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Abstract
Laser direct metal deposition (DMD) can supply a new method in the fields of surface modification and near-net forming. 
The powder flow behavior and its convergence characteristics play a crucial role in the deposition quality during the DMD 
process. In this research, the k-ε turbulence model based on the computational fluid dynamics (CFD) modeling method 
was innovatively employed to establish the numerical model of the gas-powder flow. Then, the dense discrete phase model 
(DDPM) was utilized in this gas-powder coupling model to accurately calculate the collision between particles as well as 
between particles and inner wall of the nozzle. Afterward, the response surface method (RSM) was carried out to design the 
numerical simulation scheme, analyze a series of simulation results, explore the correlation between the process parameters 
and the responses, and establish the prediction model of powder convergence characteristics. Furthermore, the process 
parameters were optimized by considering the influence of defocusing amount, with smaller powder spot diameter and 
higher maximum powder mass concentration as optimization objectives. It was found that the prediction model of powder 
convergence characteristics demonstrated a high degree of accuracy and reliability. The single-deposition track exhibited 
better deposition quality fabricated with the optimized process parameters. The research method and results mentioned 
in the present study were expected to provide significant theoretical guidance for the selection and application of process 
parameters during the laser direct metal deposition process.

Keywords Laser direct metal deposition · Coaxial nozzle · Numerical simulation · Prediction model · Process parameter 
optimization

1 Introduction

Laser direct metal deposition (DMD) is an advanced sur-
face modification technique with promising applications in 
aerospace, offshore equipment, and energy transportation 
[1–4]. During the DMD process, a laser beam is utilized to 
irradiate the substrate, resulting in the formation of a molten 
pool. Consequently, the powder material is introduced into 
the molten pool via transport by the carrier gas, wherein it 
undergoes the processes of melting and solidification to ulti-
mately yield the deposited material. The interaction between 

gases (powder carrier gas and shielding gas) and powder, as 
well as the interaction among powders, significantly impacts 
the quality of the deposited material [5–7]. The disclosure of 
these interactions is essential for the regulation of deposition 
quality and the optimization of deposition efficiency.

The conventional approaches, such as employing high-
speed cameras for direct observation, fail to provide a compre-
hensive characterization of the aforementioned interactions. 
Furthermore, the powder flow behavior and the interaction 
between gas and powder within the deposition head cannot 
be effectively captured through a high-speed camera. An 
alternative approach to address this issue is through numeri-
cal modeling, which offers a cost-effective means to com-
prehend these intricate interactions. An accurate model plays 
an important role in process prediction and analysis system 
control. A series of related studies have been carried out based 
on numerical modeling. Guo et al. [8] studied the influence 
of powder carrier gas flow rate on powder convergences, and 
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the results showed a negative correlation between the mass 
concentration of the powder and the flow rate of the pow-
der carrier gas. Liu et al. [9] determined the powder mass 
concentration distribution at different locations and analyzed 
the influence of powder jet velocity and particle size on the 
powder mass concentration distribution using the weight 
measurement method. The results demonstrated a high level 
of concordance between the simulation outcomes and the 
measured data. Stankevich et al. [10] utilized the Reynolds-
average Navier-Stokes (RANS) equation to solve the transport 
characteristics of powder and investigate the impact of process 
parameters on gas flow behavior on particle motion trajecto-
ries. Based on the Euler-Lagrange method, the gas-powder 
coupling model of a four-way nozzle was established by Gao 
et al. [11]. Furthermore, it also supplemented with relevant 
experimental verification to elucidate the impact of particle 
properties and other parameters on powder flow behavior.

Currently, the research on powder flow behavior and its 
convergence characteristics primarily focuses on single-
factor analysis, with limited exploration of the multi-factor 
coupling effect. Meanwhile, the powder transport process is 
extremely complex, encompassing collisions between par-
ticles as well as between particle and the inner wall of the 
nozzle. These collision behaviors will remarkably change 
the angle of convergence and velocity distribution of the 
powder streaming [12]. However, the aforementioned colli-
sion behaviors were often overlooked in most of the previ-
ous studies, thereby resulting in significant discrepancies 
in simulation outcomes during the powder transportation.

