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Laser cladding with coaxial powder feeding is one of the new processes applied to produce well bonding coating on the com-
ponent to improve performance of its surface. In the process, the clad material is transported by the carrying gas through the
coaxial nozzle, generating gas-powder flow. The powder feeding process in the coaxial laser cladding has important influence
on the clad qualities. A 3D numerical model was developed to study the powder stream structure of a coaxial feeding nozzle.
The predicted powder stream structure was well agreed with the experimental one. The validated model was used to explore
the collision behavior of particles in the coaxial nozzle, as well as powder concentration distribution. It was found that the par-
ticle diameter and restitution coefficient greatly affect the velocity vector at outlet of nozzle due to the collisions, as well as the
powder stream convergence characteristics below the nozzle. The results indicated a practical approach to optimize the powder

stream for the coaxial laser cladding.
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1 Introduction

Laser cladding is an advanced process to produce clad layer
on the substrate using high density laser beam. Laser clad-
ding can also be used to repair damaged parts and even to
fabricate complete parts by multi-layer deposition. Com-
pared with conventional coating process such as thermal
spraying, laser cladding has many advantages, including
minimal dilution and distortion, higher bond strength be-
tween coating and substrate, better surface quality, better
process flexibility [1-4].

In laser cladding, the powder is delivered laterally or co-
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axially into the melt pool by inert gas flow. The melt pool
solidified rapidly when the laser beam moves away, then a
thin layer is obtained on the substrate. The width of the lay-
er of single laser track is limited by the laser beam diameter,
so overlapping of laser tracks is necessary to produce large
area coating on the component surface [4,5]. Thus, coaxial
powder feeding is more suitable than lateral powder feeding,
since it offers precise and equal feeding rate in any direction
[4,6].

The coaxial laser cladding process can be broadly divid-
ed into two stages. In the first stage, the powder is trans-
ported into the substrate by gas flow. Laser beam, powder
flow, and gas flow interact with each other before powder
particles reach the melt pool. The laser energy is absorbed
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partly by the powder stream, heating the in-flight particles
to melt. In the second stage, the melt pool solidifies rapidly
and a thin layer of material is deposited on the substrate
after the laser beam moved away. The powder transport
behaviors in the first stage of coaxial laser cladding not only
dominate the mass of powder particles reached the melt
pool and the thermal status of those powder particles, but
also determine the laser power attenuation due to the mate-
rial-radiation interaction [7]. It is essential to study the
powder stream characteristics in order to build the coating
with accurate dimensions and improve powder using effi-
ciency [8].

Considering many variables such as the structure and
size of coaxial nozzle, gas flow rate and powder feeding
rate associated with powder stream, experimental investiga-
tions to explore the correlations between main variables and
powder stream characteristics are rather expensive and
time-consuming. In recent years, several analytical and nu-
merical modeling efforts have been reported to provide in-
sights into powder transport process during coaxial laser
cladding and predict the powder concentration distribution.
Pinkerton [6,7] developed a mathematical model for the
powder concentration distribution in laser-based rapid tool-
ing and demonstrated its application to evaluation of nozzle
geometry and calculation of laser beam attenuation. Yang et
al. [9] proposed a Gaussian concentration model to simulate
the volume fraction distribution of powder particle stream in
coaxial cladding. It was found that smaller exit width of the
coaxial nozzle gave smaller powder stream diameter and
higher peak powder concentration at focus position. In these
analytical models, the interaction between powder particles
and gas flow was neglected, the shape of powder stream
mainly depended on the coaxial nozzle geometry. In addi-
tion, Gaussian powder distribution was assumed in most
analytical models. Consequently, more numerical models
were developed based on gas-solid two phase flow theory.
By solving the coupled momentum transfer equations be-
tween the powder particles and gas flow phase, the dynamic
behavior of powder particles in gas flow could be modeled
completely. Lin et al. [10] developed a 2D numerical model
and studied the focused and columnar powder streams of a
coaxial nozzle with various arrangements of the nozzle exit
and gas flow settings. Zhu et al. [11] also developed a 2D
numerical model to simulate the influencing rule of depos-
ited layer’s shape on coaxial powder feeding flow field in
laser direct metal deposition. The whole continuous coaxial
nozzle is not axial symmetry taking the powder inlet into
account, and gas flow is turbulent flow which in turn is a
3D phenomenon. Hence, 2D model is deemed not suitable
to investigate flight behavior of particles in the nozzle
comparing with 3D model. Zekovic et al. [12] modeled 3D
multi-phase gas-powder flow structures of coaxial nozzles
using computational fluid dynamics methods. The reliability
of 3D model was evaluated by comparing the calculated
results with the experimental results. The analysis based on
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results proved the importance of the secondary gas flow for
protecting laser head optics by blocking ricocheted particles.
Tabernero et al. [13] established a 3D numerical model to
predict the powder flux distribution on a coaxial nozzle. The
model was validated by the experiments measuring powder
flux distribution for three different kinds of metal powder.
They investigated the powder flux distribution evolution
from an annular profile to a Gaussian profile by the numer-
ical simulation and experiments. Wen et al. [14] presented a
systematic model to estimate the dynamic behavior of co-
axial powder flow as well as particle temperatures for direct
deposition processes, but effects of substrate on the powder
flow were ignored in this model. Balu et al. [15] developed
a 3D computational fluid dynamics model to characterize
the coaxial powder flow behavior. Their work indicated that
powder flow characteristics were affected by the morphol-
ogy and physical properties of powder.

