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ABSTRACT 

 

The objective of this research was to fabricate laser additive manufactured samples using the 

multi-beam fiber laser array system developed Optonicus and to test the ability of existing simulation 

tools to help understand the influence of various beam configurations on the heat transfer and 

solidification conditions that control microstructure development during process. Optonicus produced 

IN718 samples with two different beam configurations that exhibited dramatically different 

microstructure characteristics. A simplified analytical model was used in conjunction with 

microstructure selection theory to relate the differences in beam configuration and process conditions 

to the changes in microstructure. The analytical model was verified against standard quasi-static 

solutions and a numerical CFD model and the influence of fluid mechanics on the melt pool geometry 

was evaluated. 

 

 

1.  FABRICATION AND MODELING OF LASER ADDITIVE MANUFACTURED 

MATERIALS WITH MULTI-BEAM ADAPTIVE BEAM SHAPING 

 

This phase 1 technical collaboration project (MDF-TC-2017-120) was begun on August 7, 2017 

and was completed on August 1, 2018. The collaboration partner Optonicus is a small business. The 

project found that use of a adaptive multi-beam laser system may be effectively utilized to control 

grain structure development in additive manufacturing of IN718, and that existing thermal simulation 

tools are suitable for understanding the influence of complex heat source distributions on the thermal 

conditions and subsequent microstructure development in such systems. 

 

1.1 BACKGROUND 

Metals produced with additive manufacturing processes contain columnar microstructures under 

standard processing parameters. This type of microstructure results in anisotropic mechanical 

properties (Figure 1) which, while appropriate for some applications, are not suitable for complex 

stress states [1]. In these cases, an equiaxed microstructure with isotropic properties is preferred. 
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Figure 1: The difference in tensile behavior between EBM manufactured IN718 samples, showing 

extreme anisotropy in columnar (black) microstructure, and isotropic behavior in equiaxed (blue) 

microstructures. 

 

Recent advances in electron-beam melting technology have allowed for the selection of columnar 

or equiaxed microstructure on a site-specific basis through manipulation of scan strategies and 

process parameters [2]. However, an analogous approach is not feasible for laser-based processes. 

Figure 2 shows a schematic of the influence of solidification parameters (the thermal gradient, 𝐺, and 

local solid-liquid interface velocity, 𝑅) on the selection of columnar or equiaxed microstructures. 

Laser processes are limited to lower pre-heat temperature (increasing the thermal gradients) and lower 

beam velocities (reducing the interface velocity). As a result, it is currently impossible to select 

equiaxed microstructures given the limitations of commercially available laser powder-bed processes. 

 

Figure 2: A schematic of the selection of columnar vs. equiaxed grain structures as a function of 

solidification conditions with approximate locations of EBM and SLM processing windows. 
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Optonicus seeks to leverage its expertise and production of multi-beam, adaptive fiber laser 

arrays to advance the field of laser additive manufacturing (LAM). This technology allows for phase 

locked combining of multiple beams as well as individual beam phase and position control. In this 

way, the fiber laser array permits precise, multi-beam adaptive beam shaping on demand [3,4]. 

Optonicus has applied this system to fabricate proof of principle laser additive manufactured samples, 

including both evaluation of the effect of different energy profiles for single beads, and to fabricate 

thin walls and simple geometries (Figure 3).  

The capability to shape the beam has a profound effect on the melt pool geometry and associated 

cooling conditions. The purpose of this project is to use these dynamic beam-shaping capabilities to 

control the solidification conditions such that the grain structure is locally controlled on a site-specific 

basis.  

  
(a) (b) 

Figure 3: (a) examples of simple bead-on-plate experiments performed using a multi-beam laser array 

and (b) proof-of-concept thing walls and cubes additively manufacturing using the same system. 

