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1. Abstract

Laser power bed fusing (PBF) additive manufacturing is a key enabling technology to manufacture highly
complex and integrated automotive structures. However, the geometric complexity of PBF-AM technique
also leads to highly non-uniform heating and cooling rate in the manufactured part, which may cause flaw
formation and produce excessive and nonuniform residual stresses, which increase quality uncertainties and
manufacture issues, leading to increases in cost and energy consumption in the form of rejected parts. In
this research project, we developed an innovative Multi-Spatial-Temporal-Resolution Finite Element
(MUST-FE) method and completed the corresponding high performance computation (HPC) platform-
based in-house code, which enables high accuracy prediction of temperature and residual stress fields for
component-scale PBF-AM manufacture in efficient computation time. The MUST-FE model is calibrated
and validated with a “2D pad” AlSi10Mg experiments by matching the melt pool shape and dimension, and
with a “XY-cross” AlSi10Mg experiment by matching the thermal distortion and residual stress. . The
innovative multi-resolution and concurrent modeling approach adopted in this code ensures accuracy and
computational efficiency, which will enable energy-efficient and high-yield, low-cost manufacturing of
optimized, qualifiable automotive structures and contribute towards reaching technical targets outlined in
AMO’s Program Plan to develop additive manufacturing systems that deliver consistently reliable parts
with predictable properties.

2. Statement of Objectives

The technical scope of this work is to develop and validate a fully coupled thermo-mechanical HPC-FE
AM code based on the MUST-FE approach, which can predict residual stresses and resultant distortions
for L-BPF with higher accuracy and computation efficiency, compared to current commercial software and
academic codes. The objective is to utilize this advance HPC-FE code to virtually screen and optimize
process parameters to ensure the quality of AM products by minimizing the magnitude of deleterious
residual stress and unwanted geometrical distortions.

The task plan includes both HPC development and experimental validation. ORNL team will focus on
modeling development, including extending the current pseudo-3D code to full-3D, then followed by
modifying the code to represent the additive nature of AM. Once modified, an advanced computational
efficient wavelet-based FE solver? will be utilized to optimize the computational efficiency. Finally, the
developed code will be tested in the ORNL HPC facilities (CADES) and then used to perform L-PBF
process simulations for AISi1l0Mg X-Y asymmetry demo-samples. The validation plan will be completed
collaboratively between the Ford and ORNL teams, including single-track experiments to calibrate MUST-
FE code to have reasonable predication at melting pool scale and print of demo-samples to test 3 level
MUST-FE code at part scale.

Advances the current state of the art in the industrial sector: The current multi-resolution concurrent
modeling (MUST-FE) scheme will be a significant advancement of the current state of art in modeling
additive manufacturing and acceleration of the usage of AM in the US advanced manufacturing industry in
the following aspects:

e Fully coupled between thermal and mechanical fields, eliminating inaccurate thermal distortion
predictions due to fields mismatch;

e Enabling multi-resolution discretization not only in the in-plane directions on current layer, but
also in AM building (thickness) direction. Such feature is achieved by having the fine FE model
moving inside the coarser FE domain following the laser track. This will allow direct simulation of



the entire building process instead of using ad-hoc scaling up approach.

Enabling adaptive time integration with fine time increments on fast evolution region and large
time increments on the slow evolving regions, avoiding wasting computation cost on most regions
of the part that evolve slowly in temperature and stress. This can provide an estimated acceleration
in computational speed by a factor of 100~1000x.

The use of a-priori constructed multi-resolution meshes, avoids frequent remeshing and the
associated FE matrix re-assembling in state-of-art methods, which translates into significant
computational costs.

MUST-FE model has better HPC parallelization efficiency since the multi FE models at different
resolution can be executed in parallel on multi-cores.

This code can impact the US advanced manufacturing sector by delivering accurate models to minimize
deleterious residual stresses, thus increasing the reliability and durability of AM components. With the
help of HPC, the code can deliver extra-fast simulations to make it possible to accelerate the design-
development-deployment cycle of complex components, thus strengthening the competitive advantage of
US manufacturing.

