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Abstract

:

The present study aims to reveal the mechanism of element vaporization of Ti-6Al-4V alloy during selective laser melting (SLM). The equations of Redlich–Kister and the thermodynamics principles were employed to calculate the vaporization thermodynamics, which contributes to the obtaining the vaporization kinetic based on the Chapman-Enskog theory and the diffusion model. According to the achieved vaporization model, the elements with the most prominent tendency and flux to vaporize were distinguished. Moreover, the effect of the process parameters on the vaporization of Al and Ti is experimentally investigated using inductively coupled plasma optical emission spectrometer (ICP) technology. The analyzed results of the chemical composition of the powders and builds show a great agreement with the kinetic results calculated by the vaporization model. Notably, the element vaporization can be curbed by regulating the laser energy input.
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1. Introduction


Selective laser melting (SLM) is an advanced additive manufacturing (AM) technique in which the components are fabricated layer-by-layer by selectively melting powders with a high-energy laser beam in an inert gas atmosphere [1,2,3]. This technology is characterized by high forming precision and can freely fabricate extremely complex components, such as molds with internal flow channels and various lightweight structures [4,5]. So far, SLM has been successfully used in the manufacturing of stainless steel, aluminum alloy, nickel-based alloy, titanium alloy, etc. [6].



Since titanium alloys have the advantages of high strength-to-weight ratio, favorable biocompatibility, excellent corrosion resistance, and high-temperature mechanical properties, it is widely used in aerospace and medical fields. In titanium alloys, the application of Ti-6Al-4V alloy, which is a kind of α+β two-phase titanium alloy consisting of about 6 wt.% Al and 4 wt.% V [7,8], exceeds 50%.



To date, SLM of Ti-6Al-4V alloy has been widely used in the aerospace industry and medical treatment. However, the energy source of SLM is a high-energy laser, inducing a high-temperature molten pool. As a result, the vaporization of elements is difficult to avoid, which disturbs the stability of the molten pool and alters the composition of raw materials, consequently affecting the mechanical properties of the builds [9,10]. Hence, it is of great importance to explore the mechanism of vaporization during SLM of Ti-6Al-4V parts.



The vaporization of elements for the conventional forming methods of titanium alloy is well documented. Electron beam cooling bed melting [11] and vacuum induction shell melting [12] are two major methods for fabricating titanium components in conventional industry. These forming processes are conducted under vacuum to prevent oxidation due to the high activity and natural oxidation of melted titanium alloy. Therefore, the vaporization loss of elements is difficult to avoid in such conditions. Powell et al. conducted careful work establishing a mathematical model to predict the vaporization of titanium and titanium alloy in an electron-beam furnace [13]. Akhonin et al. studied the element vaporization during vacuum electron beam melting (EBM) of Ti-6Al-4V alloy, and established a kinetic vaporization model that accords with the experimental data. However, those studies failed to consider the diffusion of vaporization elements from the melt pool to the liquid/gas interface [14]. Semiatin et al. analyzed and calculated the vaporization loss of Al in the vacuum electron beam melting of Ti-6Al-4V alloy. They found that the vaporization flux was controlled by both the interfacial reaction and the mass transferred in the liquid [15]. Wei et al. studied the vaporization of Mg and Zn in SLM process of Mg-Zn-Zr alloy. The results illustrated that the total content of Mg and Zn decreased after the building process [16]. Recently, Yao et al. studied the vaporization behavior of Ti-Mo alloy during EBM, with the results showing that the melting power and the melting time were two critical factors in controlling the vaporization [17].



The vaporization kinetic models used in the previous reports were mainly based on the Langmuir model, which is widely applied in the vacuum processing environment [18]. Nevertheless, during the SLM process, the processing environment is filled with protective gas to construct a non-vacuum inert gas protection atmosphere. As is well documented, there is a critical pressure for element vaporization under a non-vacuum environment [19]. When the ambient pressure is less than the critical pressure, the vaporization process is mainly controlled by interfacial reaction, which can be descripted by the Langmuir model. Conversely, as the ambient pressure is higher than the critical pressure, the vaporization process will be mainly controlled by the diffusion of volatile elements in the inert gas, which can be described by the diffusion model. The value of critical pressure is considered to be approximately equal to the saturated vapor pressure of the volatile element [20].



