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Abstract

:

Centrifugal spray deposition forming technology, which is used in the preparation process of near-net-forming billets, not only reduces the macroscopic segregation and refines the microstructures of billets but also has the characteristics of a rapid solidification structure. The trajectory, velocity, heat transfer and solidification of metal droplets granulated by the centrifugal force during flight will affect the shape, precision and microstructure of the billet. Therefore, it is necessary to study the dynamics and thermal history of droplets in flight. In this study, a single droplet is taken as the object. Considering the resistance of ambient gas, Newton’s second law, classical nucleation theory, Newton’s cooling law and the energy conservation equation were used to establish a dynamic model and heat transfer solidification model of liquid metal droplets during flight. The influence of the centrifugal disc speed on the diameter of granulated droplets was analyzed. The variation law of droplet flight trajectory and velocity was explored. The supercooling degree in metal droplet nucleation was quantified, and the influence of droplet diameter, superheat and other factors on heat transfer and solidification was revealed. The results show that the numerical calculation results are basically consistent with the previous research results. The trajectory of the droplet is parabolic during flight. The initial velocity of the droplet, the environmental gas resistance and the convective heat transfer coefficient are positively correlated with the rotating speed of the centrifugal disc; however, the droplet diameter is negatively correlated with the rotating speed of the centrifugal disc. The super cooling degree at the time of droplet nucleation and the flight time required for solidification are negatively correlated with the droplet diameter. Among them, the droplet diameter has a linear relationship with the solidification start time and a quadratic curve relationship with the solidification end time. The effect of superheat on the heat transfer and solidification of droplets is not obvious. The conclusions obtained can provide a theoretical basis for the determination of the preparation process parameters.
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1. Introduction


Centrifugal spray deposition technology uses the centrifugal force provided by a mechanical device to granulate liquid metal. The high-temperature droplets after granulation hit the moving substrate at high speed. The original kinetic energy and enthalpy of the droplets are used to tightly bond these droplets together. Due to the cooling effect of the substrate, a dense metal billet with rapid solidification structure characteristics is formed. Compared with traditional casting and powder metallurgy processes, this technology reduces the macrosegregation [1,2], eliminates multiple processing steps that are necessary for powder metallurgy processing [3,4,5], refines the microstructure [6,7,8], expands the solid solubility [9,10,11,12] and has the advantage of near-net forming manufacturing [13,14]; therefore, it has attracted the attention of many scholars at home and abroad.



At present, most of the research on atomization deposition has mainly focused on the field of thermal spraying [15,16,17,18]. In [19], aluminum nitride–diamond composites were successfully prepared using plasma chemical vapor deposition technology. Different elastic modulus and hardness values were obtained by adjusting the deposition parameters, which proves that the material properties can be adjusted by changing the deposition parameters. In [20], the dynamic characteristics of an arc in a DC plasma torch were studied by using a three-dimensional transient equilibrium model. The variation in the dynamic parameters of the arc with time during deposition was proved, which provides a basis for the adjustment and determination of the process parameters. According to [21], the performance of plasma-sprayed coatings is closely related to the splashing and layered splashing of molten particles. The influence of viscosity and kinetic energy on particle flattening was analyzed and discussed. It was proved that the thickness of the flow boundary layer between flat droplets and the substrate has an important influence on droplet splashing, which lays a foundation for the subsequent control of droplet deposition. Ref. [22] used Fluent software to calculate the established model and obtained the energy required for the initial heating of the particles to their vaporization temperature under plasma conditions. This information, together with the energy lost due to the radiation from the particle surface during the evaporation process, provides a basis for quantifying the energy required for deposition. Ref. [23] used particle image velocimetry to study the direction and velocity of a plasma jet. The average impact velocity and impact angle of particles on the surface were determined by measuring the image velocity and segmentation size, and the motion parameters before deposition were quantified. In [24], the superhydrophobic ceramic coating was prepared by a vacuum plasma spray process for the solution precursor. The behavior and characteristics of droplets were analyzed and discussed using a theoretical formula during the deposition process. The relationship between the droplet diameter and deposition splash was established with the Stokes number, which provided a theoretical basis for determining the particle diameter. Based on the computational fluid dynamics and the numerical simulation of the direct-simulation Monte Carlo model, a two-step thermal plasma-assisted physical vapor deposition process was simulated in [25]. The effects of the process geometry and operating conditions on the airflow field and powder vaporization efficiency were predicted. The study provides a basis for the determination of deposition process parameters and the quantification of geometry size. In [26], the dynamics and thermal history of gas-detonation-sprayed Fe-40Al intermetallic powder particles were evaluated using Ansys Fluent CFD software and a self-developed algorithm, Ansys is a large general purpose finite element analysis (FEA) software developed by ANSYS, USA. Fluent is integrated in Ansys. The relationship between the dynamic parameters of the particles and time was obtained. The results obtained provide a theoretical explanation for the microstructure of the sedimentary layer.



Through the above studies, it can be seen that the experimental research is mainly focused on the microstructure of the deposited layer via SEM, XRD, etc. The theoretical research based on the previously described models mainly reflects the movement and heat transfer of the droplets. This is because the micron-sized and high-temperature droplets that occur in the spraying process are not convenient for experimental research. Since the spraying parameters are generally not changed during the deposition process, the temperature and velocity of the droplets before they have any impact on the substrate will not only affect the deposition efficiency but also the microstructure. It is very important to study the dynamics and heat transfer of droplets during flight during the forming process.



