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Abstract 

Petitjean, Shayna. MSME Department of Mechanical and Materials Engineering, Wright State 

University, 2022. A Digital Twin for Synchronized Multi-Laser Powder Bed Fusion (M-LPBF) 

Additive Manufacturing. 

 

 

One of the technological challenges in the widespread application of additive manufacturing is the 

formation of undesired material microstructure and defects. Specifically, in metal additive 

manufacturing, the microstructural formation of columnar grains in Ti-6Al-4V is common and 

results in anisotropic mechanical properties and a reduction in properties such as ductility and 

endurance limit. This work presents the application of hexagonal and circular arrays of 

synchronized lasers to alter the microstructure of Ti-6Al-4V in favor of equiaxed grains. An 

anisotropic heat transfer model obtains the temporal/spatial temperature distribution and constructs 

the solidification map for various process parameters, including laser power, laser scanning speed, 

and internal distance between lasers in the array. Some degree of laser overlap is recommended to 

maintain continuous melt pools. The results, particularly at higher power settings and lower 

scanning speeds, indicate the attainability of equiaxed grains, suggesting a degree of control in 

microstructure formation in additive manufacturing. 
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1. Introduction 

Laser additive manufacturing (LAM) allows for the fabrication of complex three-dimensional parts 

comprised of various materials, including metals and ceramics [1,2]. However, the mechanical 

properties of the final product of LAM are unpredictable and lead to overall quality uncertainties. 

This unpredictability in mechanical properties stems from formation defects such as residual 

porosity, spatter, lack of fusion, cracks, surface roughness, and undesired microstructure [2,3]. For 

example, surface roughness and lack of fusion pores lead to poor fatigue [3]. In addition, the LAM 

of Ti-6Al-4V leads to the formation of long columnar grains that align with the laser scanning 

direction [4], resulting in a reduction in endurance limit and anisotropic properties [5].  

Many studies have been conducted to better understand how LAM can be utilized to control 

resulting mechanical properties to improve the widespread application of additive manufacturing. 

This work seeks to further these studies, specifically regarding laser powder bed fusion (LPBF) 

and material microstructure control. LPBF is a branch of LAM that consists of selectively melting 

and solidifying powdered material layer by layer until the desired product is complete. This method 

is often used to process metals such as Ti-6Al-4V. Ti-6Al-4V meets two critical criteria that allow 

it to be additively manufactured: good weldability to avoid cracks during solidification and its 

availability as small, spherical powders that allow good packing density and homogeneity [6]. It 

has been found that the LAM of Ti-6Al-4V tends to result in long columnar grains in all but high 

laser power applications [4]. It has also been shown that a correlation exists between laser scanning 

speed and the scale of columnar grains- as laser scan decreases, the scale of columnar grains 

increases [4].  
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An additively manufactured material's microstructure is driven by its cooling (solidification rate) 

and thermal gradient. Rapid solidification rates and large thermal gradients result in columnar-

dominated microstructures [6]. Finding a way to modify these parameters could create an 

opportunity to control microstructure and, therefore, mechanical properties. However, 

accomplishing this via conventional, single-laser methods has not shown much promise in 

practicality. This work investigates the application of multi-beam laser configurations for LPBF 

and its effect on the microstructure. However, few studies have investigated the effect of multi-

laser-based additive manufacturing on microstructure. Evans et al. sought to understand the effect 

of two coordinated laser beams on microstructure in LPBF via a Rosenthal solution and a semi-

analytical approach [7]. While it was found that melt pool shape and size could be altered, 

microstructure could not. Dezfoil et al. implemented a dual-laser configuration in a study that 

resulted in a more uniform microstructure that remained columnar [8]. Heeling et al. implemented 

a similar configuration and showed that adding a second laser beam near the melt pool resulted in 

briefly suspending the solidification rate of the material [9], thus increasing the probability of a 

more desirable microstructure.  

