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Abstract
For lateral powder injection, adjustments of defocusing distance, powder feeding angle, and molten pool width are set as input
variables, and the powder transport vector, powder outflow position vector, and the injection offset vector are determined. The
powder transport model involving above adjustment parameters is constructed based on operation of such vectors, which have
been verified in experiments. Then, powder transport ratios of three variables with 13 × 13 × 5 levels are calculated to reflect the
effect of injection parameters, which increases with the molten pool width, and maintains a high level as the defocusing distance
and powder feeding angle are both adjusted positively (clockwise) or negatively (anti-clockwise). In addition, the powder
transport ratio corresponding to an arbitrary combination of injection parameters can be calculated and its process window could
be extended to determine a better process combination.

Keywords Laser cladding . Powder transport model . Vector operation . Injection parameters . Process window

Nomenclature
Input variables of the model
χ [mm] Adjustment of defocusing distance
α [°] Adjustment of powder feeding angle
δ [mm] Adjustment of molten pool width

Initial condition variables
D [mm] Laser beam diameter
g [m/s2] Gravity acceleration
W [mm] Distance from nozzle to laser beam center in x

direction
L [mm] Distance from nozzle to laser beam center in z

direction
VP0 [mm/s] Initial velocity of powders from nozzle
φ [°] Divergence angle of powder flux (Fig. 1)

θ [°] The angle from axis of powder nozzle to horizontal
Vm [g/min] Powder feed rate
Vs [mm/s] Velocity of laser beam

Other model variables
ξ Mass ratio of measured cladding layer to

all powder injected from the powder feed-
ing nozzle

ξPT Mass ratio of powder fed into the molten
pool to all powder injected from the pow-
der feeding nozzle

VPE [mm/s] Terminal velocity of powder
particles

Vt [mm/s] Component of terminal velocity in
Z-axis direction for powder particles

m(z1) [g] Mass of powder particles stored in
space with dz1 distance in Z1 direction

tdz1 [s] Time for particle to move dz1 distance
CG(z1) [g/mm] Particle mass distribution of

Gaussian powder flux per unit length in
Z1 direction

Cα
G (x1,z1) [g/mm2] Concentration distribution for

Gaussian flux in S1 coordinate system af-
ter adjustment of defocusing distance and
powder feeding angle

ξGPT Transport ratio of powder flow field with
Gaussian distribution
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μ Mathematical expectation (mean) of
Gaussian distribution

σ Standard deviation of Gaussian distribution
x(P1), x(P2) X coordinate of powder flux boundary in S

(XOZ) coordinate system (Fig. 1)
x(P3), x(P4) X coordinate of powder flux boundary

falling into the molten pool in S (XOZ)
coordinate system (Fig. 1)

x(Q1), x(Q2) X1 coordinate of powder flux boundary in
S1(X1OZ1) coordinate system (Fig. 1)

x(Q3), x(Q4) X1 coordinate of powder flux boundary
falling into the molten pool in S1(X1OZ1)
coordinate system (Fig. 1)

A, A1, A2 Outflow position of powder from nozzle
with initial condition/defocus distance
adjustment/powder feeding angle
adjustment

O, M, N Injection position of central particle with
init ial condition/defocus distance
adjustment/powder feeding angle
adjustment

AO
�!

, A1M
��!

, A2N
��!

Powder transport vector from outflow po-
sition (A, A1, A2) to injection position (O,
M, N)

LAO, L
χ
AO, L

α
AO [mm] Length of powder transport vector

AO
�!

, A1M
��!

, A2N
��!

γ, γ1, γ2 [°] Inclination angle of powder transport
vector AO

�!
, A1M
��!

, A2N
��!

LAO’ [mm] Length of lateral feeding tube from
fulcrum to outflow position

OA1
��!

, OA2
��!

Outflow position vector from coordinate
origin O to outflow position after adjust-
ment of defocus distance/powder feeding
angle

x(OA2
��!

), z(OA2
��!

) Coordinates in X, Z directions of outflow
position A2 (Fig. 3(b))

OM
��!

, ON
�!

Injection offset vector from coordinate or-
igin O to injection position after adjust-
ment of defocus distance/powder feeding
angle

i, j unit vector in X, Z directions (Fig. 3)
x1, x2 X coordinate of vector OM

��!
, MN
��!