In the current research, a coaxial four-way nozzle is taken 
as the research object. A numerical gas-powder coupling 
model is proposed, which incorporates previously overlooked 
factors (collisions between particles as well as between 
particles and the inner wall of the nozzle), to elucidate the 
interactions between powder, gas flows (powder carrier gas 
and shielding gas), and the nozzle. Ultimately, it reveals the 
convergence characteristics of the powder flow. The RSM 
is used to design the numerical simulation scheme and ana-
lyze a series of simulated results. Based on a comprehensive 
multiple-factor analysis, the prediction model of powder con-
vergence characteristics is established and validated. The pro-
cess parameters are optimized by considering the influence of 
defocusing amount, with smaller powder spot diameter and 
higher powder mass concentration as optimization objectives. 
Within the optimized process parameters, superior deposition 
quality is observed in single-deposition tracks.

2  Modeling of the gas‑powder flow

The gas-powder flow is a typical multiphase flow, character-
ized by the continuous phase of gas and the discrete phase 
of powder [13]. The dense discrete phase model (DDPM) 

enables the precise analysis of the multiphase flow, especially 
its inherent coupling effect. Compared with the discrete phase 
mode (DPM) and discrete element method (DEM), DDPM 
incorporates particle collision and voidage, while simplifying 
the collision processing to effectively reduce memory usage 
and data processing without compromising calculation accu-
racy [14]. In the current research, the Euler-Lagrange model 
is used, and a comprehensive description of this model can be 
found elsewhere [15–17].

2.1  Model adjustment

The model is established based on the following assumptions 
[12, 18]:

(1) the effect of laser on powder convergence is not con-
sidered;

(2) the powder carrier gas and the shielding gas are viscous 
and incompressible;

(3) substrate and powder materials are homogenous and 
solid;

(4) the motion of powder is primarily influenced by the 
drag force exerted by the gas flow, the inelastic colli-
sions between powders, and the interactions with the 
inner wall of the nozzle.

2.2  Continuous phase modeling

The continuous phase flow behavior requires the solution of 
a set of Navier-Stokes equations [19]. Considering the tur-
bulent nature of gas-powder flow, the Reynolds-averaged 
Navier-Stokes (RANS) equation is employed to solve for the 
temporal average of both velocity and pressure fields [18, 20]. 
Particularly, the evaluation of turbulent viscosity in the equa-
tion requires the use of turbulence models. The most com-
monly used turbulence model is the standard k-ε turbulence 
model, which is a typical two-equation model that requires 
solving for turbulent kinetic energy (k) and turbulent kinetic 
energy dissipation rate (ε) [13, 21, 22]. The time-mean govern-
ing equations of turbulence are shown below [23].

Mass conservation equation:

where ρ is the gas density, and ui, and xi represent the veloc-
ity and position, respectively.

Momentum conservation equation:

where g is the acceleration of gravity and τij is the viscous 
force tense calculated by Eq. (3):
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where μ is the molar viscosity, and for i = j, δij = 1, other-
wise δij = 0. μt is the turbulent viscosity which is expressed 
by Eq. (4):

The standard k-ε turbulence model is adopted [24].
Conservation of kinetic energy of turbulence k:

Conservation of dissipation of kinetic energy of turbu-
lence ε:

where Gk represents the generation of turbulence kinetic 
energy due to the velocity gradient, Gb is the turbulent 
kinetic energy caused by buoyancy, and Prt is the turbulent 
Prandtl number. The empirical constants Cμ = 0.9, C1 = 
1.44, C2 = 1.92, σk = 1.0, and σε = 1.3 in all of the aforemen-
tioned equations are determined through iterative processes 
to account for arbitrary turbulence.

2.3  Discrete phase modeling

The equation of discrete phase (powder material) motion in 
Lagrange coordinates can be expressed by Eq. (10):

where mp is the particle mass, up is the particle velocity, ρp is 
the density of the particle, u is the continuous phase velocity, 
ρ is the continuous phase density, F is the additional force, 
and τr is the relaxation time which can be calculated by Eq. 
(11) [16, 25]:
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where μ is the molar viscosity of the continuous phase, dp is 
the diameter of the particle, and Re is the relative Reynolds 
number which is evaluated by Eq. (12):

According to the Haider-Levenspiel model [11, 26], the 
drag force coefficient of non-spherical particles CD can be 
expressed by Eq. (13):

where the coefficients A, B, C, and D can be calculated by 
Eqs. (14)–(17):

where 𝜑 is the sphericity coefficient of the particle which is
evaluated by Eq. (18):

where Sp is the actual surface area of the particle, sp is the 
surface area when the particle shape is completely spherical 
at the same volume, and 0 < 𝜑 < 1.

