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How to Improve Additive Manufacturing (AM) 
Processing and Modeling Capabilities at INL?

Modeling & Simulation Experimental Realization Parameter Optimization

Aerospace Medical EducationAutomobile

Ø AM’s application to a variety of fields (images from addit3dprinting.com and ge.com)

Construction



AM Modeling for PCEC Manifold and Interconnector
• Applications for INL's protonic ceramic electrochemical cell 

(PCEC) development include
• hydrogen production through water electrolysis 
• ammonia electrosynthesis

• Commercialization requires a scaled-up stackable production
• manifold and Interconnector design & fabrication is critical
• successful usage of stainless steel can lower the overall 

cost (from 20 - 30% to 8 - 10%) 
• Modeling the AM process guides and ensures the success of  

the design and manufacturing processes

How PCEC works

Ø INL’s PCEC assembly capability. A stack repetition units [2]. One PCEC unit with interconnector 
[2]. Two types of interconnector [2]. 

Ø (a) Hydrogen production & energy storage. (b) Convert hydrogen 
to electricity. [1] 



AM Modeling Development at INL & Challenges

Ø (top) AM modeling of the INL logo printing process. (bottom) 
Valhalla–A MOOSE-based application for simulating AM 
processes. 

• AM simulation capability – Valhalla
• Simulates material deposition (not optimal)

• Includes physics modules (parameters not verified or validated)

• AM processing capability (for model validation)

• Material discovery (not used in complex structures)
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Ø (left) INL’s AM process to make advanced nuclear fuels. 
(right) Digital light processing 3D printer at EIL. 



AM Modeling Development Challenges

Preprocessing Processing

t=2s t=12s t=26s

Ø Highly refined mesh around the product

• Meshing

Ø Inaccurate material morphology

Ø Predefined material boundary

• Element activation
• Interface update

Modeling the Moving Interface Verification & Validation

Integration & Modulization
Process Design 
and Simulation

Microstructure 
and Properties

Performance 
Modeling

Valhalla

Process Design 
and Simulation

Microstructure 
and Properties

Performance 
Modeling

Valhalla

Process Design 
and Simulation

Microstructure 
and Properties

Performance 
Modeling

Valhalla

Ø Optimization Ø Printing path planningØ Physics-based simulation



What Is Extended Finite Element Method (XFEM) & 
How Can It help?

Benefits for using XFEM in modeling moving interface:
• Enables accurate descriptions of the product configuration 

• Reduces the computation cost caused by highly refined meshes

• Removes unrealistic assumptions brought by predefining the material boundaries

Ø Mesh cutting for modelling crack in XFEM. 

field u as a function of spatial coordinate x and time t with Heaviside and near-tip enrichment functions:
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where n is the number of nodes per finite element, NI are the standard finite element interpolation functions, uI are the nodal
displacements, H is the Heaviside function, bJ are additional nodal degrees of freedom corresponding to Heaviside enrichment, FL are
a set of enrichment functions that capture asymptotic near-tip fields, and cK are additional nodal degrees of freedom corresponding to
the near-tip enrichment. This approach requires an additional degree of freedom per solution variable for each node whose support is
traversed by a crack for Heaviside enrichment, as well as 4 additional degrees of freedom per solution variable for the nodes in the
vicinity of the crack tip to which near-tip enrichment is applied. The set of enriched nodes is typically a small subset of the nodes in
the discretized solution because a small fraction of the solution domain is typically directly affected by cracking. As a result, this does
not drastically increase the number of unknowns in the system of equations. However, this can be difficult to implement in existing
FEM codes if they do not permit nodes to have arbitrary number of degrees of freedom.