 

The purpose of this collaboration was to implement existing models to connect the multi-beam 

configuration to the heat transfer and solidification conditions that dictate grain structure 

development. Several samples were build and characterized to understand the influence of beam 

configuration on microstructure evolution. The existing models were extended to account for the 

multi-beam heat source and validated against the experimental evidence to help to understand the 

underlying physical phenomena that control grain structure formation and to target future system 

development based on an understanding of the process-microstructure linkages. Success in this phase 

of the collaboration is defined by the identification of relevant modeling tools for predicting the effect 

of beam configuration and verification that these may be used for understanding microstructure 

development. This research improves upon current single beam modeling and fabrication, allowing 

for additional control of the LAM process for the successful production of controlled microstructure, 

eliminating defects in the production of advanced alloys, and improving process throughput. 

 

1.2 TECHNICAL RESULTS 

 

1.2.1 Experimental Setup, Sample Fabrication and Characterization 

A schematic for the optics used in the multi-beam LAM system is shown in Figure 4. It consists 

of seven adaptive beams that may be shaped into multiple configurations. In this case, two different 

beam configuration were used to build IN718 samples. Table 1 describes the relative location of each 
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of the seven beams for configuration 2 (C2) and configuration 3 (C3). These configurations are also 

shown schematically in Figure 5 along with the other relevant process parameters used for each. Note 

that these process parameters were optimized individually for their respective beam configurations 

and that they vary in hatch spacing and beam velocity.  

 

 

Figure 4: Schematic of the multi-beam system. 

 

 

 

Table 1: List of beam locations for each configuration. 

Beam 
C2 C3 

𝒙𝒊 (μm) 𝒚𝒊 (μm) 𝒙𝒊 (μm) 𝒚𝒊 (μm) 

1 -200 0 -50 50 

2 -133 0 0 50 

3 -66 0 50 50 

4 0 0 0 0 

5 66 0 -50 -50 

6 133 0 0 -50 

7 200 0 50 -50 
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Figure 5: Schematic of the two beam configurations and related processing parameters. 

The two beam configurations were used to manufacture 5mm cubes using IN718 powder. Figure 

6 shows photographs of the two cubes. 

 

 

Figure 6: Photographs of samples produced using (a) beam configuration C2 and (b) beam configuration 

C3. 

 

The two samples were sectioned and characterized using electron back scatter diffraction (EBSD) 

at ORNL. The two samples exhibit dramatically different grain structures. The C2 sample shows a 

primarily columnar structure with a sharp fiber texture with a maximum of over 14 multiples of 

random. On the other hand, sample C3 shows a comparatively weak texture, with a maximum of 4.7 

multiples of random, indicating a nearly equiaxed structure. Further characterization showed that the 

type and strength of the texture did not vary as a function of sample height. Figure 8 shows 

histograms of the area weighted grain size of each sample, as extracted from the EBSD data, which 

will be used to calibrate the columnar-to-equiaxed transition model. 

 

 

Figure 7: Inverse pole figure and pole figures indicating the grain structure and texture of samples build 

with (a-c) beam configuration C2, and (d-f) beam configuration C3. 
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Figure 8: Histograms of grain size by area fraction comparing samples manufactured using each beam 

configuration. 

 

1.2.2 Analytical Model Formulation and Initial Verification 

 

The well-known Rosenthal equation [5,6] gives the three-dimensional, steady state 

temperature field for a point heat source moving in the x-direction: 

𝑇(𝑥, 𝑅) = 𝑇0 +
𝑞

2𝜋𝑘
(

1

𝑅
) exp {−

𝑣

2𝑎
(𝑅 + 𝑥)}, (1) 

 

where 𝑇0 is the initial temperature, 𝑞 the absorbed power, 𝑘 thermal conductivity, 𝑣 the beam 

velocity, 𝛼 thermal diffusivity, and the distance from the beam location to the point of interest is  

 

𝑅 =  √𝑥2 + 𝑦2 + 𝑧2, (2) 

