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Abstract
Selection of process parameters is an important step in Powder-Based Additive Manufacturing (PBAM) of metals. In order to achieve an optimal parameter set, current literature is mainly focused on the understanding of powder
dynamics by analysing the aerodynamic forces. In this letter, however, we show
the importance of the laser induced force (radiation pressure) on the powder
dynamics. Generalised Lorenz-Mie theory has been employed to accurately estimate the radiation pressure and it is shown that its magnitude is significant in
comparison to various aerodynamic forces and the grains' weight, hence, can significantly contribute to denudation and spatter observed in the manufacturing
process. Furthermore, the importance of compressibility and rarefaction effects
on the magnitude of drag and lift forces that a particle experiences is identified
by estimating the Ma and Kn numbers under process conditions, which directly
impact the powder dynamics.
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1. Introduction
The advent of various Powder-Based Additive Manufacturing (PBAM) techniques in the last decade has made it possible to fabricate near net shape parts
and components. PBAM components have been utilized by different industrial sectors, such as aerospace, automotive, medical, tools manufacturing, and
recently renewable energies to manufacture end parts [1–11].
PBAM is a disruptive technology, which provides a great deal of technological
potential and economic advantage [12–14]. Nonetheless, the share of various
PBAM processes of the world market for manufacturing is well under 1% [15].
This is mainly attributed to the current technical challenges, which result in
manufacturing processes that are hardly repeatable and often can not guarantee
to achieve the strict quality standards for critical industrial components without
trial builds [16–18]. Overcoming the current challenges is only possible through
an in-depth understanding of the underpinning multi-physical processes and
their interactions including the powder preparation, laser-powder interaction,
heat transfer, and phase changes [19–21]. The currently available mathematical
models and in turn the resulting simulation techniques are limited, in that they
provide restricted fidelity or only consider one or some of the aforementioned
processes in isolation.
Low fidelity pragmatic models have also been devised at specific process conditions [22]. Furthermore, the “continuum” modeling (macro-scale) approaches,
which have higher fidelity than the pragmatic models, including the conventional
Finite Volume CFD [23, 24] and Finite Element methods [25–27], combined with
ad-hoc laser heat source and phase change models have been employed to simulate heat transfer and melt-pool dynamics. Even though these approaches provide insight into the dynamics of the process, their application remains limited
owing to the absence of established continuum theories for powder (granular)
flow, lack of a clear separation of scales, and abstraction of the multi-physical
nature of the process.
High-fidelity particle-scale (micro) simulations are identified as an urgent
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technological necessity [28]. Such simulation approaches have been proposed in
recent years [29–35] where the Discrete Element Method (DEM) is commonly
employed for simulating the effects of powder-bed properties on the manufacturing process [36–44]. The detailed information about the powder-bed may then
be used as input to model downstream laser-melting and solidification processes.
To attain a realistic particle-scale simulation, the fundamental forces acting on the grains should be considered. In particular, the impact of the laser
radiation pressure on the powder dynamics, has not been considered yet. Various undesirable phenomena such as spatter of grains and denudation in metal
PBAM processes – such as Selective Laser Melting (SLM) – are attributed to
the aerodynamic interactions including recoil pressure, metal vapour jets and
the induced inert gas flows [26, 45]. Similar complications arise in other PBAM
process such as Laser Metal Deposition (LMD) where only the shielding gas /
nozzle flow rates are controlled and no consideration is given to the impact of
the laser radiation pressure.
In this communication, we consider the impact of the laser radiation pressure
on a typical SLM process as demonstrated in Figure 1. First, various lift and
drag forces on a particle are calculated. The radiation pressure is then estimated
with high precision using the generalised Lorenz-Mie theory (GLMT) and is
compared with the aerodynamic forces to asses their relative impact on the
powder dynamics.

2. Material and methodologies
For details about optical properties of Inconel grains, methodologies for calculating the aerodynamic forces, estimation of velocity profiles and calculation
of radiation pressure using GLMT see the Supplementary material.