O′ Initial fulcrum position of powder feeding
nozzle

O
0
1 Fulcrum position after defocus distance

adjustment
O

0
1A1

���!
, O

0
1A2

���!
Vector from fulcrum position to outflow
position after adjustment of defocus
distance/powder feeding angle

γ→
MA2

[°] Angle of vector MA2
��!

to the horizontal
(Fig. 3)

S, SN Coordinate system with injection position
of point O, N as origin (Fig. 3)

xα, zα x, z-coordinate in SN coordinate system
(Fig. 3(b))

1 Introduction

Laser cladding [1] is an application technology which in-
volves laser, gas, powder, flow of molten metal, heat conduc-
tion, radiation, convection, etc. Complex coupling mecha-
nisms exist among these factors [2]. Many process parameters
of laser cladding can affect or determine morphology of the
cladding layer, such as laser energy distribution [3], laser
scanning speed [4], powder nozzle shape, and powder injec-
tion conditions [5]. The study of these interaction mechanisms
and the effect of process parameters are very important to
control precisely the mass/size of cladding layer [6, 7].

The cross-sectional area of a single cladding layer is deter-
mined by powder feeding rate (Vm), powder utilization effi-
ciency (ξ), and laser travel speed (VS) [8]. Generally, in order
to achieve metallurgical bonding of the cladding layer or re-
duce residual stress and deformation of deposition parts, the
main process parameters such as Vm and VS can be adjusted
only in a small range. Thus, ξ becomes a key factor to control
the mass/size of cladding layer. Currently, few researches
have been done on the influence of process parameters on ξ.
Through a catchment model, Lin [9] investigated powder
catchment efficiency in the process of coaxial powder feeding.
With increasing of defocusing distance and powder feeding
angle, and decreasing of the ratio (beam spot diameter/powder
impact diameter), the powder efficiency declined gradually.
Andrew [10] studied the laser deposition efficiency of
multiple-layer thin-wall parts. The standoff distance between
powder nozzle and material deposition point was set as a
variable factor in his experiment. Compared with variable-
step and no-step method, poorer results were obtained by
fixed-step laser scanning mode, in which the standoff distance
increased a constant amount per layer. The highest powder
efficiency was gained with the “no-step” method. Liu [11,
12] suggested that powder primary efficiency was dependent
on an exponential function involving the ratio of melt pool
width to powder flow diameter.

Powder transport ratio (ξPT), namely the mass ratio of pow-
der particles fed into the molten pool to all powders ejected
from the powder feeding nozzle, depends on particle concen-
tration distribution and boundaries of powder flux [8, 13]. For
laser cladding by lateral powder feeding, the powder nozzle is
fixed on one side of the laser head by a powder feeding tube
usually. Above boundary condition is mainly controlled by
nozzle position(/inclination angle) and molten pool width,
the former of which is changed with adjustment of defocusing
distance and powder feeding angle, and the latter with laser
power, scanning speed, and powder feed rate. Because of the
similarity of the two physical parameters ξ and ξPT, analytical
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solutions of ξPT involving adjustments of injection parameters
such as defocusing distance, powder feeding angle, and mol-
ten pool width are deduced and their effects on ξPT are
discussed in this article taking the size/mass control of clad-
ding layer as research purpose.

2 Analytical model

2.1 Influential factors

Based on the modeling process of powder transport model
established in [8, 13], some features can be listed as follows.
As shown in Fig. 1, powder particles from point A move
obliquely downward under gravity but in different initial ve-
locity direction (θ–φ~θ+φ), and their flight trajectories con-
form to the kinematics equation. Particles at the edge/center of
divergence angle would fall on point P1, P2/O. Parabolic tra-

jectory (dAP1; dAP2; cAO ) for particles was simplified as a
straight line trajectory, which would not affect the estimation
of ξPT in the initial model. Boundaries (AP1, AP2) of the pow-
der flux are determined by the outflow position (−W, L) of the
central particles, inclination angle of powder feeding nozzle
(θ), and divergence angle of powder flux (φ) (Eqs. (4, 5, 8) in
[13]). Boundaries (AP3, AP4) of powders falling into the mol-
ten pool are codetermined by the outflow position (−W, L) and
molten pool boundary (Eqs. (6–8) in [13]). The particle con-
centration distribution is calculated by linear trajectory of cen-
ter particles moving from the outflow position A to the injec-
tion position O, which can be characterized by the distance
(LAO) and inclination angle (γ) between above two points (Eq.
(20) in [13] and Eq. (3) in [8]).