To the authors’ knowledge, the model adopted to depict the vaporization behavior during SLM process has rarely been reported. In this paper, a model of vaporization thermodynamics and kinetics was developed to analyze the vaporization behavior of Al and Ti elements in Ti-6Al-4V during SLM process. Meanwhile, both the orthogonal experiment and single experiment were carried out to explore the effect of processing parameters on the vaporization loss of Al and Ti. This work aims to provide a reliable foundation for optimizing the SLM process parameters and guaranteeing the composition of Ti-6Al-4V builds. On the other hand, the proposed methodology is also promising for characterizing the vaporization behavior of other alloys such as aluminum alloy and magnesium alloy during the SLM process.




2. Experiment and Mathematical Model


2.1. Experiments


The as-used SLM system is a Concept Laser M2, containing a fiber laser with the wavelength of 1060~1100 nm. This system has a maximum laser power of 400 W, and the laser spot diameter is 50 μm. During the building process, the working chamber is filled with inert argon gas, and the pressure is fixed as a constant of 0.1 MPa to ensure the content of oxygen less than 0.5%.



The building plate used in the experiment is forged Ti-6Al-4V alloy, and the powder used for printing is the spherical powder of Ti-6Al-4V prepared by plasma-rotating electrode process. The chemical compositions of this powder are shown in Table 1.



The orthogonal experiment with three factors and five levels was used to evaluate the vaporization of alloying elements. The characteristics of the orthogonal experiment are shown in Table 2. Layer thicknesses of 30 μm, 45 μm, and 60 μm were selected to research the effect of the layer thickness on the element vaporization. Seventy-five different sets of parameters were used to fabricate samples in the orthogonal experiment. Two identical samples were built using each kind of parameter to ensure the reliability, so there were 150 samples in total. The size of each sample is Φ 8 × 10 mm.



At the same time, a single-factor experiment was designed to explore the effect of the scanning speed on the element vaporization. The experimental parameters are shown in Table 3. To reduce the error induced by the experiment, three identical samples were formed under each set of parameters.



It is difficult to detect the mass fraction of the pure elements in the alloy. One method was a non-destructive method, which used energy dispersive spectroscopy (EDS) or X-ray diffraction (XRD) to measure the mass fraction from bottom to top on the sample surfaces [22]. The other was a destructive method using the inductively coupled plasma optical emission spectrometer (ICP) to measure the mass fraction by dissolving a part of the samples [6]. The latter was able to provide better accuracy and was adopted to measure the composition of the fabricated samples in this work. However, direct measurement of the mass fraction of the main alloying element Ti caused a large error by ICP. Thereby, the mass fraction of Ti was obtained based on the measurements of Al and V in the alloy. The instrument model was a PerkinElmer-pe 8300.




2.2. Vaporization Thermodynamic


The thermodynamic calculation includes the activity coefficient (the ratio of activity (effective concentration) to concentration in a mixture of chemical substances) and the saturated vapor pressure of the elements in the alloy. The elements with high saturated vapor pressure present a significant tendency to vaporize. Meanwhile, the activity coefficient is essential for obtaining the saturated vapor pressure.



Compared to several different calculation methods for the activity coefficient, it can be found that the excess free energy of the ternary system is obtained by the partial molar excess free energy of the three binary systems. The partial molar excess free energy of each element in the alloy is obtained based on the excess free energy of the ternary system as the molar fraction of the elements in the alloy is certain. Finally, the relationship between the partial molar excess energy and the activity coefficient is used to obtain the activity coefficients of the three elements in a ternary alloy [23].