This paper will use Newton’s second law, classical nucleation theory, Newton’s cooling law and the energy conservation equation to establish relevant mathematical models. The flight trajectory, velocity, supercooling degree, heat transfer and solidification of the droplets after granulation are numerically simulated by the model, which provides a theoretical basis for the development and research of the subsequent related experiments.




2. Model Establishment


2.1. Introduction of Physical Model


Figure 1 is a schematic diagram of centrifugal spray deposition forming for blank preparation. The basic process of forming is where the molten metal flows out from the crucible through the conduct pipe to the center of the high-speed, rotating, centrifugal disc. Under the action of inertial force and centrifugal force, the liquid metal spreads along the radial direction of the centrifugal disc and forms a liquid film on the centrifugal disc. When the surface tension of the liquid film is not enough to balance the centrifugal force required for its rotation, it will be released from the bondage caused by the surface tension and be transformed into droplets. The droplets exchange heat with the ambient gas during the flight and hit the substrate with a reciprocating motion at high speed. Then, the deposition layers are formed and, finally, a blank of a certain size is prepared. Since the centrifugal granulation of liquid metal is a complex process, it involves the granulation of liquid metal on the edge and the outside of the centrifugal disc, and the heat transfer and solidification of droplets on the outside of the centrifugal disc.



To simplify the calculations, the physical model makes the following assumptions:




	(1)

	
Due to the small diameter of the droplet, the droplet is regarded as a uniform sphere under surface tension.




	(2)

	
Due to the short flight time, as a rough estimate, the specific heat of the droplet at room temperature is taken as the research parameter.




	(3)

	
The relationship between the Weber number and droplet fragmentation is not considered. Droplets are granulated at the edge of the centrifugal disc.




	(4)

	
The velocity of the ambient gas is zero.




	(5)

	
The droplets do not collide with each other in flight.










2.2. Kinetic Model


In [27], when calculating the liquid film breakup and droplet formation models, it is assumed that the initial velocity is the same, and the model prediction results are in good agreement with the experimental results. Therefore, it is assumed that the droplets have the same initial velocity after granulation at the edge of the centrifugal disc; the speed diagram is shown in Figure 2. At this time, the initial velocity of the droplets is as follows:


   u 0  =    u t 2  +  u r 2     



(1)






    u →  t  = k ω D  



(2)






   u r  =      ρ m   k 2   ω 2   Q 2    6 π D  μ m     3   



(3)




where     u →  t    is the tangential velocity of the droplet at the edge of the centrifugal disc;    u r    is the average radial velocity of the droplet at the edge of the centrifugal disc;  ω  is the rotational speed of the centrifugal disc;  k  is a constant equal to 0.1047198;  D  is the diameter of the centrifugal disc;    ρ m    is the metal density;  Q  is the flow rate of the liquid metal; and    μ m    is the viscosity of the liquid metal.



Liquid metal granulation can form droplets of different diameters; thus,    d m    is the median mass diameter, which we used to characterize the dimensional characteristics of droplets.



By studying the relationship between the diameter of the atomized droplet and the rotational speed of the centrifugal disc, the diameter of the centrifugal disc and the volume flow rate of the liquid, it was found that the rotational speed of the centrifugal disc had the greatest influence on the droplet diameter, followed by the diameter of the centrifugal disc and, finally, the volume flow rate. The diameter of the droplet can be calculated using the following formula [28]:


   d m  = 4.27 ×   10  6   1    ( k ω )   0.95     (    γ m     ρ m     )  0.42      Q  0.12      D  0.61      



(4)




where    d m    is the median mass diameter, the constant k is 0.1047918 and    γ m    is the surface tension of the metal.



Metal droplets are mainly affected by three forces during flight: gravity, buoyancy and flight resistance. A schematic diagram of the force analysis is shown in Figure 3.



According to Newton’s second law, the kinetic equation for the motion of metal droplets is


    F →  G  +   F →  D  +   F →  L  = m   d   u →  m    d t    



(5)






   m =   π 6   d m 3   ρ m   



(6)






    F →  G  =  1 6  π  ρ m   g →   d m 3   



(7)






    F →  D  =  1 8  π  C d   ρ g   d m 2   |   u m  −  u g   |  ⋅  (   u m  −  u g   )   



(8)






    F →  L  =  1 6  π  ρ g   g →   d m 3   



(9)







   C d    is the resistance coefficient [29,30], which can be obtained by the following formula:


   C d  = 0.28 +   21   Re   +  6    Re      



(10)






  Re =    ρ g   d m   |   u m  −  u g   |     μ g     



(11)




where  m  is the mass of the droplet;    ρ g    is the gas density;    u m    is the velocity of the metal droplet;    u g    is the velocity of the ambient gas;    C d    is the drag coefficient;   Re   is the Reynolds number;    μ g    is the viscosity of the gas;     F →  G    is the gravity of the droplet, where the force direction in the vertical direction is positive;     F →  D    is the droplet flight resistance, which is positive like the velocity direction;     F →  L    is the buoyancy of the droplet, where the force direction in the vertical direction is positive;  α  is the angle between the velocity and horizontal direction; and  t  is the droplet flight time.