In this model, the outflow and injection positions of central
particles are changed with adjustments of defocusing distance
and powder feeding angle, and the molten pool boundary
moves with variation of the pool width. The new coordinate
position information can be re-substituted into the original
theoretical model to calculate the powder transport ratio after
adjustment of injection parameters.

– The effect of defocusing distance adjustment on the phys-
ical model is presented in Fig. 2(a). The adjustment
amount is χ and the movement of the powder nozzle
away from the workpiece is taken as positive. By +χ
adjustment, therefore, the height of the outflow position
and the range of powder flow boundaries (P1, P2) in-
crease, and the injection position of the central particles
moves in +X direction. The situation is reverse for −χ
adjustment. A parallel laser beam is assumed, so the
width of the molten pool would not be changed with the
adjustment.

– The effect of the powder feeding angle adjustment on the
physical model is presented in Fig. 2(b). As the nozzle
orifice position is fixed, the outflow position is changed
by the rotation around the fixed point of tube (fulcrum).
The adjustment amount is α and rotation of powder noz-
zle in clockwise direction is taken as positive. By +α
adjustment, injection position and powder flow bound-
aries (P1, P2) move toward −X direction. The situation is
reverse by −α adjustment. Here we assume that the mol-
ten pool width would not be changed with the variation of
particle concentration distribution caused by this
adjustment.

– The effect of molten pool width adjustment on the phys-
ical model is presented in Fig. 2(c). The adjustment

Fig. 1 Physical model for initial
Gaussian powder flow field
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amount is δ. Boundaries (P3, P4) of powders falling into
the pool are moved by this adjustment, and the powder
transport ratio is changed.

2.2 Model derivation

In order to make these three adjustments unified into one
mathematical model, the sequence of the derivation process
is defocusing distance +χ, powder feeding angle +α, and pool
width −δ. Based on the model analysis above, the key of
modeling is information on outflow position, injection posi-
tion, and pool boundary. The trajectory of the central particle
from the outflow to injection position is related with +χ and
+α adjustments, which are hard to determine. This article
attempts to obtain the information using vector computing

method. Among the vectors shown in Fig. 3, the powder

transport vector is defined by vectors AO
�!

A1M
��!

; A2N
��!� �

from the central particles outflow position A (A1, A2) to in-
jection position O, M, N. The outflow position vector is de-

fined by vectors OA1
��!

OA2
��!� �

from coordinate origin O to

outflow position A1, A2. Injection offset vector is defined by

vectors OM
��!

;ON
�!

from coordinate origin O to injection posi-
tion M, N. The outflow and injection position can be obtained
by solving the vectors mentioned above.

2.2.1 Adjustment of defocusing distance

The geometric relationship among vectors of pre and post
adjustment is shown in Fig. 3(a). The initial outflow position
is known as point A (−W, L). After +χ adjustment, the outflow
position vector can be determined by Eq. (1).

Fig. 2 Physical model for each parameter adjustment. (a) Defocusing distance adjustment. (b) Powder feeding angle adjustment. (c) Pool width
adjustment
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OA1
��! ¼ AA1

��!−AO�! ¼ χ � j−W � iþ L � j
¼ −W � iþ Lþ χð Þ � j ð1Þ

Powder transport vector is changed from AO
�!

to A1M
��!

