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Abstract

The coating process by laser cladding as well as additive manufacturing by direct metal deposition are both influenced
by the powder jet characteristics and by the interaction between powder jet and laser beam. This is especially true in the
newly developed high-speed laser cladding process where this interaction is of great importance as the melting of the
powder particles even before reaching the melt pool is desired. A simulation model is presented, which predicts the
characteristics of the powder jet between powder nozzle and working plane and also how influential the powder jet will
be on the laser beam in terms of attenuation. A new measurement method has been elaborated to analyze the powder
particle density distribution in the working plane under conditions that replicate the actual process. This is in order to
characterize the powder jet and validate the simulation results. Moreover, a new measurement method which may
reveal the powder particle absorption coefficient is proposed. All this allows for the optimal alignment of the powder jet
with the laser beam in high-speed laser cladding as well as general predictions of the laser cladding process results by
simulation.
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1. Introduction

Laser cladding does not only enable a defensive coating of machine parts against corrosion or wear, but
also the additive manufacturing of three-dimensional parts. The latter is often referred to as direct metal
deposition (DMD), laser metal deposition (LMD), laser engineered net shaping (LENS), laser additive
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manufacturing (LAM) or direct energy deposition (DED). The principal however remains the same, as shown
in Fig. 1. Powder is injected into the melt pool, which is created by the laser beam. Moving the powder
nozzle together with the laser beam results in the deposition of a weld track. Several overlapping weld tracks
form a coating or one of multiple layers of a three-dimensional part. According to Weisheit et al., 2013 there
is an ever increasing potential across multiple fields for the application of this technology.
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Fig. 1. Principle of the laser cladding process

Furthermore, a modified laser cladding process has been developed in the form of high-speed laser
cladding. Schopphoven et al., 2016 show, that this process allows thinner coatings than conventional laser
cladding in the range of 10 — 250 um at higher surface rates of up to 500 cm’/min and feed speeds of up to
200 m/min with a small dilution zone <5 um. For this purpose the powder as well as the laser beam must be
focused to a diameter below 1 mm, where the powder focus is slightly raised, resulting in the heating of the
powder particles up to melting temperature before they reach the melt pool. According to Mueller et al.,
2016 the interaction of the laser beam with the flying powder particles and substrate surface is also an
essential factor in the deposition of copper circuit traces on polymer or on other materials by laser cladding.
Moreover, it has already been shown by Marsden et al.,, 1992 that for conventional laser cladding, the
overall process absorptivity can intensify with a higher powder feed rate. The interaction of the flying
powder particles with the laser beam should never be neglected as it can be crucial in processes like high-
speed laser cladding. Unfortunately, in situ measurements for process optimization, like that of the powder
particle temperature during laser cladding, are hardly possible as they require a high-speed thermographic
camera or other costly equipment. What follows is a simulation model which allows the investigation of the
processes between powder nozzle and the workpiece surface while generating the necessary input data for
melt pool simulation in terms of laser beam attenuation by the flying powder particles. The model is
supported by particle velocity measurements as well as by the results of a new powder particle density
measurement method. This close attention to measurement differentiates the model from others such as
those of Huang et al., 2006, Pinkerton, 2007, Zekovic et al., 2007, Ibarra-Medina et al., 2011, Tabernero et
al.,, 2012, Morville et al., 2012, or Zhang & Coddet, 2016, the first two being analytical and the latter
numerical models.



Nomenclature

A, carrier gas inlet cross-sectional area
A shield gas inlet cross-sectional area
d, particle diameter
F volume force
Farag drag force
Fg gravity force
k turbulent kinetic energy
mp, particle mass
m; powder particle density distribution
n normal vector
p pressure
Py Reynolds stress
radius
u fluid velocity
u, velocity at the carrier gas and powder inlet
U velocity at the shield gas inlet
v particle velocity
A initial velocity
V. carrier gas flow
v, shield gas flow
€ turbulent dissipation rate
dynamic viscosity
M, eddy viscosity
P density
Py particle density

| unity tensor
Cw Ca, Co2 0y, O turbulence model parameters
0,4, random number

2. Density measurement and numerical modeling of powder stream

The following measurements were carried out on a CNC laser machine type Trumpf Trulaser Cell 7020
using a three-jet powder nozzle type 3-JET-SO16 by Fraunhofer-ILT with MetcoClad® 625 powder and argon
as shield and carrier gas. For the characterization of the powder stream a measurement method was
developed, which indicates the powder particle density distribution in the working plane as the amount of
powder per area per time that reaches the surface. Here, a plate with a small bore of 0.4 mm in diameter is
placed above a balance with a container on it. See Fig. 2 (left). During the measurement the powder nozzle
moves over the plate around the bore hole along circular paths starting from the center and traverses after
each circulation radially towards the next larger circular path, while the balance continuously measures mass




of powder passing through the bore. The measurement principle is the same as that of Morville et. al, 2012.
Although, the measurement is not only carried out in a radial, but also in a circumferential direction, so that
the powder stream is characterized in the whole working plane as seen in Fig. 2 (right). Moreover, this
method reflects the actual conditions of the laser cladding process when a workpiece in placed below the
powder nozzle in contrast with the typical optical measurement method described by Melo, 2015, which
requires an unhindered powder jet; as powder particles reflected from the workpiece would affect the
measurement.
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Fig. 2. Powder particle density distribution measurement setup (left) and result (right)

