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q Background
• Additive manufacturing & Directed Energy Deposition (DED) challenges

• Computational tools show promise for advancing the DED process

• Accurate & efficient computational model is required

q Outline
• Material deposition model with mesh adaptivity

• Thermo-mechanical model 

• Numerical examples & validation

• Recent advancements

v Qualify the process
• monitor and avoid print failures
• automate production

v Create a perfect design
• optimize part designs
• optimize printing parameters

v Find the ideal materials
• discover metamaterial
• printability assessment

Ø Challenges of DED (images are from 
siemens.com and simplfy3d.com)
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Material Deposition Model
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q Model material deposition based on subdomain construction
• Decompose the physical domain:

• Decompose the product subdomain:

• Move elements from inactive subdomain to the active subdomain:
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- Physical domain

- Substrate subdomain 

- Product subdomain

- Active product subdomain

- Inactive product subdomain 

- Common interface

- Element in product subdomain
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Ø Element activation based on moving subdomains. 
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q Element activation implementation
• Properties and initial conditions are applied to the newly activate elements

• Interface Γ!,# is updated

• Boundary conditions (if any) are applied on the updated interface

• Based on block-restricted system in MOOSE

Algorithm 1: Element activation: (Ωa,Ωi,Γa,i)← EA(Ωa,Ωi,Γa,i, θ)

Initialization: activated element set A = ∅;
for each element T ι ∈ Ωi do

Compute average temperature in T ι: θ̄ι =
(∫

T ι θ dΩ
)
/
(∫

T ι 1 dΩ
)
;

if θ̄ι > θmelt then
Add element to the active element set A = A ∪ {T ι};
If mesh adaptivity is utilized, move ancestors of T ι to the active subdomain;

if A %= ∅ then
Update subdomains: Ωa = Ωa ∪A, Ωi = Ωi\A;
Update interface and boundary information on Γ = ∂Ωa ∩ ∂Ωi, ∂Γa, and ∂Γi;
Project boundary conditions, initial conditions, and material properties in all T ι ∈ A;

(or mesh domain). One main advantage of employing this moving subdomain paradigm is that only
the degrees of freedom (DOFs) from a part of the entire physical domain appear in the system of
equations during the mechanical analysis. This inactive element approach improves the efficiency of145

the overall computation as compared to other approaches (e.g., the quiet element approach) [12, 16],
whose computations are always conducted over the entire physical domain. Additionally, the authors
have made this element activation paradigm (see Fig. 1) a part of MOOSE and thus readily available
to all interested users.

2.2. Subdomain construction with mesh adaptivity150

In DED and all other laser-based manufacturing processes, complicated thermo-mechanical phe-
nomena in an extremely concentrated area is typical to exhibit. AMR techniques [21] are able to
capture the physics while reducing the overall computational cost by concentrating DOFs in regions
where the solution is error-prone, and reducing DOFs in regions where the solution characteristics are
well captured. DED simulation requires a unique AMR technique not found in traditional approaches,155

as using AMR in combination with the computational domain expansion (see Section 2.1) can easily
result in inconsistent treatments of the refined (children) and unrefined (parent) elements, thus pol-
luting the representation of the material interface during mesh adaptivity. To resolve this issue, we
developed a specialized AMR strategy based on the existing capability in MOOSE in order to improve
the accuracy and efficiency of DED simulations.160

Specifically, we develop a subdomain-consistent AMR scheme to ensure that the child elements
along the material interface never get coarsened to a level that would alter the original geometry.
Therefore, the accurate geometrical representation of the deposited material interface is preserved.
Here, we employ h-adaptivity to automatically refine or coarsen the mesh in regions of high or low
estimated solution error, respectively. This is achieved by splitting and joining elements from the
original mesh, based on the gradient jump error indicator. This indicator is computed as a measurement
of the change in the gradient of the temperature variable across the element interface:

I(θ, T ) = {[∇θ(T )−∇θ(Tb)] · n}2 , (3)

where I(θ, T ) denotes the temperature gradient jump of element T , Tb represents the neighbor element
of T , and n represents the normal vector. Once the indicator, I, has been computed, a marker is used
to decide which elements to refine or coarsen, depending on the fraction of the minimum or maximum
indicator value. Specifically, we mark an element T as needing refined if its indicator value exceeds
the refinement threshold value, Ir (i.e., I(T , θ) ≥ Ir).165

The subdomain-consistency is demonstrated by a proper treatment of the parent (and/or ancestor)
element and its children elements during element activation (see Section 2.1). A schematic is shown
in Fig. 2 to illustrate this process. In Fig. 2, the blue color denotes elements that do not locate in

5

Ø Key steps of the element activation process 

Multiphysics Object-Oriented Simulation Environment

q Advantages
• Different definition of MOOSE-based objects in 

different subdomains

• Only part of the DoFs appear in the system of 

equations for a typical physics analysis

• Element activation & de-activation

• Open-source to all interested users
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1. 
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q Subdomain-consistent mesh adaptivity
• Based on existing AMR in MOOSE and LibMesh

• Change parent element subdomain ID during refinement

• Only coarsen an element predicted error is above threshld & all siblings 

are in the same subdomain

Ø Schematic of the subdomain-consistent mesh adaptivity design. Only two refinement level is shown as an illustration.

v Highly resolved material interface representation
v Computationally efficient

1. 

Refine
<latexit sha1_base64="FBLGo5kt0eG8zcrG+Rk2MqiUUjI=">AAACE3icbVDLSsNAFJ34rPUVddnNYBFclaQUdVlw484KfUETwmQ6aYfOTMLMRCghCz/Cb3Cra3fi1g9w6Z84abuwrQcuHM65l3vvCRNGlXacb2tjc2t7Z7e0V94/ODw6tk9OuypOJSYdHLNY9kOkCKOCdDTVjPQTSRAPGemFk9vC7z0SqWgs2nqaEJ+jkaARxUgbKbArHkd6jBHL2jn0RKypgN49JyMU0MCuOjVnBrhO3AWpggVagf3jDWOcciI0Zkipgesk2s+Q1BQzkpe9VJEE4QkakYGhAnGi/Gz2RA4vjDKEUSxNCQ1n6t+JDHGlpjw0ncXJatUrxP+8QaqjGz+jIkk1EXi+KEoZ1DEsEoFDKgnWbGoIwpKaWyEeI4mwNrktbQl5bjJxVxNYJ916zb2qNR4a1WZ9kU4JVMA5uAQuuAZNcAdaoAMweAIv4BW8Wc/Wu/Vhfc5bN6zFzBlYgvX1C9THnps=</latexit>