The phantom node method [15] was also proposed as a technique for modeling mesh-independent fracture. In the phantom node
method, elements intersected by a crack are deleted and replaced by two elements that occupy the same physical locations as the
original elements. A portion of the domain of each of these new elements (partial elements) represents physical material. The
combined physical portions of the partial elements cover the entire domain of the original element that was split. The nodes con-
nected to the non-physical portions of those elements are known as phantom nodes. The solution field is interpolated on the partial
elements using the standard finite element shape functions. When fields are integrated on partial elements, as is done to compute an
element’s contribution to the residual, the integral is only performed over the physical part of the element. Shortly after the phantom
node technique was proposed, it was shown [16] to give exactly the same enrichment as the originally proposed X-FEM (without the
near-tip enrichment functions), and add the same number of extra degrees of freedom to the system to represent discontinuities.

The phantom node technique has several features that make it more attractive than the originally-proposed X-FEM for a Heaviside
enrichment capability from an implementation standpoint:

• It is generally less invasive on a host FEM code architecture because it does not require the addition of nonstandard degrees of
freedom, and requires only minor modifications to the element integration procedures.

• The additional degrees of freedom correspond to standard solution fields, which aids in interpretation of results.

• It simplifies the handling of crack branching and coalescence, which require additional degrees of freedom in elements containing
multiple cracks in the original X-FEM, but can be handled by recursively cutting elements in the phantom node method [17,18].

• For multiphysics applications where the physics applications share a common mesh, the phantom node technique automatically
enriches the degrees of freedom for all solution variables, whereas additional enrichment degrees of freedom would need to be
explicitly added in the original X-FEM.

For these reasons, the phantom node method has been widely used to implement Heaviside-enriched X-FEM [19]. These reasons,
in particular the advantages for multiphysics applications, also motivated its use as the basis of the X-FEM implementation in the
present work. Although the phantom node method does not preclude inclusion of the near-tip enrichment term in Eq. (4), it is not
considered in the present work for the sake of simplicity, and crack tips are required to coincide with element edges.

3.1. Mesh cutting algorithm

The bulk of the complexity in implementing the phantom node method lies in correctly resolving the connectivity of the partial
elements that are created when elements are cut by a crack. Neighboring elements that share a common cracked edge should share
physical and phantom nodes to ensure continuity of finite element solution fields in across neighboring elements in the material on a

Fig. 1. Use of the mesh cutting algorithm to modify a mesh and with appropriate element connectivities for use with the phantom node algorithm to
represent Heaviside discontinuities arising from a prescribed crack.
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3.1.2. Algorithmic flow
The EFA is designed to be called repeatedly during an analysis to represent dynamically evolving crack topologies. As illustrated

in Fig. 2 and also outlined in [20], each time the mesh is to be modified, the following steps are taken:

1. Create and Initialize Mesh: The mesh structure for the EFA is populated with elements and nodes corresponding to those in the
host code. If the mesh has been previously cut by the EFA, the topology of the cut mesh, rather than the original mesh is used. Any
information about fragments and embedded nodes from the previous cut state is also restored. Neighboring elements connected to
all elements in this cut mesh, as well as the current crack tip elements and crack tip split elements, are identified.

2. Mark Cut Elements: Elements newly intersected by cutting planes are identified, and new embedded nodes are created at the
locations on the edges that are intersected. The determination of whether elements are cut and identification of locations of
intersections of planes with element edges are performed in the host code. The embedded node locations are defined in the EFA in
terms of the edges on which they are located and the fractional distances on those edges. The distances on the edges are necessary
to disambiguate which embedded node corresponds to a cutting plane when multiple cuts intersect an element edge. This scenario
is naturally handled by this algorithm, but is not discussed in detail here.

3. Create New Fragments and Child Elements: Once all cut elements are identified, new fragments are created for each continuous
region within an uncut element, and a new child element is created corresponding to each fragment. Fig. 3 illustrates this process.
New temporary nodes are created as children of the original nodes in the portions of the child elements outside of fragments,
while the original permanent nodes are used when a node is contained within a fragment. Crack tip elements have one or more
edge (in 2D) or face (in 3D) intersected by a cutting plane that terminates at, but does not traverse the element. These elements
have a single fragment created, which contains the embedded node (2D) or nodes (3D), and a single new element is created
corresponding to that fragment. The element on the far right of Fig. 4 is an example such an element.