The numerical model of the powder jet was set up using COMSOL Multiphysics 5.2 with its modules
“Turbulent Flow, k-¢” and “Particle Tracing for Fluid Flow”. The model geometry shown in Fig. 3 replicates a
powder nozzle type 3-JET-SO16 at a working distance of 15 mm comprising a large cylinder, whose bottom
represents the substrate surface, while the cylinder sidewall is an open boundary. Three tubes protrude into
this cylinder, which constitute the powder channels inside the nozzle. An additional small centric cylinder
depicts the powder nozzle exit for the laser beam and the shield gas.

Fig. 3. Model geometry

Inside the model domain the Navier-Stokes equations
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p(u-V)u=V[— pl+(y+yt)(Vu+(Vu)T)]+F (1)
oV-u=0 (2)

with the density p, fluid velocity u, pressure p, unity tensor I, dynamic viscosity u and any volume force F are
solved. The eddy viscosity

ﬂt:pclu? (3)

according to Wilcox, 1998 is defined by the turbulent kinetic energy k and the turbulent dissipation rate ¢,
which can be obtained from the following equations:

pu-Vk=V-|| u+£% VK |+P, - pe (4)
B ] 2

pu-V)e=v|| u+ Ve |+C ER —C pi- (5)
i o,) | k k

The turbulence model parameters C,, C.;, C., 0, and o, are given in Table 1, while Wilcox, 1998 indicates the
Reynolds stress

R=y [Vu : (Vu +(Vu)' )] (6)

The flow close to solid walls is approximated by the wall functions, which are explained by Kuzmin et al.,
2007 and Grotjans & Menter, 1998.

The most important boundary conditions are given by the carrier gas flow V, and shield gas flow V., which
determine the fluid velocity at the carrier gas and powder inlet

u, =-+% (7)

with the carrier gas inlet cross-sectional area A, or rather the shield gas inlet cross-sectional area A,. These
are determined by the powder channel diameter of 1.5 mm and the nozzle exit for the shield gas of 7.0 mm



in diameter.

Table 1. Turbulence model parameters

Csl CEZ C[t O¢ Ok

1.44 1.92 0.09 13 1

After the fluid dynamics simulation the powder particle movement is calculated from Newton’s second
law

dlm v
—(dtp )= Famg +F, (9)

with the particle mass m,, particle velocity v, gravity force F, and drag force

p”u _ V”d 0.687
3u-24/1+0.15 —*%

H [2k
Fi.. = ‘mlu+d,[—-V 10,
drag 4,0pd; p é, 3 (10)

which is explained by Ochieng & Onyango, 2008 following the Schiller-Naumann drag law. Here d, is the
particle diameter, o, the particle density and ¢ a standard distributed random number with zero mean and
unit standard deV|at|on So the term {;/2k/3 takes the influence of the turbulent flow on the particles into
account. If a particle hits a powder nozzle wall at the initial velocity v, the bounce condition defines the
velocity

v=v,-2(n-v)n (11)

after reflection with the normal vector n of the wall surface. At the carrier gas and powder inlet the initial
particle velocity

&
vV, =-0.45-u.-n+0.036-u,-| &, (12)
0

is determined by the velocity at the carrier gas and powder inlet u.. This is because measurements based on
high speed camera videos showed, that the particle velocity at the nozzle exit is always 0.45-u. both for a
carrier gas flow V.=3.5 |/min as well as V,=5.0 |/min regardless of the powder feed rate at least in the range
from 7.5 g/min up to 33.6 g/min. Additionally, the second term on the right of equation (12) gives the
powder jet a divergence angle through the random numbers {, and {,, so that the powder jet diameter in
the working plane corresponds with the measurements results. The measurement data points from Fig. 2
(right) are plotted again in Fig. 4, which shows that that the measurement data points and the simulation



data points are distributed approximately with axial symmetry around the center axis of the powder nozzle,
so that the powder particle density distribution m; can be represented by a fit curve, which solely depends
on the radius r instead of the coordinates x and y. The powder particle density distribution m; is
standardized, so that the volume below the rotationally symmetrical 3D surface equals 1. See Fig. 2 (right).
The pattern of the measurement data points can be explained by the backlash of the machine axes as each
circular path can be identified as a group of measurement data points, which lie on a curve deviating from
the fit curve with a repeating shape. The simulation data points can be fitted by

r+0.0001868&1]z

m, =107045. o ' sartarn (13)

and agree with the measurement data.
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Fig. 4. Powder particle density distribution in simulation and measurement (MetcoClad® 625, powder feed rate 30 g/min,
V,=V,=5 I/min)

