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Abstract

:

In-situ alloying is a facile method for exploring high-performance metallic materials for additive manufacturing. However, composition inhomogeneity is inevitable, and it is a double-edged sword for the properties of in-situ alloyed parts. Appropriately controlling the composition inhomogeneity benefits the applications of in-situ alloying in specific microstructural and properties design. In this work, the Al20Cu alloy was selected as the benchmark alloy to investigate the tailoring of composition inhomogeneity. The morphology and area percentage of composition inhomogeneity in the as-built samples were firstly analyzed. These results provided evidence for the formation of composition inhomogeneity and indicate that its content is tightly dependent on processing parameters. The characteristics of the molten pool under various processing parameters were investigated by modeling the laser remelting process. Based on these, a processing map was established to guide the tailoring of composition inhomogeneity. This study expands the understanding of the formation mechanism of composition inhomogeneity in in-situ alloyed parts and sheds light on employing laser powder bed fusion in-situ alloying for new materials development.
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1. Introduction


Laser powder bed fusion (LPBF) in-situ alloying is a cutting-edge technology, which realizes in-situ alloying of a certain proportion of different alloys or elemental powders by laser during the printing process, providing a simple method for optimizing the microstructure and composition characteristics of components [1]. Modification of alloy composition by in-situ alloying has been widely applied in LPBF [2,3,4,5,6,7]. However, chemical composition inhomogeneity due to inadequate in-situ alloying has been commonly observed. Generally, the composition inhomogeneity shows a negative impact on the quality of printed parts [5,7,8,9]. For instance, Lin et al. [6] reported that Si inhomogeneities decreased the ductility of Si-containing FeCoCrNi fabricated by in-situ alloying. However, with proper control, composition inhomogeneity can be utilized to ameliorate the performance of the components [10,11,12,13]. T. Zhang et al. [10] found that the strength and toughness of the alloy can be improved synchronously by reasonably utilizing the composition inhomogeneity. Therefore, reasonable control of composition inhomogeneity is a key challenge in manufacturing reliable parts by in-situ alloying.



Composition inhomogeneity is produced through inadequate homogenization of different melt in the molten pool during LPBF in-situ alloying [10,14] in which the melt has undergone an intense mixing process due to Marangoni fluid flow [15]. Although Marangoni fluid flow tends to homogenize the melt in the molten pool, the chaotic mixing traces are preserved due to the small size and rapid cooling of the molten pool of LPBF [14,16]. Thus, the morphology that arises after the laser melting can be observed in various in-situ alloyed alloys [6,10,17]. Considering the shape and melt flow of the molten pool are tightly connected with the processing parameters of LPBF [18], it is, therefore, a direct way to control the intermixing process by adjusting processing parameters. In the past a few years, considerable research has proved that composition inhomogeneity is alleviated by increasing laser energy input [17,19,20]. However, to our knowledge, no attempt has been made to define a function for processing parameters to characterize the mixing capacity of the corresponding molten pool, which is important for controlling the composition inhomogeneity. Thus, more basic investigations would be advisable.



Recently, increased attention has focused on Al–Cu alloys due to their high strength, corrosion resistance, and low density [21,22,23]. Meanwhile, the composition inhomogeneity of Al-Cu binary alloys with high copper content can be distinguished by both the distinct change in microstructure and the difference in contrast via backscattered electron (BSE) imaging [19,24]. Therefore, the Al20Cu alloy was selected as the benchmark alloy of the current research, and the mechanism of controlling the composition inhomogeneity via adjusting processing parameters during in-situ alloying was intensely studied experimentally and numerically. The LPBF processing parameters were well designed to avoid the chaotic keyhole, because the chaotic keyhole mode molten pool results in the generation of excessive porosity [18], which damages the performance of the component. The relationship between melt flow behavior and processing parameters was investigated by modeling the laser molten pool under various processing parameters. Based on this, a processing map was established to guide the drafting of processing parameters in in-situ alloying.




