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Abstract

Study on distribution characteristics of powder flux is helpful to improve stability during laser cladding. The definition of powder
transport ratio is given by the mass ratio of powder particles fed into the molten pool to all powders transported in the process of
laser cladding by lateral powder feeding. Based on law of mass conservation and kinematic equation in physics, a powder
transport model for flow field with Gaussian distribution is established and a mathematical expression of powder transport ratio is
proposed. Then, the model is applied to calculate cross-sectional area of clad layer formed by powders falling into the molten
pool. Theoretical and experimental value have the same variation with process parameters, and modified theoretical value is
much closer to the latter. Theoretical powder transport ratio is also confirmed by experimental powder capturing efficiency. So the
powder transport model can be used for fundamental study of actual powder flow field. In addition, comparing with cylindrical
type, Gaussian powder flow field is more realistic.

Keywords Laser cladding - Powder flow field - Gaussian distribution - Powder transport model - Cross-sectional area - Powder
capturing efficiency

Nomenclature flxsp,0)  Density function for Gaussian distribution
Input variables of the model Lao Distance from powder nozzle to laser beam
D Laser beam diameter center
Dj; Powder nozzle diameter ms Mass of powder particles stored on 030, segments
g Gravity acceleration Ny Mass of powder particles stored on O, 0, segments
L Distance from nozzle to laser beam center in z-direction  m(z;) Mass of powder particles stored in dz; distance of
P Laser power 21~ direction within the space of flow field
Vin  Powder feed rate Mpr Mass of powders transported in clad layer per
Vpo Initial velocity of powders from nozzle unit length
Vs Laser scanning speed S Cross-sectional area measured by experiment
W Distance from nozzle to laser beam center in x-direction ~ SSpr Theoretical cross-sectional area of clad layer
® Divergence angle of powder flux Spo Maximum of cross-sectional area as the powder
p Density of clad material transport ratio is 100%
Other model variables Vo Initial velocity of powder particles in z-direction
Cs(z)) Mass distribution of powder particles with ~ Vpg Terminal velocity of powder particles
Gaussian flow field in unit distance of z;-direction ¥ The angle from straight-line trajectory of central
Cs(x1,z1)  Concentration distribution for Gaussian flow particles to horizontal direction
field in the S coordinate system 1 Positive divergence angle for powders falling on
the molten pool boundary
) ©2 Negative divergence angle for powders falling on
»4 Xinyong Gong the molten pool boundary
huagu1984@126.com . . .
91 Transport ratio of powder flow field with Gaussian
' School of Mechanical and Electrical Engineering, North China distribution :
Institute of Science and Technology, No. 467 Xu;:yuan Street, S Powder efﬁc%ency for length
Langfang 065201, People’s Republic of China So Powder efficiency for angle
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7 Mathematical expectation of Gaussian distribution
o Standard deviation of Gaussian distribution

1 Introduction

The laser cladding (LC) technology is an advanced pro-
cessing and manufacturing technology developed in
1990s. By melting the substrate surface with the moving
laser beam, and supplying powder (pre-alloying powder,
mixed powder of metal and ceramic, etc.) or wire simulta-
neously, clad layer can be formed [1, 2]. Currently, the
technology is mainly applied to surface modification of
materials and remanufacturing of damaged parts and wins
rapid development [3, 4].

According to the relative position between powder feeding
nozzle and laser beam, one-step LC can be classified into
lateral and coaxial powder-feeding. The former [5] refers to
powder injection mode with certain angle relationship be-
tween axes of powder flux and the laser beam (Fig. 1), which
is still widely applied in industrial production and experiment
of LC process [6], such as large area cladding by a rectangular
laser beam [7], inclined/vertical cladding [8] for turbine blade,
cylinder body, sleeve, mold side wall, and other situations
where physical interference with coaxial nozzle exits.
Theoretical study for lateral powder feeding is helpful to guide
the parts repair and surface modification.