 

where the coordinates are written relative to the position of the energy source such that 𝑥 = 𝑥𝑏 −
𝑥𝑝, 𝑦 = 𝑦𝑏 − 𝑦𝑝, and 𝑧 = 𝑧𝑏 − 𝑧𝑝, in which 𝑏 subscripts denote the coordinates of the beam and 𝑝 

subscripts the coordinates of the point of interest. ORNL has previously implemented a transient 

semi-analytical heat conduction model for additive manufacturing and shown that it is useful for 

approximating solidification conditions for complex scan patterns [7]. The model used there was 

based on that proposed by Komanduri and Hou for arc and laser welding processes [8–10]. The 

method relies on a transient solution for a stationary circular ring heat source [11]. The solution for a 

ring active for a differential time period is integrated in time to construct the temperature field for an 

arbitrary beam path. The solution at time 𝑡 is 

𝑇(𝑥, 𝑦, 𝑧) = 𝑇0 +
𝑞

𝑐𝑝𝜌(4𝜋𝛼)3/2
∫

1

(𝑡 − 𝑡′)3/2
exp (−

𝑟0
2 + 𝑥2 + 𝑦2 + 𝑧2

4𝛼(𝑡 − 𝑡′)
)

𝑡

0

∙ 𝐼0 (
𝑟0

2𝛼𝜏
√𝑥2 + 𝑦2) 𝑑𝑡′, 

(3) 

 

Where 𝑥, 𝑦, and 𝑧 are coordinates relative to the position of the moving beam, making them 

piece-wise functions of time. 
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Optonicus have implemented a similar model based on the work of Nguyen et al. [12] that 

assumes a volumetric Gaussian heat source. The temperature 𝑇 at time 𝑡 and location 𝑥, 𝑦, 𝑧 for a 

single volumetric Gaussian beam (denoted 𝑗) may be expressed as  

𝑇(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇0 +
2𝑞𝑗

𝜌𝑐𝜋3/2
∫ Φ𝑗(𝑥, 𝑦, 𝑧, 𝑡, 𝑡′)Ψ𝑗(𝑡, 𝑡′)𝑑𝑡′

𝑡

0

 (4) 

where 𝑇0 is the initial temperature, 𝑞𝑗 the beam power, 𝜌 density, and 𝑐 specific heat capacity. The 

functions within the integrand are defined as 

Φ𝑗(𝑥, 𝑦, 𝑧, 𝑡, 𝑡′) = exp [−
(𝑥 − 𝑥𝑗(𝑡′))

2

𝜎𝑥𝑗
2 + 4𝛼(𝑡 − 𝑡′)

−
(𝑦 − 𝑦𝑗(𝑡′))

2

𝜎𝑦𝑗
2 + 4𝛼(𝑡 − 𝑡′)

−
𝑧2

𝜎𝑧𝑗
2 + 4𝛼(𝑡 − 𝑡′)

], (5) 

and 

Ψ𝑗(𝑡, 𝑡′) =
1

√𝜎𝑥𝑗
2 + 4𝛼(𝑡 − 𝑡′)√𝜎𝑦𝑗

2 + 4𝛼(𝑡 − 𝑡′)√𝜎𝑧𝑗
2 + 4𝛼(𝑡 − 𝑡′)

, 
(6) 

where 𝛼 is the thermal diffusivity, the shape of the beam is defined with width in the 𝑥, 𝑦, and 𝑧 

directions (𝜎𝑥𝑗, 𝜎𝑦𝑗, 𝜎𝑧𝑗), and the position of the beam at time 𝑡′ is given by 𝑥𝑗(𝑡′) and 𝑦𝑗(𝑡′), which 

accounts for the transient scan path, as well as the beam offset from the center of the scan trajectory. 