The calculation of the activity coefficient of each element i in the alloy is given as:


   γ i  = exp  (    Δ   G ¯  i  e x     R T    )   



(1)




where    γ i    is the activity coefficient of element i in the alloy,   Δ   G ¯  i  e x     is the partial molar excess free energy of element i, R is the gas constant, and T is absolute temperature.



For ternary alloy, the partial molar excess free energy can be obtained from the excess energy of the ternary system. i, j and k represent three different elements in ternary alloy, respectively. The partial molar free energy of element i, j and k is given by:


  Δ   G ¯  i  e x   = Δ  G  e x    (   X i  ,  X j   )  +  (  1 −  X i   )   (    ∂ Δ  G  e x    (   X i  ,  X j   )    ∂  X i     )  −  X j   (    ∂ Δ  G  e x    (   X i  ,  X j   )    ∂  X j     )   



(2)






  Δ   G ¯  j  e x   = Δ  G  e x    (   X i  ,  X j   )  −  X i   (    ∂ Δ  G  e x    (   X i  ,  X j   )    ∂  X i     )  +  (  1 −  X j   )   (    ∂ Δ  G  e x    (   X i  ,  X j   )    ∂  X j     )   



(3)






  Δ   G ¯  k  e x   = Δ  G  e x    (   X i  ,  X j   )  −  X i   (    ∂ Δ  G  e x    (   X i  ,  X j   )    ∂  X i     )  −  X j   (    ∂ Δ  G  e x    (   X i  ,  X j   )    ∂  X j     )   



(4)




where    X i    and    X j    represent the mole fraction of element i and j in the alloy, respectively.



The excess free energy of the ternary system can be approximately calculated by the excess free energy of three binary systems.


  Δ  G  i , j , k   e x   = Δ  G  i , j   e x   + Δ  G  i , k   e x   + Δ  G  k , j   e x   ,  



(5)







The Redlich-Kister equation [24] is applied to obtain the excess free energy of three binary systems.


  Δ  G  i , j   e x   =  X i   X k    ∑   n = 0  m   L  i , k    ( n )       (   X i  −  X k   )   n   



(6)







For the ternary titanium alloy system of Ti-Al-V, the relevant parameter values in Equation (6) are shown in Table 4.



The function between the activity coefficient and temperature is shown in Figure 1a. It can be observed that as the temperature increases, the activity coefficients of Ti and V consistently decrease, while the activity coefficient of Al increases distinctly. The activity coefficient of the three elements would approach 1 with the increase of temperature, which is consistent with the classical thermo-dynamical theory. When the temperature is below 2900 K, the activity coefficient of Al is smaller than that of Ti and V. However, as the temperature is higher than 2950 K, the activity coefficient of Al is more than 1, indicating that the activity coefficient has deviated from the normal range.



The vaporization behavior of the elements is closely related to the saturated vapor pressure. The higher the saturated vapor pressure is, the larger the quantity of vaporization loss becomes. Therefore, the calculation of saturated vapor pressure is crucial for determining the most sensitive element for vaporization in Ti-6Al-4V alloy [25].



Element-saturated vapor pressure in Ti-6Al-4V alloy is:


   p i E  =  p i 0   X i   γ i   



(7)




where    p i E    is the saturated vapor pressure of element i in alloy, and    p i 0    is saturated vapor pressure of pure metal i.



The saturated vapor pressure of pure metal is the function of the temperature, which can be expressed as:


   P  M e  0  = f  ( T )   



(8)







The saturated vapor pressure of pure metal is attained when the gas phase is equilibrium [26].


  lg  P i 0  = A ·  T  − 1   + B · l g T + C · T + D ,  



(9)




where A, B, C, and D represent the vapor pressure constants of alloying elements. The vapor pressure constants of three main elements in Ti-6Al-4V alloy are shown in Table 5.



