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Abstract

:

A 3D model was established to accurately simulate the internal and external powder stream characteristics of the coaxial discrete three-beam nozzle for laser metal deposition. A k-ε turbulence model was applied in the gas flow phase, and powder flow was coupled to the gas flow by a Euler-Lagrange approach as a discrete phase model. The simulated powder stream morphology was in good agreement with the experimental results of CCD and high-speed camera imaging. The simulation results showed that the length, diameter and shrinkage angle of the powder passage in the nozzle have different effects on the velocity and convergence characteristics of the powder stream. The influence of different particle size distribution and the inner laser shielding gas on the powder stream were also discussed in this study. By analyzing the powder stream caused by different incident directions of powder passage, and the collision process between powder and the inner wall, the basic principle of controlling powder stream convergence was obtained.
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1. Introduction


Laser metal deposition (LMD), as an important industrial additive manufacturing technology, has been more widely used to fabricate large scale and complex shape parts. At present, the majority of the implementations of LMD technology are based around laser cladding with coaxial powder feeding. Since LMD mainly involves the interaction between laser and powder, it is of great significance to study the powder injection process in order to improve manufacturing quality and the utilization ratio of materials.



The flow and convergence characteristics of powder stream inside, and after, injecting from a coaxial nozzle have always been a focus issue. There is no recognized effective means to test and monitor the flow of powder, especially the flow inside the nozzle. Most studies adopt the combination of numerical simulation and experimental verification, which is also beneficial to save the cost of experimentation.



Referring to and expanding the review paper by Tamanna et al. (2019) [1], Table 1 lists the research on coaxial nozzle powder stream related to laser cladding, LMD technology and the models adopted.
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Table 1. The chronological development of models on powder stream simulation for coaxial nozzle.
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Ref.

	
Model Type

	
Software

	
Gas Flow

	
Powder Stream






	
Lin (2000) [2]

	
2D

	
Fluent

	
k-ε model

	
Discrete Phase Model (DPM)




	
Pinkerton and Li (2004) [3]

	
mathematical model




	
Pan et al. (2005) [4]

	
2D

	
Not mentioned

	
No gas

	
Stochastic model




	
Pan et al. (2006) [5]

	
2D

	
Fluent

	
k-ε model

	
DPM




	
Zekovic et al. (2007) [6]

	
3D

	
Fluent

	
k-ε model

	
DPM




	
Wen et al. (2009) [7]

	
2D

	
Fluent

	
k-ε model

	
DPM




	
Tabernero et al. (2010) [8]

	
3D

	
Fluent

	
k-ε model

	
DPM




	
Zhu et al. (2011) [9]

	
2D

	
Fluent

	
k-ε model

	
DPM




	
Smurov et al. (2012) [10]

	
2D

	
Not mentioned




	
Kovaleva et al. (2013) [11]

	
2D

	
Not mentioned

	
self-created




	
Nie et al. (2014) [12]

	
2D

	
Fluent

	
k-ε model

	
DPM




	
Arrizubiteta et al. (2014) [13]

	
3D

	
Fluent

	
k-ε model

	
DPM




	
Liu et al. (2016) [14]

	
3D

	
Fluent

	
k-ε model

	
DPM




	
Zhang el al. (2016) [15]

	
3D

	
Fluent

	
k-ε model

	
DPM




	
Koruba et al. (2018) [16]

	
2D

	
Fluent

	
k-ε model

	
DPM




	
Ju et al. (2019) [17]

	
3D

	
Fluent

	
Eulerian two-fluid models

	
DPM




	
Guo et al. (2020) [18]

	
3D

	
Fluent

	
k-ε model

	
DPM









Lin (2000) [2] used a 2D axially symmetrical model of the two-phase turbulent gas-powder flow to investigate the influence of the nozzle arrangement and gas flow settings on the powder concentration in the stream. Since then, most researchers have adopted this model to study the influence of different structures and types of nozzles and different process parameters on powder stream. Pan et al. (2005) [4] mainly studied the collision process of non-spherical powder in a coaxial nozzle. Powder stream models with different nozzle outlet structures were established and simulated, and the conclusion was that the width and the outer diameter of the powder outlet passage largely determined the powder stream structure. The simulation and experimental verification of a coaxial continuous nozzle with a complex cavity were carried out by Tabernero et al. (2010) [8]. The powder stream concentration distribution at different heights below the nozzle were analyzed. Liu et al. (2016) [14] focused on the characteristics of the powder stream from a coaxial continuous nozzle under inclined state and its influence on the manufacturing process. This previous research is useful for the better understanding of the powder stream phenomena from the coaxial nozzle.