In a work considering a configuration of five laser beams, an analytical solution was utilized to 

study the effect of laser configuration on material microstructure [10]. While the results indicate 

success in achieving a high average probability of equiaxed grain growth by laser position control, 

the model used was simplified and lacked validation. In another study by Heeling et al., a 

comprehensive computational model was developed for two synchronized lasers that incorporated 

the temperature dependency of material properties, Marangoni effects, convection, and radiation 

[11]. It is worth noting that analytical methods, such as the Rosenthal equation, assume thermos-

physical properties such as thermal conductivity, density, and specific heat, are independent of 
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temperature and neglect heat transfer due to radiation and convection [12]. The model developed 

for this work considers the temperature dependency of these properties, while other multi-beam 

laser studies focus of many strays from microstructure control and find greater interest in residual 

stress reduction [13-17] and fabrication time reduction [18]. 

This work features the exploration of two synchronized multi-laser beam configurations to 

discover the feasibility of controlling the material microstructure of Ti-6Al-4V in LPBF. A 

computational model is developed and used to predict the melt pool dimensions of width and depth 

for a single laser scanning at a constant speed for a range of speeds. These results are compared to 

those found experimentally. Upon validation, the model is utilized to simulate two laser 

configurations: 1) seven lasers arranged in a hexagonal configuration and 2) five lasers in a circular 

array. Three constant power settings are considered at three constant laser scanning speeds, each 

at five different laser spacings. Melt pool dimensions and thermal gradients are collected for each 

of these simulations. The thermal gradients are then used to determine the solidification rates. 

These two parameters are used to construct solidification maps, and the resulting microstructure is 

determined utilizing Hunt's criterion. 

2. Computational Model 

Multiphysics Object-Oriented Simulation Environment (MOOSE) software is used to solve the 

heat conduction equation and predict melt pool dimensions. The dimensions representing the 

powder bed are 1×1×0.5 mm3 for the model-verifying single laser simulations, while those 

representing the power bed are 5×1.5×1.5 mm3 for the multi-laser configurations. Eight-node 

hexahedral elements with dimensions of 10×10×7.5 µm3 are utilized to mesh the simulation 

domain. It should be noted that the powder diameter is typically around 30-50 µm. A finer mesh 
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of 5×5×5 µm3 is utilized to check the effect of the mesh size on the results, and it is found that the 

melt pool dimensions only changed by 0.1%. Therefore, to reduce the computational time and the 

financial cost of each simulation, the less fine 10×10×7.5 µm3 mesh is used. The size of the 

simulation domain is adequate for transient thermal analysis since it is at least ten times larger than 

thermal diffusion length based on the laser velocity range, 𝑙𝑡ℎ = √𝐷𝑟0 𝑣⁄ =0.036-0.025 mm [19], 

where v is scanning velocity, D is thermal diffusivity, and r0 is laser beam radius. The laser power 

and scanning speed range are selected to ensure that the melting occurs dominantly in the 

conduction regime [20] (see Figure 20 in the Appendix). In LAM, the melt pool created by a laser 

heat source can be either in 'conduction' or 'keyhole' mode [8]. Heat is primarily transferred via 

conduction in conduction mode melting and convection in keyhole mode melting. The melt pool 

tends to be shallow and wide in conduction mode, whereas in keyhole mode, it tends to be deep 

and narrow [20]. The conduction mode is generally favored due to better control of heat input, 

higher process stability, and higher quality (i.e., fewer defects). Model parameters can be found in 

Table 1. 

Table 1. Model parameters for LPBF-AM of Ti-6Al-4V [21]. 