The macroscopic morphology of cladding layer, such as its
geometric dimensions and surface roughness, is the conse-
quence of mutual coupling between several physical phenom-
ena (laser beam, powder flux, molten pool) and comprehen-
sive influences among multiple process parameters (laser
power, scanning speed, powder flow rate, etc.) [9-11]. For
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Fig. 1 Schematic of laser cladding by lateral powder-feeding
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example, collapse of the cladded wall and a wider molten pool
would be caused by the gradual heat accumulation from con-
tinuous input of constant laser energy [12]. As changed energy
and powder feed rate per unit length induced by accelerate/
decelerate of the CNC machine or robotic arm, variation of
clad height and width may appear at the beginning/end clad-
ding or corners where speed direction turns in the complex
scanning trajectories [13]. So LC process stability is hard to be
guaranteed but required, and above process parameters should
be adjusted in real time with the variation of process condition.
The control of clad geometry is critical to the LC commercial
application, especially for repair of blades with irregular sur-
face shape. To meet this requirement, several researchers con-
structed closed loop control systems by using cameras or sen-
sors [14-16]. So far in theoretical research, a great number of
mathematical models have been summarized into three cate-
gories systematically [17]. The influence of process parame-
ters on macroscopic morphology is commonly revealed by
less analytical solution [18] or more numerical simulation
[19-21], while there is contradiction between simplicity and
accuracy for these models involved, which are difficult to be
guaranteed simultaneously [22]. Moreover, statistical model
by multiple regression analysis method is widely used to pre-
dict the geometry of clad layer [23-25]. But it does not help to
understand the physical phenomenon involved during the pro-
cess and reduce the experimental costs. In the LC production
process, relatively simple mathematical model suitable for
control of clad geometry is urgently needed to determine the
optimal process parameters in each instant or provide an ad-
justment strategy reference in-house for the above closed loop
control system on-process, which could make the LC indus-
trial application easier [25].

The cladding layer geometry characteristics (width, height,
cross-sectional area) were governed by the distribution of
powder flux, heat conduction in substrate, thermal convection
inside the molten pool, and force balance on its free surface
[17], including gravity, surface tension, and the impact of
carrier gas. Only the cross-sectional area can be estimated
under the calculation condition without energy equation in-
volved, which is mainly determined by the amount of powder
entering into the molten pool. Clad height could be obtained
further as the model application in article [26]. In this paper,
powder transport ratio is defined as the mass ratio of powder
particles fed into the molten pool to all powders injected from
the lateral powder feeding nozzle. A powder transport model
for flow field with Gaussian distribution is established to de-
rive mathematical expression of powder transport ratio and
verified by experimental value of cross-sectional area indirect-
ly and powder capturing efficiency directly. It is noteworthy
that similar physical concept such as powder catchment effi-
ciency [27], powder efficiency coefficient [28], and fraction of
the powder () [29] is set to approximations in the reported
literature or experience. So the model in this article may also
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help to improve accuracy of other related theoretical research
mentioned above.

2 The model

As shown in Fig. 1, laser beam and powder stream move
simultaneously, with relative velocity Vg to substrate in nega-
tive direction of y-axis. The powder nozzle is located in the
position of point A (— W, L). With a certain initial velocity,
powder particles do oblique projectile motion under gravity.
The molten pool is formed on substrate by energy of laser
beam, which is “obscured” by powder stream previously.
Clad layer is formed by powder particles falling into the pool,
which are melted by laser irradiation and heat transfer from
substrate. Some other particles are lost after colliding with
solid-state substrate.

Divergent powder particles from lateral nozzle are gener-
ally considered to be cylinder or Gaussian concentration dis-
tribution [30], which should be modeled separately as the real
flux in experimental process has not been determined. The
former has been established in article [31]. The Gaussian pow-
der flow field, namely that, within the cross section of flow
field which direction is perpendicular to the velocity of central
particles, its concentration shows a normal distribution. The
probability density distribution function is related to the math-
ematical expected value p and standard deviation o of
Gaussian function. In this article, corresponding powder trans-
port model is established and the expression of its powder
transport ratio is derived.

For the convenience of model establishment, same assump-
tions with article [31] are made as follows:

(1) Projected area of powder steam on substrate surface is
larger than area of the molten pool.

(2) The initial velocity of powder particles from nozzle is in
the same speed but different direction. Central particles
fall to the center of the moving laser spot exactly.

(3) The effect of airflow on powder particles is neglected.