Since  α  is relatively small, it is approximately zero; so,    F G  ≫  F  D y    . Ignoring the role of    F  D y    , the acceleration of the metal droplet can be obtained from Equations (5)–(11).


    d   u →  m    d t   = ( − 1 +    ρ g     ρ m    )  g →  −   3  C d   ρ g    4  d m   ρ m     |   u m  −  u g   |  ⋅  (   u m  −  u g   )   



(12)







As    ρ m  ≫  ρ g    and, thus,    F G  ≫  F L   , by ignoring the effect of buoyancy    F L   , the droplet acceleration can be simplified as


    d   u →  m    d t   = −   g →   −   3  C d   ρ g    4  d m   ρ m     |   u m  −  u g   |  ⋅  (   u m  −  u g   )   



(13)







Formula (13) is a vector differential equation that can be obtained by projecting it in the x and y directions.


    d  u  m x     d t   = −  g x  −   3  C d   ρ g    4  d m   ρ m     |   u m  −  u g   |  ⋅  (   u  m x   −  u  g x    )   



(14)






    d  u  m y     d t   = −  g y  −   3  C d   ρ g    4  d m   ρ m     |   u m  −  u g   |  ⋅  (   u  m y   −  u  g y    )   



(15)






   |   u m  −  u g   |  =      (   u  m x   −  u  g x    )   2  +    (   u  m y   −  u  g y    )   2     



(16)




where    u  m x     is the velocity projection of the droplet in the x direction,    u  m y     is the velocity projection of the droplet in the y direction,    u  g x     is the velocity projection of ambient gas in the x direction and    u  g y     is the velocity projection of the ambient gas in the y direction.




2.3. Heat Transfer Solidification Model


The metal droplets fly at a higher speed relative to the surrounding gas; thus, the droplets transfer heat to the surrounding gas and the mold wall via convective heat transfer and radiative heat transfer. Due to the droplet having a Bi < 0.1, and ignoring the temperature gradient along the diameter direction inside the metal droplet, the heat transfer process of the droplet satisfies the Newton cooling law. The convective heat transfer coefficient can be expressed as follows [31,32]:


  h =    K g     d m    ( 2 + 0.6   Re   0.5     Pr   0.33   )  



(17)






  Pr =    c g   μ g     K g     



(18)




where  h  is the convective heat transfer coefficient between the droplet and ambient gas,    K g    is the thermal conductivity of the gas,   Pr   is the Prandtl number of the gas and    c g    is the specific heat capacity of the gas.



The heat loss of the droplet during flight is compensated for by the enthalpy of the droplet. The change rate of the enthalpy of the metal droplet can be expressed by the relationship between the temperature of the metal droplet and the solid fraction during solidification. According to the conservation of energy, we can obtain the following formula:


   ρ m   c m    d T   d t   =  ρ m  L   d  f s    d t   −   6 h ( T −  T g  )    d m    −   6 σ ε (  T 4  −  T g    4  )    d m     



(19)




where    c m    is the specific heat capacity of the metal;   △ T   is the variation of metal droplets during flight;  T  is the temperature of the metal droplet;    T g    is the gas temperature, which is the same as the ambient temperature;  σ  is the Stefan–Boltzmann constant;  ε  is the emissivity of the metal droplets;  L  is the latent heat of the melting metal;    f s    is the solid fraction in the droplet; and  t  is the flight time.



The velocity of the droplet, the temperature difference between the droplet surface and the surrounding environment, and the emissivity of the surface and the wall surface are considered. It was found that radiation heat transfer plays a small role even under a large temperature difference; so, it was ignored. Therefore, during the flight of the metal droplets, the convective heat transfer on the surface of the droplets plays a leading role. The relationship between droplet temperature and time can be simplified with the following equation:


    d T   d t   =  L   c m      d  f s    d t   −   6 h ( T −  T g  )    d m   c m   ρ m     



(20)







Most researchers believe that in order to accurately predict the temperature distribution of droplets, the supercooling and nucleation of droplets should be considered, and that the nucleation mode of droplets is mainly heterogeneous nucleation. From the classical nucleation theory, the nucleation rate can be found with Formula (21) [33].


  I ( T ) =   10   40   exp ( −   16 π  T L 2   γ     S L    3  f ( θ )   3  k B  T  ρ m 2   L 2    (  T L  − T )  2    )  



(21)






  f ( θ ) =  1 4  ( 2 − 3 cos   θ +   cos  3    θ )  



(22)




where    k B    is the Boltzmann constant,    γ  S L     is the solid–liquid interface energy,    T L    is the liquids temperature of the metal and  θ  is the wetting angle.



According to the study of EON-SIK [30,33], the contact angle factor can be expressed as


  f ( θ ) = − 5.025 ×   10   − 3   + 1.005 ×   10   − 6   ⋅  d m  − 1    



(23)







It is assumed that in a droplet with a volume of    V d   , the formation of a nucleus represents the beginning of the nucleation process, which can be expressed by the following formula:


   V d     ∫   T N     T L       I ( T )    T ·    d T = 1     



(24)




where    T ·    is the droplet cooling rate,    T N    is the nucleation temperature and    V d    is droplet volume.



