 
the relation between the fit parameters η and 2σz obtained here for 
stainless steel and Ti-6Al-4V can be used. Further experiments are 
planned to validate this idea. 

Incorporating a melt pool length into the IHCP methodology is 
important: without it, an increase in heat source depth 2σz shortens the 

melt pool length, Fig. 2. We used the melt pool length calculated for a 
Gaussian source (for the same absorbed laser power, scan speed and spot 
diameter) for both the stainless steel and Ti-6Al-4V results. In practice, 
the experimental melt pool length can be longer: numerical modelling 
suggests that including the latent heat can increase the melt pool length 
by up to 34% compared to conduction-only [16]. In the future it would 
be of interest to incorporate an experimentally measured melt pool 
length recorded under the same conditions as the melt pool cross sec-
tions. Indeed, it would also be feasible to incorporate experimental 
points from several positions around the melt pool boundary on the top 
surface. Fig. 10(d) shows that an increase in the target melt pool length 
is directly related to the heat source rear length 2σx2, with very little 
effect on the absorptivity η and heat source 2σz (which control the melt 
pool size and aspect ratio). In the end, whatever method is used to 
determine the target melt pool length, it is straightforward to incorpo-
rate it with the IHCP methodology presented in this paper. 

Single track melt pool cross-sections are often used to infer PBF 
process settings, for example the Ti-6Al-4V results from [42]. However, 
it is increasingly well-understood that the process evolves from the first 
track during an island scan, due to the temperature rise and the adjacent 
bead of the previous track [10]. Similarly, the process evolves between 
layers, particularly over the first ~10 layers as the steady state powder 
layer thickness is established [36]. The calibration approach could be 
extended to obtain heat source fit parameters that describe the evolution 
of these different aspects of the process. One approach might be to 
calibrate each track in an island individually. An alternative approach is 
shown Fig. 7(b) and (d): the heat sources calibrated from the first track 
in Figs. 8 and 9, respectively, were used to calculate the melt pool profile 
for subsequent tracks in the island scan but the source depth 2σz was 
increased for each track in proportion to the experimentally observed 
depth. Research to extend the fit parameters from the first track in an 
island to predict the heat source for subsequent tracks is planned, but is 
beyond the scope of this study. 

Two parameters that are important to the fit should be discussed 
further. With regard to Fig. 1, it was stated that it is better to fix the 
proportion r1 of laser power in the front ellipsoid in order to reproduce 
the increased penetration at the front of the melt pool. Fits were suc-
cessfully performed for fixed vales of r1 in the range 0.6 ≤ r1 ≤ 0.9 for 
the melt pool cross-sections reported here. Changing r1 produces only a 
small change in the fitted source parameters, and the resulting melt pool 
shapes are almost identical. The effect of increasing r1 from 0.6 to 0.9 is 
to: decrease the fitted absorptivity η by ~3% and decrease the heat 
source depth 2σz by ~8% because more power is available at the front of 
the melt pool to achieve the required penetration; and to approximately 
double the heat source rear length 2σx2 to compensate the reduced 
power in the rear ellipsoid and so maintain the target melt pool length. 
We therefore chose r1 = 0.6 for all the results presented here to minimise 
the heat source rear length 2σx2, because it is the least ‘physical’ aspect 
of the equivalent heat source compared to an actual focussed laser beam. 
We found that r1 ≤ 0.5 did not generally produce the required increased 
penetration at the front of the melt pool and the fit residuals were larger. 