Parameter Notation Unit Value 

Solidus Temperature TS K 1878 

Melting Temperature Tm K 1923 

Liquidus Temperature TL K 1993 

Absorption Coefficient A - 0.25 

Laser Beam Radius ro µm 75 

Laser Power P W 50, 300, 500, 1000 

Laser Scanning Speed v mm/s 100 - 1000 

Melting Enthalpy Hf kJ/kg 370 

Thermal Conductivity 

Enhancement Factors 
λx, λy, λz - 10, 10, 15 

Heat Transfer 

Convection 
hc W/m2K 50 

Heat Transfer Radiation hf W/m2K 1 
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2.1. Governing Equations 

The transient temperature distribution is obtained by using the anisotropic thermal conductivity 

model 

𝑐𝑝𝜌
𝜕𝑇

𝜕𝑡
=  

𝜕

𝜕𝑥
(𝜆𝑥𝑘𝑥

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜆𝑦𝑘𝑦

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜆𝑧𝑘𝑧

𝜕𝑇

𝜕𝑧
) − 𝜌𝐻𝑓

𝜕𝛼

𝜕𝑡
 (1) 

where cp is the specific heat capacity, 𝜌 is the density, λn is the thermal conductivity enhancement 

factors, kn is the thermal conductivity, Hf is the melting enthalpy, 𝛼 is the melt fraction (α = 1 

indicates liquidus phase, and 𝛼 = 0 indicates solidus phase), T is the powder bed temperature, and 

t represents time. The melt fraction parameter can be further defined as 

𝛼 = {

0, 𝑇 < 𝑇𝑆

(𝑇 − 𝑇𝑆) (𝑇𝐿 − 𝑇𝑆)⁄ , 𝑇𝑆 < 𝑇 < 𝑇𝐿

1, 𝑇 > 𝑇𝐿

 (2) 

where TS is the solidus temperature, and TL is the liquidus temperature. This simplified model 

mimics the effect of Marangoni convection in the melt pool and considers heat absorption during 

melting. The Gaussian heat flux was used to model a moving laser heating the top surface 

𝑞(𝑥, 𝑦) =  
2𝑃𝐴

𝜋𝑟𝑜2
exp (−

2((𝑥 − 𝑣𝑡)2 − 𝑦2

𝑟𝑜2
) (3) 

where A is the laser absorption coefficient, and v, P, and r0 are the laser scanning speed, power, 

and spot radius, respectively. Convection and radiation boundary conditions were added to all 

surfaces except the bottom of the powder bed. 

�̇� = ℎ𝑐(𝑇 − 𝑇0) + ℎ𝑟(𝑇
4 − 𝑇0

4) (4) 

�̇� = 𝑞(𝑥, 𝑦) + ℎ𝑐(𝑇 − 𝑇0) + ℎ𝑟(𝑇
4 − 𝑇0

4) (5) 

where hc and hr are the convective and radiation heat transfer coefficients, respectively, and T0 is 

room temperature. The symmetric boundary condition was applied to reduce the computational 
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cost. All model parameters are summarized in Table 1, and the Ti-6Al-4V alloy's thermo-physical 

properties are included in Table 2, located in the Appendix. 

2.2. Model Verification 

Before applying the model to multi-beam laser arrays, it was applied in the case of a single laser 

beam. The resulting melt pool dimensions of width and depth were compared to experimental 

results obtained by Yin et al. [22] using a laser power of 300 W and parameters defined in Table 

1. The simulations were conducted for laser scanning speeds of 500, 600, 700, 800, 900, and 1000 

mm/s. The melt pool dimensions predicted by the model and the experimental dimensions by Yin 

et al. can be found in Figure 1.  

 

Figure 1. Simulated melt pool dimensions vs. experimental melt pool dimensions for laser scanning speeds 500-1000 mm/s. 

Overall, the model results agree with the experimental results. The greatest error percentage occurs 

in the comparison of width and increases with scanning speed from about 1.72% at 500 mm/s to 

about 19.96% at 1000 mm/s. The error percentage in the comparison of depth ranges from about 
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1.37% to about 13.80%. All simulation results and experimental comparisons can be found in 

Tables 3 and 4, respectively, in the Appendix.  