T /2 ⌦i
<latexit sha1_base64="gXxD6cuvj53CJ9CNF077WkfwmpQ=">AAACEHicbVDLSsNAFJ34rPUVdSO4GSyCq5KUoi4LbtxZoS9oQphMp+3QmUmYmQglxI/wG9zq2p249Q9c+idO2ixs64ELh3Pu5d57wphRpR3n21pb39jc2i7tlHf39g8O7aPjjooSiUkbRyySvRApwqggbU01I71YEsRDRrrh5Db3u49EKhqJlp7GxOdoJOiQYqSNFNinHkd6jBFLWxn0qIDePScjFNDArjhVZwa4StyCVECBZmD/eIMIJ5wIjRlSqu86sfZTJDXFjGRlL1EkRniCRqRvqECcKD+dfZDBC6MM4DCSpoSGM/XvRIq4UlMems78XrXs5eJ/Xj/Rwxs/pSJONBF4vmiYMKgjmMcBB1QSrNnUEIQlNbdCPEYSYW1CW9gS8sxk4i4nsEo6tap7Va0/1CuNWpFOCZyBc3AJXHANGuAONEEbYPAEXsAreLOerXfrw/qct65ZxcwJWID19QszoJ0s</latexit>
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<latexit sha1_base64="YRbOd6PFISMbJ4iOB5KXWPsT2Dw=">AAACFnicbVDLSsNAFJ3UV62vqEtBBovgqiSlqMuCG91VsA9oQphMJ+3QmSTOTIQSsvMj/Aa3unYnbt269E+ctFn04YGBc8+5l3vn+DGjUlnWj1FaW9/Y3CpvV3Z29/YPzMOjjowSgUkbRywSPR9JwmhI2ooqRnqxIIj7jHT98U3ud5+IkDQKH9QkJi5Hw5AGFCOlJc88dThSI4xYepc5Q/II52pPQM+sWjVrCrhK7IJUQYGWZ/46gwgnnIQKMyRl37Zi5aZIKIoZySpOIkmM8BgNSV/TEHEi3XT6jwyea2UAg0joFyo4VecnUsSlnHBfd+ZXymUvF//z+okKrt2UhnGiSIhni4KEQRXBPBQ4oIJgxSaaICyovhXiERIIKx3dwhafZzoTezmBVdKp1+zLWuO+UW3Wi3TK4AScgQtggyvQBLegBdoAg2fwCt7Au/FifBifxtestWQUM8dgAcb3H2egn/4=</latexit>
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<latexit sha1_base64="7dfcrKDWNfQmUwl8XVHn1LX5U0E=">AAACFHicbVC7TsMwFHXKq5RXgBEGiwqJqUqqChgYKrHAViT6kNooclyntWo7ke0gVVEXPoJvYIWZDbGyM/InOG2GPjiSpXPPuVf3+gQxo0o7zo9VWFvf2Nwqbpd2dvf2D+zDo5aKEolJE0cskp0AKcKoIE1NNSOdWBLEA0baweg289tPRCoaiUc9jonH0UDQkGKkjeTbpz2O9BAjlt5P4A2cq3wJfbvsVJwp4Cpxc1IGORq+/dvrRzjhRGjMkFJd14m1lyKpKWZkUuolisQIj9CAdA0ViBPlpdNfTOC5UfowjKR5QsOpOj+RIq7UmAemM7tSLXuZ+J/XTXR47aVUxIkmAs8WhQmDOoJZJLBPJcGajQ1BWFJzK8RDJBHWJriFLQGfmEzc5QRWSatacS8rtYdauV7N0ymCE3AGLoALrkAd3IEGaAIMnsEreAPv1ov1YX1aX7PWgpXPHIMFWN9/DEGerQ==</latexit>
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<latexit sha1_base64="7dfcrKDWNfQmUwl8XVHn1LX5U0E=">AAACFHicbVC7TsMwFHXKq5RXgBEGiwqJqUqqChgYKrHAViT6kNooclyntWo7ke0gVVEXPoJvYIWZDbGyM/InOG2GPjiSpXPPuVf3+gQxo0o7zo9VWFvf2Nwqbpd2dvf2D+zDo5aKEolJE0cskp0AKcKoIE1NNSOdWBLEA0baweg289tPRCoaiUc9jonH0UDQkGKkjeTbpz2O9BAjlt5P4A2cq3wJfbvsVJwp4Cpxc1IGORq+/dvrRzjhRGjMkFJd14m1lyKpKWZkUuolisQIj9CAdA0ViBPlpdNfTOC5UfowjKR5QsOpOj+RIq7UmAemM7tSLXuZ+J/XTXR47aVUxIkmAs8WhQmDOoJZJLBPJcGajQ1BWFJzK8RDJBHWJriFLQGfmEzc5QRWSatacS8rtYdauV7N0ymCE3AGLoALrkAd3IEGaAIMnsEreAPv1ov1YX1aX7PWgpXPHIMFWN9/DEGerQ==</latexit>

I < Ir
2. Siblings 
are NOT in 
the same 
domain 

(a)

(b) (c)

1. 

Refine
<latexit sha1_base64="FBLGo5kt0eG8zcrG+Rk2MqiUUjI=">AAACE3icbVDLSsNAFJ34rPUVddnNYBFclaQUdVlw484KfUETwmQ6aYfOTMLMRCghCz/Cb3Cra3fi1g9w6Z84abuwrQcuHM65l3vvCRNGlXacb2tjc2t7Z7e0V94/ODw6tk9OuypOJSYdHLNY9kOkCKOCdDTVjPQTSRAPGemFk9vC7z0SqWgs2nqaEJ+jkaARxUgbKbArHkd6jBHL2jn0RKypgN49JyMU0MCuOjVnBrhO3AWpggVagf3jDWOcciI0Zkipgesk2s+Q1BQzkpe9VJEE4QkakYGhAnGi/Gz2RA4vjDKEUSxNCQ1n6t+JDHGlpjw0ncXJatUrxP+8QaqjGz+jIkk1EXi+KEoZ1DEsEoFDKgnWbGoIwpKaWyEeI4mwNrktbQl5bjJxVxNYJ916zb2qNR4a1WZ9kU4JVMA5uAQuuAZNcAdaoAMweAIv4BW8Wc/Wu/Vhfc5bN6zFzBlYgvX1C9THnps=</latexit>