The second ‘indirect’ fit parameter is the choice of temperature, Tprop, 
at which the temperature-dependent material properties are calculated, 
a requirement for all semi-analytic models [44]. The effect of changing 
the material properties on the calculated melt pool can be understood by 
considering the steady state temperature distribution for a scanning 
point source, Eq. (7). The first term q/(2πkr) is the hemi-spherical, 
steady state temperature distribution for a stationary point source. 
Reducing the thermal conductivity k increases the melt pool radius in 
proportion to 1/k. On the top surface, the rear position of the melt pool 
for the scanning laser beam equals this radius: it is not affected by the 
laser scan speed, v, because y = z = 0 on the top surface centre-line and 
the exponential term does not contribute where ξ = − r. Elsewhere on 
the top surface, away from the melt pool centre line, reducing the 
thermal diffusivity α (or increasing v) reduces the width to produce a 
narrower melt pool. 
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We used material properties for SS316L calculated at the melting 
temperature, i.e., Tprop = Tm = 1648 K for all the stainless steel results 
presented here. We chose the solidus rather than the liquidus tempera-
ture (1673 K) because it was not possible to distinguish the two 
boundaries in the micrographs, and it is therefore representative of the 
temperature of the material immediately surrounding the measured 
melt pool boundary. The small difference in material properties between 
the two temperatures does not have a significant effect on the fitted heat 
source parameters. Even a significantly different Tprop can be accom-
modated: we have successfully performed the heat source parameter fits 
at Tprop = 300 K for all the data sets. At this lower Tprop, both the thermal 
conductivity k and the thermal diffusivity α decrease for stainless steel 
[45]. As noted in the preceding paragraph, a reduction in k increases the 
melt pool length. It also increases the melt pool width, because the in-
crease due to k offsets the smaller decrease due to α. The effect of 
decreasing Tprop for stainless steel from 1648 K to 300 K is to: decrease 
the fitted absorptivity η by ~20% and decrease the heat source depth 2σz 
by ~4% because less power is required to calculate the same melt pool 
cross section; and to approximately double the heat source rear length 
2σx2 to compensate the reduced power in the rear ellipsoid and so 
maintain the target melt pool length. We therefore chose the higher Tprop 
to minimise the heat source rear length 2σx2, again because it is the least 
‘physical’ aspect of the equivalent heat source compared to an actual 
focussed laser beam. The choice of r1 and Tprop affect the temperature 
distribution (temperature gradient, cooling rate, etc.) outside the melt 
pool but do not change the IHCP heat source calibration methodology 
proposed in this paper. The usefulness of the equivalent heat source 
depends on its predictive capability for the intended application rather 
than the absolute accuracy of the calculated temperature distribution. 
Hence, the choice of r1 and Tprop is application-specific and is a topic for 
further study. 

6. Conclusions 

A systematic IHCP method to calibrate volumetric heat sources for 
modelling laser PBF has been introduced and shown to work for both 
conduction and transition melt pool modes. As part of the analysis, the 
equations describing the double-ellipsoid heat source by Goldak et al. 
[20] and the resulting temperature distribution by Fachinotti et al. [22] 
were recast into a form familiar for laser processing: consistent equa-
tions for the double-ellipsoid source through to the surface Gaussian and 
point heat sources will be useful in other laser processing applications. 
Clear relationships were found between both the heat source absorp-
tivity η and depth 2σz and the experimental melt pool depth, over the full 
range of laser parameters tested for both the substrate only and with a 
powder layer. Additionally, a linear relationship between the energy 
density and the melt pool depth was reported, enabling η and 2σz to be 
determined at intermediate process settings between a smaller number 
of calibration experiments. The linear relationship found between the 

increase in melt pool length and the heat source rear length 2σx2 can be 
used to achieve the target melt pool length. 

The melt pool profiles calculated from the fitted heat source produce 
the shape observed in recent experiments, including increased pene-
tration at the front due to the vapour depression under the laser spot at 
higher energy densities, but at significantly reduced computational cost. 
An initial attempt was made to use the heat source calibrated from the 
first track of an island scan to replicate the melt pool evolution in the 
presence of heat accumulation from adjacent tracks. The calibration 
approach presented will enable experimentally representative heat 
sources to be incorporated into conduction-only semi-analytic and nu-
merical models for improved build planning. 
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Appendix 

Nguyen et al. [21] obtained an incorrect semi-analytic temperature distribution for the double-ellipsoid heat source, given by: 

T(x, y, z, t) − T0 = 2
α
k

q
π3/2

∫ t

τ=0

1
̅̅̅̅̅̅̅̅̅̅
ϕyϕz

√ exp

(

−
(y − y′)2
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√ exp

(

−
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)