2.1 Concentration of Gaussian powder flow field

In the Gaussian powder flow field (Fig. 2), powder parti-
cles from nozzle move with constant acceleration, along
the parabolic trajectory under gravity and finally fall on
the surface of substrate. The direction of their initial veloc-
ity Vpg to horizon ranges from 6 — ¢ to 6 + . So the com-
ponent initial velocity in vertical (or horizontal) direction
for all powder particles varies from Vpq'sin(f — @) [or Vpy:
cos(0— )] to Vpg-sin(@ + ) [or Vpg-cos(d + ¢)]. Then,
these powers move with constant acceleration (/velocity)
in vertical (/horizontal) direction. Within an arbitrary cross

Center Powder

Fig. 2 Section diagram for Gaussian powder flow field

section, paralleling to the x;-axis, the velocity field of pow-
der particles is regularly distributed on both sides of central
particles. Parabolic trajectory for particles can be simpli-
fied as a straight line trajectory. Take central particles as
targets described in this model, and their instantaneous
velocity at any location (z; = C) of trajectory in z; direction
is regarded as average velocity of entire particles, which
are stored in the cross section located at position C.

By law of mass conservation, mass of powder particles
stored in flux space of dz; length in z; direction is given by

dz

(@) =V -

(1)
Mass distribution of powder particles per unit length of

stream in z; direction is

m(zi) Vi
dzy Vee

Cg(z1) = (2)

Within any cross section of Gaussian flow field, paralleling
to x;-axis, powder particles are normally distributed (Fig. 2).
Consequently, mass distribution of powder stream, that is,
concentration in the S; coordinate can be

Ce(x1,21) = Cg(z1)-f g(x15 1, 0)
S

= 2
\/VIZDO +2g(Lao—z1)siny 7 2 20

(3)

where the expression of Vpg can be confirmed by Eq. (16) in
article [31].

2.2 Calculation of powder transport ratio

Intersection of powder flow field boundary L(i) and x;-axis
(Fig. 2) is set as O(i). m3 and my are defined as mass of powder
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particles stored on Q304 and Q0Q, segments, respectively.
Particles with mass of m3; would fall into the molten pool as
mass of my transported from nozzle totally. Then, the solution
of powder transport ratio for Gaussian distribution can be
transformed into calculation for the ratio of m3 to my in
steady-state powder flow field.

As the same initial condition of powder feeding (rela-
tive position and inclination angle of the powder nozzle,
initial velocity of powders), cylindrical [31] and Gaussian
powder flow field should have the same geometric bound-
ary conditions. The difference between them is only par-
ticles concentration distribution within any cross section
of powder flux perpendicular to the velocity direction of
central particles. Therefore, boundary conditions of this
model can be substituted by corresponding formula in
article [31]. Some other boundary conditions are solved
as follows,

For RtAAOQ; and RtAAOQ,,

x1(03) = Lao-tgp, (4)
x1(Q4) = ~Laotgps (5)

where expressions of Lao, ¢1, and y, have been derived by
Egs. (10, 11, 13) in article [31]. Then,

LD -
XI(Q3):W'D+2(L2+W2) VIL? + W? (6)
(0 =D W (7)

W-D-2(L* + W?)

In addition, by geometry relations of powder flow field
boundary

x1(0)) = Lao*tgp + Diet/2 = V L* + W2i1gp + D /2 (8)
x1(0y) = ~Lao*tgp—Dju/2 = —V L* + W?-tgp—Djer/2 (9)

In Gaussian powder flow field (Fig. 2), particles obey nor-
mal distribution, that is X~N(1,07). According to the symme-
try of powder flow field,

w="0 (10)
Also, based on the 3o principle of normal distribution func-
tion, about 99.730020% of the area locates within the range of

three standard deviations on both sides of the mathematical
expectation,

30 = [ (Q1)xi(2,)1/2 (11)

where x;(0;) and x;(0,) can be confirmed by Egs. (8 and 9),
then,

1
=§tg<p L* + W? + Dy, /6 (12)
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Finally, related parameters are substituted by Egs. (3, 6-9),
analytical solution of powder transport ratio with Gaussian
distribution can be given as follows

m3 = C'LQ3Q4 = I;:( 3) CG(X],Zl) dx1‘ Z1=0 (13)
(@

= CLgg, = [0y CG(thl)dxl‘ - (14)

€6 =" 5 100% (15)

my

3 Calculation of the cross-sectional area
for clad layer

An important application of powder flow study is to control or
predict morphology of the cladding layer. If only mass of
powder is considered, under the condition of sufficient laser
energy, all particles falling into the molten pool would form
the clad layer. Cross-sectional area (S) could be estimated by
the model above. The relationship between £ and S, formed by
particles falling into the molten pool, has been derived in
article [31] as follows,

G _ Mpr
PT =

Vm'flg;T
L Vs

(16)

where prT could be confirmed by Eq. (15), and SSpr charac-
terized the theoretical value of the cross-sectional area from
the perspective of powder mass transported.