2. Materials and Methods


2.1. Sample Preparation and Microstructural Characterization


The gas-atomized commercial pure Al (99.9%) powder and pure Cu (99.9%) were overall spherical with a powder size distribution range of 15–53 μm. The 80 wt.% of pure Al powder and 20 wt.% of pure Cu powder were weighed and mixed with 180 g agate ball by WAB Turbula mixer (WAB, Moutonz, Switzerland) for 8 h for homogenization. The blended powder was measured by energy dispersive spectroscopy (EDS, Zeiss, Oberkochen, Germany) mapping and showed a uniform distribution, as shown in Figure 1a. The size of blended powder was also measured by Matersizer 300+ EV (Malvern Panalytical, Shanghai, China), as shown in Figure 1b.



The experimental samples were printed by EOS 290 equipment (EOS GmbH, Munich, Germany), which is equipped with a spot diameter of 70 μm laser. The power and scanning rate of the laser is the most important processing parameters for the molten pool formation, therefore, in the current work, only these two parameters were studied. The processing parameters used in the current study are listed in Table 1. The processing parameters design refers to the research [23,25] on processing parameters of LPBF aluminum alloy; higher scanning speed was used at high laser power and lower scanning speed at low laser power to avoid the chaotic keyhole and lack-of-fusion pores. The layer thickness and the hatch space should be as small as possible to facilitate the powder melting. The layer thickness was set as 30 μm, slightly larger than the powder average size of 22 μm, and the hatch space was set as 70 μm, equal to the size of the laser spot. A standard alternating x/y-raster scan strategy was used to build the samples, as shown in Figure 1c. The entire printing process was conducted in an inert argon atmosphere.



The specimens were ground and polished to a mirror finish by the conventional metallographic preparation method. Microstructure characterization was conducted on Zeiss Merlin field emission scanning electron microscope (SEM, Zeiss, Oberkochen, Germany) equipped with an energy dispersive spectroscopy (EDS). All characterizations of printed samples were performed on the XY plane (perpendicular to the building direction), which better shows the melting of the powder layer.




2.2. Laser Molten Pool Modeling


Previous studies on LPBF molten pool have revealed that the melt flow and shape of the molten pool is dominated by the Marangoni effect and metal vaporization [26,27]. This study focuses on comparing the effect of processing parameters on the characteristics of the molten pool, such as melt flow and shape of the molten pool. Therefore, the Marangoni effect and metal vaporization are weighed and the powder kinetics are ignored in this model. The LPBF process is simplified as laser remelting of Al20Cu alloy. Figure 2 shows the schematic of computational domain. Only half of the workpiece was taken into account to save computing resources. A movable laser is scanning in the +x direction to melt the metal, and this process is conducted in an argon atmosphere. The interactions of laser and metal, such as melting, solidification, metal evaporation, and Marangoni effect, were included in this model. The melt in the molten pool is treated as incompressible Newtonian laminar flow. This simulation was implemented in the commercial software FLUENT (18.0, ANSYS, Beijing, China). Based on these simplifications, the molten pool characteristics over the shifts in processing parameters were obtained quickly.



The governing conservation equations of mass, momentum, and energy concentration is formulated as follows [27,28,29]:


    ∂ ρ   ∂ t   + ∇ · ρ  u →  = 0 ,  



(1)






  ρ  (    ∂  u →    ∂ t   +  (   u →  · ∇  )   u →   )  = ∇ ·  [  − p I + μ ∇  u →  + μ    (  ∇  u →   )   T   ]  + ρ  g →  +  p s  +  P  evp   +  F  SL   ,  



(2)






  ρ  c p   (    ∂ T   ∂ t   +  u →  ∇ T  )  = ∇ ·  (  k ∇ T  )  +  Q l  +  Q  con   +  Q  evp   +  Q  SL   ,  



(3)




where   u →  ,  ρ ,    c p   ,  μ , and  k  are the fluid velocity, density, specific heat, viscosity, and thermal conductivity, respectively.   ρ  g →    is the gravitational volume force. The source terms (in bold) were added by coupling with the user-defined functions (UDF), which will be described in detail below.



The gas–liquid interface is captured by the volume-of-fluid (VOF) method and the reactions on the free surface were written as volumetric with a continuum surface force (CSF) method [30].


    ∂ F   ∂ t   + ∇ ·  (  F  u →   )  = 0 ,  



(4)




where F is the volume fraction of gas or metal.