3. Results and discussions
Figure 2a shows the drag force experienced by an Inconel particle with Dp =
30 µm in the jet region for laser power I varying in the range of 50 W to 200 W.
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In this region, the weight of the particle (W = 1.13×10−9 N) is several orders of
magnitude smaller than the jet drag forces acting on the particle. Therefore, the
spatter is mainly attributed to the jet drag forces and the effect of the particle
weight on the spatter may be neglected. The negligible impact of grains’ weight
on their dynamics has also been concluded through high-speed x-ray imaging of
the PBAM process [46].
The Mach number varies between Ma = 0.23 and Ma = 0.77 (see the inset
of Figure 2a). The drag force scales with Ma4 . Therefore, while for the Mach
numbers up to ≈ 0.5, the effects of compressibility remain negligible on the
particle's drag force FD , they rapidly become significant at higher Ma and may
cause up to %Err = 9 in the drag force calculations at Ma = 0.77. The
rarefaction effects are generally more significant as Kn varies between 0.07 and
0.11, which is in the slip flow regime and enters the transitional flow regime [47]
for higher laser powers I ≥ 180; see Figure 2a where the critical Kn = 0.1 is
identified on the inset. The errors in the drag term may be as high as %Err = 27
for Kn = 0.11. It is therefore essential to either apply the appropriate boundary
conditions if fully-resolved simulations (see [48–51] for more information about
such techniques) of the process are intended or use appropriate corrections for
unresolved simulations [52, 53].
Figure 2b shows the radial drag force on the particles for three different
particle sizes. The radial drag is strong enough to entrain the particles toward
the laser beam from all sides even for largest particle with Dp = 50 µm, even
though it is 2–3 orders of magnitude weaker than the drag force in the jet
region. The Kn number associated with the radial flow region is presented in
the inset of Figure 2b, which shows that Kn remains in the slip flow region up
to approximately 50 µm away from the beam axis. However, it falls well below
the critical value Kn = 0.01 indicating that the rarefaction effects are negligible
farther away form the beam axis. Furthermore, due to the presence of a velocity
gradient a Saffman force FS acts on the particles. The induced lift is presented
in Figure 2c, which is in an order of magnitude smaller than the radial drag but
is still significant compared to the grains' weight. Furthermore, FS is localised
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in the radial direction due to the flow reversals [26], which create regions of low
and high velocity gradients.
Perhaps more interesting is the fact that FS is positive, i.e. downward
according to the coordinate system presented in Figure 1. The direction of
the lift force FS is always towards the higher velocity region. While these
mechanisms for particle entrainment may appear identical to that of sediment
transport in a conventional shear flow set up, which exist in literature [51,
54, 55], they are in-fact distinct because here the shear layer is confined to the
vicinity of the laser beam and decays into the quiescent inert atmosphere within
a length scale of ` ≈ 60 µm. This is comparable to the particle diameter and
hence higher velocities are experienced closer to the bed resulting in a downward
Saffman lift, which could in-fact stabilise the bed. Nonetheless, the particle
Stokes number St, plotted in the inset of Figure 2c, shows the quick response
time of the particles in the vicinity of the beam (St  1 for up to r ≈ 2Dp )
approaching St = 1 for r  Dp , which indicates nearly inertial particles.
Figure 3 shows the calculated radiation pressure for a particle on the focus
plane of the beam. For a circularly polarised beam, |FL,x | in Figure 3a is
equivalent to the radiation pressure in a radial direction. In this figure, the
value of the FL,x is zero at x = 0 as expected and its peak value is positive
for x < 0 and negative for x > 0, which signifies that the particle is pulled
towards the beam axis. Furthermore, the curves are symmetric and the peaks
occur at approximately r0 /2 for all diameters. The smaller particle Dp ≤ 40 µm
does not interact significantly with the beam at large distances x > r0 . For the
largest tested particle size Dp = 50 µm a more complex behaviour is observed:
when the centre falls outside of the waist radius (i.e. for x > 25 µm), another
set of extrema is observed with opposite signs. This indicates that the beam
may affect the motion of large particles at distances x > r0 by pushing them
away from the beam axis. In comparison to the radial drag forces, the radiation
pressure in the radial direction is generally weaker however, it will mainly affect
the particles in close proximity of the beam axis at ≈ r0 /2 whereas the peaks
of FD,radial occurs at ≈ 7r0 /5 and ≈ 12r0 /5. Nonetheless, FL,x is at least one
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order of magnitude greater than Wp for all particle diameters (see the inset of