. The
length of this vector is increased but the inclination is constant,

γ1 ¼ γ ð2Þ

If we suppose,

OM
��! ¼ x1i ð3Þ

Then,

A1M
��! ¼ OM

��!−OA1
��! ¼ x1 þWð Þi− Lþ χð Þ j ð4Þ

By relationship of vector expression and its inclination

tanγ1 ¼
− Lþ χð Þ
x1 þW

���� ���� ð5Þ

We can conclude as follows:

x1 ¼ Lþ χ
tanγ

−W ð6Þ

Then, the injection offset vector and powder transport vec-
tor are determined. In addition, the transport length of the

central particles is changed to

LχAO ¼ A1M
��!��� ��� ð7Þ

2.2.2 Adjustment of powder feeding angle

The geometric relationship among the vectors of pre and post

adjustment is shown in Fig. 3(b). Rotation around O
0
1 from

vector O
0
1A1

���!
to vector O

0
1A2

���!
characterizes movement of pow-

der feeding tube. Outflow position moves from A1 to A2.
Powder transport vector and its inclination are changed from

A1M
��!

(γ1) to A2N
��!

(γ2). By geometric relationships in △O
0
1MN ,

γ2 ¼ γ1 þ α ð8Þ

So we can conclude that

MA2
��! ¼ N 0O1

0���! ¼ MO1
0���!
−MN 0��! ð9Þ

MO1
0���! ¼ − LχAO þ LAO0

� �
cosγ � iþ LχAO þ LAO0

� �
sinγ � j ð10Þ

MN 0��! ¼ −LAO0cos γ þ αð Þ � iþ LAO0sin γ þ αð Þ � j ð11Þ

By Eqs. (9–11), length, inclination, and mathematical ex-

pression of vector MA2
��!

can be determined in Eqs. (12–14).

MA2
��!��� ��� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LχAO þ LAO0
� �

cosγ−LAO0cos γ þ αð Þ	 
2 þ LχAO þ LAO0
� �

sinγ−LAO0sin γ þ αð Þ	 
2q
ð12Þ

γ
MA2
��! ¼ arctan

− LχAO þ LAO0
� �

sinγ þ LAO0sin γ þ αð Þ
LχAO þ LAO0
� �

cosγ−LAO0cos γ þ αð Þ

�����
����� ð13Þ

MA2
��! ¼ − MA2

��!��� ��� � cosγ
MA2
��! � iþ MA2

��!��� ��� � sinγ
MA2
��! � j ð14Þ

If we suppose,

MN
��! ¼ −x2i ð15Þ

Fig. 3 Geometric relationship of
related vector. (a) Defocusing
distance adjustment. (b) Powder
feeding angle adjustment
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Then,

A2N
��! ¼ MN

��!−MA2
��! ¼ −x2 þ MA2

��!��� ��� � cosγ
MA2
��!

� �
� i− MA2

��!��� ��� � sinγ
MA2
��! � j ð16Þ

By the relationship of the vector expression and its inclination,

tanγ2 ¼
MA2
��!��� ��� � sinγ

MA2
��!

x2− MA2
��!��� ��� � cosγ

MA2
��!

�������
������� ð17Þ

We can conclude as follows:

x2 ¼ MA2
��!��� ��� � sinγ

MA2
��!=tan αþ γð Þ þ MA2

��!��� ��� � cosγ
MA2
��! ð18Þ

Then, the powder transport vector is determined. In addi-
tion, the transport length of the central particles is changed to

LαAO ¼ A2N
��!��� ��� ð19Þ

The outflow position vector OA2
��!

is expressed as

OA2
��! ¼ OA1

��!þ A1A2
��! ¼ OA1

��!þ A1M
��!þMA2

��!
¼ −W− Lþ χð Þ=tanγ− MA2

��!��� ��� � cosγ
MA2
��!


 �
� iþ MA2

��!��� ��� � sinγ
MA2
��! � j

ð20Þ

The injection offset vector ON
�!

can be given by Eq. (21),
where x1, x2 are calculated in Eqs. (6, 18).

ON
�! ¼ OM

��!þMN
��! ¼ x1−x2ð Þ � i ð21Þ

2.2.3 Adjustment of molten pool width

The boundary condition of powders falling into the pool is
only changed with the adjustment (δ) of the molten pool
width, by which the particle concentration distribution is not
affected. As depicted in Fig. 2(c), the boundary after −δ ad-
justment is determined by Eq. (22).

x P3ð Þ ¼ D−δð Þ=2
x P4ð Þ ¼ − D−δð Þ=2

�
ð22Þ

2.3 Calculation of powder transport ratio

As confirmed, the powder flux actually tends to be of a
Gaussian distribution [8], and the key position informa-
tion are brought into the original Gaussian model mere-
ly to calculate powder transport ratio. Information of

each key position and vector parameter after adjust-
ments is listed in Table 1.