According to the studies in Table 1, the effects of process parameters on the convergence of powder flow have been relatively well discussed. However, the research method affects the powder divergence of the nozzle, finding problems that may be ignored or not paid attention to in the previous research, and use this to guide the structure design and process optimization methods of the high concentration nozzle. The influence of nozzle structure on powder flow and the quantitative characterization of powder flow have not been studied. In addition, there are no relevant studies to explain the mechanism and control mode of powder stream divergence.



In order to design and optimize coaxial nozzles for different applications and the corresponding powder feeding process, a computational fluid dynamics (CFD) model of coaxial discrete nozzles was established and verified by CCD and high-speed camera imaging. In this research, the influence of the coaxial discrete nozzle structure and powder feeding parameters on the powder focus spot diameter and convergence characteristics were studied. Based on the numerical analysis of the movement process of a single particle inside and outside the passage, the basic principle of controlling powder stream divergence is proposed.




2. Research Method


In this study, ANSYS Fluent 15.0 software (ANSYS Inc, Canonsburg, PA, USA) was used to simulate the powder stream characteristics. The continuous phase k-ε turbulence model was adopted for the gas flow, and the powder stream was coupled as a discrete phase in Euler–Lagrange model, which has been proved to be an effective method in previous similar studies.



The trajectory of a discrete phase particle was predicted by integrating the force balance on the particle, which is written in a Lagrangian reference frame. The force balance can be written as,


    d   u →  p    dt   =  F D   (   u →  −   u →  p   )  +    g →   (   ρ p  − ρ  )     ρ p    +  F →   



(1)







In this equation,     F →    is an additional acceleration (force/unit particle mass) term, which is the reaction force of powder under the carrier gas, and its value is very small in the calculation process. Refer to Tabernero, et al. (2010) and Koruba, et al. (2018), where the term   F →   is used.    F D   (   u →  −   u →  p   )    is the drag force per unit particle mass and    F D    term can be calculated using Equation (2).


   F D  =   18 μ    ρ p   d p 2       C D  R e   24    



(2)




where   u →   is the fluid phase velocity,     u →  p    is the particle velocity,  μ  is the molecular viscosity of the fluid,  ρ  is the fluid density,    ρ p    is the density of the particle, and    d p    is the particle diameter.



Re is the relative Reynolds number, which is defined as,


  R e ≡   ρ  d p   |   u →  −   u →  p   |   μ   



(3)







   C D    is the drag coefficient calculated using Equation (4) [19], which is defined as,


   C D  = 0.46 −   490.546   R e   +   578700   R  e 2     



(4)







A realistic coaxial discrete three beam nozzle was used as the research object. After modeling the nozzle, the powder passage, a part of the inner laser shielding gas passage, inside nozzle, and a reasonable range of powder flow area outside the nozzle were taken as the calculation domain. The boundary conditions of the calculation domain were set according to a realistic situation. The modeling process is shown in Figure 1. The boundary condition was set as follows: the inlet type is the velocity inlet, the outlet type is the pressure outlet, and the remaining parameters concern the wall, with an elasticity coefficient of 0.99. A set of standard parameters were set, shown in Table 2.



The diameter of the powder spot was calculated by taking 14% of the peak concentration of the powder spot as the boundary. The calculation process of powder stream focus spot diameter under standard parameters is shown in Figure 2 as an example. This definition is used to ensure quantifiable contrast of simulation results.



With a CCD camera, the powder stream convergence characteristics under given nozzle and gas settings were monitored. Figure 3 presents the trajectory of Ti6Al4V powder streams during the flying procedure out of the nozzle tip produced by CFD modeling and CCD photography (50 frames per second) respectively. By utilizing the same definition method, the diameter of the photographed powder spot under different parameters were measured and compared with the simulation results. It was found that the calculated trajectories are in good agreement with the experimental observations, and they provide a good insight into the process phenomena.