Majority of the above powder stream models have ne-
glected the collisions between particles and the internal wall
of coaxial nozzle. Often, the directions of all powder parti-
cles were assumed parallel to the nozzle axis in all these
simulations, thereby imposing an unrealistic initial condi-
tion. Despite numerous studies of the powder stream phe-
nomenon of the coaxial laser cladding, they mainly focused
on powder concentration distribution evolution based on a
given coaxial nozzle and gas flow settings [11-14], as well
as structure optimization of coaxial nozzle to make powder
stream converged [6,7,10]. The particle collision behavior
and its effect on the powder stream structure were barely
discussed in those works.

In this paper, a 3D numerical model is developed based
on a given coaxial nozzle considering the particle collision
behavior in the nozzle. The model is validated by compar-
ing the simulated and experimental powder stream structure
and utilized to calculate the particle trajectories and powder
concentration distribution. Based on the analysis of particle
collision and trajectory, two key factors, namely particle
diameter and restitution coefficient, and their effect on the
powder stream characteristics are discussed further.

2 Powder stream modeling

2.1 Description and assumptions

The powder transport process is shown in Figure 1. There
are three different kinds of gas flow in the coaxial nozzle.
At the center, the inner shielding gas flow is parallel to the
laser beam and its main purpose is to protect the lenses from
the hot powder particles that ricocheted from the substrate.
The carrying gas flow is to deliver the powder particles to
the melt pool. The outer shielding gas flow generates pro-
tective atmosphere in peripheral of powder flow to prevent
powder particles from oxidation. All these flows and their
interactions affect the powder concentration distribution
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Figure 1 (Color online) Schematic diagram of powder transporting pro-
cess in coaxial laser cladding.

below the exit of coaxial nozzle.

Actually the powder stream is solid-gas two-phase flow.
The shielding and carrying gas should be considered as the
continuous phase while powder particles acts as a discrete
phase into the continuous phase in the powder stream.
Therefore, the model of powder stream consists of two dif-
ferent modules. The proposed model is based on the fol-
lowing assumptions [12].

(1) The gas flow is treated as a steady-state turbulent
flow with constant velocity distribution in the inlet bounda-
ry. At the shielding gas and gas-powder inlet, the velocity of
gas flow and particles is considered constant and perpen-
dicular to the inlet surface of the nozzle. This is reasonable
given the long time the gas takes to go through the gas pipe
between powder feeder and the coaxial nozzle.

(2) The forces of drag, inertia and gravity are considered
in the model, while other forces such as pressure and sur-
rounding flow acceleration are neglected.

(3) Since the mean volume fraction of particles is less
than 10%, the probability of powder particles collision is
very low. In this case, the particle collision has little influ-
ence on the powder concentration distribution. So the inter-
action between particles is not considered to simplify the
modeling and reduce the calculation time.

(4) The particle size is assumed to follow the general
Rossin-Rammler distribution expression.

(5) Heat transfer by laser radiation is not included be-
cause the powder flow is not influenced by laser beam.

(6) Powder particles flow represented as a discrete phase
does not affect the continuous phase due to the low mass
and concentration of the particles.

2.2 Continuous phase modeling

The continuous phase modeling is based on Navier-Stokes
differential equations with the Reynolds method of averag-
ing time-dependent equations, together with the standard k-¢
turbulent model. Since the gas flow is steady, incompressi-
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ble, isothermal and chemically homogeneous, the equations
for turbulent flow are expressed as follows.