To reduce computational modeling expenses, the dependency of anisotropic thermal conductivity 

with laser power and scanning speed [23] is neglected. Furthermore, uncertainties in modeling and 

physical parameters, including potential temperature dependence of the laser absorption 

coefficient [24], various mathematical models for laser-beam heat sources [25,26], and 

temperature dependence of density and thermal conductivity with powder porosity [27], should be 

noted. 

In addition, the resulting overall shape of the melt pool agrees with what is expected, including a 

comet-like long tail [28]. The shape of the melt pool is shown in Figure 2. 

a) 

 

b) 

 
Figure 2. The melt pool shape for a single laser beam. a) The shape from the scanning direction with a solidus (1878 K) and 

liquidus (1993 K) contours. b) Temperature distribution and definition of depth and width of the melt pool based on melting 

temperature (1923 K). 

2.3. Solidification Map 

The thermal gradient |𝐺⃗ | and solidification rate (R) are calculated to construct the solidification 

map as 

|𝐺⃗ | = √(
𝜕𝑇

𝜕𝑥
)
2

+ (
𝜕𝑇

𝜕𝑦
)
2

+ (
𝜕𝑇

𝜕𝑧
)
2

 (6) 
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and 

𝑅 = 𝑣
𝐺⃗𝑥

|𝐺⃗|
 (7) 

where 

𝐺⃗𝑥 =
𝜕𝑇

𝜕𝑥
 (8) 

  

The resulting solidification map for the model-verifying single-laser simulation can be found in 

Figure 3a. R is calculated for the cooling zone of the melt pool where R is greater than zero. R is 

less than zero in the heating zone and does not factor in the determination of microstructure. Figure 

3b shows liquidus surface contours for R and |𝐺⃗ | in the cooling zone of the melt pool. There is 

significant variation of R and |𝐺⃗ | along the liquidus surface, and it is shown that the thermal 

gradient at the bottom of the melt pool is much greater than that at the top. This indicates that as 

melt pool depth increases, thermal gradient and the likelihood of columnar grain increases [12]. It 

is also shown in Figure 3b that the solidification rate also varies along the liquidus surface. It is 

near zero at the bottom of the melt pool, where the heating zone transitions into the cooling zone 

and increases as the contour reaches the tail of the melt pool. Mixed and equiaxed grains are more 

likely to form at the tail of the melt pool. From Figure 3a, it is shown that the single-laser 

simulations conformed to expectations. A columnar microstructure is predicted for the bottom of 

each melting pool, as indicated by point 'B'. A mixed microstructure is predicted for the tail of 

each melting pool, as indicated by point 'S'. Furthermore, it is shown that as laser scanning speed 

increases, R x G increases. This indicates a decrease in grain size and agrees with previous studies 

[29,30]. 
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a) 

 

b) 

 

Figure 3. a) Solidification map for simulated single laser results and b) melt pool contour. 

The results of the single-laser simulations are encouraging. As such, the model used is modified 

to accommodate hexagonal and circular configurations in the following two sections.  

3. Multi-beam Laser Powder Bed Fusion  

This study modeled two possible laser configurations, i.e., hexagonal and circular laser arrays. The 

hexagonal laser configuration consists of seven synchronized lasers, and the circular array includes 

five lasers. It is worth noting that the distance between lasers in the array is constant during the 

scanning process.  

3.1. Hexagonal Configuration 

Upon model validation, a multi-laser hexagonal configuration was considered. A two-dimensional 

representation of the configuration is shown in Figure 4. 
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Figure 4. Two-dimensional visual representation of the hexagonal configuration. 

Figure 5 provides the three-dimensional visualizations of the lasers' heat flux in Gaussian 

distribution when the internal distance between lasers is a) 50 µm and b) 250 µm 

a) 

 

b) 

 

Figure 5. Gaussian distribution for hexagonal configurations with r of a) 50 µm and b) 250 µm. 