The important reactions in the metal/gas surface are the laser heat flux and metal evaporation in this process. The laser heat flux    Q l    input at the metal/gas interface is assumed as a Gaussian laser beam, which can be described as [31]:


   Q l  =   2 P ·  η l    π  r b 2    exp  (    − 2  (     (  x − V · t  )   2  +  y 2   )     r b 2     )  ·  |  ∇ F  |    2  ρ  s u f   ·  c P     s u f      ρ m   c P    m  +  ρ g   c P    g    ,  



(5)




where P is laser power, V is laser scanning rate,    r b    is the effective laser beam radius, x and y are the distance to the laser beam’s center in x and y directions,    η l    is laser absorptivity.    |  ∇ F  |    is the absolute value of the gradient of metal phase volume fraction. The specific heat capacity and density of metal, gas, and surface are indicated by    c P    and  ρ  with subscript m, g, and suf, respectively.



The reaction of metal evaporation is included in this model. The vapor recoil pressure    P  vap     and vapor heat loss    Q  vap     can be formulated as [27,28,29]:


   P  vap   = 0.54  P a  exp  (    M ·  L  e v p      K B     (    T −  T  e v p     T ·  T  e v p      )   )  ·  |  ∇ F  |    2  ρ  s u f      ρ m  +  ρ g    ,  



(6)






   Q  vap   =   −  L  e v p   · 0.82     2 π R M · T     ·  P a  exp  (    M ·  L v     K B     (    T −  T  e v p     T ·  T  e v p      )   )  ·  |  ∇ F  |    2  ρ  s u f   ·  c P     s u f      ρ m   c P    m  +  ρ g   c P    g    ,  



(7)




where    L  e v p    ,    T  e v p    ,    P a   ,  R ,  M , and    K B    are evaporation latent heat, evaporation temperature, ambient pressure, gas constant, molecular weight, and Boltzmann constant, respectively.



For the non-isothermal free surface, the moment source term    p s    caused by surface tension pressure and the Marangoni shear stress was formulated by [28]:


   p s  =  (  γ κ · n −  ∇ s  T   d γ   d T    )  ·  |  ∇ F  |    2  ρ  s u f      ρ m  +  ρ g    ,  



(8)




where   κ   is the curvature of a free surface,  γ  is the surface tension, and n is the normal unit vector.     d γ   d T     represent the temperature coefficient of surface tension.



The corresponding boundary condition for heat loss    Q  con     of convection and radiation at the free surface was written as [31]:


   Q  con   = −  (   h c   (  T −  T 0   )  + σ ε  (   T 4  −  T 0 4   )   )  ·  |  ∇ F  |    2  ρ  s u f   ·  c P     s u f      ρ m   c P    m  +  ρ g   c P    g    ,  



(9)




where    h c    is the coefficient of convection heat transfer,  σ  is Stefan-Boltzmann constant, and  ε  is the radiant emissivity.



The solid–liquid phase change of metal is considered by set a pseudo solidification interface, which is identified by temperature. The liquid fraction fL is defined as follows [32]:


   f L  =  {      0 ,     T <  T S          T −  T S     T L  −  T S    ,      T S  ≤   T   ≤    T  L         1 ,      T L  < T       ,  



(10)




where TS is the solidus temperature and TL is the liquidus temperature. Enthalpy-porosity method is used to model the melting and solidification process [32]. The melt velocity is damped when going through the mush zone, and it vanished in the solid. The damping force    F  SL     when fluid goes through the mush zone and the latent heat release or absorb during metal melting or solidification can be expressed as follows:


   F  SL   =  A  mush       ( −  f L  )  2    (  f L 3  + 0.001 )   ·  u →  ,  



(11)






   Q  SL   = −  [    ∂ ρ Δ  L f    ∂ t   + ∇ ·  (  ρ  u →  Δ  L f   )   ]  ,  



(12)




where   Δ  L f    is the latent heat of solid-liquid phase change. The parameter    A  m u s h     is the mushy zone constant, which is set to 1 × 1010 in this model.



The mesh cell size is 4 μm and time step is 10−6 s. The second-order upwind method was used for the spatial discretization of energy and momentum. The pressure implicit with splitting of operators (PISO) algorithm was applied for the velocity-pressure coupling. The thermophysical properties of Al20Cu alloy were calculated by Thermo-calc software and listed in Table 2.