  I ( T )   is essentially zero, except for in a very narrow temperature range near    T N   . Therefore, by introducing the correlation coefficient  α (  0 < α < 1  ), it can be assumed that the narrow temperature range is represented by   α (  T L  −  T N  )  , where   I ( T )   equals   I (  T N  )  . So, the critical condition becomes


    α (  T L  −  T N  )    V d  I (  T N  )    T ·    = 1  



(25)







Considering that the formed product is a multi-element and multi-metal alloy billet, the droplet will undergo five stages during flight, including liquid-phase cooling, nucleation and recalescence, segregation solidification, eutectic transformation and solid-phase cooling.




	(1)

	
Liquid-phase cooling









During liquid-phase cooling, the droplet’s temperature changes from the initial temperature to the nucleation temperature (TN).



The droplet transfers heat to the surrounding environment, causing its own temperature to decrease, and the droplet as a whole is a liquid—that is, the solid-phase fraction of the droplet is zero.



The expression for the cooling process is


    d T   d t   = −   6 h ( T −  T g  )    d m   ρ m   c m     



(26)








	(2)

	
Nucleation and recalescence









Once the liquid temperature reaches the nucleation temperature, the recalescence process begins to germinate.



Because recalescence is driven by supercooling, the latent heat release rate decreases with the increase in droplet temperature. Once the latent heat release rate is equal to the heat absorption rate from the droplet surface, the latent heat release rate decreases with the increase in droplet temperature. The recalescence process ends and the heat balance equation is


   L   c m      d  f s    d t   =   6 h (  T R  −  T g  )    d m   c m   ρ m     



(27)




where    T R    is the recalescence temperature.



In addition, studies have shown that the growth rate of the solid phase in the undercooled melt can be estimated as follows:


    d  f s    d t   =    k i  (  T L  − T )    d m     



(28)




where    k i    is the interfacial adhesion coefficient.



The maximum solid fraction at the end of recalescence can be estimated by


   f R  =   (  T L  −  T N  )  c m   L   



(29)




where    f R    is the maximum solid fraction at the end of recalescence.




	(3)

	
Segregation solidification









After the recalescence stage, the next process of solidification of the remaining liquid in the droplet is carried out via segregation solidification. The heat balance equation during segregation solidification is


    d T   d t   = −   6 h ( T −  T g  )    c m   ρ m   d m    ⋅   ( 1 −  L   c m      d  f s    d T   )   − 1    



(30)







The solid fraction at this stage can be obtained by the modified Scheil equation [34].


   f s  = 1 − ( 1 −  f R  )   (    T M  − T    T M  −  T R    )    1   k 0  − 1      



(31)






    d  f s    d T   =   ( 1 −  f R  )   (  k 0  − 1 ) (  T M  −  T R  )   ⋅   (    T M  −  T R     T M  − T   )      k 0  − 2    k 0  − 1      



(32)






    d  f s    d t   =   d  f s    d T   ⋅   d T   d t    



(33)




where    T M    is the melting point of the pure alloy solvent and    k 0    is the partition ratio.




	(4)

	
Eutectic transformation









When the segregation solidification is carried out to the point that it reaches the eutectic transition temperature, the residual liquid phase in the droplet undergoes eutectic transformation [35]. During the eutectic transformation, the droplet temperature is maintained at the eutectic temperature until the curing is completed. The solid fraction in the process can be expressed as


    d  f s    d t   =   6 h (  T E  −  T g  )    ρ m   d m  L    



(34)




where    T E    is the eutectic temperature.




	(5)

	
Solid-phase cooling









When    f s  = 1  , the segregation solidification is considered to be over. In the solid-phase cooling stage, the droplet reduces the temperature through convective heat transfer. The heat balance equation at this stage can be described by Formula (26) from the liquid-phase cooling stage.





3. Numerical Experiment


The droplet diameter had an important influence on the forming blank, and the droplet diameter was greatly affected by the rotational speed of the centrifugal plate. Therefore, the numerical experiment of the rotational speed of the centrifugal plate on the droplet dynamics and heat transfer is carried out. The diameter of the centrifugal disc is 50 mm, the liquid metal flow rate is 4.86 × 10−6 m3/s and nitrogen is used as the ambient gas, of which physical properties are shown in Table 1.



Considering the price, melting point and social demand of the experimental materials, we used a low-melting point A390 aluminum alloy as the centrifugal spray forming material for calculation. The density and specific heat parameters were calculated using the values at room temperature. The physical properties of A390 aluminum alloy are shown in Table 2.



Formulas (1)–(34) describe the basic laws of droplet motion, temperature, solid fraction and cooling rate after centrifugal granulation. In general, the above equations are first-order nonlinear ordinary differential equations. Based on the Matlab platform, MATLAB is a commercial mathematics software produced by MathWorks Company in the United States. The version used in this article is MATLAB 9.11, the fourth-order Runge–Kutta method with a high calculation accuracy was used to solve the problem. In the calculation, the relevant data were the first inputs, where Formula (1) was the initial condition and Formula (16) was the constraint condition. Then, the droplet size was calculated; finally, the droplet velocity, solid fraction and temperature were calculated.