Three power settings (50, 300, and 500 W) are considered for the hexagonal configuration 

simulations. In each simulation, all lasers are set to the same power setting, P. Three laser scanning 

speeds (100, 500, and 1000 mm/s) are considered for each P, and five distances between laser 

beams (50, 75, 150, 200, and 250 µm) were considered for each laser scanning speed, v.  
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3.1.1. Melt Pool and Solidification Map 

For each simulation, resulting melt pool dimensions of width and depth are captured and plotted 

to compare the effect of the internal distance between lasers, r, on melt pool shape for each v for 

each P. For example, Figure 6 displays the melt pool shapes for a P of 500 W at v of 100-1000 

mm/s for r of 50-250 µm. In each melt pool shape plot, the x-axis represents the laser scanning 

speed direction, the y-axis represents the width, and the z corresponds to depth. From Figure 6, it 

is shown that melt pool depth and width both tend to decrease as v increases. This is likely due to 

the decreased interaction time between the lasers and the powder bed material. A decrease in 

interaction time between the two results in a reduction in heat absorption and thermal crosstalk. 

Figure 6 also shows that as r increases, width tends to increase. For example, at an r of 50 µm for 

a v of 500 mm/s, the width is found to be 532 µm, whereas, at an r of 250 µm, the width is found 

to be 720 µm. This can be justified given that a greater r-value indicates a more spread-out 

configuration (i.e., the configuration covers more surface area). Also, as r increases, depth tends 

to decrease overall. For the same v, at an r of 50 µm, the depth is found to be 308 µm, whereas, at 

an r of 250 µm, the depth is found to be 230 µm. 

 

 

 

 

 

 



12 

 

a) 

 

b) 

 

c) 

 

d)  

 

Figure 6. Melt pool shapes for P = 500 W at a) 100 mm/s, b) 500 mm/s, and c) 1000 mm/s and d) melt pool dimensions in hexagonal 

configuration. 
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Scaling the power setting back to 50 W, the melt pool shapes seem to mimic those at 500 W; 

however, beginning at an r of 200 µm for a v of 100 mm/s and at an r of 150 µm for the higher 

speeds, the melt pool appears to separate into multiple melt pools. This is shown in Figure 7. The 

overall trends remain the same for the continuous melt pools- as r increases, melt pool width 

increases while depth decreases. 

a) 

 

b) 

 

Figure 7. a) Melt pool shape and b) melt pool dimensions for P = 50 W at 100 mm/s. 

Melt pool shapes and dimensions for P of 300 W in hexagonal configuration corroborate these 

trends and can be found in Figure 21 located in the Appendix.  

 

 

 

 



14 

 

The solidification map for all hexagonal configuration simulations for a P of 50 W at v of 100-

1000 mm/s for r of 50-250 µm is displayed in Figure 8. 

 

Figure 8. Solidification map for hexagonal configurations at P = 50 W. 

From Figure 8, it can be discerned that an equiaxed microstructure is not attained at a power setting 

of 50 W. All microstructures are expected to be either mixed or columnar. It is also shown that as 

laser scanning speed increases, G x R values increase. This indicates a decrease in grain size as 

laser scanning speed increases.  

In comparison, Figure 9 displays the solidification maps for a P of (a) 300 W and (b) 500 W at v 

of 100-1000 mm/s for r of 50-250 µm. 
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a) 

 

b) 

 

Figure 9. Solidification maps for hexagonal configurations at P = a) 300 W and b) 500 W. 

At 300 and 500 W, an equiaxed microstructure is attained. Referring to Figure 3a, these equiaxed 

grains will form at the tail of the melt pool (point S) and extend to its depth. From the deepest 

point of the melt pool (point B), columnar grains will emerge to meet the equiaxed to form the 

mixed region. Grain size continues to decrease with increasing laser scanning speed.  