T /2 ⌦i
<latexit sha1_base64="gXxD6cuvj53CJ9CNF077WkfwmpQ=">AAACEHicbVDLSsNAFJ34rPUVdSO4GSyCq5KUoi4LbtxZoS9oQphMp+3QmUmYmQglxI/wG9zq2p249Q9c+idO2ixs64ELh3Pu5d57wphRpR3n21pb39jc2i7tlHf39g8O7aPjjooSiUkbRyySvRApwqggbU01I71YEsRDRrrh5Db3u49EKhqJlp7GxOdoJOiQYqSNFNinHkd6jBFLWxn0qIDePScjFNDArjhVZwa4StyCVECBZmD/eIMIJ5wIjRlSqu86sfZTJDXFjGRlL1EkRniCRqRvqECcKD+dfZDBC6MM4DCSpoSGM/XvRIq4UlMems78XrXs5eJ/Xj/Rwxs/pSJONBF4vmiYMKgjmMcBB1QSrNnUEIQlNbdCPEYSYW1CW9gS8sxk4i4nsEo6tap7Va0/1CuNWpFOCZyBc3AJXHANGuAONEEbYPAEXsAreLOerXfrw/qct65ZxcwJWID19QszoJ0s</latexit>
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<latexit sha1_base64="YRbOd6PFISMbJ4iOB5KXWPsT2Dw=">AAACFnicbVDLSsNAFJ3UV62vqEtBBovgqiSlqMuCG91VsA9oQphMJ+3QmSTOTIQSsvMj/Aa3unYnbt269E+ctFn04YGBc8+5l3vn+DGjUlnWj1FaW9/Y3CpvV3Z29/YPzMOjjowSgUkbRywSPR9JwmhI2ooqRnqxIIj7jHT98U3ud5+IkDQKH9QkJi5Hw5AGFCOlJc88dThSI4xYepc5Q/II52pPQM+sWjVrCrhK7IJUQYGWZ/46gwgnnIQKMyRl37Zi5aZIKIoZySpOIkmM8BgNSV/TEHEi3XT6jwyea2UAg0joFyo4VecnUsSlnHBfd+ZXymUvF//z+okKrt2UhnGiSIhni4KEQRXBPBQ4oIJgxSaaICyovhXiERIIKx3dwhafZzoTezmBVdKp1+zLWuO+UW3Wi3TK4AScgQtggyvQBLegBdoAg2fwCt7Au/FifBifxtestWQUM8dgAcb3H2egn/4=</latexit>
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<latexit sha1_base64="7dfcrKDWNfQmUwl8XVHn1LX5U0E=">AAACFHicbVC7TsMwFHXKq5RXgBEGiwqJqUqqChgYKrHAViT6kNooclyntWo7ke0gVVEXPoJvYIWZDbGyM/InOG2GPjiSpXPPuVf3+gQxo0o7zo9VWFvf2Nwqbpd2dvf2D+zDo5aKEolJE0cskp0AKcKoIE1NNSOdWBLEA0baweg289tPRCoaiUc9jonH0UDQkGKkjeTbpz2O9BAjlt5P4A2cq3wJfbvsVJwp4Cpxc1IGORq+/dvrRzjhRGjMkFJd14m1lyKpKWZkUuolisQIj9CAdA0ViBPlpdNfTOC5UfowjKR5QsOpOj+RIq7UmAemM7tSLXuZ+J/XTXR47aVUxIkmAs8WhQmDOoJZJLBPJcGajQ1BWFJzK8RDJBHWJriFLQGfmEzc5QRWSatacS8rtYdauV7N0ymCE3AGLoALrkAd3IEGaAIMnsEreAPv1ov1YX1aX7PWgpXPHIMFWN9/DEGerQ==</latexit>
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<latexit sha1_base64="7dfcrKDWNfQmUwl8XVHn1LX5U0E=">AAACFHicbVC7TsMwFHXKq5RXgBEGiwqJqUqqChgYKrHAViT6kNooclyntWo7ke0gVVEXPoJvYIWZDbGyM/InOG2GPjiSpXPPuVf3+gQxo0o7zo9VWFvf2Nwqbpd2dvf2D+zDo5aKEolJE0cskp0AKcKoIE1NNSOdWBLEA0baweg289tPRCoaiUc9jonH0UDQkGKkjeTbpz2O9BAjlt5P4A2cq3wJfbvsVJwp4Cpxc1IGORq+/dvrRzjhRGjMkFJd14m1lyKpKWZkUuolisQIj9CAdA0ViBPlpdNfTOC5UfowjKR5QsOpOj+RIq7UmAemM7tSLXuZ+J/XTXR47aVUxIkmAs8WhQmDOoJZJLBPJcGajQ1BWFJzK8RDJBHWJriFLQGfmEzc5QRWSatacS8rtYdauV7N0ymCE3AGLoALrkAd3IEGaAIMnsEreAPv1ov1YX1aX7PWgpXPHIMFWN9/DEGerQ==</latexit>
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Material Deposition Demonstration

6

Laser Power 
𝑃 (𝑊)

Scanning Speed 
𝑣 (𝑚𝑚/𝑠)

𝑣 = 8 𝑚𝑚/𝑠

𝑃 = 300𝑊
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Initial Domain Thermal Analysis Subdomain Construction

Mechanical Analysis

Main App

Sub App
Temperature Field, !

Thermo-mechanical Model – Finite Element Workflow

7

q Main steps
1. Solve the thermal governing equations in the entire domain

2. Mesh adaptivity is conducted based on the predicted temperature field error

3. Move elements that have averaged 𝜃 > 𝜃$%&' to the active product subdomain

4. Mechanical deformation due to thermal expansion is analyzed in the substrate and active product subdomain

q Implementation details
• Multi-app capability

• Main-app: thermal analysis, mesh adaptivity, material deposition

• Sub-app: mechanical analysis 

• Transfer capability
• Communicate temperature field from main-app to sub-app

• Mesh is kept identical between two apps



Thermo-mechanical Model – Thermal Model

8

q Thermal model
• Conservation of energy with a moving heat source and a convective 

boundary

q Moving heat source
• Point heat source:

• Line heat source:

• Hybrid heat source:

<latexit sha1_base64="l+wxYhOnVgtJoOeqMy7yxHzfD80="></latexit>

⇢c(✓)
@✓

@t
= r · (✓)r✓ +Q(x, t) in ⌦,

✓ = ✓̄ on @⌦s,bot,

�(✓)r✓ · n = h(✓) · (✓ � ✓̄1) on �a,i.

<latexit sha1_base64="RQsLGOUPgyVh/UTpMuGG5nVLFO0="></latexit>

Q̂(x, t) =
2↵⌘P

⇡r3
exp

⇢
�2||x� p(t)||2

r2

�

<latexit sha1_base64="yyqzm1R10fAs4aJ0n3tB1WxzSQg="></latexit>

Q̄(x, t) =
1

�t

Z t0+�t

t0

Q̂(x, t) dt

<latexit sha1_base64="Q9d1OU+gIULFvlDcpart3t2jQUg="></latexit>

Q(x, t) =

(
Q̂(x, t) if �l < L

Q̄(x, t) if �l � L

- Temperature

- Density

- Specific heat (𝜃 dependent)

- Thermal conductivity (𝜃 dependent)

- Heat convection coefficient (𝜃 dependent)

- Room temperature

- Temperature far from the boundary

- Laser power

- Scaling factor

- Laser efficiency 

- Effective radius of laser beam

- Center of laser beam (scanning path)

- Threshold length

- Laser beam moving distance during one 

time step

<latexit sha1_base64="O7HIr/P8VhryRlkwL7L4WWG1z10=">AAAB/HicdVDJSgNBEO2JW4xb1KOXxiB4GnqyHwNePEYwCyRD6On0JG16FrprhDDEb/CqZ2/i1X/x6J/YWQQj+qDg8V4VVfW8WAoNhHxYmY3Nre2d7G5ub//g8Ch/fNLWUaIYb7FIRqrrUc2lCHkLBEjejRWngSd5x5tczf3OPVdaROEtTGPuBnQUCl8wCkZq92HMgQ7yBWKTulOslTCxi6VK0SGGVMqlUpVgxyYLFNAKzUH+sz+MWBLwEJikWvccEoObUgWCST7L9RPNY8omdMR7hoY04NpNF9fO8IVRhtiPlKkQ8EL9OZHSQOtp4JnOgMJY//bm4l9eLwG/7qYijBPgIVsu8hOJIcLz1/FQKM5ATg2hTAlzK2ZjqigDE9DaFi+YmUy+H8f/k3bRdqp2+aZcaJBVOll0hs7RJXJQDTXQNWqiFmLoDj2iJ/RsPVgv1qv1tmzNWKuZU7QG6/0Lt1uV7A==</latexit>