So the simulation model results can be used to calculate the local attenuation percentage of the laser
beam by the flying powder particles on the melt pool surface shown in Fig. 5 (left), where the attenuation
was calculated within a radius of 5 mm around the beam axis assuming a negligible laser beam divergence
angle. In contrast to the powder particle density distribution the attenuation is not rotationally symmetric,
because the powder particle density distribution only becomes axisymmetric in the working plane when the
powder jets from the three powder channels of the powder nozzle merge. But the results show, that the
attenuation is negligible under the given conditions. Its effect on the shape of a laser beam with Gaussian
intensity distribution can only clearly be seen for a large laser beam diameter of 6 mm, when the attenuation
is multiplied by a factor of 4.3, so exaggerated conditions, which may be achieved by a higher powder feed
rate and lower carrier gas flow. This situation is shown in Fig. 5 (right), where the intensity of laser radiation
in the working plane is plotted. Here it is not considered, that the attenuated laser radiation may be
absorbed by the flying powder particles, which contribute to the energy balance of the melt pool.
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Fig. 5. Powder attenuation (left, MetcoClad® 625, powder feed rate 30 g/min, V,=V.=5 |/min) and the effect of attenuation on the
resulting intensity on the workpiece surface (right)

3. Powder particle absorptivity measurement

After correct simulation of the powder jet a reliable prediction of the powder particle temperature is only
possible when the absorptivity of the separate powder particles is known. The absorptivity of powder
materials in form of a powder bed has already been measured by Tolochko et al., 2000 and others. In their
measurement setup a closed thick powder layer is irradiated by a laser beam, while the reflected radiation is
measured by an integrating sphere. There takes place however multiple reflection and absorption inside the
powder bed, so that the measured absorptivity is higher than that of separated powder particles as they are
in the powder jet. Rubenchik et al., 2015 carried out a caloric measurement, where an isolated powder bed
is irradiated and the equilibrium temperature is measured. Here again multiple reflection and absorption
interfere. Picasso et al., 1994 estimated the powder particle absorptivity from the laser particle interaction
time in conjunction with the laser power, which is required to make the particles glow when passing the
laser beam. The combination of absorptivity and attenuation measurement presented by Wirth et al., 2016
only gives an estimate for the powder absorptivity. As the commonly used ellipsometry measurement
method can only be applied for flat surfaces, a new measurement method had to be developed in order to
obtain accurate results. Fig. 6 shows the three most promising elaborated measurement concepts.

In all cases a power meter captures the laser power transmitted through the powder cloud, hence the
fraction of laser power of the radiation interacting with the powder particles is known as there is no
workpiece or melt pool surface in between. In the first concept, a powder jet crosses the laser beam and the
average temperature of the powder particles is measured. Experiments showed however that the particle
speed has to be low and the fraction of powder inside the stream high enough to ensure the particles do not
cool down before reaching the temperature measurement device. This in turn leads to the need for a dense
powder cloud with multiple reflection and absorption, so that the measured absorptivity depends on the
powder feed rate. In the second concept, the homogeneously distributed powder particles are embedded in
a transparent material and after a defined exposure time the absorbed energy is determined by putting the
sample into a calorimeter. The sample is produced by mixing powder particles with a highly viscous polymer,
which is subsequently cured. Here the low thermal conductivity of the polymer might cause problems like



temporary excessive local heating around powder particles or too long periods of time for temperature
homogenization inside the calorimeter. The third concept tries to circumvent these problems. Here the laser
beam passes an integrating sphere, which captures the power of the radiation reflected by the powder
particles embedded in a transparent material.
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Fig. 6. Powder particle absorptivity measurement concepts
4. Conclusion and outlook

The powder particle density distribution in the working plane can be measured with little effort using a
continuously recording balance. This allows the characterization of powder nozzles, for example in judging
the state of wear or in order to obtain the powder particle density distribution as input data for melt pool
process simulation.

The presented powder jet simulation model builds on the powder particle density distribution
measurement results in the working plane and on particle velocity measurement at the powder nozzle exit,
so that it realistically reflects the powder jet behavior in between. Subsequently, the interaction between
flying powder particles and laser beam can be investigated by simulation. Consequently, further input data
for melt pool process simulation may be derived such as attenuation values and the process may be
optimized for instance regarding powder particle temperatures in high-speed laser cladding. Of course, for
the latter purpose, another powder nozzle than the one analyzed herein has to be considered, which shows
little interaction between powder particles and laser beam.

The previously mentioned powder particle temperature calculation requires additionally powder particle
absorptivity data. Up to now no powder particle absorptivity measurement method can be found in
literature, which reveals the absorptivity of separated powder particles as opposed to that of a powder bed.
While a first measurement concept failed, two more ideas are herein presented and will be tested.
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