3.1.2. Predicted Microstructure by Volume Fraction 

From the thermal gradient, solidification rate, and melt pool arc length, it is possible to roughly 

approximate the volume fraction of equiaxed, mixed, and columnar microstructure for each 

simulation. Using the Hunt's criteria  

𝐺1.91

𝑅
< 1.04 × 106  

𝐾1.91

𝑐𝑚2.91∙𝑠
 for equiaxed microstructure (9) 

and 

𝐺1.91

𝑅
> 1.92 × 106  

𝐾1.91

𝑐𝑚2.91∙𝑠
 for columnar microstructure, (10) 
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The melt pool's equiaxed, mixed, and columnar portions could be discerned. The x- and y-

coordinates corresponding to values of G and R utilized in the criteria of Eqs. (9) and (10) for P of 

500 W, v of 100 mm/s, and r of 50 µm are plotted in Figure 10. 

 

Figure 10. Predicted microstructure of melt pool depth for P = 50 W, v = 100 mm/s, and r = 50 µm. 

Using the concept of arc length from the x- and z-coordinates, the volume fractions of each 

microstructure are found. The 300 and 500-W power settings results can be found in Figures 11 

and 12, respectively.  

a) 

 

b) 

 

Figure 11. The volume fraction of a) equiaxed and b) columnar microstructures for hexagonal configurations at P = 300 W. 
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a) 

 

b) 

 

Figure 12. The volume fraction of a) equiaxed and b) columnar microstructures for hexagonal configurations at P = 500 W. 

Figures 11a and 12a show that the volume fraction of equiaxed grains decreases as laser scanning 

speed increases. For a P of 300 W at 100 mm/s, the average percentage of equiaxed microstructure 

is about 43%, whereas, at 1000 mm/s, the average percentage of equiaxed microstructure is about 

37%. It is also apparent that an increase in laser power results in an increase in the volume fraction 

of equiaxed grains. The resulting average percentage of equiaxed microstructure for a P of 300 W 

at 100 mm/s is about 43%, whereas the resulting average percentage of equiaxed microstructure 

for a P of 500 W at 100 mm/s is about 55%. In contrast, the volume fraction of columnar 

microstructure increases as laser scanning speed increases and decreases as laser power increases.  

3.2. Circular Configuration 

A circular configuration is considered next. A two-dimensional representation of the configuration 

is shown in Figure 13. 
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Figure 13. Two-dimensional visual representation of the circular configuration. 

Figure 14 provides the three-dimensional visualizations of the lasers' heat flux in Gaussian 

distribution when r is (a) 50 µm and (b) 250 µm. 

a)  

 

b)  

 

Figure 14. Gaussian distribution for circular configurations with r of a) 50 µm and b) 250 µm. 

As with the hexagonal configuration simulations, three power settings (50, 300, and 500 W) are 

considered for the circular configuration simulations. In each simulation, all lasers are set to the 

same power setting, P. Three laser scanning speeds (100, 500, and 1000 mm/s) are considered for 

each P, and five distances between laser beams (50, 75, 150, 200, and 250 µm) are considered for 

each laser scanning speed, v. 
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3.2.1. Melt Pool and Solidification Map 

Once again, the resulting melt pool dimensions of width and depth are captured and plotted to 

compare the effect r on melt pool shape for each v for each P. Figure 15 displays the melt pool 

shapes for a P of 500 W at v of 100-1000 mm/s for r of 50-250 µm.  

a) 

 

b) 

 

c) 

 

d)  

 

Figure 15. Melt pool shapes for P = 500 W at a) 100 mm/s, b) 500 mm/s, and c) 1000 mm/s in circular configuration. d) melt pool 

dimensions in circular configuration. 
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Aligning in trend with the resulting melt pool dimensions of the hexagonal configurations, the melt 

pool dimensions tend to decrease as laser scanning speed increases. Width is still shown to increase 

with increasing r, while depth is still shown to decrease with increasing r. Melt pool shapes and 

dimensions for P of 50 and 300 W in circular configuration further support these trends and are 

found in Figures 23 and 24, respectively, in the Appendix. 