Conservation of mass

0
_(pu,) =0,
ox, )

where p is gas density, and u; is the velocity vector in the ith
direction.
Conservation of momentum:
b op Ot
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where p is pressure, g; is gravitational acceleration and 7; is
the viscous stress given by
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where u is the molecular viscosity. d;=1 for i=j, otherwise
0;=0, and 44 is the turbulent viscosity defined by
2
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£

where C,=0.09 is a constant, & is the kinetic energy of tur-
bulence, and ¢ is the dissipation of kinetic energy of turbu-
lence. The standard turbulent k-&model is adopted to solve

these equations.
Conservation of kinetic energy of turbulence:
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where C,=1.44, C,=1.92, 0;=1.0 and o,=1.3 are empirical
constants, Pr, is the turbulent Prandtl number, Gy is the rate
production of turbulence kinetic energy owing to the mean
velocity gradients, Gy, is the generation of turbulence kinetic
energy due to buoyancy [13].

2.3 Discrete phase modeling

The gas-powder flow is a typical two phase flow problem
considering powder particles as the second phase. It can be
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solved with the additional transport equations of the second
phase. The trajectory of each powder particle is described in
a Lagrangian reference frame based on a force balance. For
a particle of density pp and diameter dp, This force balance
can be written as:

duy, Pr=P)& 1 )

i

=F(u, —u,)+
»

where up; is the velocity of particle, u; is the velocity of the
gas flow, Fp(u— up;) is the drag force per unit particle mass,
and F; is additional forces.

Fo 181 CyRe (10)
P oppdl 24
Ppdp

where Re is relative Reynolds number given by

Re= Peltiun| (11)
y7i
and Cp is the drag coefficient, and it is a function of the
relative Reynolds number and shape factor for
non-spherical particles [16]:
C, =22 (14 aRe )+ 2R (12)
Re a,+Re

a, = exp(2.3288 - 6.4581¢ + 2.44860%),

a, =0.0964 +0.05565¢, (13)
a, = exp(4.905-13.8944¢ +18.4222¢ —10.2599¢°),

a, = exp(1.4681+12.2584¢ —20.7322¢" +15.8855¢"),

where @ is shape factor of particle. For actual metal parti-
cles are not perfectly spherical, shape factor is defined to
describe how spherical a particle is and expressed as:
_5 14
=2, (14)
where s is the surface area of a sphere with the same volume
as the particle, and S is the actual surface area of the particle.
When the particle is exactly sphere, the shape factor equals
one. The smaller the shape factor is, the less spherical the
particle is.

The size distribution of the powder is described by Ros-
in-Rammler distribution. This method is to divide the whole
range of particle sizes into several numbers of discrete in-
tervals. Each interval is represented by a mean diameter d
for trajectory calculations, and the mass fraction of particles
with diameter greater than d is expressed by

o (2]

where d,, is the size constant, and # is the spread parameter.
With the time integral of the force balance differential
equation, the velocity of the particle at each point along the
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trajectory is acquired. The particle trajectory can be pre-
dicted by the kinematic equation as follow:

& _ (16)

a
where x; represents the position of the particle.

The momentum loss of particle collision with internal
wall of nozzle is evaluated by the restitution coefficient,
which is defined as the ratio of velocities before and after
collision:

oy a7

where subscript of 1 and 2 means before collision and after
collision. The e, of elastic collision is 1, meaning the mo-
mentum is not loss in the collision, and the e, of inelastic
collision is less than 1. In general, restitution coefficient is a
function of the powder and nozzle material, impact velocity,
hardness ratio, nozzle wall roughness, and it is in the range
from 0.9 to 0.99 [17]. The e, is considered as constant when
the material of coaxial nozzle and powder are selected in
this paper.

3 Model application

The solution technique used in this study is based on the
FLUENT software, which solves the governing equations of
continuous phase and discrete phase listed above by a spec-
ified finite-volume method.

The structure of coaxial nozzle used for modeling is
shown in Figure 2. The coaxial nozzle has four gas inlets,
connecting with an annular channel. The inner shielding gas
inlet is located above the exit of the nozzle, and two outer
shielding gas inlets connect with the outer annular channel.
The main structural parameters of the coaxial nozzle are
shown in Table 1. The intersection point of the middle pas-
sage lines is located 7 mm below the nozzle tip according to
the structural parameters.