According to the calculation of the activity coefficient and the saturated vapor pressure, the function between the saturated vapor pressure and the temperature of three elements in Ti-6Al-4V alloy is obtained. The calculated saturated vapor pressure versus temperature curve is shown in Figure 1b. It can be seen that Al element shows the maximum saturated vapor pressure in three elements, indicating that Al has more tendency to vaporize. It should be noted that the saturated vapor pressures of these three elements in Ti-6Al-4V are less than 101 KPa (close the ambient pressure of SLM chamber) as the temperature is lower than 3200 K. It means that the ambient pressure is higher than the critical pressure as the temperature of molten pool is below 3200 K, and the element vaporization is mainly controlled by the diffusion of volatile element in SLM chamber. When the temperature of molten pool exceeds 3200 K, the element vaporization is mainly controlled by interfacial reaction which can be expressed by Langmuir model. However, the boiling temperature of Ti-6Al-4V is about 3133 K, which illustrates elements diffusion plays a primary role in the vaporization process. Therefore, it is necessary to build a diffusion model to character the element vaporization during SLM process.




2.3. Vaporization Kinetics


For the element vaporization dynamic behavior in the induction skull melting process, Guo et al. [27] suggested an applicable model that divides the vaporization behavior into six stages. Nevertheless, there are three differences between the SLM process and the induction skull melting process:




	1)

	
The surrounding of the molten pool is full of inert gas with a pressure close to atmospheric pressure during SLM process;




	2)

	
During the SLM process, the inert gas will be continuously filled to purify the forming chamber, since on the upside of the molten pool, a gas stratosphere will be generated during the building process;




	3)

	
The molten pool size of SLM is minimal, and the existent time of molten pool is extremely short.









Accordingly, the element vaporization behavior during SLM should be divided into the following five stages:




	1)

	
The volatile element i in the alloy diffuses to the liquid/gas interface in the molten pool;




	2)

	
Interfacial reaction of element i occurs at liquid/gas interface, which makes element i convert from liquid state to gas state;




	3)

	
The vapor of element i diffuses to the gas stratosphere, which is created by continuously filled inert gas;




	4)

	
The vapor of element i is brought to the air-vent by constantly inert airflow. The air-vent is set in the SLM machine to exhaust the gas, which is generated during SLM working;




	5)

	
The vapor of element i transforms into a stable solid at the air-vent.









Based on the analysis of the vaporization thermodynamics, the third stage, which can be expressed by the diffusion model, is the primary controlling stage for element vaporization during SLM process.



An element diffusion model accessible for SLM process was proposed by Geiger et al. [28], which can be used to calculate the quantity of the element vaporization loss when the atmosphere is filled with static inert gas. This model is shown in Figure 2a. The vaporization flux of element i can be expressed as:


   N  ix |  x =  0   =  D i   (     C i 0  −  C i l   l   )  ,  



(10)






   C i 0  =    p i E    R T   ,  



(11)




where    N  ix |  x =  0     is the actual vaporization flux of element i on the surface of the molten pool,    D i    is diffusion coefficient of element i in inert gas, and    C i 0    is the molar concentration of volatile elements on the melt surface, and    C i l    is the molar concentration of the volatile elements in the gas stratosphere. Since the flow velocity of the inert gas in the stratosphere is swift and can carry off the volatile elements quickly during the SLM process,    C i l    can be further assumed to zero.



The diffusion coefficient of element i in inert gas B can be obtained by using the Chapman–Enskog model [29].


   D  i B   =   0.0018583  T   3 2      P    (   σ  i B    )   2   Ω  D , i B        1   M i    +  1   M B      ,  



(12)




where    D  i B     is the diffusion coefficient of element i in inert gas B,  P  is the pressure in the working chamber,    σ  i B     is the average atomic collision radius,    Ω  D , i B     is the collision integral, which can be obtained by the converted temperature    T *   . The relationship between the two variables is shown in Figure 2b.    M i    is the molar mass of element i, and    M B    is the molar mass of the inert gas B.



The converted temperature    T *    can be obtained by the equation:


   T *  =  (  1 / 1.15  T  b i   · 1 / 1.15  T  b B    )  · T ,  



(13)




where    T  b i     is the boiling point of the element i, and    T  b B     is the boiling point of the inert gas B.