2.4  Initial and boundary conditions

The physical diagram and the corresponding 3D solid 
model of the Precilec coaxial four-way nozzle are shown 
in Fig. 1(a, b). The calculation domain can be obtained 
by establishing the model of the cavity region inside the 
nozzle and the air region below the nozzle within a certain 
range, in accordance with the inverse working principle of 
the DMD process shown in Fig. 1(c). The corresponding 
calculation domain and boundary conditions are shown in 
Fig. 1(d). The initial conditions are set as follows: pressure 
p(0) =  105 Pa, temperature T(0) = 300 K, and velocity u(0) 
= 0 m/s at time t = 0 s. On the channel walls, the boundary 
conditions of the particles are V'

pn = − knVpn, V'
p𝜏 = Vp𝜏. 

The collisions between the particle and the inner wall of 

(11)�r =
�pd

2
p

18�

24

CDRe

(12)Re = �dp

∣ up − u ∣

�

(13)CD =
24

Re

(

1 + A ⋅ ReB
)

+
C

1 +
D

Re

(14)A = exp
(

2.3288 − 6.4581� + 2.4489�2
)

(15)B = exp (0.0964 + 0.5565�)

(16)
C = exp

(

4.905 − 13.8944� + 18.4222�2 − 10.2599�3
)

(17)
D = exp

(

1.4681 + 12.2584� − 20.7322�2 + 15.8855�3
)

(18)� =
sp

Sp



3970 The International Journal of Advanced Manufacturing Technology (2024) 130:3967–3982

the nozzle as well as among particles are characterized by 
inelasticity [27]. When the collision occurs, the tangential 
velocity of the particle remains constant, the normal veloc-
ity has a certain degree of attenuation, kn is the normal 
velocity recovery coefficient, and 0 < kn < 1. In the current 
research, the value of kn is set to 0.9 [24, 28].

3  Experimental details

3.1  Material

The process parameters associated with the powder feeding 
process consist of the powder carrier gas flow rate and the 
powder feeding rate. The powder carrier gas and shielding 
gas are chosen to be high-purity argon (Ar). The physical 
properties of Ar are shown in Table 1.

The powder material used in the current research is 
316L stainless steel (ρ = 7980 kg/m3), which is prepared 
by gas atomization. The morphology of the 316L powder is 
depicted in Fig. 2(a). The size distribution of powders can 
be accurately characterized by the Rosin-Rammler model. 

Fig. 1  a The physical diagram 
of the Precilec nozzle, b the 3D 
solid model of the nozzle, c the 
working principle of the DMD 
process, and d the computa-
tional domain partitioning and 
boundary condition setting

Table 1  Physical properties of argon

Relative molecular mass Density (kg/m3) Viscosity (kg/m−s)

39.95 1.62 2.13 ×  10−5

Fig. 2  a 316L powder mor-
phology and b comparison of 
measured and fitting results of 
the particle size
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On this basis, the mass fraction of particles with a diameter 
greater than d (Yd) is mathematically represented by Eq. (19) 
[17]:

where dm is the mean size of the particle and n is the size 
spread parameter. The particles can be categorized into dis-
tinct size ranges, each with varying mass fractions as indi-
cated in Table 2.

The particle size distribution measurement results pre-
sented in Table 2 are fitted using Eq. (19), as depicted in 
Fig. 2(b). It is evident that the fitting results exhibit excellent 
agreement with the measured data. The curve fitting analysis 
of the data presented in Table 2 enables the determination 
of the average particle size, dm. This corresponds to the d 
value at Yd = e−1, and it can be found that dm is equal to 130 
μm. In addition, the size spread parameter n can be evalu-
ated by Eq. (20):

By substituting the measurement results of particle size 
distribution in Table 2 for Yd and d/dm into Eq. (20) and cal-
culating the average value, then the size spread parameter n 
of 4.0 is obtained. All size distribution parameters are sum-
marized in Table 3.

3.2  High‑speed camera

The powder flow behavior monitoring in this research is con-
ducted using a high-speed camera (Memrecan HX-7S; NAC, 
Japanese). The AFS VR105mm f/2.8G IF-ED prime lens is 
used to shoot the powder streaming. The high-speed camera 

(19)Yd = exp
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−

(

d
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)n)
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(

− ln Yd
)

ln
(
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)

and infrared guide light are positioned on opposite sides of 
the powder streaming, as depicted in Fig. 3, to observe the 
trajectories of powder streaming. Afterward, the results are 
analyzed to determine the powder convergence distribution 
and its velocity.