To calculate the combined effect of 𝐽 number of beams, multiple solutions may simply be 

superimposed. This approach is valid for either of the transient model proposed here. As an example, 

Equation 6 may be superimposed on itself for various beam locations as: 

𝑇(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇0 +
2

𝜌𝑐𝜋3/2
∑ 𝑞𝑗

𝐽

𝑗=1

∫ Φ𝑗(𝑥, 𝑦, 𝑧, 𝑡, 𝑡′)Ψ𝑗(𝑡, 𝑡′)𝑑𝑡′
𝑡

0

 (7) 

The above transient solutions are analytical, but due to the piece-wise time-varying nature of the 

beam path, the time integrals are not simple to evaluate analytically. Instead, numerical integration is 

used to calculate the temperature for each location as time progresses through the process. This 

approach has been implemented in a C++ code for interpreting scan patterns, determining the melt 

pool location, and performing this integration, similar to methods previously described by Plotkowski 

et al. [7,13]. A three-dimensional rectilinear grid is constructed, and the temperature is calculated at 

each point through time according the scan path of interest. 

First, the transient analytical models were verified for a simple case against the established 

Rosenthal solution. A sample set of processing parameters for electron beam melting of IN718 were 

used (the same parameters were previously used as a test case by Plotkowski et al. [7]) and material 

properties given by Raghavan et al. [14] for IN718 were used. To approximate steady state 

conditions, the transient models simulated a long scan path in a single direction and a snapshot was 

taken after the shape of the melt pool has ceased changing. For both of the transient models where the 

heat source has finite dimensions, the size of the heat source was made small compared to the size of 

the melt pool to approximate the behavior of the point source Rosenthal solution. The temperature 

fields for all three models are shown in Figure 9. The results are also compared quantitatively along 

the centerline of the beam path in Figure 10. Clearly, the results in all cases are identical, suggesting 

that these formulations of the transient problem are capable of reproducing the expected steady state 

conduction behavior. Given that the two analytical models produce similar results, the formulation of 

Nguyen et al. [12] was used for all subsequent analyses as it is easier to adopt realistic heat source 

shapes. 
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Figure 9: Comparison of the three analytical solutions, at a steady-state, for known parameters used in 

electron beam melting of IN718. 

 

 

 

Figure 10: A quantitative comparison of the centerline temperature profile for the three analytical 

models at steady state for a known EBM parameter set. 

 

 

Figure 11 shows a comparison of the predicted melt pool shape for the two beam configurations 

using the transient analytical model. In addition, the melt pool shape for configuration C3, but with a 
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velocity slowed to that of C2, is also shown in an attempt to decouple the influence of the beam 

configuration and the processing parameters. The slower velocity of C2 results in a generally larger 

melt pool than C3, and also more elongated given the difference in the configuration. C3 exhibits a 

shorter, more teardrop shaped melt pool. When the velocity is slowed, C3 shows a melt pool size 

closer to that of C2, but with a significantly different shape, particularly in the angle of the rear 

solidification front. These differences in the melt pool shape also have an effect on the solidification 

conditions [15], as will be discussed in Section 1.2.4.  

 

Figure 11: A comparison of the quasi-static melt pool geometries for beam configurations (a) C2 and (b) 

C3, plus a further comparison (c) for beam configuration C3 with the same beam velocity as C2. 

 

1.2.3 Numerical Model Implementation and Comparison 

The transport phenomena occurring in the weld pool is modeled using the following conservation 

equations for mass, momentum, and energy: 

 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑈) = 0, (8) 

 
𝜕𝜌𝑈

𝜕𝑡
+ ∇ ∙ (𝜌𝑈𝑈) = −∇𝑝 + ∇ ∙ (𝜇∇𝑈) + 𝑆𝑈, (9) 

 
𝜕𝜌𝑐𝑝𝑇

𝜕𝑡
+ ∇ ∙ (𝜌𝑐𝑝𝑈𝑇) = ∇ ∙ (𝑘∇𝑇) + 𝑆𝑇 + �̇�, (10) 

 

where 𝜌 is the density, 𝑈 the velocity vector, 𝑡 time, 𝑝 pressure, 𝜇 dynamic viscosity,  𝑐𝑝 specific 
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heat, 𝑇 temperature, and 𝑘 thermal conductivity. 