+
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̅̅̅̅̅̅̅
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√ exp

(

−
(x − x′)2

ϕx2

)

⎞

⎟
⎟
⎟
⎟
⎠

dτ (A1) 

We have incorporated our revised notation for the heat source that is more familiar for laser processing, as described in the text. Fachinotti et al. 
[22] demonstrated that the temperature distribution in Eq. (A1) is incorrect, when they noticed that the temperature evolution at a point was the same 
irrespective of the scan direction for the double-ellipsoid source, which is not physical. The error in [21] is due to incorrectly applying the heat input 
from both the front and rear ellipsoids over all values of x in the scan direction; [22] uses the correct integration limits to consider the heat input from 
the front ellipsoid acting over x ≥ 0 and for the rear ellipsoid acting over x ≤ 0, which introduces the additional erf() terms in Eq. (4) compared to Eq. 
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(A1). Eq. (A1) is only correct when these erf() terms cancel, which occurs for the very limited case of r1 = r2 and ϕx1 = ϕx2 (i.e., σx1 = σx2). 
Plotting the heat source provides an alternative way to visualize the origin of the error in Eq. (A1). Nguyen et al. [21] assumed source continuity, 

for which the source is correctly represented in Fig. 1(b) with the front and rear ellipsoids either side of the plane x = 0. However, if the heat input 
from both the front and rear ellipsoids is taken to act over all values of x, it is equivalent to the heat source shown in Fig. A1. Both the front and rear 
ellipsoids contribute over all x to produce a symmetric heat source, which explains why Fachinotti et al. [22] observed the same temperature evolution 
irrespective of the scan direction. Fig. A1 also helps to visualize why Eq. (A1) is only correct when the erf() terms in Eq. (4) are zero: that requires σx1 
= σx2 to produce a source that is symmetric in the scan (x) direction, from where source continuity requires r1 = r2. 

References 

[1] J. Trapp, A.M. Rubenchik, G. Guss, M.J. Matthews, In situ absorptivity 
measurements of metallic powders during laser powder-bed fusion additive 
manufacturing, Appl. Mater. Today 9 (2017) 341–349, https://doi.org/10.1016/j. 
apmt.2017.08.006. 

[2] R. Cunningham, C. Zhao, N. Parab, C. Kantzos, J. Pauza, K. Fezzaa, T. Sun, A. 
D. Rollett, Keyhole threshold and morphology in laser melting revealed by 
ultrahigh-speed x-ray imaging, Science 363 (2019) 849–852, https://doi.org/ 
10.1126/science.aav4687. 

[3] Q.L. Guo, C. Zhao, M.L. Qu, L.H. Xiong, L.I. Escano, S.M.H. Hojjatzadeh, N. 
D. Parab, K. Fezzaa, W. Everhart, T. Sun, T., L.Y. Chen, In-situ characterization and 
quantification of melt pool variation under constant input energy density in laser 
powder bed fusion additive manufacturing process, Addit. Manuf. 28 (2019) 
600–609, https://doi.org/10.1016/j.addma.2019.04.021. 

[4] J.V. Gordon, S.P. Narra, R.W. Cunningham, H. Liu, H. Chen, R. Suter, J.L. Beuth, A. 
D. Rollett, Defect structure process maps for laser powder bed fusion additive 
manufacturing, Addit. Manuf. 36 (2020), 101552, https://doi.org/10.1016/j. 
addma.2020.101552. 

[5] I. Bitharas, N. Parab, C. Zhao, T. Sun, A.D. Rollett, A.J. Moore, The interplay 
between vapour, liquid, and solid phases in laser powder bed fusion, Nat. Commun. 
13 (2022) 2959, https://doi.org/10.1038/s41467-022-30667-z. 

[6] S.A. Khairallah, A.T. Anderson, A. Rubenchik, W.E. King, Laser powder-bed fusion 
additive manufacturing: Physics of complex melt flow and formation mechanism of 
pores, spatter and denudation zones, Acta Mater. 108 (2016) 36–45, https://doi. 
org/10.1016/j.actamat.2016.02.014. 