2.3.1 Particle concentration distribution

Figure 1 reflects the state of the powder flow field before adjust-
ment of the powder injection parameter. It can be intercepted as
discrete spaces with a height of dz1 by multiple planes perpen-
dicular to the Z1 axis; thus, mass of powder particles stored in
each space of dz1 length in Z1 direction is given by

m z1ð Þ ¼ Vm � tdz1 ¼ Vm � dz1
VPE

ð23Þ

where VPE is derived from the kinematic equation of the
central particle in powder flux and confirmed [13] as follows

VPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
t þ VP0cosθð Þ2

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
P0 þ 2g LAO−z1ð Þsinγ

q
ð24Þ

Particle mass distribution of powder flux per unit length in
z1 direction is

CG z1ð Þ ¼ m z1ð Þ
dz1

¼ Vm

VPE
ð25Þ

Within any above cross-section of Gaussian flow field,
powder particles are normally distributed (Fig. 1).
Concentration distribution in the S1 coordinate can be

CG x1; z1ð Þ ¼ CG z1ð Þ � f G x1;μ;σð Þ

¼ Vmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
P0 þ 2g LAO−z1ð Þsinγ

q
� 1

σ
ffiffiffiffiffiffi
2π

p exp −
x1−μð Þ2
2σ2

" #
ð26Þ

After parameter adjustments in this paper, the concentra-
tion distribution in coordinate SN (Fig. 3(b)), which is deter-

mined by the powder transport vector A2N
��!

, can be given by
substituting information (Table 1) of step 2 into Eq. (26), such
as transport distance (LαAO ) and inclination (γ2) for central
particles. Using the coordinate offset vector in step 3
(Table 1) and the formula of coordinate translation Eq. (27),
the concentration distribution in the original coordinate S1
system is obtained. Coordinate offset vector ON

�!
is used to

compute the location of the distribution maximum. In case
of coordinate translation from SN to S, then

xα ¼ x−ON�!
zα ¼ z

(
ð27Þ
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After adjustments, the concentration distribution of the
powder flow field can be concluded as follows:

Cα
G x1; z1ð Þ ¼ Vmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V2
P0 þ 2g LαAO−z1

� �
sinγ2

q

� 1

σ
ffiffiffiffiffiffi
2π

p exp −
x1−ON

�!−μ� �2

2σ2

264
375 ð28Þ

2.3.2 Boundary conditions of powder flow field

The boundary conditions are calculated by substituting the
information (Table 1) of 1st and 4th step into the original
Gaussian powder transport model. As the relative position of
the powder flux and molten pool boundaries changes, ξGPT
expression by Eqs. (13–15) in [8] is no longer applicable. It
can be determined by the positional relationship of P1, P2, P3,
P4 (Figs. 1 and 2) and expressed as follows:

ξGPT ¼

∫x Q3ð Þ
x Q4ð ÞC

α
G � dL=∫x Q1ð Þ

x Q2ð ÞC
α
G � dL x P1ð Þ≥x P3ð Þ and x P2ð Þ≤x P4ð Þ

∫x Q3ð Þ
x Q2ð ÞC

α
G � dL=∫x Q1ð Þ

x Q2ð ÞC
α
G � dL x P4ð Þ < x P2ð Þ < x P3ð Þ and x P1ð Þ > x P3ð Þ

∫x Q1ð Þ
x Q4ð ÞC

α
G � dL=∫x Q1ð Þ

x Q2ð ÞC
α
G � dL x P2ð Þ < x P4ð Þ and x P4ð Þ < x P1ð Þ < x P3ð Þ

1 x P2ð Þ > x P4ð Þ and x P1ð Þ < x P3ð Þ
0 x P1ð Þ < x P4ð Þ or x P2ð Þ > x P3ð Þ

8>>>>>><>>>>>>:
ð29Þ

where x(Pi = 1,2,3,4) and x(Qi = 1,2,3,4) are confirmed by
Eqs. (4–7) in [13] and Eqs. (6–9) in [8] respectively, in

which some initial condition variables should be up-
dated according to the information in Table 1, such as

Table 1 Information of key positions and vectors
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coordinate of outflow position A2 [x(OA2
��!