The characterization of the vaporization flux and the temperature of the molten pool is shown in Figure 3a. The vaporization fluxes of Al and Ti are exponentially increased with the increment of temperature. It should be noted that the boiling point of Ti-6Al-4V alloy is 3133 K. Therefore, the rapid vaporization loss hardly happens. The ratio of the saturation vapor pressure and the vaporization flux of Al and Ti is shown in Figure 3b. The vaporization flux ratio of Al and Ti decreased compared to the saturation vapor pressure ratio (as shown in Figure 3b), which demonstrates the gap between Al and Ti decreases due to the maximum mole fraction of Ti in Ti-6Al-4V alloy. However, the element of Al also has the biggest vaporization flux. Therefore, the vaporization loss of Al is more than Ti according to the vaporization kinetics.





3. Experimental Verification and Discussion


3.1. The Orthogonal Experiment


In this work, the orthogonal experimental method is used to investigate the effects of the laser power, the scanning speed, and the hatch distance on the vaporization of Al and Ti elements under different layer thicknesses during the SLM process. Meanwhile, the effect of the layer thickness on the vaporization behavior is also investigated, as shown in Figure 4.



Figure 4a presents the effect of the laser power on the vaporization loss in different layer thicknesses. With the increase of the laser power, the decrement of the mass fraction of Al and Ti fails to change distinctly. Therefore, it can be inferred that the laser power has little influence on the vaporization loss. In contrast, the vaporization loss of Al and Ti is significantly different under the three different layer thicknesses. When the layer thickness decreases from 60 μm to 30 μm, the vaporization loss of Al picks up, while the vaporization loss of Ti drops. The decrement of the mass fraction (increment of vaporization loss) of Al, due to the increment of the vaporization loss, will induce a relative increment of Ti in mass fraction.



It can be seen from Figure 4b that the vaporization loss of Al in the SLMed samples exhibits a noticeable change with the increase of the scanning speed. Notably, as the scanning speed increases from 600 mm/s to 900 mm/s, the vaporization loss of Al significantly declines, while the vaporization loss of Ti sharply increases. It can be deduced that if the scanning speed was less than 600 mm/s, there would be an apparent vaporization loss of Al. It can be seen from Figure 4c that with the decrease of the hatch distance, the vaporization loss of Al smoothly increases but the vaporization loss of Ti decreases.



The effect of the layer thickness on the vaporization loss is legible in Figure 4. When the layer thicknesses of 45 μm and 60 μm are chosen, there is no noticeable vaporization loss of Al and Ti. However, adopting a layer thickness of 30 μm entails a pronounced vaporization loss of Al and Ti. During SLM building of the multi-layer samples, the top region of each layer would be partially remolten when the adjacent layer is deposited. The remolten depth increases with the decrement of the layer thickness, which allows a longer time to vaporize for the molten pool. As a result, the vaporization loss of Al and Ti increases at the layer thickness of 30 μm. As for the layer thickness between 45 μm and 60 μm, the increment of remolten depth will be small compared to the layer thickness between 30 μm and 45 μm. Thus, the vaporization loss between 45 μm and 60 μm is not apparent.



By comparing the vaporization loss of Al and Ti at the layer thickness of 30 μm, it can be concluded that Al has more significant vaporization flux than Ti, which is in line with the results obtained from the kinetic calculations. Because of the limitation to acquire the molten pool geometry and temperature distributions, which are critical in calculating the vaporization fluxes and vaporization loss of elements, the proposed model in this work was qualitatively validated by experimental results only.



The vaporization of Al is greater than that of Ti, so the vaporization of Al should be paid more attention, and is valuable for performing further research. The salience analysis of the laser power, scanning speed and hatch distance on the vaporization of element Al are calculated. The analytical results are shown in Table 6, Table 7 and Table 8, respectively. Among these three process parameters, it can be found that the scanning speed has the most significant effect on the vaporization of Al. Basically, the single-factor experiment on the scanning speed is performed to further study its effect on the element vaporization.