The laser system (Trudisk 3006; Trumpf, Germany) is 
employed to conduct the corresponding experiments with 
the output laser power of P = 1500 W, laser diameter of D 
= 3 mm, and scanning speed of V = 600 mm/min, which can 
be utilized for validating the benefits of process parameter 
optimization methods (Section 4.4).

4  Results and discussion

4.1  Gas‑powder coupling model

The plane with the maximum powder mass concentration 
(Cmax) is selected as the cross-section where the powder 
spot is located. Subsequently, the distance (H) between the 
powder spot and the bottom of the nozzle is determined, as 
illustrated in Fig. 4(a). The calculation boundary for deter-
mining the powder spot diameter is set at 14% of its peak 
concentration [29], as shown in Fig. 4(b). Consequently, the 
powder spot diameter (D) can be obtained.

To obtain the actual values of D and H from the experi-
mental observation (Fig. 3(b)), we take the actual width of 
the nozzle bottom exit edge (B1 = 10 mm) as a reference. 
On this basis, these values can be converted using Eqs. (21) 
and (22).

Due to the inherent difficulty in accurately measuring the 
maximum powder mass concentration [27], in this research, 
the average mass concentration (Cavg3) of the powder spot 
(D = 3 mm) is selected for quantitative comparison between 
the simulation and the experiment. The weight measurement 
method is employed to determine the powder mass concen-
tration [16], as shown in Fig. 5. The approximation of Cavg3 
can be calculated using Eq. (23):

(21)H = B1

H0

B0

(22)D = B1

D0

B0

Table 2  Mass fraction in particle diameter range

Diameter, d (μm) Mass fraction with 
diameter greater than d, 
Yd (%)

65 97
80 90
95 75
110 60
125 45
140 26
155 17
170 9
185 3
200 2

Table 3  Summary of particle 
size distribution parameters

Mean diameter (μm) 130

Maximum diameter (μm) 200
Minimum diameter (μm) 65
Number of diameters (#) 10
Spread parameter 4.0
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where ∆t represents the duration for powder collection, φ is 
the internal diameter of the tube, m is the mass of the powder 
obtained within a specific collection duration, and v is the 

(23)Cavg3 =
m

�⋅�2

4
⋅ v ⋅ �t

velocity of the powder. The velocity (v) can be determined 
by meticulously tracking the trajectory of an individual pow-
der frame by frame captured using a high-speed camera.

The trajectory length of the powder within 20 frames 
is determined by capturing the position of a single parti-
cle in the initial and 21st frame using a high-speed camera 

Fig. 3  a Illustration of the 
experimental observation and b 
the powder streaming captured 
by the high-speed camera

Fig. 4  a Powder mass concen-
tration distribution in vertical 
section, and b the definition of 
powder spot diameter

Fig. 5  Weight measurement 
method used to determine the 
powder mass concentration. 
a Schematic diagram and b 
experimental diagram
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operating at a rate of 20,000 frame/s, as illustrated in Fig. 6. 
Consequently, the mathematical expression of the powder 
velocity is illustrated in Eq. (24).

The reliability of the simulation model is validated 
through experimental measurements, encompassing four 

(24)v =
B1 ⋅ L0 ⋅ 20000

B0 ⋅ 20

distinct sets of parameters including powder carrier gas 
flow rate (CG), shielding gas flow rate (SG), and powder 
feeding rate (PF), as presented in Table 4. The values of 
Cavg3, D, and H obtained by simulations and experiments are 
presented in Figs. 7 and 8. The errors between the simulation 
and experiment results are within 12% (Fig. 8(d)), indicating 
that the proposed model in the current research demonstrates 
exceptional computational accuracy and reliability, thereby 
providing significant guidance for selecting process param-
eters in the DMD process.

4.2  Influence of process parameters on gas‑powder 
flow behavior

In this research, the response surface method is employed 
to design the simulation scheme, to investigate the impact 
of powder carrier gas flow rate, shielding gas flow rate, and 
powder feeding rate, as well as their coupling effects on the 
powder flow behavior and its convergence characteristics.