Figure 3a), which confirms the impact of this force on the particle dynamics
during the PBAM process.
Figure 3b shows the radiation pressure in the longitudinal direction FL,z .
The magnitude is approximately two orders of magnitude greater than the particle weight and has the same order of magnitude as Fs but with the peaks
occurring at x = 0 while the peaks of Fs occur just before and after w0 . Moreover, for |r0 | < x < |w0 |, FL,z shows a negative minimum, indicating a lifting
effect, interestingly where Fs ≈ 0. The magnitude of this lifting force is in fact
strong enough to levitate the grains and is particularly noticeable for Dp ≥ 40
µm. This can provide the required instability in the bed leading to entrainment
in this region. The axial force FL,z = 2.6 × 10−7 (at I = 100 W), is however,
two orders of magnitude smaller than the drag force in the vapour jet region
FD,jet = 4.26 × 10−5 . Nonetheless, we believe that the effects of radiation pressure in the jet region under different conditions can in fact be as significant
as the jet drag. For example, Guo et al. [46] estimated a driving pressure in
the range of 121 to 931 Pa, with a median of 348 Pa for a more powerful laser
(I = 416 W) and AlSi10Mg particles with Dp = 35 µm (mode value). A direct
comparison with Guo et al. [46] is not possible because they do not provide any
experimental results for the jet/inert gas velocities. However, a comparison of
the the force FD,jet = 3.3 × 10−7 , which is resulted from conversion of the driving pressure (348 Pa), with the radiation pressure FL,z = 3.09 × 10−7 calculated
at the centre of the beam on the focus plane with nr = 1.39 + 9.95i, Dp = 35
µm and the corresponding laser parameters as specified in [46], confirms the
significance of the effects of the radiation pressure in the jet region.
The longitudinal and radial radiation pressure for a grain moving along the
axis of the beam is shown in Figure 4. The top and bottom panels show FL,x
and FL,z for a particle 30 and 5 µm away from the axis. The radiation pressure
forces remain notable at long distances of at least 200Dp both in the longitudinal
and radial directions whereas the FD,jet decays exponentially along the axis of
the beam [26]. For a particle at x0 = 5 µm, FL,x remains greater then the
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particle weight up to z ≈ 5 mm for Dp = 20 µm and z ≈ 2.5 for Dp = 50
µm (Figure 4 bottom left panel). The magnitude of this force remains negative
indicating that the beam will attract the particles toward the axis. Figure 4
bottom right panel shows the longitudinal force which is about two orders of
magnitude stronger than the particle weight in the near field region.
The longitudinal radiation pressure acts at much longer distances and remains significant up to z = 1 cm (104 µm) where the vapour jet and inert gas
circulating flows have decayed, and hence, irrelevant. The laser radius changes
along its path as r(z) = r0 (1 + (z/zR )2 )1/2 , where zR is the Rayleigh range
given by zR = πr02 nenv /λ. The Rayleigh range for the laser under consideration
is zR ≈ 1.9 mm (assuming nenv = 1) and hence the slow decay of radiation
pressure is expected. Moreover, the laser used in an actual SLM device may
have a larger radius of r0 = 100 µm or more compared to the laser experimental
rig used in Bidare et al. [26], and hence the action range of the longitudinal
force is probably even longer in an actual SLM device.
The top panels in Figure 4 shows the results of the same calculation for a
particle moving off-axis at x0 = 30 µm, i.e. the particle centre is initially outside
the beam radius r0 . Firstly, note that the force is significant for all particle
sizes in both radial and longitudinal directions. For particles with Dp ≤ 40
µm, the force remains attractive (towards the axis) for all z, but interestingly,
the maximum attractive force is experienced at z ≈ 1 mm. This is due to
the fact that at larger distances the particle geometric cross section is initially
outside the beam radius and gradually fully enters the beam (remembering that
r = f (z)) and interacts more with the beam before it feels the decay in the
intensity due to the beam divergence. For the largest particle size Dp = 50 µm,
the behaviour is more complex and the particle initially is repelled form the axis
for distances of up to z = 800 µm and then attracted towards the beam axis with
a maximum attractive force experienced at around z = 2 mm. The longitudinal
force FL,z , similarly, shows a maximum at z = 3 mm above the laser waist.
FL,z decays very slowly and can impact particle dynamics at distances as far as
a few centimetres away from the waist. It is worth mentioning that the laser
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may not be focused exactly on the bed and the waist may fall above the bed
in practice. However, Figure 4 only presents the results above the beam waist.
It should be emphasised that these forces are not symmetric around the waist
(i.e. z0 axis) due to the change in the curvature of the wave front at the waist
and hence one cannot simply extrapolate them.