3.2. The Single-Factor Experiment


The resulting effect of the single variable of the scanning speed on the vaporization of Al element is shown in Figure 5. With the increase of the scanning speed, the mass fraction of Al gradually picks up, which demonstrates the vaporization loss of Al gradually drops. When the scanning speed increases from 250 mm/s to 500 mm/s, the decrement of the vaporization loss is remarkable.



In this paper, the laser energy density is measured by the body energy density [1]:


   E V  =    P L     v s  ∗  h s  ∗  D s     



(14)




where    E V    is the laser body energy density,    P L    is the laser power,    v s    is the laser scanning speed,    h s    is the hatch distance, and    D s    is the layer thickness. The body energy density dramatically decreases from 440 J/mm3 to 220 J/mm3 as the scanning speed increases from 250 mm/s to 500 mm/s. The decrement of the body energy density would result in a decline of both the molten pool temperature and the existent time. Thereby, the vaporization loss of Al would also decrease. For that reason, the pronounced adjustment of the body energy density should be responsible for the significant change of the vaporization loss as the scanning speed is elevated from 600 mm/s to 900 mm/s in the orthogonal experiment. However, when the scanning speed exceeds 750 mm/s (the body energy density is less than 146.7 J/mm3), the mass fraction of Al barely changes, which indicates the vaporization loss of Al hardly appears.




3.3. Prediction of Vaporization


All of the SLM parameters in the orthogonal experiment can be transformed into the body energy density. Setting the mass fraction of Al in the SLMed samples as Y-axis and the laser body energy density as X-axis, a simple functional relationship between the two variables could be established, which is shown in Figure 6. The formula could be expressed as:


  ω = − 0.00141  E V  + 6.30797  



(15)







According to the ASTM B381-13 standard specification for titanium and titanium alloy forgings [30], once the mass fraction change of Al element is more than 0.15%, it is considered to be unacceptable. Therefore, 0.15% is termed as the critical value to determine whether or not the notable vaporization loss generates. The green box depicts a domain where the variation range of Al in the SLMed samples is less than 0.15% compared to the powder. When the Al in Ti-6Al-4V alloy shows an evident vaporization loss (more than 0.15%), the body energy density is higher than 126 J/mm3 from the fitting curve. In addition, the excellent mechanical properties of SLM Ti-6Al-4V alloy are achieved in the literature [3,31,32,33] as the laser body energy density is less than 126 J/mm3. Therefore, it can be deduced that in the regular SLM building process of Ti-6Al-4V, the element vaporization loss barely happens.





4. Conclusions


In the present investigation, a diffusion model is proposed to describe the element vaporization behavior of Ti-6Al-4V during SLM process. The influence of the processing parameters on the vaporization loss of element Al is discussed in detail. The critical conclusions are summarized as follows:




	(1)

	
In Ti-6Al-4V alloy, Al element has the maximum saturated vapor pressure, followed by Ti element, and the saturated vapor pressure of V element is almost zero, which indicates that Al element has the potential to vaporize in the building process.




	(2)

	
During the SLM process of Ti-6Al-4V alloy, the element vaporization is mainly controlled by the diffusion of the metal vapor in an inert atmosphere. The diffusion model is used to calculate the kinetics of the element vaporization flux. The result indicates that Al has the most significant vaporization flux and vaporization loss.




	(3)

	
Orthogonal experiment and single factor experiment demonstrate that the scanning speed pronouncedly affects the element vaporization loss. The quantity of the vaporization loss of Al is larger than Ti, supporting the result that the vaporization flux of Al is higher than Ti. This is in line with the vaporization kinetic prediction by the diffusion model.