The solidification map for all circular configuration simulations for a P of 50 W at v of 100-1000 

mm/s for r of 50-250 µm is displayed in Figure 16. 

 

Figure 16. Solidification map for circular configurations at P = 50 W. 

As in the hexagonal configuration simulations, all circular configuration simulations result in 

columnar and mixed microstructures. Equiaxed grains were not attained under any set conditions 

for this power setting. Furthermore, comparing the results in Figure 16 to those in Figure 8, the 
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circular configuration results in an overall decrease in grain size compared to those of the 

hexagonal configuration. 

Figure 17 displays the solidification maps for a P of (a) 300 W and (b) 500 W at v of 100-1000 

mm/s for r of 50-250 µm. 

a) 

 

b) 

 

Figure 17. Solidification maps for circular configurations at P = a) 300 W and b) 500 W. 

As with the hexagonal configuration, equiaxed grains begin to emerge for P of 300, and 500 W. 

Grain size decreases with increasing laser scanning, showing consistency with the results of the 

hexagonal simulations.  

3.2.3. Predicted Microstructure by Volume Fraction 

The volume fractions of equiaxed and columnar microstructure for each circular simulation are 

determined via the same procedure as described in section 3.1.2. The 300 and 500-W power 

settings results can be found in Figures 18 and 19.  
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a) 

 

b) 

 

Figure 18. The volume fraction of a) equiaxed and b) columnar microstructures for circular configurations at P = 300 W. 

a) 

 

b) 

 

Figure 19. The volume fraction of a) equiaxed and b) columnar microstructures for circular configurations at P = 500 W. 

From Figures 18a and 19a, it is generally apparent that the volume fraction of equiaxed grains 

decreases as laser scanning speed increases. For a P of 500 W at 100 mm/s, the average percentage 

of equiaxed microstructure is about 50%, whereas, at 1000 mm/s, the average percentage of 
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equiaxed microstructure is about 41%. This trend is valid for all power settings and laser scanning 

speeds except for P of 300 W at 100 mm/s. Here, at 100 mm/s, the average percentage of equiaxed 

growth is about 30%, whereas the average for 500 mm/s and 1000 mm/s are 39% and 34%, 

respectively. The overall observed trend of this work would suggest that the average volume 

fraction for 100 mm/s should be between 40 and 45%, although the numerical prediction shows a 

different trend. 

An increase in laser power increases the volume fraction of equiaxed grains. The resulting average 

percentage of equiaxed microstructure for a P of 300 W at 1000 mm/s is about 34%, whereas the 

resulting average percentage of equiaxed microstructure for a P of 500 W at 1000 mm/s is about 

41%. In contrast, the volume fraction of columnar microstructure increases overall as laser 

scanning speed increases and decreases as laser power increases. 

Comparing the results of the circular simulations to those of the hexagonal simulations, it is shown 

that the hexagonal configuration is likely to produce a higher percentage of equiaxed 

microstructure. For example, for P of 500 at 100 mm/s, the average percentage of equiaxed grain 

from the hexagonal configuration is about 55%, whereas the circular configuration produces about 

a 49% equiaxed microstructure.  

4. Conclusion 

From the results obtained in this work from the simulations of synchronized hexagonal and circular 

arrays of lasers utilized in the LPBF application in the additive manufacturing of Ti-6Al-4V, it is 

possible to control the microstructure of material via laser parameters including power, scanning 

speed, and spacing. Generally, increasing laser power or decreasing the scanning speed increases 

the volume fraction of equiaxed grains. Also,  increasing scanning speed decreases grain size. In 
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addition, larger internal spacing between laser beams increases the melt pool width and decreases 

the melt pool depth. Also, the large spacing at higher scanning speeds and low laser power settings 

can result in discontinuous melt pools and thermal gradients; therefore, it is suggested that some 

laser overlap at lower power settings and higher scanning speeds be utilized to ensure a continuous 

melt pool and promote the occurrence of equiaxed microstructure.  