4. Merge Child Elements with Connected Neighbors: The last phase of this algorithm is to merge the newly-created child elements

Create and Initialize Mesh

Create New Fragments and Child Elements

Mark Cut Elements

Merge Child Elements with Connected Neighbors

Fig. 2. High level flow chart illustrating the steps in the EFA.
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to propagate inward until they reach a compressive region. The present work includes a rudimentary study on the sensitivity of these
models to some of these parameters, but a more thorough parameter study, as well as experimental data for validation, are important
for gaining confidence in this model.

Fig. 19 shows the evolution of the cracking pattern with contours of the temperature field at several times during the same power
ramp applied previously in the stationary crack cases with a critical stress intensity factor of 2MPa m . Similar results are shown for
a critical stress intensity factor of 4MPa m in Fig. 18. As the power increases, the interior temperature increases relative to the
exterior, resulting in higher tensile hoop stresses on the outside of the pellet and corresponding compressive hoop stresses in the
interior. This leads to initiation of many small cracks on the outer boundary.

Once these cracks initiate, some of them propagate radially inward as the power increases when their SIFs exceed the critical
value. When there are multiple cracks in close proximity, extension of one of them decreases the driving forces for the other cracks in
the vicinity, causing localization to occur. This process is numerically aided by the use of the randomized strength, which minimizes
the potential for neighboring cracks to reach their extension criterion simultaneously. The roughly equal spatial distribution of the
macroscopic cracks is a manifestation of this localization behavior. With a critical stress intensity factor of 2MPa m , one or two
cracks tend to propagate rapidly toward the center of the fuel pellet as soon as they initiate. As they reach the center of the pellet, the
cracks start to interact, causing curved crack paths. With a critical stores intensity factor of 4MPa m , the first cracks did not
propagate as far into the center of the pellet when they first initiated, resulting in a larger number of cracks that followed straighter
paths. The formation of five or six major radial cracks is consistent with crack patterns observed in [7,9].

A sensitivity study was conducted to investigate the effect of initial crack length and incremental crack extension length on the
simulation results based on the model with a critical stares intensity factor of 4MPa m . The initial crack length must be larger than
the outer radius used by the fracture domain integrals to calculate the SIFs. Three different initial crack lengths: 0.4 mm, 0.5mm and
0.6mm, were used. For each initial crack length, three values of the crack extension length: 0.20mm, 0.25mm and 0.30mm, were
used. The final cracking patterns for the 9 cases in this study, which all used the same realization of the randomized strength, are
shown in Fig. 20. These results show that the solution is generally insensitive to the incremental crack extension length as long as this
value is relatively small. This is expected because of the process of iteratively repeating the solution and growing cracks until the
fracture criterion is no longer met. The choice of initial crack length, however, has a major effect on the cracking pattern. This is
intuitive, because longer cracks result in higher stress intensity factors (as was demonstrated in Fig. 14), which makes them more
likely to propagate soon after they are initiated. This would tend to cause localization of a smaller number of cracks, as was seen in

Fig. 18. X-FEM simulation results with critical stress intensity factor of 2MPa m at selected times during power ramp showing displacements
(magnified 5×) and temperature contours (K).
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field u as a function of spatial coordinate x and time t with Heaviside and near-tip enrichment functions:
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where n is the number of nodes per finite element, NI are the standard finite element interpolation functions, uI are the nodal
displacements, H is the Heaviside function, bJ are additional nodal degrees of freedom corresponding to Heaviside enrichment, FL are
a set of enrichment functions that capture asymptotic near-tip fields, and cK are additional nodal degrees of freedom corresponding to
the near-tip enrichment. This approach requires an additional degree of freedom per solution variable for each node whose support is
traversed by a crack for Heaviside enrichment, as well as 4 additional degrees of freedom per solution variable for the nodes in the
vicinity of the crack tip to which near-tip enrichment is applied. The set of enriched nodes is typically a small subset of the nodes in
the discretized solution because a small fraction of the solution domain is typically directly affected by cracking. As a result, this does
not drastically increase the number of unknowns in the system of equations. However, this can be difficult to implement in existing
FEM codes if they do not permit nodes to have arbitrary number of degrees of freedom.