As is shown in Figure 3, the meshed geometry used in
the model consists of two parts: one represents the cavity of
the coaxial nozzle; the other is computational domain below

(a)

Figure 2 (Color online) The structure of coaxial nozzle used for model-
ing: (a) symmetrical section; (b) front view.



Liu H, et al.

Table 1 Main structural parameters of the coaxial nozzle

Variable Symbol Value
Inner gas inlet diameter d; 6 mm
Carrying gas inlet diameter d, 4 mm
Outer gas inlet diameter d, 2 mm
Middle annular passage width Wi 2.2 mm
Middle annular passage angle O 60°
Outer annular passage width Wo 1.2 mm
Outer annular passage angle 0, 50°

Inner shielding gas inlet

Carrying gas and
powder inlet

Computational domain
of the coaxial nozzle

Outer shielding
gas inlet

Computational domain
below the nozzle tip

Figure 3 (Color online) The meshed geometry for the powder stream
calculations.

the nozzle tips. The body fitted coordinate (BFC) grid sys-
tem is applied, which allowed the non-standard geometry of
the nozzle to be mapped into Cartesian or cylindrical geom-
etry. The coaxial nozzle part of the model is meshed with
unstructured tetrahedral and hexahedral elements due to the
complexity of geometry, and the other part is meshed with
structured hexahedral elements for the accuracy of calcula-
tion.

All the inlets are considered as velocity inlets for the
continuous phase. Metal powder is delivered by gas flow at
a carrying gas velocity u.. The inner shielding gas flows
from the inlet at a velocity u;, and outer shielding gas at a
velocity u,. The computational domain of coaxial nozzle is
bounded by the wall boundary condition. As a result, the
rebounds of particle within the internal wall can be predict-
ed by the model. The cylindrical space below the nozzle,
which has 20 mm in height and 14.2 mm in diameter, is
large enough to capture sufficient particle trajectories. The
side and bottom surface of this part are defined as pressure
outlet boundary conditions, the particles escape from the
computational domain when they reach these boundaries.

Experiment was carried out using NiCoCrAlY powder to
validate the model. Argon was used as carrying and shield-
ing gas in the experiment. The NiCoCrAlY powder has ex-
tensive applications in aerospace industry to produce ther-
mal barrier coating. The morphology of the powder was
examined by a scanning electron microscope (SEM) as is
shown in Figure 4.

It can be seen that most of the powder particles are near
spherical or ellipsoidal in shape. Based on the SEM micro-
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Figure 4 NiCoCrAlY powder particle morphology.

graphs, a value of 0.9 was chosen as the shape factor for the
powder used. The particle size distribution of the powder
was measured by sieve analysis and approximated by Ros-
in-Rammler distribution. The minimum and maximum di-
ameters were chosen to be 45 pm and 130 um, and this
range was divided into 9 equal intervals. The spread param-
eter n of 4.7 was obtained based to eq. (15). Figure 5 shows
the comparison of measured and assumed size distribution
of the powder.

To associate the experimental process parameters with
numerical computation, the following equation has been
used to describe the relationship between gas velocity and
volume according to the nozzle structure:

u=g (18)
S

where u is the gas velocity at nozzle inlet, Q is the gas
volume per unit time, and S is the sectional area of the noz-
zle inlet.

4 Results and discussion

4.1 Model and experiment comparison

An experiment was performed to validate the calculated

I Mass fraction with diameter greater than d
—— Rosin-Rammler approximation

-

o

o
1

£ (o2} o]
o o o
1 1 1

Mass fraction with diameter greater than d (%)
N
s |
1

o
|

45 55 65 75 85 95 105 115 125
Particle diameter (um)

Figure 5 (Color online) The comparsion of measured and assumed parti-
cle size distribution of NiCoCrAlY powder.
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results. During the experiment, the coaxial nozzle was
placed in a camera black box with a slit in the side. A halo-
gen lamp light was used to illuminate the powder stream
though the slit. The front view of powder stream can be
imaged by the camera with an appropriate exposure time.
Because powder particles reflect the light, the gray level of
the powder stream image can be considered proportional to
the powder particle quantity in the local region [15]. The
powder feeding parameters used were: 8.5 L/min of inner
shielding gas, 3 L/min of carrying gas, 4 L/min of outer
shielding gas and 4.2 g/min of powder feed rate. The ex-
perimental image and calculated powder stream are shown
in Figure 6. To reveal the flight behavior of multi-particles
in the powder stream, a total of 129600 particle trajectories
with different incident location in the section of inlets have
been calculated in the case. Figure 6(b) describes only 216
of these particle trajectories from two powder inlets for the
sake of clearness of the image. The color in the path line
indicates the powder concentration in the local area. Figure
6 shows that the predicted powder stream structure below
the coaxial nozzle tip is in reasonable agreement with the
experimental measurement, which demonstrates that the
model can be used further to study the powder transporting
characteristics during the coaxial laser cladding.