In order to obtain the velocity of the particle, the powder stream was photographed with a high-speed camera of 10,000 frames per second. As shown in Figure 4, t1 to t5 are five images of the powder stream with a framerate of 10−4 s. Through binarization and colors of the five photos, they are combined into one image. By measuring the distance between the positions of the particles at different times in the composite image, the velocity of the particles can be measured. In this method, the measured particle velocities under different parameters are compared with the simulated results in Figure 5. It also shows that the simulation results are in good agreement with the experimental results. Furthermore, since the image can only obtain two-dimensional information, the comparison of velocity is only conducted by two-dimensional vectors, which is less than the maximum particle velocity of the numerical simulation results.




3. Result and Discussion


3.1. Collision between Powders and Passage Inner Wall


In Pan et al. (2006) and Zekovic et al. (2007) studies, the powder stream inlet direction was set parallel to the passage, for which the powder focus obtained has good convergence and uniformity. Nevertheless, analysis of the powder focus size is rarely involved in these studies because changes in powder or gas parameters would not have any effect on the convergence characteristics of the powder stream.



In the realistic process, the collision between powder and passage wall is inevitable, and this collision is the reason that powder flow diverges at the nozzle outlet and finally forms different powder spot sizes.



As shown in Figure 6a, when the powder is incident parallel to the passage, the powder is only dragged by the gas flow moving along the passage, resulting in the same diameter of the powder flow at the nozzle outlet as at the incident diameter. An ideal Gaussian distribution can be formed at the focal point of the powder stream. The diameter of the spot can even be calculated by simple geometric formula, but this result is obviously not convincing.



The realistic process is that the powder enters at random angles and velocity, causing multiple reflections of the powder against the wall of the passage, and moving forward to the nozzle outlet driven by the gas flow. After the last collision, it will shoot out at a specific angle in the passage direction. Furthermore, a powder spot with divergence and randomness appears at the focus plane.



Figure 6b is a simplified process of random incidence of powder stream. It is assumed that all powders enter the passage in the vertical direction. It can be found that the powder stream diverges at the nozzle outlet, and a random powder spot with Gaussian distribution pattern is formed.




3.2. The Influence of Nozzle Structure Parameters


3.2.1. Passage Length


Through the simulation of nozzle structure from 15 mm to 100 mm in passage length, it is found that the diameter of the powder focus spot can be reduced from 5.1 mm to 2.6 mm, accompanied by a more uniform powder concentration distribution. Nevertheless, this process presents a logarithmic curve change, that is to say that, excessively increasing the passage length will not lead to a more obvious decrease in the size of powder spots, but the size of powder spots will approach a certain limit value, as shown in the curve in Figure 7.




3.2.2. Passage Diameter


Changing the diameter of the passage is an effective way to reduce the size of the powder spot. As Shown in Figure 8, by simulating the three passage diameters of 2.0 mm, 1.5 mm and 1.0 mm, it can be found that the diameter of the powder spot decreases from 5.9 mm to 2.4 mm with other parameters constant. Meanwhile, the maximum velocity of powder also increased from 6.75 m/s to 16.4 m/s, and the corresponding powder carrier gas flow rate was 8 L/min.



In the case of constant gas flow, a reduction in the diameter of the passage results in an increase in the velocity of the inlet gas. Due to the square ratio of diameter to area, the gas flow inlet velocity with a diameter of 1.0 mm is 4 times that of the inlet with a diameter of 2.0 mm, which will have a huge impact on the flow state of the powder. Compared with increasing the passage length, decreasing the passage diameter has a more significant effect on improving the powder convergence. However, reducing the diameter in the actual process will increase the risk of powder blocking in the passage, which cannot be considered and showed in the numerical simulation result. Meanwhile, it is more difficult to fabricate the small passage, so it is necessary to find a balance between diameter and length.




3.2.3. Passage Shrinkage


In Arrizubiteta et al. (2014), the passage of coaxial nozzles contains a shrinkage structure to improve the convergence of powder stream, but there is a lack of discussion on the rationality of such structure design. It can be seen from the results of Figure 9 that the shrinking structure does not have a beneficial effect on the powder stream. The maximum velocity of the powder decreased from 12.9 m/s without shrinkage to 5.8 m/s at 2° contraction, and the diameter of the powder spot increased from 3.5 mm to 3.9 mm. Under the condition of the same outlet diameter, the increase of inlet diameter (with taper) will lead to the increase of powder convergence spots.