The momentum source term 𝑆𝑈 in Eqn. (2) accounts for thermal buoyancy based on the 

Boussinesq approximation and drag in the mushy zone based on the Kozeny-Carman [16–18] 

expression, given by 

𝑆𝑈 = 𝜌gê𝑧𝛽(𝑇 − 𝑇𝑟𝑒𝑓) −
𝐶𝑓𝑙

(1 − 𝑓𝑙)3 + 𝑎
𝑈, (11) 

 

where 𝑔 is the gravitational acceleration constant, ê𝑧 the unit vector in the z direction, and 𝛽 the 

coefficient of thermal expansion.  

The energy source term 𝑆𝑇 in Eqn. (3) accounts for the evolution of latent heat during phase 

change, given by 

 

𝑆𝑇 = − [
𝜕𝜌∆𝐻

𝜕𝑡
+ ∇ ∙ (𝜌𝑈∆𝐻)] (12) 

 

where ∆𝐻 is the latent heat. The transient term is linearized using the source term based method of 

Voller and Swamanathin [19].  

The final volumetric energy source term �̇� accounts for the heat added to the system by the heat 

source. The volumetric Gaussian heat source proposed by Goldak et al. [20] is used here, where the a 

circular beam in the x-y plane with a finite penetration depth is assumed: 

�̇�(𝑥, 𝑦, 𝑧) =
2𝜂𝑃

𝑟2𝑑(𝜋/3)3/2
exp (

−3(𝑥2 + 𝑦2)

𝑟2
+

−3𝑧2

𝑑2 ), (13) 

 

where 𝜂 is the efficiency of energy absorption, 𝑃 the beam power, 𝑟 the beam radius, and 𝑑 the 

penetration depth. 

A flat, rigid interface is assumed at the top of the domain. The velocity boundary condition 

equates the viscous stress to the Marangoni stress: 

 

𝜇
𝜕𝑢

𝜕𝑧
=

𝜕𝜎

𝜕𝑇

𝜕𝑇

𝜕𝜏
, (14) 

 

where 𝜕𝜎 𝜕𝑇⁄  is the surface tension gradient taken to be a constant.  

The model equations were implemented into OpenFOAM [21] an open source CFD platform 

which uses the finite volume method (FVM) for spatial discretization on a collocated grid.  

To understand the limitations of the analytical model, it was first compared against the numerical 

model under similar assumptions, that is, neglecting latent heat and fluid mechanics. The resulting 

comparison of the melt pool shape is shown in Figure 12 for configuration C2 and in Figure 13 for 

configuration C3. In both cases, it is clear that the analytical model tends to over-predict the thermal 

gradient at the melting front, but matches the numerical model reasonably well at the solidification 

front near the rear-edge of the melt pool.  
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Figure 12: Comparison of the quasi-static thermal field around the heat source for configuration C2 

between the CFD model without latent heat or fluid flow (top) and the analytical model (bottom). 

 

 

Figure 13: Comparison of the quasi-static thermal field around the heat source for configuration C3 

between the CFD model without latent heat or fluid flow (top) and the analytical model (bottom). 

 

When including the fluid mechanics, the shape of the melt pool is expected to change due to the 

redistribution of thermal energy by convective forces driven primarily by the temperature dependence 

of the surface tension (the Marangoni effect) [15]. For IN718, the gradient of the surface tension with 

temperature is negative, tending to drive hot fluid away from the center of the heat source and 

towards the edges of the melt pool. Figure 14 and Figure 15 show a comparison of the melt pool 

profile for configurations C2 and C3, respectively, with or without fluid flow. As expected, the fluid 

flow tends to create a wider, shallower melt pool in both cases.  
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Figure 14: Comparison of the effect of fluid flow on the melt pool shape for beam configuration C2. 