3. Benefits to the Funding DOE Office’s Mission

This project will benefit the U.S. Department of Energy Advanced Materials & Manufacturing
Technology office mission of developing additive manufacturing systems that deliver consistently reliable
parts with predictable properties

4. Technical Discussion of the Work Performed by All Parties

In order to most effectively and efficiently meet the project objectives outlined above, the team
established a project plan with five tasks

1)
2)

3)
4)

5)

Collect Thermal Properties and Mechanical Properties for AI10SiMg Powder Materials Model
testing and validation

Extend the Current Pseudo-3D MUST-FE code into Full 3D and Validate this Full 3D MUST-FE
code using Single-track Experiments

Conduct Simulations for X-Y Asymmetry Demo-samples on HPC using the 3D MUST-FE code.
Print X-Y Asymmetric Demo-samples using Selected Process Parameters and Characterize
Residual Stress and Distortion for Model Validation at part Scale.

Benchmark and Component Demonstration

4.1 Collect Thermal Properties and Mechanical Properties for AI10SiMg Powder Materials Model
testing and validation

The elements for the base and the powder layer are assigned to two different sets of material properties
(bulk AlSi10Mg and powder AISi10Mg), as listed in table 2.



Table 1. Thermal properties of AlSi10Mg [1]

Temperature (K) 298 473 673 820 870 1000
Density (bulk) (kg/m3) 2650 2550 2400 2200 2000 1900
Thermal conductivity (bulk) (W /(mK)) 147 159 159 159 100 105
Specific heat capacity (bulk) (//(kg K)) 739 797 838 922 1100 1000
Density (powder) (kg/m3) 920 930 950 1000 - -
Thermal conductivity (powder) (W /(mK)) 1.5 1.6 1.7 1.8 - -
Specific heat capacity (powder) (//(kg K)) 443 478 503 553 - -

4.2 Extend the Current Pseudo-3D MUST-FE code into Full 3D and Validate this Full 3D MUST-FE
code using Single-track Experiments

4.2.1 Overview of MUST-FE method

The MUST-FE is a method that computes the thermal and mechanical fields for large geometrical model
with fine local resolution that is necessary to resolve local melt pool. It is composed of multi-level sub-
domain FE meshes, as illustrated in Figure 1. In Figure 1a, a two-levels MUST-FE model is demonstrated.
The coarse model is designed to be large enough to capture the geometry of the entire powder bed, while
the sub-model has very fine mesh resolution to capture the laser-induced melt pool. While the coarse model
is fixed spatially, the fine sub-model moves following the moving of laser. The two-level models are solved
using an iterative algorithm, in which each level is solved as a separate FE problem while the resulted
temperature and displacement fields are passed to the other levels as heat input and constraining boundary
conditions. The mesh at each sub-domain level is “de-attached” from other levels in the sense that the nodes
at each level do not form element-connectivity, and the finer-level mesh can move freely in the coarser
mesh domain. This feature is in contrast to the adaptive mesh-refinement FE method (h-FEM) or
remeshing-based FE method in which the refined mesh region and coarse mesh region are solved together
by forming one large FE matrix. The MUST-FE methods allows construction of arbitrary number (= 2) of
levels sub-models, as illustrated in Figure 1b (two-dimensional) and 1c (three-dimensional), respectively.
When applied to L-PBF process, the hierarchy of MUST-FE framework can be design to assign specific
features on each level, which is illustrated in Figure 2 and explained in details in section 4.3.
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Fig 1. lllustration of a MUST-FE model, the model is constructed with multi-level sub-domain meshes. (a)
illustration of forming a MUST-FE problem with two levels. (b) a two-dimensional four-levels MUST-FE
model. (c) a three-dimensional four-levels MUST-FE model

r Level 3 and up: Laser applied | >
Movable ultra-finc at top level

mesh region for
lascr and melt pool

Radiation and
convection applied on
Level 2:

Il exposed surface
Top movable a posed surfa
region for adding
layers

Fixed temperature,
Displacement Boundary
condition

Level 1:
Substrate region +
printed part

Level 0:

Bulk substrate

Fig 2. Hllustration of the hierarchy of a 5 levels MUST-FE model design specially for L-PBF simulation.
The details are given in section 4.3.
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Fig 3. Overview of MUST-FE method solving algorithm.