3.3. The Influence of Process Parameters


3.3.1. Particle Size Distribution


In reality, the particle size of the powder must exist within a range. The distribution of particle size can be represented by the Rosin-Rammler model, which has been widely used in similar research. According to the analysis of 65–85 μm and 25–125 μm powder streams, which are both normally distributed and have a median of 75 μm. As can be seen from Figure 10, the focused spot of powder stream is smaller with uniform particle size. In addition, when the particle size distribution range is large, the powder with smaller particle sizes are concentrated in the center of the spot, unlike that of larger particles. The reasoning is that the powder with a smaller particle size has a larger specific surface area and is more strongly dragged by the gas, so it is more likely to be confined in the central area of the gas flow.



This phenomenon can be used for reference by the two-phase mixed powder stream. Because the diameter of powder spots is usually larger than the width of the molten pool, the uneven distribution of powder spots will affect the proportion of powder falling into the molten pool. On the other hand, powder with a small particle size can absorb laser energy more easily due to its larger specific surface area, which will affect the regulation of LMD process parameters.




3.3.2. Inner Laser Shielding Gas


The inner ring laser shielding gas is a non-negligible parameter. In the previous study, for coaxial continuous laser cladding nozzles, the increase of inner ring laser shielding gas will directly affect the convergence height of powder flow. However, for coaxial discrete nozzles, it can be seen from the results in Figure 11 that shielding gas of different rates will flow out through the gap of the powder stream passages, and the impact on the converging position of the powder flow will be greatly reduced from the results in Figure 12.



In the simulation results, the diameter and height of the powder spots were almost unchanged. Therefore, for coaxial discrete nozzles this parameter can be adjusted within a wide range.





3.4. The Principle of Powder Spot Size Control


Efficient LMD process requires the deposition width of more than 5 mm, but for the precision blade manufacturing or repair it should be less than 2 mm. Thus, the size of the powder spot should be well matched with the size of laser spot and molten pool for different deposition widths, so as to ensure the quality of deposition and the utilization rate of materials, as shown in Figure 13. In this section, the divergence mechanism is studied based on the demand for the control of powder spot size.



The powder stream is composed of a large number of particles. In order to control the divergence of the powder flow and the size of the powder spots, the means to reduce the divergence of each particle should be the focus of research.



In the process of the particle passing through the passage, the initial velocity of the particle is defined as     u →  p   , and the velocity at the time of injection is     u →  p ′   . Taking the direction parallel to the passage as the Y-axis and the to the passage as the X-axis, these two velocities can be divided into    u  p x    ,    u  p y    ,    u  p x  ′    and    u  p y  ′    respectively, as shown in Figure 13. The divergence angle of the powder is determined by the vector     u →  p ′    as it is ejected. In order to reduce the divergence angle, the fundamental rule is to increase    u  p y  ′    and decrease    u  p x  ′   .



The process from    u  p y     to    u  p y  ′   , is mainly affected by the drag force of gas flow in the passage. Equation (5) is obtained from Equations (1) and (2).


    d   u →  p    dt   =   3 μ    ρ p   d p 2       C D  R e  4   (   u →  −   u →  p   )  +    g →   (   ρ p  − ρ  )     ρ p    +  F →   



(5)




where the gas velocity   u →   can be seen as proportional to the area of the passage,


   u →  ∝ π    d 2   4   



(6)




where d is the diameter of the passage as shown in Figure 14.



It can be seen from Equations (5) and (6) that particle size dp and passage diameter d have a quadratic effect on     d   u →  p    dt    , and the density of powder    ρ p    has a proportional effect on it. This indicates that smaller powder spot diameters can be obtained by selecting a powder with a smaller particle size and density and the nozzle with finer diameter passages.



Since the particle’s motion in the passage is continuously accelerated by the gas flow, and it is easy to understand, the maximum value of the particle’s velocity is the gas velocity. Therefore, longer passage can make the    u  p y  ′    larger, thus making the powder spots smaller. However, due to the limitation of the maximum velocity of the particles, the speed of the powder spot decreases gradually down to a minimum value with the increase of passage length, which has been proved in the previous section.