4. Results and Discussion


4.1. The Relationship between Rotational Speed and Droplet Diameter


The relationship between the rotation speed of the centrifugal disc and the droplet diameter can be obtained from Formula (4). As shown in Figure 4, the droplet diameter decreases with the increase in the rotation speed of the centrifugal disc because the greater the rotation speed, the greater the centrifugal force on the liquid film. The variation trend in the droplet diameter is consistent with the research findings in [36,37]. When the rotational speed is less than 15,000 r/min, the droplet diameter decreases significantly with the increase in rotational speed. The droplet diameter corresponding to the initial position of 4000 r/min is connected with the droplet diameter corresponding to the initial position of 15,000 r/min. The average slope K1 is −42, indicating that the droplet diameter decreases by 42 μm with the increase in the rotational speed of 1000 r. The droplet is greatly affected by the rotational speed in this range, and the droplet diameter in this range is 184–647 μm. When the rotation speed is greater than 15,000 r/min, the droplet diameter does not change significantly with the increase in the rotation speed. The droplet diameter corresponding to 15,000 r/min is connected to the droplet diameter corresponding to 35,000 r/min, and the average slope is −5, indicating that the droplet diameter decreases by 5 um when the rotation speed increases by 1000 r. The droplet diameter in this interval is less affected by the rotation speed. The droplet diameter is 82–184 μm, and the droplet diameter after granulation is relatively stable. When it is greater than 25,000 r/min, the effect of increasing the rotation speed on the droplet diameter decreases. In the range of 15,000–25,000 r/min, we selected five different diameters of droplets (184 μm, 155 μm, 140 μm, 123 μm and 113 μm) for analysis and calculation.




4.2. Droplet Flight Trajectory


The droplet flight trajectory can be obtained from Formulas (14) and (15). As shown in Figure 5, the shape of the droplet trajectory is a parabola and the trajectory is consistent with the study in [38]. When the vertical displacement is constant, the horizontal displacement increases with the decrease in droplet diameter. It can be seen from Formulas (1)–(4) that the larger the droplet diameter, the smaller the initial velocity of the droplet. At the same time, the figure also shows that the vertical displacement and the horizontal displacement are quite different. In the case of a vertical displacement of 10 mm, the droplet diameter is from 184 to 113 μm, and the ratio of vertical displacement to horizontal displacement is 0.0071, 0.0063, 0.006, 0.0057 and 0.0056. It can be seen that the smaller the droplet diameter, the smaller the ratio, and the vertical displacement accounts for almost none of the total displacement. Therefore, the vertical displacement of the droplet can be ignored in regard to the motion of the substrate, and the horizontal displacement can be approximated as the total displacement in the follow-up study.




4.3. The Relationship between Droplet Flight Time and Motion Parameters


The relationship between the droplet flight time and the horizontal displacement and velocity can be obtained from Formulas (14) and (15), as shown in Figure 6. At the same time, the droplet flight displacement increases with the decrease in the droplet diameter. It can be seen from Formulas (1)–(4) that the smaller the droplet diameter, the greater the initial speed. The larger the initial velocity of the droplet, the more obvious the velocity changes with time during flight. From Formula (9), it can be seen that the droplets with a large initial velocity are subjected to a large amount of environmental gas resistance. At the same time, from Formula (6), it can be seen that the smaller the droplet size means the smaller the inertia, and it is easier to change its speed; thus, the droplet velocity changes significantly at a high speed. The change in the droplet flight velocity and displacement is consistent with the literature [38,39].




4.4. Relationship between Droplet Flight Time and Convective Heat Transfer Coefficient


The relationship between droplet flight time and the convective heat transfer coefficient can be obtained from Formula (17), as shown in Figure 7. The convective heat transfer coefficient decreases with the increase in flight time, and the initial value increases with the increase in droplet diameter. Because Formula (17) contains Formulas (4) and (11), it can be seen that the convective heat transfer coefficient is negatively correlated with the droplet diameter and positively correlated with the velocity—that is, the convective heat transfer coefficient increases with the smaller droplet diameter and increases with the increase in velocity. During flight, the droplet diameter remains unchanged, and the velocity decreases with the increase in the distance, which reduces the convective heat transfer coefficient.




4.5. The Relationship between Flight Time and Heat Transfer Solidification


From Formulas (16)–(34), the relationship between the droplet flight time and the droplet temperature and solid fraction can be obtained. Figure 8 shows the relationship between droplet temperature, solid fraction and flight time at different rotational speeds when the superheat of the liquid alloy is 50 K—that is, the initial temperature is 963 K. It can be clearly seen that the droplets undergo five different stages: liquid-phase cooling, nucleation and recalescence, segregation solidification, eutectic solidification and solid-state cooling. In Figure 8a, it can be seen that the solidification temperatures corresponding to the droplet diameter from 184 to 113 μm are 905 K, 899 K, 896 K, 892 K and 890 K. The solidification temperature decreases with the decrease in the droplet diameter, which means that the supercooling degree of the droplet is also greater. The droplet releases the latent heat caused by solidification in the nucleation and recalescence stages, and the temperature rises sharply to around 1 K below the liquidus temperature (913 K). The temperature in the segregation solidification stage decreases rapidly to the eutectic temperature. The initial temperature of eutectic solidification is 850 K, which has a slight downward trend with time but the downward trend is not obvious. When the eutectic solidification is completed, the droplet is further cooled. In Figure 8b, it can be seen that the solid fraction is zero at the beginning of the period of time, indicating that the droplet has not yet started to nucleate and is in the liquid-phase cooling stage. After a period of time, the solid fraction increases rapidly with a steep slope, indicating that the solidification has entered the nucleation and recalescence period. At this stage, the solid fraction of the droplet increases with the increase in the rotational speed. It can be seen from Formula (1) that the higher the rotational speed is, the greater the initial speed is. It can be seen from Formula (4) that the higher the rotational speed is, the smaller the droplet diameter is. High rotational speed and small-diameter droplets can lead to a higher convective heat transfer coefficient and, thus, to higher subcooling. The maximum solid fraction during this period was 0.01127, 0.0222, 0.0270, 0.0333 and 0.0365. With the increase in the solid fraction, the solidification enters the stage of segregation solidification. Finally, the growth rate of the solid fraction increases again, and the solidification enters the eutectic solidification stage until the solid fraction is 1. The results show that the variation trend in the temperature and solid fraction is consistent with that in the literature [40].