The general numerical solving algorithm of MUST-FE method is shown in Figure 3. The MUST-FE
methods solves both temperature field and deformation fields (displacement, stress, elastic and plastic
strain) in a stagger-coupled approach. In the following section 4.2.2-4.2.7, the thermal part of MUST-FE
method is described in details with experiment calibration and validation process, while the mechanical
part and thermal-mechanical coupling is described in section 4.2.8-4.2.9.

4.2.2 numerical formulation of MUST-FE method

At each sub-domain, the thermal and mechanical fields are solved using the staggered algorithm in Fig. 3.
The to-be-solved thermal problem is governed by the following heat transfer equation:
oT 9 ¢ OT
_ ( k

pca_a a>+pplaser+Pc+Pr+Q (1)

Where T is the to-be-solved temperature at a material point, p is material density, C is temperature
dependent material specific heat, k is the temperature-dependent thermal conductivity matrix,



Pygser 1S the input heat flux from laser, P. and B. are the heat flux due to material surface thermal
convection and radiation, which are expressed as
P= _f he(T — To)dl (2)
P.=—[ ea(T* - THdr (3)
Where T, is the ambient temperature, I" is the material surface region. Q in equation (1) is the
internal heat generation, e.g., due to material phase change. The FE method solves the variational
weak form of equation (1) which is obtained from Galerkin method and by applying FE shape
functions to approximate the temperature [Bathe]. By using an implicit forward Eulerian time
integration algorithm, the weak form equation in FE matrix form is expressed as:
Tt+At _ Tt
oz
WhereT® and T**2t are the nodal temperature vectors at time t and t + At, respectively. C,K, K., K,
Pyysers Pc, Py, Q are respectively expressed as:

) + KT + K T + K, T = Py, + Po + P+ Q (4)

C= Z f pCNTNAQ® (5)
e o¢
K= Z j BTkBdn° (6)
e ne
K, = Z j NTh NdIe )
e re
K, = Z f NTeo (T2 + T2)(T + T,)NAI'® 8)
e re
0= | penroedar ©
e ne
Piser = 2[ NTpPlaserdQe (10)
e n¢
P, = Zf NTeo(T? + TE)(T + Ty)T, dI'® (11)
e re
P.= Zf NTh.Tydre® (12)
e re
The nodal temperature is computed as:
T2 = (C + AtK + AtK, + AtK,) "' (CT! + AtP, ., + AtP, + AtP, + AtQ) (13)

The sparse linear equations in equation (13) are solved using the parallel version of Krylov iterative
solver in PETSc (Portable, Extensible Toolkit for Scientific Computation) package [PETsc].

4.2.3 Interchanging thermal boundary conditions between different level Sub-models

In the MUST-FE method, the finest level is designed to have the spatial and temporal resolution to
resolve the laser beam heat input and melt pool evolution. Accordingly, the finest level sub-domain
FE problem is solved first, then the resulted heat flux is passed down to the coarser sub-domain as



input. That s, for the coarser level sub-domain FE model, the P; ., term in equation (13) is replaced
by Ps_,. which is the heat flux vector passed from finer level. Assuming a total of n levels are used
within MUST-FE framework in a specific problem, and assume for the time increment t — t + At , the
sub-model at finer level i+1 is already solved and the sub-model of coarser level i is to-be-solved, the
P _,. for level i sub-model is expressed as:

Pf—>c =C(; (afﬁchIft + (1 - af—>c)T§+1 - Tf) (14)

Where C; is the specific heat matrix at level i, T:}4is the vector containing the nodal temperature obtained
from level i+1 model at overlapping nodes locations at time t+At, and time ¢, Tt , is the vector containing
the nodal temperature obtained from level i+1 model at overlapping nodes location at time t, and T is the
vector containing nodal temperature at level i model at overlapping nodes location at time ¢. as_,¢ is a

controlling constant parameter. Figure 4 demonstrates the correspondence of T¢¥4%, Tt, , and T to the
nodal locations.

Level i elements

Level i+1 elements

Node at level i sub-model
@ Node at level i+1 sub-model

@ Overlapping nodes

Tt+Mtand T'. are nodal temperature

of level i+1 nodes at @ location

T% is nodal temperature of level i
nodes at @ location

Fig. 4. Demonstration of T5f4¢, Tt, ; and T¢ in the formation of interchanging heat flux from fine to

coarse level sub-models.