In the process from    u  p x     to    u  p x  ′   , generally the inelastic collision between powder and the inner wall of the passage will have an impact on it, which has been analyzed in some studies [4], and better powder convergence can be obtained by reducing the elastic recovery coefficient. However, due to the near wall effect of the channel, the gas velocity near the wall is slower. In the inelastic collision process, particles will stay near the wall for a longer time, resulting in smaller    u  p y     increment. Therefore, even if the material with a small recovery coefficient is selected, the size of the powder spot will not be significantly improved in practice. This process cannot be considered in numerical simulation, and the results are often contrary to the experimental result. On the other hand, it can reduce    u  p x     and increase    u  p y     at the time of incident through various ways, so that a powder flow with good convergence characteristics can also be obtained.



In a realistic process, the above-mentioned parameters are usually divided into material parameters, nozzle structure parameters, and powder and processing parameters. A reasonable parametric design process should include the following steps:



(1) specify manufacturing requirements and select suitable materials;



(2) choose a nozzle with proper structure according to the required deposition width;



(3) choose appropriate particle size interval according to the required deposition width, and adjust powder carrier gas and shielding gas to reach the designed powder flow size.



After the above parameters are selected, a good LMD process can begin normally.





4. Conclusions


The 3D numerical model was developed to predict the powder stream structure in different parameters with a main purpose of evaluating the convergence and concentration distribution for the coaxial laser metal deposition nozzle. Based on high-speed imaging and CCD technology, the powder stream flying procedure was captured to verify the calculated results. Some findings are summarized as follows:



(1) The collision of the powder with the inner wall of the passage is the reason for the powder stream divergence at the nozzle outlet.



(2) By increasing the length and decreasing the diameter of the passage, smaller powder spots can be obtained. Shrinkage structure of the passage does not contribute to increased concentration of powder streams.



(3) The gas flow has a stronger drag force on particles of small size, so when the particle size distribution is wide, the small particles will be obviously concentrated in the center of the focal powder spot, and the periphery is distributed with large powder.




5. Outlook


In future research, the interaction between powder, laser and molten pool will be explored, so as to theoretically study the influence of powder stream on the molten pool and the laser cladding process. Some research has been carried out, but it has not yet been systematically analyzed, and so the relevant results were not outlined in this article.
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Figure 1. The establishment of computational domain and its boundary conditions. 
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Figure 2. The definition of powder spot diameter. 
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Figure 3. Comparison of simulation and experimental results of the powder spot diameter. 
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Figure 4. Measurement of particle velocity by high-speed camera (10,000 frames per second). 
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Figure 5. Comparison of simulation and experimental results of the particle velocity. 
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Figure 6. Schematic of powder incident direction and concentration distribution of powder stream for coaxial discrete nozzle. (a) The powder is parallel to the passage; (b) the powder is tilt to the passage. 
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Figure 7. Influence of passage length on powder focal spot diameter. 
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Figure 8. The influence of different passage diameters on powder focus spot size. (a) 2.0 mm; (b) 1.5 mm; (c) 1.0 mm. 
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Figure 9. Powder focus spot diameters with and without passage shrinkage. (a) no shrinkage; (b) 2° shrinkage. 
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Figure 10. Particle sizes distribution in powder stream for coaxial-discrete nozzle. (a) 65–85 μm; (b) 25–125 μm. 
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Figure 11. Influence of inner shielding gas on carrier gas. (a) 20 L/min; (b) 10 L/min; (c) 0 L/min. 
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Figure 12. Influence of inner shielding gas on powder stream. (a) 20 L/min; (b) 10 L/min; (c) 0 L/min. 






Figure 12. Influence of inner shielding gas on powder stream. (a) 20 L/min; (b) 10 L/min; (c) 0 L/min.



[image: Crystals 11 00282 g012]







[image: Crystals 11 00282 g013 550] 





Figure 13. Schematic of the interaction of powder with laser and molten pool in LMD process. 
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Figure 14. Schematic of particle movement in the passage. 
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Table 2. The standard parameters.
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	Powder Material
	Ti6Al4V



	Powder Size
	75 μm, Spherical



	Powder Flow Rate
	5 g/min



	Particle Carrier Gas Flow Rate
	8 L/min



	Inner Shielding Gas Flow Rate
	10 L/min
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