The phantom node method [15] was also proposed as a technique for modeling mesh-independent fracture. In the phantom node
method, elements intersected by a crack are deleted and replaced by two elements that occupy the same physical locations as the
original elements. A portion of the domain of each of these new elements (partial elements) represents physical material. The
combined physical portions of the partial elements cover the entire domain of the original element that was split. The nodes con-
nected to the non-physical portions of those elements are known as phantom nodes. The solution field is interpolated on the partial
elements using the standard finite element shape functions. When fields are integrated on partial elements, as is done to compute an
element’s contribution to the residual, the integral is only performed over the physical part of the element. Shortly after the phantom
node technique was proposed, it was shown [16] to give exactly the same enrichment as the originally proposed X-FEM (without the
near-tip enrichment functions), and add the same number of extra degrees of freedom to the system to represent discontinuities.

The phantom node technique has several features that make it more attractive than the originally-proposed X-FEM for a Heaviside
enrichment capability from an implementation standpoint:

• It is generally less invasive on a host FEM code architecture because it does not require the addition of nonstandard degrees of
freedom, and requires only minor modifications to the element integration procedures.

• The additional degrees of freedom correspond to standard solution fields, which aids in interpretation of results.

• It simplifies the handling of crack branching and coalescence, which require additional degrees of freedom in elements containing
multiple cracks in the original X-FEM, but can be handled by recursively cutting elements in the phantom node method [17,18].

• For multiphysics applications where the physics applications share a common mesh, the phantom node technique automatically
enriches the degrees of freedom for all solution variables, whereas additional enrichment degrees of freedom would need to be
explicitly added in the original X-FEM.

For these reasons, the phantom node method has been widely used to implement Heaviside-enriched X-FEM [19]. These reasons,
in particular the advantages for multiphysics applications, also motivated its use as the basis of the X-FEM implementation in the
present work. Although the phantom node method does not preclude inclusion of the near-tip enrichment term in Eq. (4), it is not
considered in the present work for the sake of simplicity, and crack tips are required to coincide with element edges.

3.1. Mesh cutting algorithm

The bulk of the complexity in implementing the phantom node method lies in correctly resolving the connectivity of the partial
elements that are created when elements are cut by a crack. Neighboring elements that share a common cracked edge should share
physical and phantom nodes to ensure continuity of finite element solution fields in across neighboring elements in the material on a

Fig. 1. Use of the mesh cutting algorithm to modify a mesh and with appropriate element connectivities for use with the phantom node algorithm to
represent Heaviside discontinuities arising from a prescribed crack.
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What We will Do
Task 1: Method Development Task 2: Simulation & Optimization 

Task 3: Verification & Validation Deployment

Current Method Using XFEM

Accurately Model Material Boundaries Apply in Current Test Cases

Extend to Complex Structures



Method Development Plan

• Add the ability to represent moving material surfaces with XFEM 

• Develop simple 3D test cases and evaluating the accuracy of the approach

• Apply boundary conditions 

• Improve the integration accuracy (moment fitting method)

field u as a function of spatial coordinate x and time t with Heaviside and near-tip enrichment functions:
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where n is the number of nodes per finite element, NI are the standard finite element interpolation functions, uI are the nodal
displacements, H is the Heaviside function, bJ are additional nodal degrees of freedom corresponding to Heaviside enrichment, FL are
a set of enrichment functions that capture asymptotic near-tip fields, and cK are additional nodal degrees of freedom corresponding to
the near-tip enrichment. This approach requires an additional degree of freedom per solution variable for each node whose support is
traversed by a crack for Heaviside enrichment, as well as 4 additional degrees of freedom per solution variable for the nodes in the
vicinity of the crack tip to which near-tip enrichment is applied. The set of enriched nodes is typically a small subset of the nodes in
the discretized solution because a small fraction of the solution domain is typically directly affected by cracking. As a result, this does
not drastically increase the number of unknowns in the system of equations. However, this can be difficult to implement in existing
FEM codes if they do not permit nodes to have arbitrary number of degrees of freedom.