 

 

Figure 15: Comparison of the effect of fluid flow on the melt pool shape for beam configuration C3. 

 

 

 

1.2.4 The Columnar-to-Equiaxed Transition 

To relate the heat transfer conditions to the solidification structure development, additional 

relationships for the materials evolution are required. Here, we are primarily concerned with the 

ability to produce columnar versus equiaxed grain structures. Analytical relationships for the 

columnar-to-equiaxed transition (CET) have been previously developed by Hunt [22] for casting 
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processes, and expanded by Gaumann et al. [23] for welding. These relationships have been 

successfully applied to understand grain structure development in IN718 produced using commercial 

additive manufacturing equipment [2,7,24]. A detailed description of the CET theory is outside the 

scope of the present work, so the reader is directed to the original work for additional details. The 

simplified relationship proposed by Gaumann et al. is used here: 

𝐺𝑛

𝑉
= 𝑎 {(

−4𝜋𝑁0

3𝑙𝑛[1 − 𝜙]
)

1/3

(
1

𝑛 + 1
)}

𝑛

, (15) 

where 𝐺 is the magnitude of the resultant thermal gradient at the solid liquid interface, 𝑉 is the 

solidification front velocity, 𝑁0 the nucleation volume density, and 𝜙 the volume fraction of 

equiaxed. The quantities 𝑎 and 𝑛 are material parameters that, given the lack of data for calibration 

for the present situation, are admittedly somewhat arbitrary. For the present case, 𝑛 = 2, as used by 

Hunt, and 𝑎 = 1.25𝑥106 𝐾2/𝑚𝑠, as used by Gaumann et al., were found to be suitable. To plot 

thermal data against the CET curve, a nucleation volume density was calculated. According to the 

recommendation of Dantzig and Rappaz [25], 𝑁0 was approximated by using the grain size. Figure 8 

was used to approximate the average equiaxed grain area of sample C3 as 500 µm2. This value was 

used to calculate an effective grain diameter (𝑑 = 25.2 μm), and the nucleation volume density was 

then calculated as 𝑁0 = 1 𝑑3⁄ = 6.23x1013m−3. Equation 15 may either be used to plot lines of 

constant equiaxed grain fraction in terms of 𝐺 and 𝑉, or to calculate the equiaxed grain fraction based 

on a set of solidification conditions. 

Solidification conditions were first extracted from the transient analytical model under quasi-

static conditions. The results for each configuration, plus a comparison with configuration C3 with 

the velocity of C2, is shown in Figure 16. C3 dips into the mixed region, but C2 shows lower 

velocities, keeping it entirely within the columnar region. Interestingly, using a slower beam velocity 

with configuration C3 results in solidification conditions much like those of C2, suggesting that the 

different between the beam configuration is less related to the local changes in thermal condition, but 

rather, due to the different process parameters that may be access given a change in the melt pool 

shape.  

 

Figure 16: Comparison of solid-liquid interface velocity and thermal gradient data for C2 and C3 beam 

configurations for quasi-static heat transfer conditions. Insets show predicted cross-sections (assuming 
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maximum energy absorptance) for each case colored by the thermal gradient distribution. Case C3s 

denotes the C3 beam configuration where the beam velocity has been slowed to the same as the conditions 

used for C2. 

 

 

Overall however, the difference in solidification conditions shown in Figure 16 does not seem to 

be large enough to account for the dramatic observed change in the grain structure. One possibility is 

that a simple quasi-static simulation does not account for the repeated heating and remelting effects 

caused by many subsequent laser passes over an entire layer, including the cumulative effect of the 

hatch spacing and laser velocity on cumulative energy input. To account for these effects, the 

numerical model is far too computationally expensive to simulate in a reasonable time. The analytical 

model however may simulate an entire layer very easily. Figure 17 shows the results for such 

simulations for configurations C2 and C3, plotting the distribution of the ratio of thermal gradient to 

solid-liquid interface velocity, which roughly scales with the propensity of a material to form a 

columnar grain structure.  