In addition, as all powders from nozzle are transported into
the molten pool, that is, fGPT is 100%, maximum of cross-
sectional area Sp is given by

Vi _ Str

_m 17
Vs-p ng ( )

Spo =

For the single track cladding process of TC11 titanium
alloy powder, S corresponding to 11 set of process
schemes could be calculated and is listed in Table 1. As the
treatment method for initial conditions in article [31], width of
the molten pool corresponding to each parameter is wholly set
as diameter (D) of the laser beam. Other input variables in this
model are determined by experimental conditions, and substi-
tution values are shown as follows:

D =03 cm; Djg = 0.15cm; g = 9.8 m/s%; L
= 8.9 mm; Vpy = 26.76 cm/s; W = 5.2 mm;
=158:0=458":p=448g-cm>



Int J Adv Manuf Technol (2019) 102:3747-3756 3751

Table 1 Theoretical results for -

Gaussian powder flow field and Test Vi P Vs 3 o Epr S%r Spo N

experimental value no. (g/min) (W) (mm/s) (mm) (%) (%) (%) (mm2) (mm2) (mm2)
1# 3.233 1000 3.5 5415 4556 714 2.453 3.436 0.249
24 1200 0.537
3# 1500 1.278
44 1200 3 2.862 4.009 0918
S# 4.07 1200 3 3.604 5.047 1.104
6# 35 3.089 4.326 0.894
T# 4 2.703 3.785 0.701
8# 1500 3.5 3.089 4.326 1.528
o# 4.89 1500 3.5 3.711 5.198 1.953
10# 1200 1.218
11# 3 433 6.064 1.519

As &9 is obtained by Eq. (15), process parameters
(Table 1) for Vg and V,, are brought into Eq. (16) to solve
the theoretical value S9pr. After verified by experiment, the-
oretical results would be modified by the true width (D;) of
the molten pool.

4 Experimental procedure

The purpose of experiments is to verify the correctness of the
theoretical model in this paper, which is carried out from as-
pects of qualitative and quantitative research. For the laser
cladding of lateral powder feeding, experimental procedure
is listed as follows.

(1) A high-speed COMS camera (2100 megapixels) is used
to capture the macroscopic distribution characteristics of
the powder flux emitted from the nozzle under the con-
dition of 3.23 g/min, 4.07 g/min, and 4.89 g/min powder
feed rate in Table 1. The result is shown in Fig. 6a—c.

(2) The 1-mm-thick transparent PVC plastic plate was
placed on a horizontal plane 125 mm away from the
vertical powder feeding nozzle to collect the powder.
Particle distribution of the powder flux in the XOY plane
could be observed directly. To minimize the interference
of particle displacement induced by rigid collision with
the PVC plate, the double-sided adhesive is pre-applied
to the latter surface, which could adhere more particles in
the feeding process. The powder feeding time was uni-
fied to 5 s, and this experiment was carried out also
using the above three powder feeding rates in Table 1.
Then, the two-dimensional slice of the powder flow in
the horizontal direction is lined on the yellow bottom,
displayed in Fig. 6d—f.

(3) Corresponding to theoretical calculation of cross-
sectional area in Sect. 3, this experimental verification

4)

program is just the same as article [31]. Experiment of
laser cladding by lateral powder feeding is conducted in
a single track, by using laser power P, scanning speed
Vs, and powder feed rate V,,, as variables (Table 1). Other
process and condition parameters are set as constants.
TC11 titanium alloy powders are deposited by CO, laser
on TC4 substrate with argon protective atmosphere.
After the experiment, mean values of cross-sectional ar-
ea are measured and calculated by the MIAPS-M image
analysis software. Macroscopic morphology of clad lay-
er for 2# and 8# is present in Fig. 3 and compared with
1# and 6# [31]. The difference of each group experimen-
tal results is mainly reflected in height, width and cross
sectional area S of the clad layer. Consequently, experi-
mental measurement result S is taken as a comparison
item and listed in Table 1 as the energy equation is not
involved in this theoretical model.