The phantom node method [15] was also proposed as a technique for modeling mesh-independent fracture. In the phantom node
method, elements intersected by a crack are deleted and replaced by two elements that occupy the same physical locations as the
original elements. A portion of the domain of each of these new elements (partial elements) represents physical material. The
combined physical portions of the partial elements cover the entire domain of the original element that was split. The nodes con-
nected to the non-physical portions of those elements are known as phantom nodes. The solution field is interpolated on the partial
elements using the standard finite element shape functions. When fields are integrated on partial elements, as is done to compute an
element’s contribution to the residual, the integral is only performed over the physical part of the element. Shortly after the phantom
node technique was proposed, it was shown [16] to give exactly the same enrichment as the originally proposed X-FEM (without the
near-tip enrichment functions), and add the same number of extra degrees of freedom to the system to represent discontinuities.

The phantom node technique has several features that make it more attractive than the originally-proposed X-FEM for a Heaviside
enrichment capability from an implementation standpoint:

• It is generally less invasive on a host FEM code architecture because it does not require the addition of nonstandard degrees of
freedom, and requires only minor modifications to the element integration procedures.

• The additional degrees of freedom correspond to standard solution fields, which aids in interpretation of results.

• It simplifies the handling of crack branching and coalescence, which require additional degrees of freedom in elements containing
multiple cracks in the original X-FEM, but can be handled by recursively cutting elements in the phantom node method [17,18].

• For multiphysics applications where the physics applications share a common mesh, the phantom node technique automatically
enriches the degrees of freedom for all solution variables, whereas additional enrichment degrees of freedom would need to be
explicitly added in the original X-FEM.

For these reasons, the phantom node method has been widely used to implement Heaviside-enriched X-FEM [19]. These reasons,
in particular the advantages for multiphysics applications, also motivated its use as the basis of the X-FEM implementation in the
present work. Although the phantom node method does not preclude inclusion of the near-tip enrichment term in Eq. (4), it is not
considered in the present work for the sake of simplicity, and crack tips are required to coincide with element edges.

3.1. Mesh cutting algorithm

The bulk of the complexity in implementing the phantom node method lies in correctly resolving the connectivity of the partial
elements that are created when elements are cut by a crack. Neighboring elements that share a common cracked edge should share
physical and phantom nodes to ensure continuity of finite element solution fields in across neighboring elements in the material on a

Fig. 1. Use of the mesh cutting algorithm to modify a mesh and with appropriate element connectivities for use with the phantom node algorithm to
represent Heaviside discontinuities arising from a prescribed crack.
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3.1.2. Algorithmic flow
The EFA is designed to be called repeatedly during an analysis to represent dynamically evolving crack topologies. As illustrated

in Fig. 2 and also outlined in [20], each time the mesh is to be modified, the following steps are taken:

1. Create and Initialize Mesh: The mesh structure for the EFA is populated with elements and nodes corresponding to those in the
host code. If the mesh has been previously cut by the EFA, the topology of the cut mesh, rather than the original mesh is used. Any
information about fragments and embedded nodes from the previous cut state is also restored. Neighboring elements connected to
all elements in this cut mesh, as well as the current crack tip elements and crack tip split elements, are identified.

2. Mark Cut Elements: Elements newly intersected by cutting planes are identified, and new embedded nodes are created at the
locations on the edges that are intersected. The determination of whether elements are cut and identification of locations of
intersections of planes with element edges are performed in the host code. The embedded node locations are defined in the EFA in
terms of the edges on which they are located and the fractional distances on those edges. The distances on the edges are necessary
to disambiguate which embedded node corresponds to a cutting plane when multiple cuts intersect an element edge. This scenario
is naturally handled by this algorithm, but is not discussed in detail here.