 

 

Figure 17: Thermal gradient maps of the layer-scale simulations, showing sample C2 in (a) the x-y plane 

and (b) as an isometric view of the three-dimensional data cross-sectioned in the y-z plane, and similarly, 

C3 in (c) the x-y plane and (d) as an isometric view in the y-z plane cross-section. 
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Figure 18: (a) A comparison of the predicted solidification conditions for samples C2 and C3 for a 

complete layer relative to an estimated CET curve for IN718, and (b) calculated probability distributions 

of the equiaxed grain fractions within a single layer for each of the beam configurations. 

 

 

1.3 IMPACTS 

  

The purpose of this work is to use Optonicus’ dynamic beam shaping capabilities to control 

microstructure in laser based additive manufacturing processes through local control of heating and 

cooling rates. The proposed experiments will establish this capability for the current state of the LAM 

system at Optonicus while the proposed modeling activities will be used to rationalize these results, 

and to model the effects of scaling the system to current industry standard process parameters (i.e. 

higher beam power and beam velocity). The unique capability of individual beam position and phase 

manipulation permits advances to LAM not currently feasible by commercial systems. The results 

produced by the proposed technical collaboration will be used by Optonicus to market their adaptive 

beam shaping capabilities to existing laser additive manufacturing suppliers. This approach will 

expand the current capabilities of LAM, including a reduction in cracking tendency, improved 

microstructure control, and mitigation of defect formation. These advantages will allow for the 

expansion of materials selection in LAM by allowing for the successful fabrication of traditionally 

non-weldable alloys, as well as improved process control and process time for existing AM alloys, 

leading an increase in performance and productivity and decrease in part cost across the industry. 

Optonicus is moving forward by fabricating a scaled system that will have production rates 

competitive with current commercially available systems, but with significant advancements in 

control over energy input. Future work will require modeling of possible beam configurations for 

various possible materials, ranging from advanced structural materials (crack-prone Ni-base 

superalloys and TiAl for gas turbines), to functional materials (soft magnetic materials for power 

transformers and electric motors). Eventually, the dynamic beam shaping capabilities will also be 

used to generate advanced scan patterns that include transient heat source manipulation that is not 

possible with current single beam systems. 

 

1.4 CONCLUSIONS 

  

This work successfully extended and evaluated existing modeling capabilities for heat transfer, 

fluid mechanics, and solidification in additive manufacturing for the purpose of rationalizing 

microstructure development in a multi-beam laser system. Continuum scale models at various length 
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scales and levels of complexity were used to understand the melt pool and layer scale effects of the 

multi-beam system on solidification dynamics. Transient semi-analytical models are preferred for 

predicting these effects as they are easily applied to long length and time scales, but lack the physical 

fidelity and extensibility of fully computational models. Here, the influence of fluid mechanics and 

limitations of the analytical models was understood by comparing against the full numerical model. 

The analytical model was found to have reasonable accuracy and was easily scaled to full layer 

simulations for predicting the expected range of solidification conditions. These solidification 

predictions were then coupled to a phenomenological model for prediction of the nucleation of 

equiaxed grains to understand the process-microstructure linkages that lead to dramatic differences in 

grain structure development. The influence of processing parameters and beam configuration were 

successfully rationalized based on the results of these models. Future work will require careful 

calibration and validation of these models for more detail predictions and application of heat transfer 

predictions for design ideal heat source configurations for new materials to help reduce cracking and 

other defects and to enable advanced microstructure control not currently possible using existing 

commercial laser additive manufacturing systems. 
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2.  OPTONICUS BACKGROUND 

 

Optonicus is focused on the research, development, and marketing of intelligent optical systems.  

Adaptive fiber laser arrays are at the center of our research; with applications in atmospheric imaging, 

laser communication, laser target tracking, directed energy, remote sensing, and additive 

manufacturing. 

 