✓
<latexit sha1_base64="1AG63QDV9roFXooO+xABQeuJWlQ=">AAAB+nicdVDLSsNAFJ3UV62vqks3g0VwFSbpc1lw47KCfUAbymQ6aYbOJGFmIpTYX3Cra3fi1p9x6Z84aSuo6IELh3Pu5d57/IQzpRF6twobm1vbO8Xd0t7+weFR+fikp+JUEtolMY/lwMeKchbRrmaa00EiKRY+p31/dpX7/TsqFYujWz1PqCfwNGIBI1jn0kiG8bhcQTZqOW6zCpHtVuuugwyp16rVBoKOjZaogDU64/LHaBKTVNBIE46VGjoo0V6GpWaE00VplCqaYDLDUzo0NMKCKi9b3rqAF0aZwCCWpiINl+r3iQwLpebCN50C61D99nLxL2+Y6qDlZSxKUk0jsloUpBzqGOaPwwmTlGg+NwQTycytkIRYYqJNPD+2+GJhMvl6HP5Peq7tNOzaTa3SRut0iuAMnINL4IAmaINr0AFdQEAIHsAjeLLurWfrxXpdtRas9cwp+AHr7RMm75UL</latexit>⇢

<latexit sha1_base64="pLKRYFYM1uog0B9uNhpH/AdTG6Q=">AAAB/3icdVDJSgNBEO2JW4xb1KOXxiDEy9CT/Rjw4jGCWSQJoafTSZp0zwzdNUIIOfgNXvXsTbz6KR79EzuLYEQfFDzeq6Kqnh9JYYCQDyexsbm1vZPcTe3tHxwepY9PGiaMNeN1FspQt3xquBQBr4MAyVuR5lT5kjf98dXcb95zbUQY3MIk4l1Fh4EYCEbBSncs24ERB3rZS2eISyperpzHxM3lizmPWFIs5PMlgj2XLJBBK9R66c9OP2Sx4gEwSY1peySC7pRqEEzyWaoTGx5RNqZD3rY0oIqb7nRx8AxfWKWPB6G2FQBeqD8nplQZM1G+7VQURua3Nxf/8toxDCrdqQiiGHjAlosGscQQ4vn3uC80ZyAnllCmhb0VsxHVlIHNaG2Lr2Y2k+/H8f+kkXO9klu4KWSqZJVOEp2hc5RFHiqjKrpGNVRHDCn0iJ7Qs/PgvDivztuyNeGsZk7RGpz3L0h0lr4=</latexit>

c(✓)

<latexit sha1_base64="9T3RIavwmtdVtiI+pEIE28B0crc=">AAAB/3icdVDJSgNBEO2JW4xb1KOXxiDEy9CT/Rjw4jGCWSQJoafTSZp0zwzdNUIIOfgNXvXsTbz6KR79EzuLYEQfFDzeq6Kqnh9JYYCQDyexsbm1vZPcTe3tHxwepY9PGiaMNeN1FspQt3xquBQBr4MAyVuR5lT5kjf98dXcb95zbUQY3MIk4l1Fh4EYCEbBSnejbAdGHOhlL50hLql4uXIeEzeXL+Y8YkmxkM+XCPZcskAGrVDrpT87/ZDFigfAJDWm7ZEIulOqQTDJZ6lObHhE2ZgOedvSgCpuutPFwTN8YZU+HoTaVgB4of6cmFJlzET5tlNRGJnf3lz8y2vHMKh0pyKIYuABWy4axBJDiOff477QnIGcWEKZFvZWzEZUUwY2o7UtvprZTL4fx/+TRs71Sm7hppCpklU6SXSGzlEWeaiMquga1VAdMaTQI3pCz86D8+K8Om/L1oSzmjlFa3DevwBQe5bD</latexit>

h(✓)

<latexit sha1_base64="bmzTHeSG03Qa6e7RpkuTED4j6/o=">AAACBHicdVC7SkNBEN0bXzG+opY2i0GIzWVvnpaCjWUEYwJJDHM3m2TJ3ge7c4UQ0voNtlrbia3/YemfuIkRjOiBgcM5M8zM8WMlDTL27qRWVtfWN9Kbma3tnd297P7BjYkSzUWdRyrSTR+MUDIUdZSoRDPWAgJfiYY/upj5jTuhjYzCaxzHohPAIJR9yQGtdNseQRxDvo1DgXDazeaYy868QrVImVsolgses6RcKhYrjHoumyNHFqh1sx/tXsSTQITIFRjT8liMnQlolFyJaaadGBEDH8FAtCwNIRCmM5lfPaUnVunRfqRthUjn6s+JCQTGjAPfdgaAQ/Pbm4l/ea0E+2ediQzjBEXIvxb1E0UxorMIaE9qwVGNLQGupb2V8iFo4GiDWtriB1Obyffj9H9yU3C9ilu6KuXO2SKdNDkixyRPPFIl5+SS1EidcKLJA3kkT8698+y8OK9frSlnMXNIluC8fQJHYJj2</latexit>

(✓)

<latexit sha1_base64="BegvYlYgsdFIEv87xZ7KZzr1iZ0=">AAACAHicdVDJSgNBEO2JW4xb1KOXxiB4GnqyHwNePEYwCyYh9HQ6SZOenqG7RghDLn6DVz17E6/+iUf/xM4iGNEHBY/3qqiq50dSGCDkw0ltbG5t76R3M3v7B4dH2eOTpgljzXiDhTLUbZ8aLoXiDRAgeTvSnAa+5C1/cjX3W/dcGxGqW5hGvBfQkRJDwShY6a7rU92FMQfaz+aIS6pevlLAxM0XSnmPWFIqFgplgj2XLJBDK9T72c/uIGRxwBUwSY3peCSCXkI1CCb5LNONDY8om9AR71iqaMBNL1lcPMMXVhngYahtKcAL9edEQgNjpoFvOwMKY/Pbm4t/eZ0YhtVeIlQUA1dsuWgYSwwhnr+PB0JzBnJqCWVa2FsxG1NNGdiQ1rb4wcxm8v04/p80865Xdos3xVyNrNJJozN0ji6Rhyqohq5RHTUQQwo9oif07Dw4L86r87ZsTTmrmVO0Buf9C85ql6U=</latexit>

✓̄
<latexit sha1_base64="1v2V0Mi0qQlaMhZ5ErMDZv3am3A=">AAACC3icdVDLSsNAFJ3UV31HXboZLIKrMOlDuyy4cVnBqtCUMplO2qGTSZi5EULoJ/gNbnXtTtz6ES79E6e1ghU9cOFwzr3ce0+YSmGAkHentLS8srpWXt/Y3Nre2XX39q9NkmnGOyyRib4NqeFSKN4BAZLfpprTOJT8JhyfT/2bO66NSNQV5CnvxXSoRCQYBSv13YMgpLoIYMSBTvqBUBHkfbdCPNL0q2c1TLxqrVH1iSWNeq12SrDvkRkqaI523/0IBgnLYq6ASWpM1ycp9AqqQTDJJxtBZnhK2ZgOeddSRWNuesXs+Ak+tsoAR4m2pQDP1J8TBY2NyePQdsYURua3NxX/8roZRM1eIVSaAVfsa1GUSQwJniaBB0JzBjK3hDIt7K2YjaimDGxeC1vCeGIz+X4c/0+uq55/6tUv65UWmadTRofoCJ0gH52hFrpAbdRBDOXoAT2iJ+feeXZenNev1pIznzlAC3DePgHfQpwN</latexit>