), z(OA2
��!

)],
nozzle inclination (θ+α), and molten pool width (D−δ).
As it mainly depends on the shape of powder nozzle,
carrier gas flow rate, powder particle size, etc., the pow-
der flux divergence angle (φ) in Fig. 1 remains un-
changed in this paper approximately, which is the key
parameter to calculate above boundary conditions.

2.4 Powder transport ratios under different
adjustment amount

In order to observe the variation of ξPTwith the parameters in a
multi-dimensional space sufficiently, the adjusted parameter
combination with three factors 13 × 13 × 5 levels is designed
in Table 2. The mathematical model deduced in this article is
compiled into the M-language program, which can be run in
the MATLAB software. Other initial conditions substituted
into the model are consistent with [8]. Using for-end loop
command, 845 values of ξPT are calculated successively by
the substitution of each level in Table 2.

3 Experimental procedure

The essence of the above model was to discuss the variation of
powder flux concentration distribution (Eq. 28) and powder
transport ratio (Eq. 29) after adjustments of the defocusing
distance, powder feeding angle, and molten pool width. In
order to verify the theoretical model, experiments were de-
signed and carried out in two aspects.

3.1 Verification of the spatial distribution of powder
flux

The spatial distribution of powder particles from the lateral
nozzle in the experiment was close to Gaussian, which
had been verified [8]. According to the modeling ap-
proach, the experimental verification for the particle con-
centration distribution after injection parameters adjustment
was mainly from the perspective of key point coordinate
information, such as outflow position (A, A1, A2), injec-
tion position (O, M, N), and boundary of powder flux (P1,
P2), which would be measured by a coordinate measuring
machine (CMM). This entire experimental process is
shown in Fig. 4(a), and the scheme is listed in Table 3.
Since the CMM has an independent measuring platform, a
set of experimental devices was designed to approximate
the powder feeding in real laser cladding process. The
defocusing distance was controlled by a height-adjusting
knob and vernier caliper, and the powder feeding angle
was controlled by an angle-adjusting knob and inclinome-
ter, which could be magnetically attracted to the powder
feeding tube. After each powder feeding condition param-
eter was determined, powders sprayed from the nozzle
were projected onto the surface of an A4 sheet of paper
with glue, and then fixed by a transparent PVC plate.
Each key point position could be measured by CMM after
marking. The experimental scheme was designed to first
raise the defocusing distance of the lateral powder feeder
from the initial position by 4 mm, and then rotate the
feeding nozzle by 3° clockwise. A total of three groups
of measurements were developed, and the data of 12 mea-
surement points are listed in Table 3.

Fig. 4 Experimental verification
for (a) powder flux distribution
and (b) powder transport ratio

Table 2 Values of three adjusted
parameters Adjustable parameters Symbol No. of level Level

Defocusing distance χ (mm) 13 − 6/− 5/− 4/− 3/− 2/− 1/0/1/2/3/4/5/6
Powder feeding angle α (°) 13 − 3/− 2.5/− 2/− 1.5/− 1/− 0.5/0/0.5/1/1.5/2/2.5/3
Pool width δ (mm) 5 − 1/− 0.5/0/0.5/1

1444 Weld World (2020) 64:1437–1448



3.2 Verification of the powder transport ratio

In Fig. 4(b), a powder collection device equipped with two
steel sheets, springs, and hexagon socket bolts was used to
verify the powder transport ratio under different powder injec-
tion parameters. All tests were programmed with 2.322 g/min
powder feed rate during 10 s and the placement was marked to
ensure that each test has the same initial state before parameter
adjustment. As the influence of molten pool width had been
developed and compared with theoretical values in Fig. 7 of
[8], powder transport ratio had been measured only after
adjusting the defocusing distance and powder feeding angle
respectively, which ranged from − 2 to 10 mm by 2 mm in-
crements for χ, and from − 3° to 3° by 0.5°increments for α.

By weighing the powder quantity stored between above
two steel sheets always set at 3 mm distance, the experimental
data could be estimated and distributed in Fig. 6.