4.6. The Relationship between Droplet Solidification and Flight Time at Different Speeds


Figure 9 shows the relationship between the solidification of droplets and the flight time at different speeds. It can be seen from the diagram that with the increase in the rotational speed, the time required for the droplet to solidify from the beginning of solidification to complete solidification decreases from 44.74 ms to 17.2 ms. With the increase in rotational speed, the time required to start solidification gradually becomes shorter and the trend is linear. The fitting curve is    t 1  = − 0.166  ω 2  + 5.57  . This formula can be used to predict whether the droplets begin to solidify at different speeds. Complete solidification decreases with the increase in rotational speed, and the trend is a quadratic curve. The fitting curve equation is    t 2  = 0.169  ω 2  − 9.66 ω + 154.79  . This formula can be used to predict whether the droplets are completely solidified at different rotational speeds.




4.7. Effect of Superheat on Heat Transfer Solidification


Figure 10 shows the relationship between the flight time, superheat and solid fraction. When the superheat is 50 K, 100 K and 150 K, the initial temperature is 963 K, 1013 K and 1063 K, respectively. The time required for the droplets to cool to the nucleation temperature increases with the increase in the superheat. This is highly consistent with the findings presented in the literature [39]. The maximum solid fraction remains unchanged at 0.06 at the end of segregation solidification. The time required for eutectic solidification and solid-phase cooling also increases with the increase in the superheat. In the case of the same rotational speed, Formulas (1), (4) and (17) show that the initial velocity, diameter and flow heat transfer coefficient of the droplet are the same. The higher the temperature, the longer the cooling time; because the nucleation temperature is constant, it can be seen from Formula (29) that the maximum solid fraction during nucleation and recalescence is constant.




4.8. The Relationship between Droplet Solidification and Flight Time under Different Superheats


Figure 11 shows the relationship between the start and end of droplet solidification and flight time at different temperatures. It can be seen that with the increase in the droplet temperature, the time from initial solidification to complete solidification increases from 27 ms to 28.04 ms. With the increase in temperature, the time when the droplets begin to solidify becomes longer and the trend is linear. The fitting curve equation is    t 3  = 0.036 T − 5.67  . This equation can be used to predict whether the droplets begin to solidify at different temperatures. With the increase in temperature, the time until the complete solidification of the droplets becomes longer and the trend is linear. The fitting curve equation is    t 4  = 0.026 T − 22.5  . We can use this formula to predict whether the droplets are completely solidified at different temperatures.





5. Conclusions


Under the condition that the flow rate of molten metal is constant, this study analyzed the trajectory of droplets and the relationship between the flight time and the speed, displacement, convective heat transfer coefficient, superheat, temperature and solid-phase ratio by combining Newton’s second law, classical nucleation theory, Newton’s law of cooling and the energy conservation equation. The following conclusions can be drawn:




	
The droplet diameter decreases with an increase in rotational speed. When the rotational speed is lower than a certain value, the droplet diameter is greatly affected by the rotational speed. When the rotational speed is higher than this value, the influence of rotational speed on the droplet diameter is weakened.



	
The flight trajectory of the droplet is parabolic; the flight displacement, initial velocity, ambient gas resistance and convective heat transfer coefficient increase with an increase in speed, and the vertical displacement of the droplet is not influenced by the movement of the substrate during the forming process.



	
In the forming process, the superheat has no obvious effect on the cooling and solidification process of the droplet, which is mainly affected by the speed of the centrifugal disc, and the time required for cooling and solidification decreases with the increase in speed.



	
Under the same superheat, the speed of the centrifugal disc is negatively correlated with the time required for droplet solidification, where the droplet starts to solidify in a linear relationship with the speed, and the time required for complete solidification is a quadratic function of the speed.



	
In the case of the same centrifugal disc speed, the superheat is positively correlated with the time required for the droplet to solidify, where the time required for the droplet to start solidifying and complete solidification is linear with the temperature.
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Nomenclature




	    u 0    
	initial velocity of the droplet (m/s)



	    u t    
	tangential velocity of the droplet (m/s)



	    u r    
	average radial velocity of droplets (m/s)



	  ω  
	rotation speed of the centrifugal disc (r/min)



	  D  
	diameter of the centrifugal disc (m)



	    ρ m    
	metal density (kg/m3)



	  Q  
	flow rate of the liquid metal (m3/s)



	    μ m    
	viscosity of the liquid metal (Pa·s)



	    d m    
	diameter of the droplet (μm)



	    γ m    
	surface tension of the metal (N/m)



	    F G    
	gravity of the droplet (N)



	    F D    
	resistance of the droplets (N)



	  m  
	mass of the droplets (kg)