As the theoretical results £%pr and St would be mod-
ified by the actual boundary condition of molten pool
width (D), the model also need to be verified for the
prediction of %y as a function of pool width variation,
so the powder efficiency is measured by weighting meth-
od directly in this experiment. In Fig. 4, a powder col-
lection device was equipped by two steel sheets
(100 mm x 10 mm x 0.3 mm), springs and hexagon
socket bolts. Distance of the two sheets can be adjusted
by bolts which simulating different width of the molten
pool. Thus, powder particles trapped in this device could
be seen as cladding layer and weighted to calculate pow-
der efficiency further. The experimental test consist of a
series of TC11 titanium alloy powder injections with
4.07 g/min powder feed rate during 10 s, over different
widths of the particle trap which is set as ten groups in
this work and range from 1.5 to 6 mm, 0.5 mm increased.
All tests were programmed with the same powder injec-
tion parameters as data listed in Sect. 3. Before this test,
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Fig. 3 Morphology photos of
laser cladding layer. a 2#. b 8#

center point of the powder flux should be determined,
according which the collecting device is placed symmet-
rically and marked as a fixed position. Then, nozzle out-
let is raised by 10 mm so that above center point falls on
the upper surface of the device, considered as a working
plane. The mass ratio of the collected powder to the total
powder from nozzle is the capturing efficiency, which is
distributed in Fig. 7. In addition, weight difference be-
tween two consecutive measurements is the weight of
powder stored in the corresponding space difference.
Powder flux distribution on this working plane deter-
mined by injection parameters mentioned could also be
obtained and is illustrated in Fig. 8. Approximately, the
powder particles are evenly distributed on the left and
right sides in each space difference, so the graphic is
symmetrical.

5 Results and discussion

5.1 Experimental verification and modification
for the model

The judgment process of model authenticity is mainly based
on numerical comparison from experiment (3) and (4),

‘

Fig. 4 Powder collection device
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supplemented by photo observation from experiment (1) and
(2). From the perspective of powder mass transported, cross-
sectional area SSpr of clad layer formed by powders falling
into the molten pool could be estimated by this model. By
comparing with experimental value S, the model with
Gaussian distribution is verified indirectly. In addition, pow-
der transport ratio €%y modified by previous step can also be
confirmed directly by powder efficiency measured in
experiment.

Theoretical and experimental results are listed in Table 1.
Since the width of molten pool is set to 3 mm uniformly, same
geometric boundary conditions are substituted during each cal-
culation for different parameters, and £%pr keeps a constant.
Error is occurred by the approximate treatment. Thus, S9pr de-
viates from S. In order to modify theoretical calculations, actual
width of the molten pool D, is measured in Fig. 3 through
standard metallographic method, then brought into the model
to calculate modification values of {Gpﬂ and SGPT], which are
listed in Table 2.

For easy comparison of above data, experimental values S
are sequenced in ascending order and distributed evenly in the
horizontal axis (Fig. 5). Then, theoretical values such as Spy,
SSpr 8911, and Spry (calculated in article [31]) are distrib-
uted as the same order. Five regression lines are drawn by
simple liner fitting on each group of scatter plot in Fig. 5.

By comparing of S, SG])T, and SGPT], the powder transport
model with Gaussian distribution is in satisfactory agreement
with actual experiment. With the change of process parame-
ters, variation of the cross-sectional area (SCpy, SCpr) calcu-
lated by this model is in accordance with the trend of experi-
mental data (S). And theoretical modification value s6 PT1 18
closer than S to the experimental value S.

The maximum Spg is also calculated by Eq. (17) and
distributed in Fig. 5, which characterizes the size of
cross-sectional area formed by all particles transported
from nozzle, and shows a positive correlation with SSpr
and S%p;. Proportional relationship of SSpr1 to Spo repre-
sents £%pr. Furthermore, powder efficiency is the mass
ratio of cladding layer (S) to the total powders (Spg). So it
is all reasonable for the model verification by comparing of
powder efficiency directly or cross sectional area indirect-
ly. And the relative value R of powder efficiency to £%pr;
can be revealed by S to SGPT].
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Table 2 Theoretical modified

results for Gaussian powder flow Testno. Vi (gmin) P (W)  Vimms) Dymm) &, (%)  Eon (%) S%miomd S )

field 1# 3.233 1000 35 1.673 30.2 44.71 1.536 0.249
24# 1200 2.048 36.97 53.27 1.831 0.537
3# 1500 2.587 46.7 64.17 2.205 1.278
4# 1200 3 2272 41.01 58.02 2.326 0918
S# 4.07 1200 3 2.208 39.86 56.68 2.861 1.104
6# 3.5 2.003 36.15 52.28 2.262 0.894
T# 4 1.872 33.79 49.34 1.867 0.701
8# 1500 3.5 2.546 45.96 63.42 2.744 1.528
O# 4.89 1500 35 2433 43.92 61.24 3.183 1.953
10# 1200 1.928 35 50.61 2.631 1.218
11# 2.127 38.39 54.97 3.333 1.519