✓̄1
<latexit sha1_base64="8lg30q/envecLExoM5+Ihfsr/C0=">AAAB93icdVDLSsNAFJ3UV62vqks3g0VwFSZJX8uCG5ct2Ae0QSbTSTt0JgkzEyGEfoFbXbsTt36OS//E6UOwogcuHM45l/sIEs6URujDKmxt7+zuFfdLB4dHxyfl07OeilNJaJfEPJaDACvKWUS7mmlOB4mkWASc9oPZzcLvP1CpWBzd6SyhvsCTiIWMYG2kTvu+XEE2ajpuw4PIdr2a6yBDalXPqyPo2GiJCljD5D9H45ikgkaacKzU0EGJ9nMsNSOczkujVNEEkxme0KGhERZU+fly0Tm8MsoYhrE0FWm4VH925FgolYnAJAXWU/XbW4h/ecNUh00/Z1GSahqR1aAw5VDHcHE1HDNJieaZIZhIZnaFZIolJtr8ZmNKIObmJ9+Hw/9Jz7Wdul3tVCsttP5OEVyAS3ANHNAALXAL2qALCKDgETyBZyuzXqxX620VLVjrnnOwAev9C5y0k5g=</latexit>

P
<latexit sha1_base64="8xWS02p/qZZkdMp+RzKsmN7cpS4=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GjIzfS0LblxWsA9oh5JJM21sJjMkGaEM9Rvc6tqduPVfXPonpg/Bih64cDjnXu69J0g4UxqhDyu3sbm1vZPfLeztHxweFY9P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJJldzv3NPpWKxuNXThPoRHgkWMoK1kdp9zJMxHhRLyEZ1x615ENmuV3EdZEil7HlVBB0bLVACKzQHxc/+MCZpRIUmHCvVc1Ci/QxLzQins0I/VTTBZIJHtGeowBFVfra4dgYvjDKEYSxNCQ0X6s+JDEdKTaPAdEZYj9Vvby7+5fVSHdb9jIkk1VSQ5aIw5VDHcP46HDJJieZTQzCRzNwKyRhLTLQJaG1LEM1MJt+Pw/9J27Wdql2+KZcaaJVOHpyBc3AJHFADDXANmqAFCLgDj+AJPFsP1ov1ar0tW3PWauYUrMF6/wKd9ZXc</latexit>↵

<latexit sha1_base64="jBNNhefWdyL+DjiXmH+QeVzKHrg=">AAAB+nicdVDLSsNAFJ3UV62vqks3g0VwFSZJX8uCG5cV7APaUCbTSTt0JgkzE6HE/oJbXbsTt/6MS//ESVtBRQ9cOJxzL/feEyScKY3Qu1XY2Nza3inulvb2Dw6PyscnXRWnktAOiXks+wFWlLOIdjTTnPYTSbEIOO0Fs6vc791RqVgc3ep5Qn2BJxELGcE6l4ZU41G5gmzUdNyGB5HtejXXQYbUqp5XR9Cx0RIVsEZ7VP4YjmOSChppwrFSAwcl2s+w1IxwuigNU0UTTGZ4QgeGRlhQ5WfLWxfwwihjGMbSVKThUv0+kWGh1FwEplNgPVW/vVz8yxukOmz6GYuSVNOIrBaFKYc6hvnjcMwkJZrPDcFEMnMrJFMsMdEmnh9bArEwmXw9Dv8nXdd26nb1plppoXU6RXAGzsElcEADtMA1aIMOIGAKHsAjeLLurWfrxXpdtRas9cwp+AHr7RMPRJT8</latexit>⌘
<latexit sha1_base64="9fNEzNJAfGe2qDvzsH0djYHeEHg=">AAAB93icdVDLSsNAFJ34rPVVdelmsAiuwiTpa1lw47IF+4A2lMl00g6dScLMRAihX+BW1+7ErZ/j0j9x+hCs6IELh3Pu5d57goQzpRH6sLa2d3b39gsHxcOj45PT0tl5V8WpJLRDYh7LfoAV5SyiHc00p/1EUiwCTnvB7Hbh9x6oVCyO7nWWUF/gScRCRrA2UluOSmVko4bj1j2IbNerug4ypFrxvBqCjo2WKIM1WqPS53Ack1TQSBOOlRo4KNF+jqVmhNN5cZgqmmAywxM6MDTCgio/Xx46h9dGGcMwlqYiDZfqz4kcC6UyEZhOgfVU/fYW4l/eINVhw89ZlKSaRmS1KEw51DFcfA3HTFKieWYIJpKZWyGZYomJNtlsbAnE3GTy/Tj8n3Rd26nZlXal3ETrdArgElyBG+CAOmiCO9ACHUAABY/gCTxbmfVivVpvq9Ytaz1zATZgvX8B0jqTug==</latexit>r

<latexit sha1_base64="N5r4j53tihFaZsHtVpitNQ3xjrE=">AAAB/3icdVDLSgMxFM3UV62vqks3wSLUzZDp9LUsuHFZwT6kHUomTdvQZGZIMkIZZuE3uNW1O3Hrp7j0T0wfghU9cOFwzr3ce48fcaY0Qh9WZmNza3snu5vb2z84PMofn7RVGEtCWyTkoez6WFHOAtrSTHPajSTFwue040+v5n7nnkrFwuBWzyLqCTwO2IgRrI101/dFEqVFfTnIF5CN6k6p5kJkl9xKyUGGVMquW0XQsdECBbBCc5D/7A9DEgsaaMKxUj0HRdpLsNSMcJrm+rGiESZTPKY9QwMsqPKSxcEpvDDKEI5CaSrQcKH+nEiwUGomfNMpsJ6o395c/MvrxXpU9xIWRLGmAVkuGsUc6hDOv4dDJinRfGYIJpKZWyGZYImJNhmtbfFFajL5fhz+T9ol26na5ZtyoYFW6WTBGTgHReCAGmiAa9AELUCAAI/gCTxbD9aL9Wq9LVsz1mrmFKzBev8CmPSW8A==</latexit>

p(t)
<latexit sha1_base64="pvGAQCHuPwUCVn+4C+CvDdgu44w=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GjLT57LgxoWLFuwD2qFk0kwbmskMSUYYhn6BW127E7d+jkv/xPQhWNEDFw7n3Mu99/gxZ0oj9GHltrZ3dvfy+4WDw6Pjk+LpWVdFiSS0QyIeyb6PFeVM0I5mmtN+LCkOfU57/uxm4fceqFQsEvc6jakX4olgASNYG6l9NyqWkI0ajlsvQ2S75arrIEOqlXK5hqBjoyVKYI3WqPg5HEckCanQhGOlBg6KtZdhqRnhdF4YJorGmMzwhA4MFTikysuWh87hlVHGMIikKaHhUv05keFQqTT0TWeI9VT99hbiX94g0UHDy5iIE00FWS0KEg51BBdfwzGTlGieGoKJZOZWSKZYYqJNNhtb/HBuMvl+HP5Puq7t1OxKu1JqonU6eXABLsE1cEAdNMEtaIEOIICCR/AEnq3UerFerbdVa85az5yDDVjvX5Zok5Q=</latexit>