3. Results and Discussion


3.1. Composition Inhomogeneity of Al20Cu Alloy


Figure 3a shows the composition inhomogeneity morphology of the Al20Cu samples in-situ alloyed at different processing parameters. Figure 3b shows the elements distributed on the dark and bright regions of the BSE micrograph that commonly existed in most of the samples. By comparing the results of the BSE micrograph with the EDS mapping result, the bright area, dark area, and grey area in the BSE micrograph can be distinguished as Cu-rich zone, Cu-poor zone, and sufficient alloyed zone, respectively. It can be clearly observed that the morphology of the composition inhomogeneity within all samples resembled the melt flow morphology, which is an obvious morphology that arose after the laser melting [14]. This morphology is consistent with previous studies on in-situ alloying of Al-based, Ti-based, and high-entropy alloys [2,5,6,10,17]. The composition inhomogeneity regions are reduced with the increase of laser power (marked with the blue dash box in Figure 3a) or the decrease of scanning rate (marked with the red dash box in Figure 3a). A significant reduction in composition inhomogeneity was observed at the hyper-low scanning speed (marked with the black box in Figure 3a).



To quantify the extent of alloying, the area percentages of the composition inhomogeneity region in each sample were measured. An example of the measurement process of the composition inhomogeneity region is shown in Figure 4a. Three low magnitudes BSE micrographs in random positions were captured for each sample in the cross-section. The Cu-poor zone and Cu-rich zone in the BSE micrograph are selected by thresholding and quantified by ImageJ software after noise reduction and binarization. The area percentage of the composition inhomogeneity region is defined as the sum of the Cu-poor zone and Cu-rich zone. The normalized enthalpy   Δ H /  h s   , a most commonly used form, was used to evaluate the laser energy absorbed by a material in each process parameter [34,35,36]. This number is formulated as follows [35]:


    Δ H    h s    =    η l  P   ρ  h s    π α ·  r b 3  · V     ,  



(13)




where    h s   ,    η l   ,  P ,  V ,  α , and    r b    are the enthalpy of fusion, laser absorptivity, laser power, laser scanning rate, thermal diffusion coefficient, and laser beam radius, respectively.



The statistical results show that the area ratio of the composition inhomogeneity region within the sample is closely related to the absorbed laser energy, as shown in Figure 4b. As   Δ H /  h s    increased, the area percentage of the composition inhomogeneity region decreases rapidly from 31.3% to 10% and then slowly declined to 5.2%. These results indicated that the composition inhomogeneity can be tailored by adjusting the laser power and scanning rate.



Figure 5 shows the representative microstructure of in-situ alloyed Al20Cu alloy. The fully alloyed Al20Cu alloy exhibits nano-sized cellular α-Al, which is decorated with a bright Al2Cu phase in the core of the molten pool, while the micro-sized cellular is dispersed along the molten pool boundary (Figure 5b). This featured microstructure is attributed to the rapid cooling of the molten pool [37]. The obvious solidification microstructures were detected in both the Cu-poor zone (Figure 5c) and the Cu-rich zone (Figure 5d) in which granular Al2Cu and obvious copper dendrites can be, respectively, observed. The composition fluctuations in both regions were analyzed by EDS line analysis (Figure 5c,d). In the Cu-rich zone, the content of copper element steadily rises in the diffusion layer, showing a large fluctuation amplitude but a small fluctuation frequency of composition as a whole. On the contrary, the fluctuation amplitude of composition in the Cu-poor zone is small, while the fluctuation frequency remains high. Beyond the insufficient alloyed zone, the mass percentage of Cu and Al concentration is close to the designed concentration. The violent fluctuation of element content indicates that aluminum and copper elements undergo a violent mixing process in the molten pool. Yet, the extremely high cooling rate of the molten pool preserved this morphology features [10], which also indicates that the life period of the molten pool is important for the formation of composition inhomogeneity.



The above results verify that morphology of composition inhomogeneity is tightly related to the processing parameters. In addition, the present results also indicate the characteristics of the molten pool, such as the melt flow and life period of the molten pool, which is critical in controlling the composition inhomogeneity of the LPBF in-situ alloyed components.