[7] A.A. Martin, N.P. Calta, S.A. Khairallah, A. Saad, J. Wang, P.J. Depond, A.Y. Fong, 
V. Thampy, G.M. Guss, A.M. Kiss, K.H. Stone, C.J. Tassone, J.N. Weker, M.F. Toney, 
T. van Buuren, M.J. Matthews, Dynamics of pore formation during laser powder 
bed fusion additive manufacturing, Nat. Commun. 10 (2019) 1987, https://doi. 
org/10.1038/s41467-019-10009-2. 

[8] M.J. Matthews, G. Guss, S.A. Khairallah, A.M. Rubenchik, P.J. Depond, W.E. King, 
Denudation of metal powder layers in laser powder bed fusion processes, Acta 
Mater. 114 (2016) 33–42, https://doi.org/10.1016/j.actamat.2016.05.017. 

[9] C. Zhao, K. Fezzaa, R.W. Cunningham, H.D. Wen, F. De Carlo, L.Y. Chen, A. 
D. Rollett, T. Sun, Real-time monitoring of laser powder bed fusion process using 
high-speed X-ray imaging and diffraction, Sci. Rep. 7 (2017) 3602, https://doi.org/ 
10.1038/s41598-017-03761-2. 

[10] P. Bidare, I. Bitharas, R.M. Ward, M.M. Attallah, A.J. Moore, Fluid and particle 
dynamics in laser powder bed fusion, Acta Mater. 142 (2018) 107–120, https:// 
doi.org/10.1016/j.actamat.2017.09.051. 

[11] X. Li, C. Zhao, T. Sun, W. Tan, Revealing transient powder-gas interaction in laser 
powder bed fusion process through multi-physics modeling and high-speed 
synchrotron x-ray imaging, Addit. Manuf. 35 (2020), 101362, https://doi.org/ 
10.1016/j.addma.2020.101362. 

[12] Y.A. Mayi, M. Dal, P. Peyre, M. Bellet, C. Metton, C. Moriconi, R. Fabbro, Laser- 
induced plume investigated by finite element modelling and scaling of particle 
entrainment in laser powder bed fusion, J. Phys. D. 53 (2020), 075306, https://doi. 
org/10.1088/1361-6463/ab5900. 

[13] T. Mukherjee, H.L. Wei, A. De, T. DebRoy, Heat and fluid flow in additive 
manufacturing - Part I: Modeling of powder bed fusion, Comput. Mater. Sci. 150 
(2018) 304–313, https://doi.org/10.1016/j.commatsci.2018.04.022. 

[14] T. Mukherjee, H.L. Wei, A. De, T. DebRoy, Heat and fluid flow in additive 
manufacturing - Part II: Powder bed fusion of stainless steel, and titanium, nickel 
and aluminum base alloys, Comput. Mater. Sci. 150 (2018) 369–380, https://doi. 
org/10.1016/j.commatsci.2018.04.027. 

[15] A. Plotkowski, M.M. Kirka, S.S. Babu, Verification and validation of a rapid heat 
transfer calculation methodology for transient melt pool solidification conditions 
in powder bed metal additive manufacturing, Addit. Manuf. 18 (2017) 256–268, 
https://doi.org/10.1016/j.addma.2017.10.017. 

[16] E.J. Schwalbach, S.P. Donegan, M.G. Chapman, K.J. Chaput, M.A. Groeber, 
A discrete source model of powder bed fusion additive manufacturing thermal 
history, Addit. Manuf. 25 (2019) 485–498, https://doi.org/10.1016/j. 
addma.2018.12.004. 

[17] B. Stump, A. Plotkowski, An adaptive integration scheme for heat conduction in 
additive manufacturing, Appl. Math. Model. 75 (2019) 787–805, https://doi.org/ 
10.1016/j.apm.2019.07.008. 