L
<latexit sha1_base64="u+Ypus1/NPgonQi/DdxwsmmyTBs=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GjIzfS0LunBZwT6gHUomzbShmcyQZIQyFPwGt7p2J279FZf+ielDsKIHLhzOuZd77wkSzpRG6MPKbWxube/kdwt7+weHR8Xjk7aKU0loi8Q8lt0AK8qZoC3NNKfdRFIcBZx2gsnV3O/cU6lYLO70NKF+hEeChYxgbaRu/5pyjSEfFEvIRnXHrXkQ2a5XcR1kSKXseVUEHRstUAIrNAfFz/4wJmlEhSYcK9VzUKL9DEvNCKezQj9VNMFkgke0Z6jAEVV+trh3Bi+MMoRhLE0JDRfqz4kMR0pNo8B0RliP1W9vLv7l9VId1v2MiSTVVJDlojDlUMdw/jwcMkmJ5lNDMJHM3ArJGEtMtIlobUsQzUwm34/D/0nbtZ2qXb4tlxpolU4enIFzcAkcUAMNcAOaoAUI4OARPIFn68F6sV6tt2VrzlrNnII1WO9fnHeWYA==</latexit>

�l



<latexit sha1_base64="kCH4Q9l0nX2AzjKGYvm5Gc9QAVQ=">AAACGHicbVA9SwNBEN2LX/E7ammzGAQLCXchfiAIAS0sEzCJkDvC3mbOLO7eHbtzYjhi6Y/wN9hqbSe2dpb+Ey8fhRofDDzem2Fmnh9LYdC2P63czOzc/EJ+cWl5ZXVtvbCx2TRRojk0eCQjfeUzA1KE0ECBEq5iDUz5Elr+zdnQb92CNiIKL7Efg6fYdSgCwRlmUqdA3R7DtD7Yp+45SGQU6SktH9y7CHeYKjPoFIp2yR6BThNnQopkglqn8OV2I54oCJFLZkzbsWP0UqZRcAmDJTcxEDN+w66hndGQKTBeOvpkQHczpUuDSGcVIh2pPydSpozpKz/rVAx75q83FP/z2gkGx14qwjhBCPl4UZBIihEdxkK7QgNH2c8I41pkt1LeY5pxzML7tcVXw0ycvwlMk2a55ByWKvVKsXoySSdPtskO2SMOOSJVckFqpEE4eSBP5Jm8WI/Wq/VmvY9bc9ZkZov8gvXxDWA+n+U=</latexit>

Q̂,�t = 25 ms

<latexit sha1_base64="QLP/hJw1j8HNahlQmiUzxvJ8kQU=">AAACGHicbVDJSgNBEO1xjXGLevTSGAQPEmYkLghCQA8eEzALZELo6VSSJt0zQ3eNGIZ49CP8Bq969iZevXn0T5wsB5P4oODxXhVV9bxQCoO2/W0tLC4tr6ym1tLrG5tb25md3YoJIs2hzAMZ6JrHDEjhQxkFSqiFGpjyJFS93vXQr96DNiLw77AfQkOxji/agjNMpGaGuh7TcWlwTN0bkMgo0it6aj+6CA8YKzNoZrJ2zh6BzhNnQrJkgmIz8+O2Ah4p8JFLZkzdsUNsxEyj4BIGaTcyEDLeYx2oJ9RnCkwjHn0yoIeJ0qLtQCflIx2pfydipozpKy/pVAy7ZtYbiv959QjbF41Y+GGE4PPxonYkKQZ0GAttCQ0cZT8hjGuR3Ep5l2nGMQlvaounhpk4swnMk8pJzjnL5Uv5bOFykk6K7JMDckQcck4K5JYUSZlw8kReyCt5s56td+vD+hy3LliTmT0yBevrF0+Dn9s=</latexit>

Q̄,�t = 50 ms

<latexit sha1_base64="k2mTurBdk5tpSCrYIcAftHCboKY=">AAACGHicbVDJSgNBEO2JW4zbqEcvjUHwIGFG3BCEgB48JmAWyITQ06kkTbpnhu4aMQzx6Ef4DV717E28evPonzhZDkZ9UPB4r4qqen4khUHH+bQyc/MLi0vZ5dzK6tr6hr25VTVhrDlUeChDXfeZASkCqKBACfVIA1O+hJrfvxz5tVvQRoTBDQ4iaCrWDURHcIap1LKp5zOdlIcH1LsCiYwivaCnx/cewh0mygxbdt4pOGPQv8SdkjyZotSyv7x2yGMFAXLJjGm4ToTNhGkUXMIw58UGIsb7rAuNlAZMgWkm40+GdC9V2rQT6rQCpGP150TClDED5aedimHP/PZG4n9eI8bOWTMRQRQjBHyyqBNLiiEdxULbQgNHOUgJ41qkt1LeY5pxTMOb2eKrUSbu7wT+kuphwT0pHJWP8sXzaTpZskN2yT5xySkpkmtSIhXCyQN5Is/kxXq0Xq03633SmrGmM9tkBtbHN1rQn+I=</latexit>

Q̄,�t = 75 ms

<latexit sha1_base64="DjA6MSIP9il9frYWfrcsjXZcfNA=">AAACGXicbVA9SwNBEN3zM8avqKXNahAsJNxJUBGEgBaWCZgPyIWwt5kkS3bvjt05MRyx9Uf4G2y1thNbK0v/iZePwiQ+GHi8N8PMPC+UwqBtf1sLi0vLK6uptfT6xubWdmZnt2KCSHMo80AGuuYxA1L4UEaBEmqhBqY8CVWvdz30q/egjQj8O+yH0FCs44u24AwTqZk5cD2m49LghLo3IJFRpFfUse1HF+EBY2UGzUzWztkj0HniTEiWTFBsZn7cVsAjBT5yyYypO3aIjZhpFFzCIO1GBkLGe6wD9YT6TIFpxKNXBvQoUVq0HeikfKQj9e9EzJQxfeUlnYph18x6Q/E/rx5h+6IRCz+MEHw+XtSOJMWADnOhLaGBo+wnhHEtklsp7zLNOCbpTW3x1DATZzaBeVI5zTlnuXwpny1cTtJJkX1ySI6JQ85JgdySIikTTp7IC3klb9az9W59WJ/j1gVrMrNHpmB9/QLCqaAR</latexit>

Q̄,�t = 100 ms
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1500
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Temperature [K]

<latexit sha1_base64="X3wkCEiQgznfnEeyBa2CbxBkY5g=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqFgFbCwTMB+QHGFvs5cs2d07dvfE48gvsNXaTmz9OZb+EzfJFSbxwcDjvRlm5gUxZ9q47rdT2Njc2t4p7pb29g8Oj8rHJ20dJYrQFol4pLoB1pQzSVuGGU67saJYBJx2gsn9zO88UaVZJB9NGlNf4JFkISPYWKn5PChX3Ko7B1onXk4qkKMxKP/0hxFJBJWGcKx1z3Nj42dYGUY4nZb6iaYxJhM8oj1LJRZU+9n80Cm6sMoQhZGyJQ2aq38nMiy0TkVgOwU2Y73qzcT/vF5iwls/YzJODJVksShMODIRmn2NhkxRYnhqCSaK2VsRGWOFibHZLG0JxNRm4q0msE7aV1Xvulpr1ir1uzydIpzBOVyCBzdQhwdoQAsIUHiBV3hzUufd+XA+F60FJ585hSU4X7+Lz5OT</latexit>x