The energy equations are not involved in the calculation of
SYpr, formed by particles falling into the molten pool.
Whether these particles are fully melted by laser have not been
taken into consideration. Actually, as insufficient energy in
local area of the molten pool, part of particles would be lost
after colliding with others. By its definition, £%py is inevita-
bility larger than the actual powder efficiency, resulting in a
higher value of Spr; than experimental results S. Especially
as the laser liner energy (P/V,) is smaller, such deviation
degree is greater. As the similar variation of theoretical and
experimental values, the significance of this powder
transported model lies in predicting trends with process pa-
rameters quantitatively and estimating approximation for the
actual cross-sectional area and powder efficiency. More accu-
rate solution of S would be obtained by the product of an
empirical coefficient R mentioned above and the theoretical
result S%pr.

By comparing data distribution of 89511, SSpr1, S, and their
regression lines, although Sy is closer to S than SCpry, the
trend of SSpr, affected by process parameters is still more

S (mmd)

1% 2% TH  B# 4# 5% 10# 3% 114 8% o4
Test No.

Fig. 5 Data distribution of theoretical and experimental results for cross-
sectional area

realistic as similar slope of regression line between S
and S. So, it can be regarded that concentration distribution
of powder flux in actual trends to be Gaussian type rather than
uniformity, which could be proved qualitatively by photo-
graphs in Fig. 6 whether for vertical camera shooting or
two-dimensional horizontal slice. The reason for relatively
small error induced by S pr; may be associated with the re-
striction of energy factor on the mass or cross-sectional area of
clad layer. In addition, with the increase of powder feed rate
Vi, the divergence angle of powder flux remains unchanged
almost in Fig. 6. It is reasonable to neglect the influence of V,,,
on the boundary conditions in the theoretical calculation.

Quantitative verification for powder transport ratio §GpT] is
carried out by comparing with powder efficiency (S/Spg) by
experiment (3) and capturing efficiency by experiment (4).
Widths of the molten pool from 0 to 7 mm, increased by
0.2 mm, are substituted into the model, and variation curve
of €%y is drawn in Fig. 7. Experimental data is also distrib-
uted with the width. As mentioned before, a certain degree of
deviation exists between power efficiency and {{GPTI due to
loss of particle collision in the local area of insufficient energy.
With the increase of laser liner energy or molten pool width,
powder efficiency approximates £pr gradually. The captur-
ing efficiency value is the experimental results corresponding
to the theoretical §G pr1, both of which have the similar trend
with width. It seems that more particles are captured than
theoretical prediction in the narrow range of molten pool,
while less in the wider range. In addition, the capturing effi-
ciency should be consistently greater than the powder efficien-
cy as the energy factor.

The above difference can be more intuitively reflected
from mass distribution of powder flux. According to the
curve in Fig. 7, mass of powder stored in each symmetrical
width range of 0.2 mm can be calculated, and then divided
equally into the left and right intervals as the approxima-
tion method in experiment (4). Under the condition of
4.07 g/min powder feed rate during 10 s, particle mass
distribution on working plane, determined by experimental
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Fig. 6 Photographs of powder
flux. a 3.23 g/min, vertical
shooting. b 4.07 g/min, vertical
shooting. ¢ 4.89 g/min, vertical
shooting. d 3.23 g/min, horizontal
slice distanced 125 mm from
nozzle, 5 s powder injection. e
4.07 g/min, horizontal slice
distanced 125 mm from nozzle,

5 s powder injection. f4.89 g/min,
horizontal slice distanced 125 mm
from nozzle, 5 s powder injection

injection parameters, is illustrated in Fig. 8. As its symme-
try, this is equivalent to the concentration distribution in
the S coordinate of Fig. 2 and photographed in Fig. 6d—f.
The fundamental reason for deviation between the model
and experiment lies in the inconsistency of their descrip-
tions on powder flux characteristics. The actual powder
flux is more concentrated in the central area and dispersed
at the edge. Nevertheless, variation of £%pr; with molten
pool width calculated by this Gaussian model is more ac-
curate than the cylindrical type [31].