[18] Y. Yang, M.F. Knol, F. van Keulen, C. Ayas, A semi-analytical thermal modelling 
approach for selective laser melting, Addit. Manuf. 21 (2018) 284–297, https:// 
doi.org/10.1016/j.addma.2018.03.002. 

[19] A.J. Wolfer, J. Aires, K. Wheeler, J.P. Delplanque, A. Rubenchik, A. Anderson, 
S. Khairallah, Fast solution strategy for transient heat conduction for arbitrary scan 
paths in additive manufacturing, Addit. Manuf. 30 (2019), 100898, https://doi. 
org/10.1016/j.addma.2019.100898. 

[20] J. Goldak, A. Chakravarti, M. Bibby, A new finite-element model for welding heat- 
sources, Metall. Trans. B Process Metall. 15 (1984) 299–305, https://doi.org/ 
10.1007/BF02667333. 

[21] N.T. Nguyen, A. Ohta, K. Matsuoka, N. Suzuki, Y. Maeda, Analytical solutions for 
transient temperature of semi-infinite body subjected to 3-D moving heat sources, 
Weld. J. 78 (1999) 265s–274s. 

[22] V.D. Fachinotti, A.A. Anca, A. Cardona, Analytical solutions of the thermal field 
induced by moving double-ellipsoidal and double-elliptical heat sources in a semi- 
infinite body, Int. J. Numer. Methods Biomed. Eng. 27 (2011) 595–607, https:// 
doi.org/10.1002/cnm.1324. 

[23] R. Komanduri, Z.B. Hou, Thermal analysis of the arc welding process: Part I. 
General solutions, Metall. Mater. Trans. B 31 (2000) 1353–1370, https://doi.org/ 
10.1007/s11663-000-0022-2. 

[24] H.E. Cline, T.R. Anthony, Heat treating and melting material with a scanning laser 
or electron-beam, J. Appl. Phys. 48 (1977) 3895–3900, https://doi.org/10.1063/ 
1.324261. 

[25] T.W. Eagar, N.S. Tsai, Temperature-fields produced by traveling distributed heat- 
sources, Weld. J. 62 (1983) S346–S355. 

[26] C. Bruna-Rosso, A.G. Demir, B. Previtali, Selective laser melting finite element 
modeling: validation with high-speed imaging and lack of fusion defects 
prediction, Mater. Des. 156 (2018) 143–153, https://doi.org/10.1016/j. 
matdes.2018.06.037. 

[27] Z. Zhang, Y. Huang, A.R. Kasinathan, S.I. Shahabad, U. Ali, Y. Mahmoodkhani, 
E. Toyserkani, 3-dimensional heat transfer modeling for laser powder-bed fusion 
additive manufacturing with volumetric heat sources based on varied thermal 

Fig. A 1. (a) An erroneous ellipsoid volumetric heat source that was not used in this work: both the front and rear ellipsoids contribute over all x to produce a 
symmetric heat source. (b) Source shown for σx1 = σy, σx2 = 4σx1 and σz = 3σx1, combined with r1/σx1 = r2/σx2 for source continuity on the plane x = 0. 