Fig. 6  The position of a single 
powder under different frames. 
a Frame 1 and b frame 21

Table 4  Process parameters for model validation

Group CG (L/min) SG (L/min) PF (r/min)

1 2 6 1.0
2 5 12 2.5
3 8 12 3.5
4 11 24 1.5

Fig. 7  Simulation and experiment results of powder flow. a Group 1, b group 2, c group 3, and d group 4
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The level of process parameters is shown in Table 5. 
The input parameters encompass powder carrier gas flow 
rate, shielding gas flow rate, and powder feeding rate. Cor-
respondingly, the responses include maximum powder 
mass concentration, powder spot diameter, and the distance 
between the powder spot and the bottom of the nozzle. The 
design scheme along with its corresponding simulated val-
ues is presented in Table 6.

The trend observed in Fig. 9(a) demonstrates a reduc-
tion in the maximum powder mass concentration with the 
increase in powder carrier gas flow rate; however, a decrease 
in the maximum powder mass concentration is observed 
when the gas flow rate is set at 2 L/min, as illustrated in 
Fig. 9(a). During powder transportation, the velocity of the 
powder is always lower than powder carrier gas [18]. The 
disparity between their velocities will be more pronounced 
with an increase in the powder carrier gas flow rate. Con-
sequently, this disparity leads to an intensified drag force 
exerted by the powder carrier gas on the powder, thereby 

leading to an increase in the velocity of the powder (Eqs. 
(10)–(17)). An increase in powder velocity will result in a 
reduction of powder mass concentration, according to Eq. 
(24). However, the powder mass concentration distribution 
trend exhibits an inverse relationship when the powder car-
rier gas flow rate is lower. This phenomenon can be attrib-
uted to a diminished impact of the powder carrier gas on par-
ticles at a lower flow rate [29]. The interaction between the 
particle and the inner wall of the nozzle, as well as inter-par-
ticle collisions, plays a crucial role in powder transportation. 
This results in an augmented normal velocity component 
of the particle at the nozzle exit, resulting in an increased 
divergence angle of the powder jet and subsequently reduc-
ing the powder mass concentration.

The powder spot diameter exhibits an obvious negative 
correlation with the powder carrier gas flow rate, as depicted 
in Fig. 9(b). As detailed above, the enhancement of the pow-
der carrier gas flow rate will lead to an increased drag effect 
exerted by the gas on the powder. The powder is hindered in 

Fig. 8  Comparison of simula-
tion and experiment results. a 
Cavg3, b D, c H, and d error

Table 5  Level of process 
parameters

Process parameters Unit Level

− 2 − 1 0 1 2

CG L/min 2 5 8 11 14
SG L/min 0 6 12 18 24
PF r/min 0.5 1 1.5 2.5 3.5
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the normal direction of the inner wall of the nozzle, which 
brings out the increase of the particle tangential velocity 
component at the exit of the nozzle. The aforementioned 
phenomenon will lead to enhanced powder convergence and 
a reduction in powder spot diameter.

The distance between the powder spot and the bottom of 
the nozzle exhibits a positive correlation with the powder 
carrier gas flow rate on the whole, as illustrated in Fig. 9(c). 
The standard k-ε turbulence model is only applicable to the 

core turbulent region (typically located far away from the 
wall), and cannot be directly applied to the near-wall region 
which experiences significant viscosity effects. In the cur-
rent research, the non-equilibrium wall function based on 
the two-layer theory is employed to handle the near-wall 
flow, as shown in Fig. 10. It is assumed that the boundary 
layer near the wall consists of a viscous sublayer and a com-
plete turbulent region. The velocity of the gas and powder 
in the viscous sublayer is lower compared to those in the 

Table 6  Design scheme and the 
corresponding simulated values

Case CG (L/min) SG (L/min) PF (r/min) Cmax (kg/m3) D (mm) H (mm)