3. Create New Fragments and Child Elements: Once all cut elements are identified, new fragments are created for each continuous
region within an uncut element, and a new child element is created corresponding to each fragment. Fig. 3 illustrates this process.
New temporary nodes are created as children of the original nodes in the portions of the child elements outside of fragments,
while the original permanent nodes are used when a node is contained within a fragment. Crack tip elements have one or more
edge (in 2D) or face (in 3D) intersected by a cutting plane that terminates at, but does not traverse the element. These elements
have a single fragment created, which contains the embedded node (2D) or nodes (3D), and a single new element is created
corresponding to that fragment. The element on the far right of Fig. 4 is an example such an element.

4. Merge Child Elements with Connected Neighbors: The last phase of this algorithm is to merge the newly-created child elements

Create and Initialize Mesh

Create New Fragments and Child Elements

Mark Cut Elements

Merge Child Elements with Connected Neighbors

Fig. 2. High level flow chart illustrating the steps in the EFA.
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to propagate inward until they reach a compressive region. The present work includes a rudimentary study on the sensitivity of these
models to some of these parameters, but a more thorough parameter study, as well as experimental data for validation, are important
for gaining confidence in this model.

Fig. 19 shows the evolution of the cracking pattern with contours of the temperature field at several times during the same power
ramp applied previously in the stationary crack cases with a critical stress intensity factor of 2MPa m . Similar results are shown for
a critical stress intensity factor of 4MPa m in Fig. 18. As the power increases, the interior temperature increases relative to the
exterior, resulting in higher tensile hoop stresses on the outside of the pellet and corresponding compressive hoop stresses in the
interior. This leads to initiation of many small cracks on the outer boundary.

Once these cracks initiate, some of them propagate radially inward as the power increases when their SIFs exceed the critical
value. When there are multiple cracks in close proximity, extension of one of them decreases the driving forces for the other cracks in
the vicinity, causing localization to occur. This process is numerically aided by the use of the randomized strength, which minimizes
the potential for neighboring cracks to reach their extension criterion simultaneously. The roughly equal spatial distribution of the
macroscopic cracks is a manifestation of this localization behavior. With a critical stress intensity factor of 2MPa m , one or two
cracks tend to propagate rapidly toward the center of the fuel pellet as soon as they initiate. As they reach the center of the pellet, the
cracks start to interact, causing curved crack paths. With a critical stores intensity factor of 4MPa m , the first cracks did not
propagate as far into the center of the pellet when they first initiated, resulting in a larger number of cracks that followed straighter
paths. The formation of five or six major radial cracks is consistent with crack patterns observed in [7,9].

A sensitivity study was conducted to investigate the effect of initial crack length and incremental crack extension length on the
simulation results based on the model with a critical stares intensity factor of 4MPa m . The initial crack length must be larger than
the outer radius used by the fracture domain integrals to calculate the SIFs. Three different initial crack lengths: 0.4 mm, 0.5mm and
0.6mm, were used. For each initial crack length, three values of the crack extension length: 0.20mm, 0.25mm and 0.30mm, were
used. The final cracking patterns for the 9 cases in this study, which all used the same realization of the randomized strength, are
shown in Fig. 20. These results show that the solution is generally insensitive to the incremental crack extension length as long as this
value is relatively small. This is expected because of the process of iteratively repeating the solution and growing cracks until the
fracture criterion is no longer met. The choice of initial crack length, however, has a major effect on the cracking pattern. This is
intuitive, because longer cracks result in higher stress intensity factors (as was demonstrated in Fig. 14), which makes them more
likely to propagate soon after they are initiated. This would tend to cause localization of a smaller number of cracks, as was seen in

Fig. 18. X-FEM simulation results with critical stress intensity factor of 2MPa m at selected times during power ramp showing displacements
(magnified 5×) and temperature contours (K).
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Ø (left) Schematic of the mesh cutting process in XFEM. (center) Simulation of propagating cracks in a fuel pellet using 
XFEM. (right) Use of XFEM to model a moving interface between two materials.