	    ρ g    
	gas density (kg/m3)



	    C d    
	drag coefficient (-)



	    u m    
	velocity of the droplet (m·s−1)



	    u  m x     
	velocity projection of droplet in the x direction (m·s−1)



	    u  m y     
	velocity projection of the droplet in the y direction (m·s−1)



	    u g    
	velocity of the ambient gas (m·s−1)



	    u  g x     
	velocity projection of the ambient gas in the x direction (m·s−1)



	    u  g y     
	velocity projection of the ambient gas in the y direction (m·s−1)



	  h  
	convective heat transfer coefficient (W·m−2·K−1)



	    K g    
	thermal conductivity of gas (W·m−1·K−1)



	    c m    
	specific heat capacity of the metal (J·kg−1·K−1)



	    c g    
	specific heat capacity of the gas (J·kg−1·K−1)



	  α  
	angle between the velocity and horizontal direction (°)



	  T  
	temperature of the metal droplet (K)



	    T g    
	temperature of the ambient gas (K)



	  σ  
	Stefan–Boltzmann constant (W·m−2·K−4)



	  L  
	latent heat of metal melting (J·kg−1)



	    γ  S L     
	solid–liquid interface energy (J·m−2)



	    T L    
	liquidus temperature of the metal (K)



	  θ  
	wetting angle (°)



	    T ·    
	droplet cooling rate (K·s−1)



	    T N    
	nucleation temperature (K)



	    V d    
	droplet volume (m3)



	    T R    
	recalescence temperature (K)



	    T M    
	melting point of the pure alloy solvent (K)



	    T E    
	eutectic temperature (K)



	    k i    
	interfacial adhesion coefficient (m·s−1·K−1)



	  k  
	constant value (-)



	   Re   
	Reynolds number (-)



	    k 0    
	melting point of the pure alloy solvent (-)



	   Pr   
	Prandtl number (-)



	    f R    
	maximum solid fraction (-)



	  α  
	correlation coefficient (-)



	    f s    
	solid fraction (-)



	    k B    
	Boltzmann constant (-)



	  ε  
	emissivity of metal droplets (-)
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Figure 1. Schematic diagram of centrifugal spray deposition for blank preparation. 
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Figure 2. Centrifugal spray deposition-forming speed diagram: (a) top view; (b) side view. 
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Figure 3. Force analysis of droplet. 
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Figure 4. Relationship between centrifugal disc speed and droplet diameter. 
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Figure 5. Droplet flight trajectory. 
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Figure 6. The relationship between droplet flight time and motion parameters: (a) horizontal displacement; (b) droplet velocity. 
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Figure 7. The convective heat transfer coefficients of different droplet diameters vary with time. 
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Figure 8. The relationship between flight time and heat transfer solidification: (a) droplet temperature; (b) solid fraction. 
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Figure 9. The relationship between droplet solidification and flight time at different speeds. 
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Figure 10. Effect of superheat on heat transfer solidification: (a) droplet temperature; (b) solid fraction. 
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Figure 11. Relationship between solidification and flight time of droplets at different temperatures. 
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Table 1. Physical properties of ambient gas (N2).
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	    ρ g  / (    kg / m   3  )   
	    μ g  / ( Pa ⋅ s )   
	    K g  / (  W / m  ⋅ K )   
	    c g  / (  J / kg  ⋅ K )   
	    T g  / ( K )   



	1.1616
	   1.873 ×   10   − 5     
	0.0258
	1043.21
	313.15










[image: Table] 





Table 2. Physical properties of A390.
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	    ρ m  / (    kg / m   3  )   
	    μ m  / ( Pa ⋅ s )   
	    T M  / ( K )   
	    T L  / ( K )   
	    T E  / ( K )   
	  α  



	2633
	0.002
	934
	913
	850
	0.01



	    γ m  / (  N / m  )   
	    γ  S L   / (    J / m   2  )   
	    c m  / (  J / kg  ⋅ K )   
	   L / (  J / kg  )   
	    K 0    
	   k i   (  m ⋅  s  − 1   ⋅  K  − 1    )



	0.768
	0.2298
	865.8
	   5.456 ×   10  5    
	0.14
	0.01
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
g ]
g -2
=
=
o
£ 4 1
8
=
5 6} = 184um 1
s —e— 155um
g —A— 140um
= 80 v—123um
—¢— 113um|
10 ) N ) .
0.0 0.3 0.6 0.9 12 155 1.8

Horizontal displacement/m





media/file13.png
_ 3.3x10°

UJ
o
X
[a—
S
(V8]

NN N
— + ~
X X X
p— —_— p—
S - S
U2 (O8] 98]

1.8x10°

1.5x10°

—o— | 55um

—v—123um

—=— | 84um| ]

b= 140um| |

==t==113um| |

Coefficient of convective heat transfer/ (W-m -2 k‘l)

Flight time/ms

O 5 10 15 20 25 30 35 40 45





media/file12.jpg
5 10 15 20 25 30 35 40 45 50
Flight time/ms





media/file18.jpg
1100

70
o

930f
s oo
9 N oo
S00f 5 |
2] ool
V] E
e P 6K |
—e— 1013k & ——1013K
o 1063K] r
00)
10 20 30 [ 0o s 0 W 2 %0