1 2 0 0.5 10.01 4.38 14.85
2 2 6 1.0 12.30 5.49 15.24
3 2 12 1.5 16.36 5.76 15.63
4 2 18 2.5 23.61 5.68 15.86
5 2 24 3.5 27.74 6.33 16.02
6 5 0 1.0 15.45 3.61 15.24
7 5 6 1.5 21.65 3.78 15.22
8 5 12 2.5 33.11 3.94 14.83
9 5 18 3.5 43.11 4.19 14.83
10 5 24 0.5 7.14 3.70 16.02
11 8 0 1.5 17.85 3.42 15.24
12 8 6 2.5 29.39 3.47 14.83
13 8 12 3.5 39.03 3.58 15.24
14 8 18 0.5 6.14 3.34 15.63
15 8 24 1.0 10.58 3.91 16.02
16 11 0 2.5 20.47 3.62 14.83
17 11 6 3.5 35.26 3.20 14.41
18 11 12 0.5 8.61 2.29 16.43
19 11 18 1.0 15.65 2.28 16.53
20 11 24 1.5 15.91 3.05 16.04
21 14 0 3.5 22.75 3.67 14.83
22 14 6 0.5 6.76 2.22 16.82
23 14 12 1.0 12.68 2.34 16.43
24 14 18 1.5 15.20 2.57 16.04
25 14 24 2.5 16.62 3.45 15.63

Fig. 9  Effect of powder carrier gas flow rate on response. a Cmax, b D, and c H 
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turbulent core region. The variations in flow rates across 
different regions of the powder delivery tube can be ascribed 
to the boundary layer effect. The boundary layer effect will 
become more pronounced as the powder carrier gas flow 
rate increases. In accordance with Eq. (24), the reduction in 
powder velocity will lead to an increase in the powder mass 
concentration. Thus, the powder mass concentration near the 
boundary layer will be higher than that in the turbulent core 
region. Meanwhile, considering the influence of gravity, a 
higher concentration of powder mass is observed in close 
proximity to the lower side of the powder delivery tube. As 
a comparison, the boundary layer effect is attenuated when 
the powder carrier gas flow rate is reduced, resulting in a 
more uniform distribution of powder mass concentration 
within the powder delivery tube (Fig. 4(a)). Consequently, 
an increased amount of powder carrier gas flow rate could 
lead to an elongation of the distance between the powder 
spot and the bottom of the nozzle (Fig. 9(c)).

The distance between the powder spot and the bottom 
of the nozzle will experience a noticeable increase due to 
the elevated flow rate of shielding gas, while there is no 

significant impact on maximum powder mass concentration 
and powder spot diameter resulting from variations in the 
flow rate of shielding gas, as illustrated in Fig. 11. Due to 
the separate structure of the coaxial four-way nozzle, the 
powder carrier gas is discontinuous at the outlet, allowing 
for shielding gas flow through the gap. Therefore, the impact 
of shielding gas flow rate on maximum powder mass con-
centration and powder spot diameter is minimal. Based on 
this, the flow rate of the shielding gas can be appropriately 
increased during the DMD process to enhance the effective-
ness of protection and obtain better deposition quality.

The augmentation of maximum powder mass concentra-
tion is prominently observed with the increase in powder 
feeding rate, as depicted in Fig. 12(a). Simultaneously, the 
probability and frequency of collision (particle-particle) will 
significantly increase with the rise of powder mass concen-
tration. Therefore, the scattering angle of the powder jet at 
the nozzle exit expands, resulting in an expansion of the 
powder spot diameter (Fig. 12(b)). Meanwhile, it should 
be noted that the elevation of the powder feeding rate will 
weaken the influence of powder carrier gas and shielding 

Fig. 10  Non-equilibrium wall function model and its simulation results

Fig. 11  Effect of shielding gas flow rate on response. a Cmax, b D, and c H 
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gas flow rate on the powder spot location, as demonstrated 
in Fig. 12(c).

It is worth noting that the powder flow behavior and its 
convergence characteristics are not only influenced by a 
single factor but also affected by the coupling of multiple 
factors. The correlation between the responses (Cmax, D, H) 
and process parameters is illustrated in Fig. 13. The powder 
mass concentration and powder spot diameter are primarily 
affected by the powder carrier gas flow rate and the powder 
feeding rate, while the value of H is mainly influenced by the 
shielding gas flow rate and the powder feeding rate. The 3D 
response surface is constructed to investigate the influence 
of coupling factors on the response as shown in Fig. 14. The 
maximum powder mass concentration initially increases and 
then decreases with the increase of the powder carrier gas 
flow rate when maintaining a constant powder feeding rate, 
as depicted in Fig. 14(a). Additionally, an increase in the 
powder feeding rate leads to a corresponding increase in the 
powder spot diameter when maintaining a constant powder 
carrier gas flow rate, as shown in Fig. 14(b). Moreover, for a 
low shielding gas flow rate, the value of H initially increases 
and then decreases with an increasing powder feeding rate; 

Fig. 12  Effect of powder feeding rate on response. a Cmax, b D, and c H 

Fig. 13  Correlation analysis between process parameters and 
responses

Fig. 14  3D response surface diagram. a Cmax, b D, and c H 
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however, for a relatively high shielding gas flow rate, there 
is a positive correlation between the location of the powder 
spot and an increased powder feeding rate as depicted in 
Fig. 14 (c). The coupling of multiple factors exerts a sub-
stantial influence on the flow behavior of powder and its 
convergence characteristics during the DMD process. There-
fore, it is imperative to adjust process parameters in accord-
ance with specific requirements to attain optimal deposition 
formation.