It is observed that powder flow is annular when it is de-
livered out of the coaxial nozzle tip. The powder flow con-
verges to a waist where the powder stream focuses to a high
concentration zone. After the powder flow merged, it grad-
ually diverges due to the inertia of particles. Three different
zones can be divided by the powder concentration distribu-
tion of transverse planes: annular zone, consolidation zone
and dispersed zone. The annular zone is just below the exit
of nozzle, and the powder concentration in the center in-
creases with the standoff distance increasing in this zone.
The consolidation zone is where the powder concentration
in the center highest in the horizontal plane. The dispersed
zone where the powder particles disperse from the center is
located below the consolidation zone.

Powder concentration (kg/m®)

B T 71771 o

1152 253 354 455 556657

Figure 6 (Color online) Comparison of experimental and predicted
powder stream structure: (a) experimental; (b) predicted.
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To obtain more information about each zone, powder
concentration along radial direction at different horizontal
plane below the coaxial nozzle is shown in Figure 7. The Z
coordinate values of these planes are 0, 2.5, 5, 7.9, 12.5 and
17.5 mm, respectively. It is worth to note that powder con-
centration distribution in each horizontal plane is approxi-
mately symmetrical about the nozzle axis (x=0 mm, y=0
mm), which is the reason that coaxial laser cladding is in-
dependent from motion direction. At the plane of z=0 mm,
annular peak concentration reaches about 3.0 kg/m®,while in
the center the powder concentration is near zero. The annu-
lar peak concentration decreases when the distance from the
nozzle tip increases. At the same time, powder concentra-
tion in the center becomes higher until the focal plane at
z=7.9 mm, which indicates that the powder stream is con-
verged.

It is observed that at the focal plane the powder concen-
tration decreases rapidly from 3.5 kg/m’ to 1.0 kg/m® within
2 mm of the nozzle axis, and the downward trend slows
when it is 2 mm to 3 mm away from nozzle axis. The length
from the center to the stable region of powder concentration
can be defined as the effective powder convergence radius.
It can be concluded that the laser beam radius on the sub-
strate surface should be approximately equal to this radius
for a desirable deposition. The consolidation zone is in the
range of z=5-12.5 mm. It is ideal deposition zone where
the substrate should be placed for a high powder using

4.0
(a) —a—2z=0 mm
o 3.5 —e—z=2.5mm
£ —A—z=5mm
g 3.04
=
S 25
o
= 2.0
o
S 1.5
o]
g 1.04
3 j
o 0.5
00 T 1 T 1 T T T T T
-8 -6 -4 -2 0 2 4 6 8
Distance from the nozzle axis (mm)
4.0
(b) —a—z=7.9 mm
3.54 —o—27z=12.5mm

—A—7z=17.5mm
3.0 1

2.51
2.0
1.54
1.04

Powder concentration (kg/m?)

0.5

00 T T T T T T T
-8 6 -4 -2 0 2 4 6 8
Distance from the nozzle axis (mm)

Figure 7 (Color online) Powder concentration distribution along radial
direction at different transverse planes below the coaxial nozzle.
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efficiency.

When the gas flow rates are constants, curves of powder
concentration along the nozzle axis with different powder
feed rates are plotted in Figure 8. The peak powder concen-
tration increases from 1.55 kg/m’ to 5.43 kg/m’ with the
powder feed rate varying from 1.75 g/min to 6.55 g/min, but
the focal plane of the powder stream keeps at z=7.9 mm.
This result demonstrates that a proper combination of
shielding gas flow and carrying gas flow has the ability to
deliver powder in a certain feed rate range, which is mean-
ingful to guarantee the stability of laser cladding process
with varying powder feed rate.