3.2. Characteristics of the Molten Pool under Various Processing Parameters


In the present work, the complicated LPBF process was reduced to a laser re-melting process. Based on this, the trend of molten pool characteristics over the shifts in processing parameters can be obtained quickly. The temperature and velocity field of molten pools in various processing parameters are shown in Figure 6. In all of these molten pools, the high-temperature melt at the gas-metal interface was derived to the low-temperature region, which is a typical Marangoni flow pattern. However, the shape and size of the molten pool changed significantly with the variation of processing parameters. A significant reduction in the size of the molten pool was observed with the increase of scanning rate (marked with the red dash box in Figure 6) or the decrease of laser power (marked with the blue dash box in Figure 6). The shape of molten pool changes from long and elliptical to roundness, when a hyper-low scanning rate is used.



The Peclet number Pe, which is the ratio of diffusion rate driven by concentration gradient to convection rate, is used to describe the relative importance of convection and diffusion.


   P e  =   u L  D  ,  



(14)




where  u  is the characteristic velocity,  L  is the characteristic length, and  D  is the diffusion rate of Cu in the Al matrix (3 × 10−9 m2/s). The most commonly used form to measure the characteristic length of molten pool in literature is the apparent radius or depth of the molten pool [15,38,39]. However, the molten pool shows a complex geometry shape (Figure 6), in consequence, the geometric characteristics of the molten pool cannot be described basically by the apparent radius or depth of the molten pool. In this work, the molten pool was regarded as a rectangular flow channel with varying cross-sections, and the characteristic length of each cross-section is calculated by hydraulic diameter, as illustrated in Figure 7. The characteristic length L can be calculated as follows:


  L =   4 A    C w    =   2 h d   h + d   ,  



(15)




where  A  is the cross-section area of the channel,    C w    is the wetting perimeter of the flow channel;  h  and  d  are the height and width of the channel, respectively. For each molten pool, six sections are intercepted at equal distances (Figure 7) and the Pe in each plane was calculated. In the present work, the diffusion rate of elements is set to a constant in the Pe numbers calculation. Therefore, the Pe numbers also reflect the convection strength within the molten pool.



Figure 8 shows the characteristic of the molten pool under various processing parameters. As shown in Figure 8a, the Pe number increased rapidly from 8560 to 13,700 and then fluctuated at approximately 13,700 with the increase of normalized enthalpy. It should be noted that the Pe number is increased with the increase of the laser power (red ball) or the decrease of the scanning rate (green star) when the normalized enthalpy is lower than 22.5 but does not further improve with the decrease of scanning rate (blue star) when the normalized enthalpy is higher than 22.5. This result indicates that the convection strength cannot be increased unlimitedly by increasing the laser power and decreasing the scanning rate. In addition, the Pe is in the order of 103, so the mass transfer process within the molten pool was dominated by convection. This result coincides with the experiment that the morphology of the composition inhomogeneity region resembled the convective motion of the melt flow (Figure 3a). Figure 8b,c plot the characteristic length of the molten pool vs. the normalized enthalpy. The average characteristic length is calculated from the average of six channels under each process parameter, and the life period of the molten pool (   t  l i f e    ) is the time for the metal to maintain the molten state. Unlike the trends from data in Figure 8a, the life period and dimension of the molten pool is monotonically increasing with the increase of normalized enthalpy, even under the processing parameters of a highly low scanning rate (blue star).



The above results reveal that the convection strength, time, and dimension of the molten pool are closely related to the normalized enthalpy. Once the normalized enthalpy exceeded a threshold value of 22.5, the convection within the molten pool reaches the peak of intensity in present Al20Cu alloy. As the normalized enthalpy further increases, although the convection strength does not increase, the size of the melt pool and its life period continue to increase, which means that the heterogeneous melts have more time and more space to mix under these conditions. Therefore, further increase of normalized enthalpy can still help to mix the heterogeneous melts. The experiment results present in Figure 3a also show the lower composition inhomogeneity of in-situ alloyed Al20Cu fabricated by the processing parameters with normalized enthalpy exceeding 22.5. Although the complex physical phenomena of in-situ alloying have not been fully revealed, the basic trends of the effect of the adjustment of processing parameters on the pool characteristics can be obtained from the simulation results. As the current work focuses on the influences of processing parameters, a more elaborate simulation will be done in the future.