4.3  Prediction model establishment

In the current research, the ternary quadratic orthogonal 
regression equation is employed to accurately establish the 
functional relationship between the process parameters and 
responses. Its general form is illustrated in Eq. (25):

where {a}, {bj}, {bij}, and {bjj} are regression coefficients. 
The equations for the calculations of Cmax, D, and H are 
shown below:

(25)

ŷ = a +

m
∑

j=1

bjxj +
∑

k<j

bkjxkxj +

m
∑

j=1

bjjx
2
j
k = 1, 2, 3… ,m − 1

(26)

C
max

=0.545047 + 0.482748 × CG − 0.519713 × SG + 17.64068 × PF

+ 0.146639 × CG × SG − 1.16499 × CG × PF − 0.431471

× SG × PF − 0.056987 × CG
2 − 0.008309 × SG

2 + 1.79963 × PF
2

(27)

D =5.35243 − 0.448065 × CG + 0.074712

× SG + 0.049999 × PF − 0.012929

× CG × SG + 0.095895 × CG

× PF + 0.035224 × SG × PF + 0.015745

× CG
2 − 0.000080 × SG

2 − 0.272203 × PF
2

As depicted in Fig. 15, a closer alignment of the scatter 
plot with the solid line indicates a smaller discrepancy 
between the simulation and fitting results. The majority 
of the original data points either fall on the fitting line or 
are evenly distributed on both sides, demonstrating high 
prediction accuracy for the proposed prediction model.

The reliability of the prediction model is further vali-
dated by randomly selecting four groups of process param-
eters that differed from those in Table 6, as presented in 
Table 7. Simulation and fitting results obtained from Eqs. 
(26)–(28) are conducted separately (Fig. 16(a–c)); the 
discrepancies between the fitting and simulation results 
are found to be below 9% (Fig. 16(d)), which can be con-
sidered an acceptable outcome for this prediction model.

4.4  Process parameter optimization

The morphology of the deposition layer is primarily 
influenced by the powder mass concentration and pow-
der spot diameter. Increasing the maximum powder mass 
concentration appropriately and reducing the powder spot 

(28)

H =14.94127 + 0.043141 × CG + 0.060470

× SG − 0.083365 × PF − 0.004912 × CG

× SG − 0.037745 × CG × PF + 0.008321 × SG

× PF + 0.008375 × CG
2 − 0.000211

× SG
2 − 0.027127 × PF

2

Fig. 15  Comparison of fitting and simulation results: a Cmax, b D, and c H 

Table 7  Process parameters for prediction model validation

Group CG (L/min) SG (L/min) PF (r/min)

1 4 16 1.8
2 13 14 0.9
3 7 22 3
4 14 18 2
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diameter can effectively maximize the area of the deposi-
tion layer and enhance powder utilization efficiency. In 
light of the defocusing of the laser beam, precise control 
over the distance between the powder spot and the bottom 
of the nozzle is crucial for optimizing laser utilization. The 
current research conducts a comprehensive multi-objective 
optimization for maximum powder mass concentration, 
powder spot diameter, and the distance between the pow-
der spot and the bottom of the nozzle by fully considering 
the effects of powder carrier gas flow rate, shielding gas 
flow rate, as well as powder feeding rate. The optimization 
objectives and conditions are presented in Table 8. The 
target region obtained based on the optimized conditions is 
illustrated in Fig. 17, and the corresponding optimization 
result is displayed in Table 9.

The advantages of the optimization results are validated 
through the single-deposition track experiment, for which 12 
sets of process parameter combinations have been selected. 
The deposition layer can be divided into four sections based 
on its geometric characteristics, namely, the deposition layer 
itself, the molten pool, the heat-affected zones, and the sub-
strate, as depicted in Fig. 18, where w represents the width 
of the deposition layer, h is the height of deposition layer, 
and h' signifies the molten depth.