Simulation & Optimization Plan

• Valhalla will be used to simulate the mesoscale AM process 

• Analysis of the residual stress, distortion, porosity, and parameter sensitivity 

• Iteration between V&V for optimizing the AM parameters and product design

• Use PCEC manifold processing as a proof of concept
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Ø (left) Valhalla – A MOOSE-based application for simulating AM processes. (right) AM simulation of printing a INL logo using Valhalla.



Verification & Validation Plan

• Compare and match simulation results in literatures 

(temperature field, residual stress, distortion) 

• Compare and match existing AM-processed metal parts and experimental data

topology associated with the thermal material deposition process. Next,
a sequential analysis workflow (Fig. 3) is implemented to track the
evolving thermal and mechanical states throughout the analysis pro-
viding a complete history of temperatures, displacements, and stresses.
Finally, both solid and fluid phases are considered through a toggle in
the constitutive material model based on a predefined material melt
temperature where elements above melt temperature are treated as a
fluid, and elements below melt temperature are treated as a tempera-
ture- and rate-dependent solid. To reduce complexity, our simplified

macroscale model neglects computationally expensive physics such as
particle motion and heating, melting and solidification, and Marangoni
flow in favor of simulating transient temperature and displacement
profiles to access the evolution of distortions, material properties, and
residual stresses during centimeter-scale builds and ultimately the re-
sulting characteristics of the finished part. Modeling tools such as de-
scribed here can improve and inform understanding of conditions
during processing as well as outcomes of interest following DED man-
ufacturing.

Fig. 8. Comparison of the large beam computational model and corresponding FLIR images from the experimental build.

Fig. 9. Comparison of the normal beam computational model and corresponding FLIR images from the experimental build.
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Ø (left) Verification example for a high temperature plasticity model. (middle) Experimental setting from [3]. (right) Example 
validation of the temperature field in [3]. 
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Timeline & Deliverables

Ø A new XFEM-based approach for modeling moving interface

Ø A verified and validated model for AM process modeling and product optimization

Ø One peer-reviewed publication in a high-impact journal in this field and delivery of one 

conference presentation

Q1: Initial method development
• Investigate and implement improvements to the XFEM-based moving interface approach
• Demonstrate the advantages of this approach on simple test cases

Q2–Q3: Model development and validation
• Develop the full system model for the AM process
• Verify the numerical model with literature
• Validate material and AM processing parameters with experimental data

Q4: Model and design optimization 
• Iterate between optimizing the design and the numerical model for the optimal performance of the product
• Prepare and report to INL LDRD office



Customers & Opportunities
DOE offices:

• Office of Nuclear Energy (NE) programs 

(fuels design, fabrication, and modeling) 

• Office of Energy Efficiency & Renewable Energy

• Advanced Manufacturing Office 

(AM processing of other types of metals, ceramics, and composites )

• Hydrogen and Fuel Cell Technology Office 

(PCEC stack production)

Industry:
• Westinghouse 

• General Electric



We will Enable Success

Dong Ding, 
Group Lead

Expertise in materials 
discovery, manufacturing, and 
electrochemistry with 
prospective visions in ADM and 
IES. PI for AMO, FCTO, DOD, 
FE, and LDRD projects > $10M

Benjamin Spencer, 
Computational Scientist 

Expertise in developing and 
applying computational 
methods for fracture, contact, 
constitutive modeling, and 
structural dynamics. PI of 
LDRD that originally developed 
XFEM in MOOSE.

Dewen Yushu,
Postdoctoral Research 
Associate

Expertise in computational solid 
mechanics, mechanical 
contact, constitutive modeling, 
numerical solver and 
preconditioner, and multigrid  
methods.



Budget Summary
A: Research Tasks FY-21 ($k) FY-22 ($k) Total ($k)
Task 1: Method development 40 0 40

Task 2: Numerical analysis and design 
optimization

48 0 48

Task 3: Model verification and 
validation 

0 32 32

Total Task Budget 88 32 120
B: Budget by Researcher FY-21 ($k) FY-22 ($k) Total ($k)

Dewen Yushu 60 20 80
Benjamin Spencer 20 10 30
Dong Ding 8 2 10

Total INL Labor 88 32 120
Total Budget Request 88 32 120
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