4.2 Collision between the nozzle walls

Figure 9 shows the status of a powder particle at the coaxial
nozzle tip. Taking a single particle as research object, the
force acting on the particle beneath the coaxial nozzle is
gravity and drag by the gas flow, and velocity vector can be
taken as the initial condition of its trajectory below the noz-
zle. The gas flow mainly depends on the process parameters
including u;, u, and u., while velocity vector is strongly in-
fluenced by the collision behavior with the internal wall in

—a— F=1.75 g/min
—e— F=2.95 g/min
—&— F=4.15 g/min
—v— F=5.35 g/min
—<4— F=6.55 g/min

Powder concentration (kg/m?)
w
1

0 T T T T T T T T T 1
0O 2 4 6 8 10 12 14 16 18 20
Distance along the nozzle axis (mm)

Figure 8 (Color online) Powder concentration along the nozzle axis on

various powder feed rates when the gas flow rates are selected as constants.

Nozzle axis
Passage center line Passage center line
A ! ’

.

.

Figure 9 (Color online) Deviation angle between particle velocity at the
nozzle tip and the passage center line.

Sci China-Phys Mech Astron

October (2015) Vol. 58 No. 10 104701-7
the coaxial nozzle. Generally, the velocity deviates from the
annular passage after plenty of collisions. The statistical
tendency of deviation angles due to the collision apparently
affects the powder stream structure, for it is the conse-
quence of a large number of powder particle trajectories.

Figure 10 presents the particles rebounding between the
nozzle interior walls. Ten particle trajectories with different
diameters starting at the same point of the nozzle are
showed. It can be found that particles collide with internal
wall of the coaxial nozzle many times, and the velocities of
particles decrease until they come out of the nozzle tip. The
velocities of particles are set to 1 m/s based on the assump-
tion. After plenty of collisions, the velocities with different
particle diameters decrease to the range of 0.4-0.8 m/s. The
trajectories are nearly consistent until the collision occurs
three times. The location and the flight direction of particles
are dispersed when the particles reach the horizontal plane
of the nozzle tip. The scattered locations make the powder
concentration distributed more uniform circumferentially,
which is an advantage of continuous coaxial powder injec-
tion comparing with discontinuous coaxial powder injec-
tion.

Figure 11 represents velocity curves of particle trajecto-
ries with different diameters. It can be seen that each veloc-
ity curve is composed by two stages, one is in the coaxial
nozzle that the collision leads to step change of particle ve-
locity, the other is below the nozzle tip that the velocity in-
creases continuously. In the coaxial nozzle, the momentum
is in loss status in the nozzle under different particle diame-
ters, for the velocity at nozzle tip is less than that at the
powder inlet. This demonstrates that the collision plays a
major role in the particle flight. When the particle gets out
of the nozzle, its velocity rises rapidly under the action of
gravity and the drag force of gas flow.

It can also be inferred from Figure 11 that the particle

Particle velocity
(m/s)
Carrying gas and powder inlet

2.19
I2.09 \
2.00 First collision
1.91 OO % OQ

1.82
173

164 E
1.55
1.46
1.37
1.28
1.18
1.09
1.00
0.91
0.82
073
0.64
0.55 z \

|
0.46 YJ q

0.36

Nozzle tip

Figure 10 (Color online) The particles rebounding from the nozzle inte-
rior wall.
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|1 —s=—Particle diameter=48.66 um
204 —e—Particle diameter=66.23 um

{1 ——Particle diameter=83.80 um
184 —v—Particle diameter=101.4 um
16 —<Particle diameter=118.9 um

Collision

Nozzle tip

Particle velocity (m/s)
o
1

Nozzle tip

0.2 T T T LI B B | L L T
0 10 20 30 40 50 60 70 80
Path length (mm)

Figure 11 (Color online) Velocity curves of particle trajectories with
different diameters.

diameter and restitution coefficient are two major factors of
the collision behavior and particle velocity in the coaxial
nozzle. The particle diameter is associated with the time of
collision with the internal wall. When the diameter is great-
er than 100 um, the collision occurs 6 times and the velocity
at the nozzle tip is in the range of 0.6 m/s to 0.8 m/s. When
the diameter is smaller than 100 pum, the number of colli-
sions increases to 14 times and the velocity at the nozzle tip
decreases to about 0.4 m/s. It can be seen that the collision
leads to step change of particle velocity. The momentum
loss of each collision is evaluated by the restitution coeffi-
cient. The restitution coefficient in this case is set to 0.9, so
the velocities of the particle with diameter of 83.80 pum be-
fore and after the first collision are 1.02 m/s and 0.92 m/s,
respectively. The effects of particle diameter and restitution
coefficient on the powder stream are discussed in follow
sections.