A.J. Ross et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.apmt.2017.08.006
https://doi.org/10.1016/j.apmt.2017.08.006
https://doi.org/10.1126/science.aav4687
https://doi.org/10.1126/science.aav4687
https://doi.org/10.1016/j.addma.2019.04.021
https://doi.org/10.1016/j.addma.2020.101552
https://doi.org/10.1016/j.addma.2020.101552
https://doi.org/10.1038/s41467-022-30667-z
https://doi.org/10.1016/j.actamat.2016.02.014
https://doi.org/10.1016/j.actamat.2016.02.014
https://doi.org/10.1038/s41467-019-10009-2
https://doi.org/10.1038/s41467-019-10009-2
https://doi.org/10.1016/j.actamat.2016.05.017
https://doi.org/10.1038/s41598-017-03761-2
https://doi.org/10.1038/s41598-017-03761-2
https://doi.org/10.1016/j.actamat.2017.09.051
https://doi.org/10.1016/j.actamat.2017.09.051
https://doi.org/10.1016/j.addma.2020.101362
https://doi.org/10.1016/j.addma.2020.101362
https://doi.org/10.1088/1361-6463/ab5900
https://doi.org/10.1088/1361-6463/ab5900
https://doi.org/10.1016/j.commatsci.2018.04.022
https://doi.org/10.1016/j.commatsci.2018.04.027
https://doi.org/10.1016/j.commatsci.2018.04.027
https://doi.org/10.1016/j.addma.2017.10.017
https://doi.org/10.1016/j.addma.2018.12.004
https://doi.org/10.1016/j.addma.2018.12.004
https://doi.org/10.1016/j.apm.2019.07.008
https://doi.org/10.1016/j.apm.2019.07.008
https://doi.org/10.1016/j.addma.2018.03.002
https://doi.org/10.1016/j.addma.2018.03.002
https://doi.org/10.1016/j.addma.2019.100898
https://doi.org/10.1016/j.addma.2019.100898
https://doi.org/10.1007/BF02667333
https://doi.org/10.1007/BF02667333
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref21
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref21
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref21
https://doi.org/10.1002/cnm.1324
https://doi.org/10.1002/cnm.1324
https://doi.org/10.1007/s11663-000-0022-2
https://doi.org/10.1007/s11663-000-0022-2
https://doi.org/10.1063/1.324261
https://doi.org/10.1063/1.324261
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref25
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref25
https://doi.org/10.1016/j.matdes.2018.06.037
https://doi.org/10.1016/j.matdes.2018.06.037


Additive Manufacturing 60 (2022) 103267

14

conductivity and absorptivity, Opt. Laser Tech. 109 (2019) 297–312, https://doi. 
org/10.1016/j.optlastec.2018.08.012. 

[28] K.H. Lee, G.J. Yun, A novel heat source model for analysis of melt Pool evolution in 
selective laser melting process, Addit. Manuf. (2020) 36, https://doi.org/10.1016/ 
j.addma.2020.101497. 

[29] M.N. Ozisik. Heat Conduction, second ed., John Wiley, New York, 1993. 
[30] V.A. Karkhin, V.V. Plochikhine, H.W. Bergmann, Solution of inverse heat 

conduction problem for determining heat input, weld shape, and grain structure 
during laser welding, Sci. Technol. Weld. Join. 7 (2002) 224–231, https://doi.org/ 
10.1179/136217102225004202. 

[31] V.A. Karkhin, Thermal Processes in Welding, Springer, Singapore, 2019. 
[32] D. Rosenthal, The theory of moving sources of heat and its application to metal 

treatments, Trans. ASME 68 (1946) 849–866. 
[33] E. Mirkoohi, D.E. Seivers, H. Garmestani, S.Y. Liang, Heat source modeling in 

selective laser melting, Mater 12 (2019) 2052, https://doi.org/10.3390/ 
ma12132052. 

[34] D. Rosenthal, R. Schmerber, Thermal study of arc welding: experimental 
verification of theoretical formulas, Weld. J. 17 (1938) 2s–8s. 

[35] D. Rosenthal, Mathematical theory of heat distribution during welding and cutting, 
Weld. J. 20 (1941) 220s–234s. 

[36] P. Bidare, R.R.J. Maier, R.J. Beck, J.D. Shephard, A.J. Moore, An open-architecture 
metal powder bed fusion system for in-situ process measurements, Addit. Manuf. 
16 (2017) 177–185, https://doi.org/10.1016/j.addma.2017.06.007. 

[37] I. Bitharas, A. Burton, A.J. Ross, A.J. Moore, Visualisation and numerical analysis 
of laser powder bed fusion under cross-flow, Addit. Manuf. 37 (2021), 101690, 
https://doi.org/10.1016/j.addma.2020.101690. 

[38] Renishaw plc UK, Data Sheet: SS 316L-0407 Powder for Additive Manufacturing. 
〈https://www.renishaw.com/resourcecentre/en/details/data-sheet-ss-316 
l-0407-powder-for-additive-manufacturing–90802〉, 2017 (accessed 1 May 2022). 