100
iy
3\’/ 80 - -
o o
=
& 60 =
h 7 .
o
=9 ]
:
£ 40 - ¢
5 o
] *
= .
£ 20 - Theoretical value
. ¢  Powder efficiency in Exp.3
®  Capturing efficiency in Exp.4

0 1 2 3 4 5 6 7 8
Width (mm)

Fig. 7 Curve of powder transport ratio with molten pool width
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5.2 Influence of parameters on powder transport ratio

Cross-sectional area SCpy; () is determined by powder feed
rate Vy, (), powder transport ratio prn (), and laser scan-
ning speed Vs (M) in Eq. (16). By the above analysis, {%pr
depends on the molten pool width D, directly and shows a
positive correlation, which would be affected further by V,,,,
Vs, and laser power P [25]. The mechanism of above process
parameters on morphology of the cladding layer is complicat-
ed, so the influence on fGPTl deserves to be discussed firstly.
According V;,, §GPT1 values in Table 2 are distributed, and
groups with same P and Vg are curved in Fig. 9. From these

20

HEN The model 0 /i\Zl
0 The Exp.4 |

- _
o [8)]

Mass of powder (mg)

(8]

il
0
-3.5-3.0-2.5-2.0-1.5-1.0-5 00 5 1.0152025 3.035
Horizontal distance from origin (mm)

Fig. 8 Powder flux distribution with 4.07 g/min powder feed rate during
10s
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Fig. 9 Curve of the powder transport ratio with powder feed rate

three curves, §GPT] is decreased slowly with V.. Part of laser
energy is absorbed or scattered by the flying particle. D,
would be decreased with the increased powder concentration
as the remaining energy passing through the particle cloud is
attenuated [24]. Moreover, £%pr; increases with laser power
(1#, 2#, 3#) and decreases with scanning speed (5#, 6#, 7#).
By comparing fGPTl (Fig. 9) and §CPT1 (Fig. 5 from article
[31]), curve variation have the similar trends with V., (or D)
but different degrees as concentration distribution difference
between Gaussian and cylindrical powder flux.

5.3 Comparison with the geometric model

Powder efficiency [30] is estimated by geometric relationship
of powder flow field boundaries, in which particle concentra-
tion distribution is not involved. A comparison between such
geometric model and the Gaussian model is present. In the
same space of powder flux, & and £, are defined as powder
efficiency for length and angle, respectively. Analytical solu-
tions can be confirmed by Egs. (18 and 19) and are listed in
Table 1. Modified powder efficiency for length & ; are calcu-
lated in Table 2 as the actual molten pool width are brought
into Eq. (18)

D

ELZW (18)
22

where mathematical expressions of | P1P2| , 1, and p, are
given by Egs. (4, 5, 10, 11) in article [31].

By comparing €5y, &1, and ¢, inTable 1 and €Spryand &
in Table 2, powder transport ratio is higher than powder effi-
ciency for length and angle, which is different from cylindrical
powder flow field. Under the experimental condition, in
which powder flux is trend to be Gaussian distributed, large

error for powder efficiency calculated by the above geometric
model is caused inevitably.

6 Conclusion

(1) On the basis of some physical assumptions, according to
the law of mass conservation and motion equation in
physics, a powder transport model for flow field with
Gaussian distribution and a mathematical expression of
powder transport ratio are proposed.

(2) Cross-sectional area of clad layer is calculated to verify
the model indirectly. As the energy factor is not involved,
theoretical and its modified values are higher than exper-
iment result which is closer to the latter, but all of them
have similar variation trend with process parameters. The
model with Gaussian distribution can be used for funda-
mental research of actual powder flow field.

(3) Powder transport ratio is confirmed directly by experi-
ments. Deviation exists between powder transport ratio
and powder efficiency, which is reduced with increased
width of molten pool. Moreover, variation of powder
transport ratio and capturing efficiency with molten pool
width are similar but different as their slightly inconsistent
description on the powder flux distribution. Compared
with theoretical model, the actual powder flux is more
concentrated in the central area and dispersed at the edge.

(4) Powder transport ratio decreases with powder feed rate
or laser scanning speed and increases with laser power.

(5) Powder transport ratio for flow field with Gaussian distri-
bution is larger than powder efficiency for length and angle.

(6) Actual powder flow field in this article trends to be dis-
tributed as Gaussian function.
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