	(4)

	
The quantity of the vaporization loss picks up as the laser body energy density increases. When the laser energy density exceeds 126 J/mm3 in Ti-6Al-4V SLM process, the temperature of the molten pool is significantly elevated to contribute to a remarkable vaporization loss (>0.15%) of Al.
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Figure 1. Thermodynamic calculation results of element vaporization: (a) the activity coefficient; (b) the saturated vapor pressure. 
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Figure 2. Element vaporization kinetics calculation [28]: (a) element vaporization in static gas atmosphere; (b) the functional between collision integral and converted temperature. 
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Figure 3. Kinetic calculation results of element vaporization: (a) relationship between vaporization fluxes of different elements and temperature; (b) ratio of saturation vapor pressure and vaporization flux of Al and Ti. 
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Figure 4. Effect of process parameters on the element vaporization of Al and Ti in alloy: (a) laser power; (b) scanning speed; (c) hatch distance. 
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Figure 5. Effect of scanning speed on the mass fraction of Al. 
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Figure 6. Relationship between body energy density and mass fraction of Al in formed components. 
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Table 1. Composition of Ti-6Al-4V alloy powder (wt.%), part based on the literature [21].
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	Al
	V
	Fe
	O
	N
	C
	H
	Ti





	6.28
	4.14
	0.12
	0.08
	0.015
	0.01
	0.009
	Balance
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Table 2. Process parameters of orthogonal experiment.
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	Name
	Laser Power/W
	Scanning Speed/(mm/s)
	Hatch Space/μm





	Level 1
	180
	600
	90



	Level 2
	230
	900
	95



	Level 3
	280
	1200
	100



	Level 4
	330
	1500
	105



	Level 5
	380
	1800
	110
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Table 3. Single-factor experiment of scanning speed.
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Case

	
Laser Power/W

	
Scanning Speed/(mm/s)

	
Hatch Space/μm

	
Layer Thickness/μm






	
0

	
330

	
250

	
100

	
30




	
1

	
500




	
2

	
750




	
3

	
1000




	
4

	
1250




	
5

	
1500
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Table 4. Relevant parameters in the Redlich-Kister equation.
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	System
	L (0)
	L (1)
	L (2)





	Al-Ti
	−10825 + 38 T
	−6000 + 5 T
	15000



	Al-V
	−50725 + 9 T
	−15000 + 8 T
	



	Ti-V
	1400
	4100
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Table 5. Vapor pressure constant of main elements in Ti-6Al-4V alloy.
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	Element
	A
	B
	C
	D
	Temperature Range/K





	Ti
	−23200
	−0.66
	—
	11.74
	Melting point-boiling point



	Al
	−16380
	−1.0
	—
	12.32
	Melting point-boiling point



	V
	−26900
	+0.33
	−0.265
	10.12
	298 K-melting point
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Table 6. Significant level of each factor under a layer thickness of 30 µm.
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	Factor
	DevSq
	DOF
	F
	F0.1(4,6)
	Salience





	Laser power
	0.028
	4
	0.866
	2.190
	



	Scanning speed
	0.119
	4
	3.680
	2.190
	*



	Hatch space
	0.019
	4
	0.588
	2.190
	



	Error
	0.190
	24
	
	
	







*DevSq: deviation sum of squares; DOF: degree of freedom; F0.1(4,6): critical value of F.
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Table 7. Significant level of each factor under a layer thickness of 45 µm.
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	Factor
	DevSq
	DOF
	F
	F0.1(4,6)
	Salience





	Laser power
	0.007
	4
	0.519
	2.190
	



	Scanning speed
	0.056
	4
	4.148
	2.190
	*



	Hatch space
	0.007
	4
	0.519
	2.190
	



	Error
	0.080
	24
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Table 8. Significant level of each factor under a layer thickness of 60 µm.
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	Factor
	DevSq
	DOF
	F
	F0.1(4,6)
	Salience





	Laser power
	0.014
	4
	1.000
	2.190
	



	Scanning speed
	0.025
	4
	1.786
	2.190
	



	Hatch space
	0.027
	4
	1.929
	2.190
	



	Error
	0.080
	24
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