[39] F. Verhaeghe, T. Craeghs, J. Heulens, L. Pandelaers, A pragmatic model for 
selective laser melting with evaporation, Acta Mater. 57 (2009) 6006–6012, 
https://doi.org/10.1016/j.actamat.2009.08.027. 

[40] A.A. Martin, N.P. Calta, J.A. Hammons, S.A. Khairallah, M.H. Nielsen, R. 
M. Shuttlesworth, N. Sinclair, M.J. Matthews, J.R. Jeffries, T.M. Willey, J.R.I. Lee, 
Ultrafast dynamics of laser-metal interactions in additive manufacturing alloys 
captured by in situ X-ray imaging, Mater. Today Adv. 1 (2019), 100002, https:// 
doi.org/10.1016/j.mtadv.2019.01.001. 

[41] JMatPro (Sente Software, Surrey, UK) 〈www.sentesoftware.co.uk/jmatpro.aspx〉. 
[42] J.J.S. Dilip, S. Zhang, C. Teng, K. Zeng, C. Robinson, D. Pal, B. Stucker, Influence of 

processing parameters on the evolution of melt pool, porosity, and microstructures 
in Ti-6Al-4V alloy parts fabricated by selective laser melting, Prog. Addit. Manuf. 2 
(2017) 157–167, https://doi.org/10.1007/s40964-017-0030-2. 

[43] S. Traore, M. Schneider, I. Koutiri, F. Coste, R. Fabbro, C. Charpentier, P. Lefebvre, 
P. Peyre, Influence of gas atmosphere (Ar or He) on the laser powder bed fusion of 
a Ni-based alloy, J. Mater. Process. Technol. 288 (2021), 116851, https://doi.org/ 
10.1016/j.jmatprotec.2020.116851. 

[44] R. Komanduri, Z.B. Hou, Thermal analysis of the arc welding process: Part II. Effect 
of variation of thermophysical properties with temperature, Metall. Mater. Trans. B 
32 (2001) 483–499, https://doi.org/10.1007/s11663-001-0034-6. 

[45] C.S. Kim, Thermophysical Properties of Stainless Steels, Argonne National Lab., 
USA, 1975, https://doi.org/10.2172/4152287. 

A.J. Ross et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.optlastec.2018.08.012
https://doi.org/10.1016/j.optlastec.2018.08.012
https://doi.org/10.1016/j.addma.2020.101497
https://doi.org/10.1016/j.addma.2020.101497
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref29
https://doi.org/10.1179/136217102225004202
https://doi.org/10.1179/136217102225004202
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref31
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref32
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref32
https://doi.org/10.3390/ma12132052
https://doi.org/10.3390/ma12132052
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref34
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref34
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref35
http://refhub.elsevier.com/S2214-8604(22)00656-X/sbref35
https://doi.org/10.1016/j.addma.2017.06.007
https://doi.org/10.1016/j.addma.2020.101690
https://www.renishaw.com/resourcecentre/en/details/data-sheet-ss-316l-0407-powder-for-additive-manufacturing--90802
https://www.renishaw.com/resourcecentre/en/details/data-sheet-ss-316l-0407-powder-for-additive-manufacturing--90802
https://doi.org/10.1016/j.actamat.2009.08.027
https://doi.org/10.1016/j.mtadv.2019.01.001
https://doi.org/10.1016/j.mtadv.2019.01.001
http://www.sentesoftware.co.uk/jmatpro.aspx
https://doi.org/10.1007/s40964-017-0030-2
https://doi.org/10.1016/j.jmatprotec.2020.116851
https://doi.org/10.1016/j.jmatprotec.2020.116851
https://doi.org/10.1007/s11663-001-0034-6
https://doi.org/10.2172/4152287

	Volumetric heat source calibration for laser powder bed fusion
	1 Introduction
	2 Inverse heat conduction problem (IHCP) methodology
	3 Experimental measurements
	4 Results
	4.1 Single-track experiments
	4.2 Island scan experiments

	5 Discussion
	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	Disclosure statement
	Appendix
	References