5. Future Work 

This work's results indicate the feasibility of microstructure control via M-LPBF additive 

manufacturing, i.e., a 55% equiaxed microstructure is obtained via a hexagonal configuration with 

each laser at a moderate laser power of 500 W and scanning speed of 100 mm/s. It would be of 

interest to discover a practical set of conditions that could be utilized to obtain a fully equiaxed 

microstructure. The apparent considerations from the results of this work would be to investigate 

higher laser power settings or slower scanning speeds. At the risk of increased computational time 

and cost, one could consider alternate configurations with even more laser beams. Variable laser 

power settings within the same multi-laser configuration could be explored. However, the most 

exciting possible avenue for future exploration of this work could be its practical application.  
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Appendix 

 

Figure 20. Processing diagram of Ti-6Al-4V for LPBF using dimensionless heat input (E*) and dimensionless laser scanning 

speed (v*).  

 

Table 2. Density, thermal conductivity, and specific heat of Ti-6Al-4V [32]. 

Temperature 

(K) 

Density 

(kg/m3) 

Thermal Conductivity 

(W/mꞏK) 

Specific Heat  

(J/Kꞏkg) 

298 4420 7 546 

373 4406 7.45 562 

473 4395 8.75 584 

573 4381 10.15 606 

673 4366 11.35 629 

773 4350 12.6 651 

873 4336 14.2 673 

973 4324 15.5 694 

1073 4309 17.8 714 

1173 4294 20.2 734 

1273 4282 19.3 641 

1373 4267 21 660 

1473 4252 22.9 678 

1573 4240 23.7 696 

1673 4225 24.6 714 

1773 4205 25.8 732 

1873 4198 27 - 
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Table 3. Experimental results from single-laser configuration [22]. 

Speed (mm/s) Width (µm) Depth (µm) 

500 183.1578947 79.44598338 

600 147.700831 68.36565097 

700 137.5069252 66.14958449 

800 133.5180055 61.71745152 

900 124.2105263 55.51246537 

1000 120 49.75069252 

 

 

Table 4. Numerical results and percent error when compared to experimental results for single-laser configuration. 

Speed 

(mm/s) 
Width (µm) 

% Error in 

Width 
Depth (µm) 

% Error in 

Depth 

Max. 

Temperature 

(K) 

500 180 -1.72414 75.4 -5.09275 2459 

600 165 11.7123 69.3 1.366694 2425 

700 161 17.08501 60.5 -8.54062 2401 

800 155 16.08921 53.2 -13.8007 2374 

900 149 19.95763 50.6 -8.8493 2349 

1000 142 18.33333 45.9 -7.73998 2331 
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a)

 

b) 

 

c) 

 

d)  

 

Figure 21. Melt pool shapes for all hexagonal configurations at P = 300 W for a) 100 mm/s, b) 500 mm/s, and c) 1000 mm/s and 

d) melt pool dimensions. 
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a) 

 

b) 

 

c) 

 

d)  

 

Figure 22. Melt pool shapes for all hexagonal configurations at P = 500 W for a) 100 mm/s, b) 500 mm/s, and c) 1000 mm/s and 

d) melt pool dimensions. 
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a) 

 

b) 

 

c) 

 

d)  

 

Figure 23. Melt pool shapes for all circular configurations at P = 50 W for a) 100 mm/s, b) 500 mm/s, and c) 1000 mm/s and d) 

melt pool dimensions. 
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a) 

 

b) 

 

c) 

 

d)  

 

Figure 24. Melt pool shapes for all circular configurations at P = 300 W for a) 100 mm/s, b) 500 mm/s, and c) 1000 mm/s and d) 

melt pool dimensions. 
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a) 

 

b) 

 

c) 

 

d)  

 

Figure 25. Melt pool shapes for all circular configurations at P = 500 W for a) 100 mm/s, b) 500 mm/s, and c) 1000 mm/s and d) 

melt pool dimensions. 
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