3.3. The Processing Map for Controlling the Composition Inhomogeneity


The above experimental results have proved the feasibility of tailoring the composition inhomogeneity by adjusting processing parameters (Figure 3). The influence of process parameter adjustment on the factors, which dominate the intermix of heterogeneous melt has been revealed by molten pool simulation (Section 3.2). Here, we shall attempt to summarize a parameter from the simulation results to characterize the mixing ability of the processing parameters to the heterogeneous melts.



The simulation results in Figure 6 show that the melt within the molten pool is a circulating flow. This suggests that the time required for the melt to move around the molten pool (   t  c y    ) can be defined as the quotient of molten pool size and melt flow velocity. The molten pool size and melt flow velocity are characterized by the characteristic length  L  and the characteristic velocity  u , respectively, then the parameter    t  c y     is formulated as    t  c y   = L / u  . It should be noted that this parameter reflects the flow characteristics of the melt in space but does not include the time characteristic. To account for this, a non-dimensional number we called convective stirring number (CSN) is defined as the quotient of the life period of the molten pool (   t  l i f e    ) and the time required for the melt to move around the molten pool (   t  c y    ), which is expressed as follows:


  C S N =  t  l i f e   · u / L ,  



(16)







Figure 9 plots the variations of convective stirring number with the normalized enthalpy. The convective stirring number is increased with the increase of the laser power (red ball) or the decrease of the scanning rate (green star and blue star), which coincides with the experimental results in Figure 3a. This trend is also consistent with previous studies on the in-situ alloyed Al alloy and high entropy alloy [17,19].



In addition, the data in Figure 9 shows that the number of convective stirrings has a good linear fit with the energy input with a R2 = 0.96. Therefore, the following function can be used to determine the relationship between the convective stirring number and laser parameters:


  C S N = k ·   η P   ρ  h s    π α  r 3  ·  r b      + m ,  



(17)




where k = 0.87 and m = 7.1 are the slope and intercept of the function obtained by linearly fitting the data in Figure 9, respectively. The processing map of CSN is shown in Figure 10. The micrograph of the samples was used to verify the accuracy of the model, which is placed around the processing map. Obviously, the composition inhomogeneity within the sample decreases significantly with increasing convective stirring numbers, which verifies the reliability of the processing map. The processing map in Figure 10a provides that a relatively high CSN can be obtained at the combination of a high laser power and a low scanning rate. However, the excessive input of laser energy will cause a keyhole, which results in the generation of excessive porosity [18], so the low scanning rate should be matched with lower laser power to avoid the chaotic keyhole [23,25].



In addition to adjusting the processing parameters, remelting is a more direct method to increase the convective stirring number. The convective stirring numbers are doubled for each remelting with the same laser parameters. Figure 11 shows the BSE micrograph of samples fabricated by adjusting processing parameters and remelting. The parameters 190 W-0.15 m/s and 220 W-1.3 m/s, with CSN equal to 19.9 and 3.5, respectively, were chosen as a benchmark for sample printing (Figure 11a,c). After once remelting, the CSN of these two parameters is increased to 39.8 and 7.0, respectively (Figure 11b,d). For comparing, the samples fabricated at a processing parameters 400 W-0.22 m/s (CSN = 39.9) and 220 W-0.73 m/s (CSN = 7.1) are shown in Figure 11e,f. For the parameters 190 W-0.15 m/s (Figure 11c), the Al and Cu melt experienced sufficient convective stirring after once remelting, so that the composition inhomogeneity disappeared. However, such a high CSN exists in the area with extremely low scanning speed in the process space, and the sample cannot even be formed due to overheat (Figure 11e). For the parameters 220 W-1.3 m/s with remelting (Figure 11d), the composition inhomogeneity region still exists due to the insufficient convective stirring numbers, and this is consistent with the morphology within the un-remelted sample with the number of convective stirrings equal to 7.1 (Figure 11f). These results showed that the availability of remelting on tailoring the composition inhomogeneity, and the homogeneous Al20Cu samples can be printed when CSN is equal to 39.8.