The macroscopic morphology of the deposition layer 
is a crucial indicator for evaluating the quality of deposi-
tion. It necessitates not only achieving a certain depth of 

the molten pool to ensure proper metallurgical bonding 
but also incorporating a specific processing allowance to 
facilitate subsequent processing. The partially molten sub-
strate diffuses into the melted powder, resulting in a dilu-
tion effect on the molten pool [30]. In the current research, 
the dilution rate 𝜂 is employed to quantify the substrate
diffusion outcome, which directly influences the metal-
lurgical bonding characteristics of the deposition layer. 
The bonding properties are enhanced with a lower dilution 
rate within a specific range and the dilution rate 𝜂 can be
mathematically expressed by Eq. (29).

(29)� =
h�

h + h�

Fig. 16  Results of prediction 
model validation. a Cmax, b D, c 
H, and d error

Table 8  Optimization objectives and constraints

Name Goal Lower limit Upper limit

CG (L/min) In range 8 14
SG (L/min) In range 0 24
PF (r/min) In range 0.5 3.5
Cmax (kg/m3) In range 15 25
D (mm) In range 2 3
H (mm) In range 15 16
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The comprehensive quality of the deposition layer is 
assessed based on the analysis of the aspect ratio Φ, as 
expressed in Eq. (30). Within a specific range, higher val-
ues of the aspect ratio indicate better forming quality. The 
benchmark for evaluating the forming quality is typically 
set at Φ > 2.

(30)� =
w

h

The comparison of single-deposition track morphologies 
under different process parameters is illustrated in Fig. 19. 
When the aspect ratio becomes very small, the compactness 
between the deposition layer and the substrate will be com-
promised, leading to easy detachment, as shown in Fig. 19(d, 
e, f, g, l). Conversely, a high aspect ratio will result in an 
elevated probability of collapse occurring between deposi-
tion layers [31], as depicted in Fig. 19(b, c, i, g). The utiliza-
tion of optimized process parameters, in comparison with 
alternative ones, can lead to a single deposition track with 
an appropriate aspect ratio for desired forming effects, as 
well as a notable dilution rate that ensures favorable bonding 
properties, as illustrated in Fig. 19 (a). Within the range of 
optimized process parameters, the single-deposition track 
demonstrates superior deposition quality. Therefore, the 
application of these optimized process parameters can yield 
significant advantages during the DMD process.

5  Conclusion

In the current research, a novel gas-powder coupling model 
that incorporates collisions between particles and between 
particle and inner wall of the nozzle was proposed to inves-
tigate powder flow behavior in laser direct metal deposition 
with coaxial nozzles. The influences of process parameters 
and their coupling effect on gas-powder flow behavior, the 
prediction model for powder convergence characteristics, 
and the determination of the optimal combination of process 
parameters were investigated. The findings were summa-
rized as follows:

(1) With the increase in powder carrier gas flow rate, both 
the maximum powder mass concentration and powder 
spot diameter decreased, while the distance between 
the powder spot and the bottom of the nozzle increased. 
Conversely, with the increase in the powder feeding 
rate, both the maximum powder mass concentration 
and powder spot diameter increased, while the distance 
between the powder spot and the bottom of the nozzle 
decreased.

(2) The maximum powder mass concentration and powder 
spot diameter varied a little with shielding gas flow 
rates. However, the distance between the powder spot 
and the bottom of the nozzle exhibited a noticeable 
increase with the increase of shielding gas flow rate.

(3) The distribution of powder mass concentration and 
powder spot diameter was primarily influenced by the 
powder carrier gas flow rate and the powder feeding 
rate. Meanwhile, the distance between the powder spot 
and the bottom of the nozzle was mainly affected by the 
shielding gas flow rate and the powder feeding rate.

Fig. 17  Optimize target and regional distribution

Table 9  Optimization result

CG (L/
min)

SG (L/
min)

PF (r/min) Cmax (kg/
m3)

D (mm) H (mm)

11 18 1.3 15.16 15.99 2.87

Fig. 18  Geometrical characteristics of deposition layer cross-section
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(4) The optimized process parameters for the powder car-
rier gas flow rate, shielding gas flow rate, and powder 
feeding rate were 11 L/min, 18 L/min, and 1.3 r/min, 
respectively. A superior deposition quality of a single 
track was fabricated with the optimized process param-
eters.
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