4 Results and discussion

4.1 Experimental verification for the model

Similar to the experiment in Section 3.1 before, adjustment of
defocusing distance χ (+ 4 mm) and powder feeding angle α
(+ 3°) was substituted into the theoretical model successively.
In Fig. 5(a–c), the concentration distribution of powder parti-
cles calculated by Eq. 29 is projected into a two-dimensional

Table 3 Coordinate information of key points in powder flux

Initial state →Defocusing distance +χ.(χ = 4 mm) →Powder feeding angle +α (α = 3°)

A P2 P1 O A1 P2 P1 M A2 P2 P1 N

Experimental data (− 5.2, 8.9) − 2.11 2.0 − 0.1 (− 5.2, 12.9) − 1.5 4.0 1.3 (− 9.9, 10.3) − 7.1 − 2.3 − 4.7
Theoretical data (− 5.2, 8.9) − 2.0 2.0 0.0 (− 5.2, 12.9) − 1.0 3.9 1.5 (− 9.9, 10.3) − 6.7 − 2.4 − 4.6

Figure 5(a) Figure 5(b) Figure 5(c)

A, A1, A2—outflow position, P2—left boundary of powder flow, P1—right boundary of powder flow, O, M. N—injection position

Fig. 5 Particle concentration
distribution of powder flux. (a)
Initial state. (b) Adjustment of
defocusing distance. (c)
Adjustment of powder feeding
angle. (d) Relationship of nozzle
position
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space of 13.8 × 12.9 mm2 (− 9.9 mm ≤X ≤ 3.9 mm, 0 ≤ Z ≤
12.9 mm), which can be illustrated in Fig. 5(d). According to
the cloud scale, the powder flux conforms to a Gaussian dis-
tribution and its key point coordinates are extracted in Table 3
for comparison with the experimental measurements. As the
model is solved analytically, the calculation of the outflow
position (A, A1, A2) is accurate, while small deviations for
the injection position (O, M, N) and boundary of powder flow
(P1, P2) exist probably due to inaccurate substitution of initial
conditions, such as γ and φ. Despite some errors, the results
show that this model can truly reflect the distribution and
spatial position of the powder flux after adjusting the powder
injection parameters. The change of the powder flux position
relative to the fixed molten pool causes a different ξPT, which
is discussed further.

Moreover, in the theoretical calculation process, the pow-
der feeding rate Vm is set as 2.322 g/min, which was measured
from the actual lateral powder feeding nozzle in laboratory. In
a three-dimensional space, the real powder stream can be
intercepted by multiple planes parallel to the XOZ direction
(Fig. 1), and then, slice photos containing particle distribution
information are stacked, which can be regarded as the particle
concentration distribution in the two-dimensional space
shown in Fig. 5. The shape of the molten pool can also be
projected on the XOZ plane to obtain the molten pool width.
Finally, the powder efficiency can be estimated by mass ratio
of powder particles falling within this width range to all pow-
ders injected from the nozzle. In essence, it is a dimension
reduction operation from 3D to 2D.

For the experiment as described in Section 3.2, the one-
dimensional variation of ξPT with χ or α is calculated by Eq.
29 and plotted in Fig. 6, in which the experimental data under
3 mm molten pool width condition was also distributed. The
relative height of the lateral nozzle to the cladding plane is
8.9 mm in the initial state of this model, which is determined
by the experimental conditions. Therefore, it is meaningless to
reduce the defocusing distance (χ) too much in the experiment
because of the physical interference between the nozzle and
cladding parts. Experiments for χ less than − 2 mm were not
carried out in Fig. 6(a). It is set as initial state (χ = 0, α = 0)
that the central particle of powder flux just falls in the middle
of molten pool, so any adjustment of defocusing distance and
powder feeding angle would lead to a decrease of ξPT.
Moreover, results for positive (χ, α→+) and negative (χ,
α→−) adjustment of the lateral powder feeding parameter
have asymmetry, in which the latter corresponds to a lower
ξPT under the same adjustment value. That is, reducing the
defocusing distance or inclination angle of the lateral nozzle
will greatly affect the amount of powder particles fed into the
molten pool. This can be both observed from theoretical and
experimental results, which means this established model can
describe the influence of powder feeding parameters on real
powder efficiency.