<latexit sha1_base64="cLChhWEx03zv6PgA0vt2bmOpNXA=">AAAB93icbVA 9SwNBEJ2LXzF+RS1tDoNgFe5EVKwCNpYJmA9IjrC3mSRLdveO3T3hOPILbLW2E1t/jqX/xE1yhUl8MPB4b4aZeWHMmTae9+0UNja3tneKu6W9/YPDo/LxSUtHiaLYpBGPVCckGjmT2DTMcOzECokIObbDycPMbz+j0iySTyaNMRBkJNmQUWKs1Ej75YpX9eZw14mfkwrkqPfLP71BRBOB0lBOtO76XmyCjCjDKMdpqZdojAmdkBF2LZVEoA6y+aFT98IqA3cYKVvSuHP170RGhNapCG2nIGasV72Z+J/XTczwLsiYjBODki4WDRPumsidfe0OmEJqeGoJoYrZW106JopQY7NZ2hKKqc3EX01gnbSuqv5N9bpxXand5+kU4QzO4RJ8uIUaPEIdmkAB4QVe4c1JnXfnw/lctBacfOYUluB8/QKNYpOU</latexit>y

Thermo-mechanical Model – Heat Source Demonstration

9

q Heat source comparison

v Hybrid heat source allows for a larger time step size than the point heat source
v Hybrid heat source is more accurate than the line heat source

Ø Temperature fields of the Gaussian point and line heat sources with different 
time step sizes. 

Ø Temperature profile as a function of the x location for the Gaussian 
point and line heat sources with different time step sizes. 



Thermo-mechanical Model – Mechanical Model

10

q Mechanical model
• Quasi-static conservation of momentum

• Power-law hardening elastic-plastic constitutive relation

• Additively decompose the total strain

• Strain due to thermal expansion

<latexit sha1_base64="Sv3gnV3VgqXrSVshow09E8Y9eXI="></latexit>

�y =

✓
En(✓)

K

◆1/(n�1)

<latexit sha1_base64="nsExA/hjx/1+5kQN1d0d1pAWTiU="></latexit>

" = "e + "p + "✓

<latexit sha1_base64="UvtAaIuaXVSHBPfGPa5xziayiRc="></latexit>

"✓ = �(✓ � ✓0)I

<latexit sha1_base64="2kg9BQ9tJGHLxT/eM58V91o8p5g="></latexit>

r · � + b = 0 in ⌦a,s

u = 0 on @⌦s,bot

<latexit sha1_base64="DwtAB0pYf33ToldhWp/VCF+yG+U="></latexit>

� =

(
E(✓)",�  �y

K"n,� > �y
,

<latexit sha1_base64="e7h/vG2KanyMsjkj2+LX+L3h74o="></latexit>

✓0 =

(
✓̄1 in ⌦s

✓melt in ⌦a

- Rank-two Cauchy stress tensor

- Body force

- Displacement

- Young’s modulus (𝜃 dependent)

- Strength coefficient

- Strain hardening coefficient

- Yield stress

- Total strain 

- Elastic, plastic, and thermal strain

- Thermal expansion coefficient

- Stress-free temperature

- Melt temperature

- Rank-two identity tensor

<latexit sha1_base64="l4weB0Uhi7n3CRTB4Z30NEH4Iks=">AAACC3icdVDLSgMxFM3UV62v0S7dBIvgashMn8uCG5cV7APaUjJppg1NZoYkI5Shn+A3uNW1O3HrR7j0T8y0FazohZDDOfdyzz1+zJnSCH1Yua3tnd29/H7h4PDo+MQ+PeuoKJGEtknEI9nzsaKchbStmea0F0uKhc9p159dZ3r3nkrFovBOz2M6FHgSsoARrA01sosDP+JjNRfmSweKTQRejOwSclDD9epliByvXPVcZEC1Ui7XEHQdtKwSWFdrZH8OxhFJBA014VipvotiPUyx1IxwuigMEkVjTGZ4QvsGhlhQNUyX5hfw0jBjGETSvFDDJftzIsVCZf5Mp8B6qn5rGfmX1k900BimLIwTTUOyWhQkHOoIZknAMZOUaD43ABPJjFdIplhiok1eG1t8kWXyfTj8H3Q8x605ldtKqYnW6eTBObgAV8AFddAEN6AF2oCAOXgET+DZerBerFfrbdWas9YzRbBR1vsXBkGcJQ==</latexit>�
<latexit sha1_base64="vqv/zT0hH4euL7yqxV/MDfu62oo=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GjIzfS0LblxWsA9ox5LJZNrQzIMkI5ShW7/Bra7diVv/w6V/YqatYEUvhBzOuZd77vESzqRC6MMobGxube8Ud0t7+weHR+Xjk66MU0Foh8Q8Fn0PS8pZRDuKKU77iaA49DjtedOrXO/dUyFZHN2qWULdEI8jFjCClabuhl7MfTkL9Zd581G5gkzUtOyGA5FpOzXbQhrUqo5TR9Ay0aIqYFXtUflz6MckDWmkCMdSDiyUKDfDQjHC6bw0TCVNMJniMR1oGOGQSjdbuJ7DC834MIiFfpGCC/bnRIZDmVvTnSFWE/lby8m/tEGqgqabsShJFY3IclGQcqhimEcAfSYoUXymASaCaa+QTLDAROmg1rZ4YZ7J9+Hwf9C1TatuVm+qlRZapVMEZ+AcXAILNEALXIM26AACBHgET+DZeDBejFfjbdlaMFYzp2CtjPcvee+Ztw==</latexit>

b
<latexit sha1_base64="YX9YaArILxnaY5oWBufbtquSQ4Q=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GjIzfS0LblxWsA9ox5LJZNrQzIMkI5ShW7/Bra7diVv/w6V/YqatYEUvhBzOuZd77vESzqRC6MMobGxube8Ud0t7+weHR+Xjk66MU0Foh8Q8Fn0PS8pZRDuKKU77iaA49DjtedOrXO/dUyFZHN2qWULdEI8jFjCClabuhl7MfTkL9Zel81G5gkzUtOyGA5FpOzXbQhrUqo5TR9Ay0aIqYFXtUflz6MckDWmkCMdSDiyUKDfDQjHC6bw0TCVNMJniMR1oGOGQSjdbuJ7DC834MIiFfpGCC/bnRIZDmVvTnSFWE/lby8m/tEGqgqabsShJFY3IclGQcqhimEcAfSYoUXymASaCaa+QTLDAROmg1rZ4YZ7J9+Hwf9C1TatuVm+qlRZapVMEZ+AcXAILNEALXIM26AACBHgET+DZeDBejFfjbdlaMFYzp2CtjPcvl+uZyg==</latexit>u