4. Conclusions


The Al20Cu alloy was selected as the benchmark alloy to investigate guidance for the tailoring of composition inhomogeneity by adjusting processing parameters. The main conclusions can be drawn as follows:



(1) The composition inhomogeneity of the in-situ alloyed Al20Cu alloy was characterized. The morphology of the composition inhomogeneity resembled the convective motion of the melt, and it is closely related to the processing parameters;



(2) In the present Al20Cu alloy, the convection within the molten pool reaches the peak of intensity once the normalized enthalpy of processing parameters exceeds 22.5, while the size of the melt pool and its life period continue to increase;



(3) A non-dimensional number CSN was provided to reflect the time-space characteristics of molten pool under various processing parameters. A processing map of convective stirring number was proposed for tailoring the composition inhomogeneity. An Al20Cu sample without composition inhomogeneity was successfully fabricated with the guidance of this processing map.



In summary, the results of this work provide process guidance for tailoring the composition inhomogeneity via LPBF in-situ alloying and contribute to the development of new materials for additive manufacturing by in-situ alloying.
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Figure 1. (a) Al powder and Cu powder distribution and (b) particle size distribution of blended Al20Cu powder. (c) Schematic of LPBF process and scanning strategy. 
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Figure 2. Schematic of boundary condition and computational domain for laser scanning simulation. 
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Figure 3. Composition inhomogeneity within the Al-20Cu samples printed at various scanning rates and laser powers: (a) BSE micrographs of all samples, and (b) EDS mapping analysis of composition inhomogeneity region within the sample processed by laser power of 220 W and scanning rate of 1.2 m/s. 
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Figure 4. Quantitative characterization of composition inhomogeneity defects within the samples printed by different energy input: (a) schematic of measurement process, (b) statistical results. 
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Figure 5. The microstructure of the cross-plane of an as-printed Al20Cu sample: (a) a representative SEM micrograph and an enlarged detail of (b) fully alloyed zone, (c) Cu-poor zone, and (d) Cu-rich zone. The EDS line analysis performed across the Cu-poor zone and Cu-rich zone is placed at the bottom of (c,d). 
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Figure 6. Temperature and velocity field of molten pool under different processing parameters. 
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Figure 7. Analysis of convection diffusion by Peclet number Pe: (a) Temperature and velocity field of molten pool with laser power of 190 W and scanning rate of 0.25 m/s, and (b) the measuring sketch of characteristic length L. 
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Figure 8. The characteristics of molten pool at various scanning rates and laser powers: (a) Pe; (b) characteristic length; (c) life period. 
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Figure 9. The convective stirring numbers of the molten pool at various scanning rates and laser powers. 
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Figure 10. Processing map and experiment results of in-situ alloyed Al20Cu: (a) processing map shows the convection stirring number as a function of laser power and scanning rate. (b) BSE micrograph of the samples printed at various scanning rates and laser powers. 
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Figure 11. The composition inhomogeneity within the samples to increase CSN by (a–d) remelting and (e–f) adjusting processing parameters. 
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Table 1. Processing parameters used in the sample printing experiment.
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	Power (W)
	Scanning Rate (m/s)
	Hatch Distance (μm)
	Layer Thickness (μm)





	160
	0.08
	70
	30



	190
	0.15, 0.2, 0.25
	70
	30



	220
	0.8, 1.0, 1.2
	70
	30



	250
	0.8, 1.2, 1.6
	70
	30



	300
	1.2, 1.8
	70
	30
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Table 2. Thermophysical properties of the material used in this simulation [33].
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	Property
	Al20Cu





	Solid density ρs (kg m−3)
	3140



	Liquid density ρl (kg m−3)
	2510



	Solidus temperature TS (K)
	821.16



	Liquidus temperature TL (K)
	875.7



	Solid specific heat cp (J kg−1 K−1)
	850



	Liquid specific heat cp (J kg−1 K−1)
	1010



	Solid thermal conductivity k (W m−1 K−1)
	135.4



	Liquid thermal conductivity k (W m−1 K−1)
	100



	Heat transfer coefficient hc (W m−2 K−1)
	100



	Radiant emissivity ε
	0.2



	Temperature coefficient of surface tension   d γ / d T   (N m−1 K−1)
	−0.00035



	Latent heat of fusion Lf (J kg−1)
	3.87 × 105



	Latent heat of evaporation Levp (J kg−1)
	9.46 × 106



	Vaporization temperature Tevp (K)
	2792.15
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