4.2 Influence of powder feeding parameters

According to Section 2.4, ξPT values corresponding to 13 ×
13 × 5 levels of three variables (χ, α, δ) were calculated.
These three-dimensional point clouds are displayed in the
form of some oriented two-dimensional cloud images to re-
flect the influence of the powder feeding parameters on ξPT,
which is also illustrated in Fig. 7 for their orientation
relationships.

As shown in Fig. 7(b, c), ξPT increases with increasing
molten pool width under any conditions, and the maxi-
mum value of this increment, which is related to the
defocusing distance or powder feeding angle, occurs near
the initial position without change of χ or α. As men-
tioned before, the positive and negative adjustments for
the above parameters are asymmetrical. In Fig. 7(a), ξPT
value can be maintained at a higher (/stable) level by
simultaneous adjustments of χ and α in negative (/posi-
tive) direction, but a lower level as (χ > 0, α < 0) or (χ <
0, α > 0). For the physical model, as the lateral nozzle is
located at the position where central particles can fall into
the molten pool center, the powder efficiency increases
significantly (/slightly) with the reduction (/increase) of
defocusing distance and powder feeding angle simulta-
neously. From the above analysis, a qualitative judgment
on the variation trend of ξPT can be made by the direction

Fig. 6 Variation of powder transport ratio with (a) defocusing distance
and (b) powder feeding angle
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(+, −) of the adjusted parameters (χ, α, δ) preliminarily.
The significance of this model is that ξPT can be predicted
quantitatively under any combination of the above
parameters.

4.3 Process window

As shown in Fig. 8, the process window can be drawn by
overlapping contours with ξPT values of 60% in the same
coordinate system (χ-α), which corresponds to different
molten pool widths (δ = − 0.5/0/0.5/1 mm). In addition,
the contour line of 99% ξPT with 4 mm molten pool width
is also displayed. According to the gradient direction from
60 to 99%, regional coordinates (χ, α) within contours (δ)
can be regarded as a combination of adjusted parameters
with ξPT greater than 60%. In addition, the adjustable range
of χ and α increases with the width of the molten pool
(δ↗). Moreover, the process window is intentionally divid-
ed into two regions (χ < 0 and χ > 0). Although a higher

Fig. 7 Cloud images of powder transport ratio in (a) χ-α, (b) χ-D, and (c) α-D coordinate system

Fig. 8 Process window with powder transport ratio larger than 60%
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ξPT is obtained in the former (χ < 0), interference would be
caused by reducing the defocusing distance as the lateral
nozzle is close to the cladding substrate. Thus, more feasi-
ble adjusted parameters should be selected in the green
region (χ > 0) of the window.

5 Conclusion

Based on the established powder transport model for laser
cladding by lateral powder feeding, the function expression
of the powder transport ratio is derived by a vector geometry
relation, in which the adjusting parameters of defocusing dis-
tance, powder feeding angle, and molten pool width are set as
input variables and substituted into the model in turn. The
distribution of powder flux and powder transport ratio after
adjustment of the above parameters have been verified by
experiments and results are basically in agreement with theo-
retical values. Then, values of three variables corresponding to
13 × 13 × 5 levels are calculated by MATLAB software to
reflect the effect of the injection parameters on the powder
transport ratio. Some conclusions can be summarized as
follows.

– The powder transport ratio increases with the width of the
molten pool, and this increment is affected by the
defocusing distance or powder feeding angle.

– As the central particles of the powder flux fall into the
molten pool center, the powder transport ratio is reduced
by a single parameter adjustment of the defocusing dis-
tance or powder feeding angle, which is asymmetrical for
positive or negative direction.

– As central particles fall into the molten pool center, the
trend for the powder transport ratio by simultaneous ad-
justments of the defocusing distance and powder feeding
angle would be judged by a vector product of these two
parameters. A positive vector product corresponds to a
high level of the powder transport ratio, which increases
with the adjustment.

– For an arbitrary combination of three injection parame-
ters, the powder transport ratio can be calculated by this
model. Furthermore, the process window can be drawn,
and the above parameter combinations corresponding to a
powder transport ratio larger than 60% are determined in
this paper.
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