4. Conclusions
In this letter, we highlighted the significance of the radiation pressure for the
analysis of powder dynamics in the SLM process which had not yet been considered. Following conclusions are drawn based on the comparison of calculated
radiation pressure (using generalised Lorenz-Mie theory ) and the estimated
aerodynamics forces
In the circulation region of the inert gases, the radiation pressure is as significant (same order of magnitude) as the aerodynamic forces. Therefore, to
analyse experimental results or for accurate particle-based simulations, their effects should be considered concurrently. The current calculations show that in
the vapour jet region, the drag force dominates the radiation pressure. However,
it is also shown that under different conditions or for other materials both forces
have similar magnitudes. Moreover, contrary to the aerodynamics forces, which
are generally localised in the vicinity of the melt pool, the radiation pressure
can impact the grains' trajectories at distances of up to 1 cm (and more).
It is also demonstrated that to accurately predict/analyse the powder dynamics, the compressibility and rarefaction effects are important and should be
considered in simulations or experimental analysis. The particle asphericity affects the results, however, for most PBAM processes, highly spherical particles
are used. Thus, the conclusions are relevant to the actual process. Furthermore,
for typical particle roundedness and sphericity values the order of magnitude of
various forces will remain the same and current conclusions are still valid.
The axis of the laser beam is assumed to be normal to the powder bed here,
whereas in practice, it can be applied at an angle. Therefore, the longitudinal
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and normal forces should be transformed to the laboratory coordinate system
resulting in a more complex interaction depending on the incidence angle.
In this letter, only a single grain is considered. It is not possible to analytically consider the net effect of these forces on a population of particles.
However, the single particle calculations here, demonstrate the need for further investigations of the impact of radiation pressure on the SLM and other
metal PBAM processes (e.g. LMD) through particle-based simulations, such
as Discrete Element Method (DEM) and systematic experiments. In such a
particle-based simulation framework, while the laser-powder interaction may be
modeled using GLMT-DEM coupling, the inert gas/metal vapour jet interactions may be modeled through fully resolved or unresolved techniques depending
on the required fidelity.
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Figure 1: A schematic presentation of the SLM process. A thin layer of powder is spread on
a build plate and a thermal energy source is used to selectively fuse the regions of powder
bed at desired locations based on a CAD model. After completion of a layer, a repetition of
the fabrication process will be accomplished by applying a new layer of powder until a 3D
component is fabricated.
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(a)

(b)

(c)
Figure 2: Estimation of various forces acting on a spherical particle during the SLM process.
Figure 2a shows the drag forces on the particle as a function of laser power and the insets
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show the variation in Kn and Ma in the jet region.
Figures 2b and 2c respectively show the
drag and Saffman lift forces in the radial flow region (induced by the jet) for a 100 W laser
with the Kn and St numbers plotted on the insets.

(a)

(b)
Figure 3: The estimated radiation pressure on a single powder grain in the focus plane of a
Gaussian beam. A laser beam with an intensity of I = 100 W, wavelength λ = 1.06 µm and
a waist radius of r0 = 25 µm is assumed. See Figure 1 for the definition of the directions x
and z. The inset of Figure 3a shows the particle weights for Dp = 20 − 50 µm. The range
of the calculations has been limited to |X| < 50µm since FL,z → 0 as the particle geometric
cross section entirely leaves the beam's waist.
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Figure 4: The estimated radiation pressure forces experienced by a powder grain moving off
the axis of the beam at two different distances. The laser parameters are specified in the
caption of Figure 3. The curves are presented only for the region before the waist at z = 0.
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