4.3 The effect of particle diameter

The powder particles can be classified into different size
ranges by the sieve. When the powder is sieved by 140
mesh, 200 mesh, 270 mesh and 325 mesh, the diameter
range of powder is 106—150 um, 75-106 pm, 53-75 pm and
45-53 um, respectively [14]. The powder concentration
along the nozzle axis on various diameter ranges is illus-
trated in Figure 12. The powder feed rate is kept at a con-
stant value of 4.2 g/min. As seen in Figure 12, the maxi-
mum powder concentration ranges from 3.0 kg/m® to 5.6
kg/m® for the standoff distance from 6.4 mm to 13.6 mm
under different diameter ranges. Apparently, the powder in
the diameter range of 53—75 pm is ideal for the coaxial laser
cladding under the given gas flow rates. The results indicate
that the particle diameter can alter the powder stream char-
acteristics. Thus, the powder should be sieved to an appro-
priate particle diameter range before laser cladding process
in order to provide a high-quality deposition and high pow-
der using efficiency.
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Figure 12 (Color online) Powder concentration along the nozzle axis on
various diameter ranges.

4.4 The effect of restitution coefficient

Figure 13 shows the powder stream which is represented by
60 trajectories when the restitution coefficient is (a) 0.91
and (b) 0.99. All of the trajectories plotted are started from a
same point of a nozzle inlet. Particles under smaller restitu-
tion coefficient have lower velocity when coming out of the
nozzle tip as a result of the more momentum loss in colli-
sions. It can be inferred that a lower velocity and smaller
deviation angle can cause the trajectory of particles more
close to the path line of carrying gas flow. Hence, the parti-
cle flight path below the nozzle tip is much concentrated.

The effect of restitution coefficient on the powder con-
centration distribution along the nozzle axis is presented in
Figure 14. The powder particle diameter is in the range of
45 pm to 130 pm for all these simulations. The maximum
powder concentration decreases from 3.23 kg/m’ to 1.30
kg/m® and the powder focal distance decreases from 7.43
mm to 4.46 mm when the restitution coefficient increases
from 0.91 to 0.99. It can be seen that the powder concentra-
tion in the focus plane increases with the decrease of resti-
tution coefficient. This result may be due to a decrease in
the particle velocities at the nozzle tip. Hence, an appropri-
ate choice of coaxial nozzle material is essential for the
powder stream convergence.

5 Conclusion

A 3D numerical model considering the particle collision
behavior at the nozzle interior wall was developed for the
powder transporting process in coaxial laser cladding. The
model was employed to investigate the powder stream
structure, the collision and the relationship between them.
According to the results, the following conclusions are de-
rived.

(1) The developed model is able to predict the powder
stream structure, and the simulation results are in accord-
ance with the experimental results reasonably. The powder
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Figure 13 (Color online) Trajectories of particles when the restitution
coefficient is (a) 0.91 and (b) 0.99.
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Figure 14 (Color online) Powder concentration with various restitution
coefficients along nozzle axis.

stream below the nozzle tip exhibits a convergence shape
that can be distinguished into three zones: annular zone,
consolidation zone and dispersed zone. The desirable depo-
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sition position that the substrate should be placed is in the
consolidation zone. When the gas flow rates are selected as
constants, the convergence position of powder stream keeps
invariable with varying powder feed rate, ensuring the sta-
bility of laser cladding process.

(2) In the powder transport process, particles collide with
interior wall of the coaxial nozzle many times until they get
out of the nozzle tip. The location and the flight direction of
particles are dispersed when the particles reach the horizon-
tal plane of the nozzle tip due to the collisions. The particle
diameter and restitution coefficient significantly affect the
collision behavior within the nozzle, subsequently leading
to the change of powder concentration distribution below
the nozzle.

(3) The particle diameter can alter the powder stream
characteristics, offering an approach to optimize the powder
stream by sieving the powder to certain diameter range for
the coaxial laser cladding. The powder in the diameter range
of 53-75 pm is ideal for the coaxial laser cladding under the
given gas flow rates, which are 8.5 L/min of inner shielding
gas, 3 L/min of carrying gas and 4 L/min of outer shielding
gas. The peak value of powder concentration with restitu-
tion coefticient of 0.91 is almost 2 times than that of 0.99.
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