Flight Gmefms






media/file9.png
Vertical displacement/mm

—A— 140um
—¥— 123um
—&— 113um

—#— | 84um
—®&— | 55um

0.3 0.6 0.9 1.2

Horizontal displacement/m

1.5

1.8





media/file14.jpg
Droplet

1000,

950)

900)

850)

s00)

750

(@)

e -
e
ety .
Soim{  fos
el I ®
N d
3 v
02 e
B
o0
[T T ) i EE—
asais Flight time/ms






media/file20.jpg
Flight time/ms

—- = DN W WA
mw O u S UL S U o

A Start solidification
v Complete solidification

v

——

b o 11, =0.0267-22.5 |
i
i | i
i | |
27 27.05, 28.04!
i | i
i ! 1,=0.036T-5.67 !
|
. . R . . .
960 980 1000 1020 1040 1060 1080

Droplet temperature/K





media/file5.png
The red circle represents a high temperature spherical droplet.

The purple arrow represents the positive direction ( force, velocity ).





media/file15.png
Droplet temperature/K

1000

950

900

850 F

800 f

750

975 |
I 950}
|
| 9251

900}

(a)

i | 84um
—®— | 55um

—— 140um| |

—¥—123um

—&—113um| |

10

20

30
Flight time/ms

40

50

60

Solid fraction
— — — —
AN (@) (020) ()

O
b

S
=

| 0.06}

[ 0.00

=0.03

(b)

—— | 84um _
=@ 155um
b= 1 40um

=g 123um

@~ 113um| |

15 20
Flight time/ms

25

30 35





media/file19.png
1100

v
?3 1000
2
<
2
= 900
2
15
2,
2
a 800 —— 063K
—®— 1013K
—d— 1 (063K
700 . i s L . .
0 10 20 30

Flight time/ms

Solid fraction
o o o —_
=~ (@) co (e}

<
)

i
o

| 0.08

0.06} ( ) |
| 004}
0.02} _
0.00
- 2
—=— 963K ||
—o— 1013K
7 A —A— 1063K |
5 10 15 20 25 30
Flight time/ms





media/file2.jpg
(a)Red and purple arrows represent  (b)The red circle represents the high
the positive direction of velocity.  temperature liquid metal particles.





nav.xhtml


  metals-13-01446


  
    		
      metals-13-01446
    


  




  





media/file11.png
() —_ —_ —_
\O (\S) (V)] o0

<
o)

Horizontal displacement/m

o
W

<
o

|
-

(b)
—— | 84um
—e— 155um |
—&— 140um| |
—v—123um |

o)
S

w
-

Droplet velocity/ (m/s)
N
o

=0 113um
—— | 84um '
—@— | 55um| - 30
=t 140um
—w— 123um| 20
== 113um
1 X [ . 10 N 1 N 1 L 1 L 1 L 1 2 1 L 1 L L L L L
0 10 20 30 40 50 O 5 10 15 20 25 30 35 40 45 50

Flight time/ms Flight time/ms





media/file6.jpg
700

600

Droplet diameter/um
w &
(=3 =3 (=]
L =] =

)
=3

100

0

0 5 10 15 20 25 30 35 40

Rotation speed of centrifugal disc/ (10*r/min)





media/file1.png
Crucible Liquid metal

Conductpipe
Deposited layers

Droplets

Centrifugal disc / /
Substrate






media/file10.jpg
«

(b)

e i8dum
—e—155um

§n
—e— 184um| g
—e— 155um| 330
—— 140um| £
£
i | Ea
i
"
R T

Flight time/ms

Flight time/ms

E]





media/file7.png
Droplet diameter/um
[\ (O8] I
- - -
- - -

[
-
-

-

5 10 15 20 25 30 35 40

-

Rotation speed of centrifugal disc/ (10°r/min)





media/file16.jpg
w
S

S

Flight time/ms

=

T - T - T T - T i
F A Start solidification 4
v Complete solidification

1, =0.1690" -9.66w+154.79

44.74 132.98
'

:
: !
27 20260 17.2
‘ \
:
:

'
— . o S-S

1, ==0.166w+5.57

L
14 16 18 20 22 24 26

Rotation speed of centrifugal disc/ (10%+/min)





media/file3.png
U.t'-

(a)Red and purple arrows represent (b)The red circle represents the high
the positive direction of velocity. temperature liquid metal particles.





media/file17.png
(US)
-

Flight time/ms
(\&
-

[
-

A  Start solidification -
v Complete solidification

t,=0.169w" —9.66@+154.79

17.2

27 20.26

I I

I I

I I
A A
a_ ——
7

) A =—O 166a)+55 i

14 16 18 20 22 24 26

Rotation speed of centrifugal disc/ (10’r/min)





media/file4.jpg
The red circle represents a high temperature spherical droplet.

The purple arrow represents the positive direction ( force, velocity ).





media/file0.jpg
Crucible Liquid metal

Conductpipe
Dmﬂils
L]

Substrate

Deposited layers

Centrifugal disc

j





media/file21.png
e\ 2 \° B VS R U [ SN
wn O Wn O wn O

Flight time/ms

[
O

A Start solidification

v Complete solidification

‘v————””'—_—"—___————__ .
t, =0.0267 —22.5 ]

D7

27.05 28.04

t, =0.0367=5.67 |

|
|
|
|
|
|
|
|
'\

960

980 1000 1020 1040 1060 1080
Droplet temperature/K