<latexit sha1_base64="ssoXbCHIZorMc1ULpYSSb79yB78=">AAAB/3icdVDJSgNBEO1xjXGLevTSGIR4GXqyHwMieIxgFklC6Ol0kibdM0N3jRBCDn6DVz17E69+ikf/xM4iGNEHBY/3qqiq50dSGCDkw1lb39jc2k7sJHf39g8OU0fHdRPGmvEaC2Womz41XIqA10CA5M1Ic6p8yRv+6HLmN+65NiIMbmEc8Y6ig0D0BaNgpburTBuGHOhFN5UmLil72VIOEzebK2Q9Ykkhn8sVCfZcMkcaLVHtpj7bvZDFigfAJDWm5ZEIOhOqQTDJp8l2bHhE2YgOeMvSgCpuOpP5wVN8bpUe7ofaVgB4rv6cmFBlzFj5tlNRGJrf3kz8y2vF0C93JiKIYuABWyzqxxJDiGff457QnIEcW0KZFvZWzIZUUwY2o5UtvpraTL4fx/+Tetb1im7+Jp+ukGU6CXSKzlAGeaiEKugaVVENMaTQI3pCz86D8+K8Om+L1jVnOXOCVuC8fwEYSpag</latexit>

E(✓)
<latexit sha1_base64="uXJjKK5g0dE7ouq88ftah5qJAOk=">AAAB93icdVDLSgMxFM3UV62vqks3wSK4GjLT57LgRnDTgn1AO5RMmmlDM5khyQjD0C9wq2t34tbPcemfmD4EK3rgwuGce7n3Hj/mTGmEPqzc1vbO7l5+v3BweHR8Ujw966ookYR2SMQj2fexopwJ2tFMc9qPJcWhz2nPn90s/N4DlYpF4l6nMfVCPBEsYARrI7XvRsUSslHDcetliGy3XHUdZEi1Ui7XEHRstEQJrNEaFT+H44gkIRWacKzUwEGx9jIsNSOczgvDRNEYkxme0IGhAodUedny0Dm8MsoYBpE0JTRcqj8nMhwqlYa+6Qyxnqrf3kL8yxskOmh4GRNxoqkgq0VBwqGO4OJrOGaSEs1TQzCRzNwKyRRLTLTJZmOLH85NJt+Pw/9J17Wdml1pV0pNtE4nDy7AJbgGDqiDJrgFLdABBFDwCJ7As5VaL9ar9bZqzVnrmXOwAev9C5TVk5M=</latexit>

K
<latexit sha1_base64="9EvSU7Gu8Zvkjx4R92TB5NR7gR0=">AAAB93icdVDLSsNAFJ34rPVVdelmsAiuwiTpa1lw47IF+4A2lMl00g6dTMLMRAihX+BW1+7ErZ/j0j9x+hCs6IELh3Pu5d57goQzpRH6sLa2d3b39gsHxcOj45PT0tl5V8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvB7Hbh9x6oVCwW9zpLqB/hiWAhI1gbqS1GpTKyUcNx6x5EtutVXQcZUq14Xg1Bx0ZLlMEarVHpcziOSRpRoQnHSg0clGg/x1Izwum8OEwVTTCZ4QkdGCpwRJWfLw+dw2ujjGEYS1NCw6X6cyLHkVJZFJjOCOup+u0txL+8QarDhp8zkaSaCrJaFKYc6hguvoZjJinRPDMEE8nMrZBMscREm2w2tgTR3GTy/Tj8n3Rd26nZlXal3ETrdArgElyBG+CAOmiCO9ACHUAABY/gCTxbmfVivVpvq9Ytaz1zATZgvX8By+6Ttg==</latexit>n
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Time (ms)

80

240
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and an IPG Photonics model YLG-1074 nanometer fiber laser with a power range of 100 W to 1 kW.

Laser Power (W) Effective Radius (mm) Scanning Speed (mm/s)

250 0.27 4.23, 6.35, 8.47, 10.58
300 0.30 6.35, 8.47, 10.58, 12.70
350 0.33 8.47, 10.58, 12.70, 14.81
400 0.37 10.58, 12.70, 14.81, 16.93

Table 2: Simulation parameters for each case.

Figure 9 shows snapshots of the temperature fields at different time steps during the simulation. It320

can be observed that, at each time step, material in a localized area is heated in excess of θmelt = 1700
K. As a result, new material is activated in this area (see Algorithm 1). This process mimics the real
manufacturing process of material powder being deposited to the substrate and heated up by the laser
to form a solid mass. After deposition, the material cools down as the laser spot moves away (see
Figs. 9(b) and 9(c)). Note that this heating and cooling applies not only to the deposited material but325

also the substrate.
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Ø Simulation parameters for each case 

Ø Comparison of simulated and experimental material bead feature sizes 

q Problem setting
• Single track, single layer, scan from 0.5mm – 3.5mm

• 4 laser powers, 4 scanning speeds

• Idaho National Laboratory’s Optomec MTS500 LENS DED-

type laser/blown- powder 3D metal printer system 
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Ø Problem setting for simulating the process of printing a hollow cylinder 

SubstrateDummy Subdomain
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lz

q Problem setting
• Domain size 10 𝑚𝑚 × 10 𝑚𝑚 × 6𝑚𝑚, initial mesh size 0.25 𝑚𝑚

• Scanning path radius 𝑅 = 1.5 𝑚𝑚, vertical spacing 𝑙! = 0.3 𝑚𝑚

• Laser power 250𝑊, scanning speed 11.43 𝑚𝑚/𝑠

Highly 
refined 
area

Area that is initially refined and then 
coarsened back



Recent Advancements – Heat Source Improvement
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q Effects from the change of feed-rate
• Anisotropic point heat source:

• Effective radii follows normal distributions :

substrate

deposited 
material

4rpm 6rpm 8rpm 10rpm

Increased height; Decreased width

feed rate

<latexit sha1_base64="jg0hGJWbwhZ5Gl8XLVny8BFqe4w="></latexit>
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µ1, µ2,�1,�2 are fitted from experimental data
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Recent Advancements – Automatic Height Tracking
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q In-situ adjustment of heat source height 𝑝! 𝑡
• Capture overbuild during manufacturing

• Capture overbuild accumulation for higher buildups

• Heat source height 𝑝( 𝑡 is not an input parameter, 

but the maximum z-coordinate of the built material 

in the (𝑝) 𝑡 , 𝑝* 𝑡 ) plane

Ø Sub-optimal built parts (over-build along the circumference 
and at the corners)

Over-build at the corner

Accumulated over-build

1st Layer

2nd Layer

0 "

#!

#"

0

##

0

"

"
Ø Scanning speed profile



Recent Advancements – Control and Optimization
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q AI-based process control and optimization
• Develop the neural-network based machine learning capabilities in MOOSE (integration of MOOSE & PyTorch)

• Develop the deep reinforcement learning (DRL)-based control scheme

• Research into DRL algorithms, control workflow

Data (Observation)
T ! "

0s … … …

1s … … …
2s … … …

produce

transfer

NN-based Controller

Controller Trainer (DRL)

Simulation Environment
calculate Reward0 = ((Target, State0)

Reward1 = ((Target, State1)
Reward2 = ((Target, State2)

Evaluation

transfer

control

deploy

Main-App

Sub-App
data of current state

Ø Schematic of the AI-based process control and optimization implementation 
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