In addition to the heat flux, the coarse sub-model at level i also constrains the solution of fine sub-model at
level i+1 by specifying the nodal temperature boundary conditions at the fine-coarse sub-model interfaces.
For each interface node that at in level i+1 sub-model (see figure 5 for illustration), its nodal temperature
of level i+1 is specified from the level i sub-model and expressed as:

zt++1A1$— Z Ny, ()T;; t+At (15)

l=1,n;

where TS is the temperature boundary condition of a fine-coarse interface node k at level i+1, % is the

coordinates of the node k, N;; is the shape function value at X associated with a node [ at level i and Tl-fl*“

is the temperature of node [ at level i at time t + At. n; is the number of level i nodes that is spatially
related to the node k at level i+1, i.e., the nodes of the level i element that the level i+1 element k is located
at.
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Fig. 5. Demonstration of fine-coarse interface nodes for assignment of multi-level boundary conditions.

It is noted that the level i+1 sub-model temperature is solved before level i sub-model during the iteration,
and thus T;™* is not known when solving for T5HAE. Therefore, the T/t from previous iteration (see
figure 4) is used in a predicter-corrector approach.

4.2.4 Moving and remapping of sub-domains

In MUST-FE method, the location of fine sub-model is not fixed and moves following the moving of laser.
This feature is demonstrated in this section using a two levels example, as shown in figure 6. In this example,
the size of fine sub-model is designed to correspond to the area of 3x3 coarse elements, and the side of
each fine sub-model element is % of the coarse element side, for the easy of demonstration. At time step
t1, the laser is located at the coarse sub-model element (i, j), and the fine sub-model is located at the 3 x 3
coarse elements around (i, j), i.e., coarse element (i+0/1, j0/1) & (i, j). At time step t2, the laser moves
to coarse element (i+1, j), and the fine sub-domain is moved to the location of 3 x 3 coarse elements around
(i+1,)), i.e., coarse element (i+0/1/2, j=0/1). Note the moving of fine-domain is designed to occur at the
beginning of entering time step t2 before the solving of FE equations for the solution of time step t2. A
algorithm show the detailed solving order of a MUST-FE time step is shown in Figure 7. The moving of
fine domain is performed by updating the node coordinates of fine sub-model nodes, and also updating the
temperature and material properties of fine sub-model elements to the new locations based on the distributed
value at end of time step t1. This updating is done in one of the two ways:

1) For the fine elements located at coarse element (i+0/1, j£0/1) (marked in blue color in Figure 6a
and 6b), their temperature and properties distribution are directly mapped from the fine sub-model
nodes and elements at the same global location (but with different fine node and element indices) .

2) For the fine elements located at coarse element (i+2, j+0/1), their nodal temperature and
elemental properties are mapped from the coarse model nodes and elements at the corresponding
location using the coarse shape function-based projection.

It is noted that in the case the laser scan strategy is not a continuous trajectory and involves jumping, the
fine sub-model domain at new laser location at time step t2 is likely to have no overlapping region with the



region at time step t1, and in that case all fine sub-domain nodal and elemental updates are mapped from
the coarse model, i.e., following the method 2).

Time step t1 Time step t2
o == 1) RS e e R
/ / [-1iv1)| i) \(i+1,j+1)\ \ \ / / [ vien| ) l(i+1, +1)\(‘|+2,j-1)\ \

[ ] [eai | ap | o _\ \ /] Loy | 6 | \(HZE\ \
[ fe e e [ e | s (e e\

AR N U VW VO \ Ay Ay (S O O W
A D S N T W W\ A S S I O W

(a) (b)

Fig. 6. Demonstration of moving and remapping of fine sub-model feature of MUST-FE method using a
two-levels example.

A simple two-dimensional example of a laser single-track scan induced temperature distribution is shown
in Figure 8. The results of using conventional FE method with uniformly fine mesh (Figure 8a) and using
a three-levels MUST-FE method (Figure 8b) shows very consistent matches, indicating good accuracy of
MUST-FE solution. The Figure 9 also shows the thermal simulation result of a single track scan using a 5-
level MUST-FE model. The computational time for the conventional fine uniform mesh FE solution takes
~30 minutes, while the MUST-FE method takes only 10 seconds, showing a 180 times acceleration. The
high efficiency of MUST-FE method is obtained from the following factors:

» Only the high temperature gradient region is modeled with fine resolution mesh by the fine sub-
model, and the rest of area is modeled with coarser resolution mesh, which reduces the total number
of degree of freedoms (DOFs) in the system

> Since computation time of solving big FE sparse matrix does not scale linearly (M = N%1log(N)),
solving coarse and fine sub-domains separately partitions the model into several level smaller

kiter

; i i iter N2 N\ o
problems which actually save computation time to k*¢"m (;) log (;) =

m

» Coarse and fine mesh are pre-built, and no new node or element is introduced during the simulation.
The connectivity and sparse matrix structure are also not changed during simulation which saves
computation time.
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Reference solution MUST-FE

Temp Temp
1000 1000
600 600
593.095 593.095
586.19 586.19
] 579.286 579.286
| 572.381 | 572.381
| 565.476 | 565476
I 558.571 | 558.571
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544.762 544.762
537.857 537.857
530.952 | 530.952
524.048 | 524.048
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496.429 496.429
489.524 489.524
482.619 482,619
475.714 475.714
468.81 468.81
461.905 461.905
455 455

(a) (b)

Fig. 8. Detailed algorithm of solving one time step increment

Fig. 9. Thermal simulation results of a single track using 5 levels MUST-FE. (a,b) the top view and (c,d)
the cross-section view.
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4.2.5Adaptive time increments at different level sub-model

An important feature of MUST-FE method is the sub-models at different level can be solved using different
time step increments. Denote At as the time step increment in the finest sub-model, under the implicit

backward Eulerian time integration algorithm, At is unconditionally stable and is determined by the element
v

the finest sub-model. a,; is a constant coefficient and is selected as a,; = 0.5. Instead of computing every

coarser sub-models temperature solution every At increment, the level i sub-model can be computed every

size of finest sub-model, i.e., At < where v is the velocity of laser and [ is the length of element at

ne. At where n., ¢ is an positive integer that satisfies n..; < zch and I% is the length of element at the level

i sub-model. That is, in Figure 7, the “solve coarse domain” and “correction on fine domain” step can be
performed every n.. time increments. By applying this feature, the MUST-FE computation time can be
further improved up to faster compared to computing all level sub-models using the uniform finest time
increments. Figure 10 shows the simulation results for a single track laser scan-induced temperature field
by using different time increments at coarse sub-models. The comparison shows by using 4 x At at level 1
and level 2, the simulation results is very close to the reference result (using MUST-FE with uniform At at
all level sub-models) while the computation time is about 35% faster. By using 8 x At at level 1 and level
2, the simulation results is about 60% faster, while the computed temperature field is very close to reference
in the fine-model melt-pool region and have visible difference in the coarse-model far region. This result
indicates the accuracy and efficiency can be adjusted by selecting appropriate n..

MUST-FE MUST-FE MUST-FE
all levels using same At coarse level using 4XAt coarse level using 8XAt

Temp

1000
600
593.095
- 586.19
579.286
I 572381
565476
558.571
I 551867
T 544.762
[ 537.857
| 530952
I 524048
I 517143
510238
I 503333
I 496429
489.524

482619
475.714
468.81
461.905
455

Temp

1000
600
593.095
586.19
579.286
572.381
565.476
558.571
551.667
544,762
537.857
530.952
524.048
517.143
510.238
503.333
496.429
489.524
482.619
475.714
468.81
461.905
455

()

Fig. 10. Detailed algorithm of solving one time step increment

4.2.6 2D—3D and features for additive manufacturing
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The illustrative examples of MUST-FE in section 4.2.3-4.2.5 focused on two-dimensional case studies for
the easy of demonstration propose. The extension of MUST-FE method from two-dimensional to three-
dimensional model requires introducing additional features for the PBF-AM. During the PBF-AM
fabrication process, when the current layer has been scanned and fused, the build platform is incrementally
lowered down by a small step Simultaneously, the powder chamber is raised and a coating roller then
deposits another thin layer of powder across the build platform on top of the fused section. This deposition
process repeats for all layers till the completion of the part. Compared to the size of the entire AM part
(usually > 10~2m) , the thickness of each thin powder layer (usually < 10~*m) is much smaller, which
requires using very fine thickness mesh in FE models. For conventional FE model, the adding of each new
layer can only be achieved by adaptive element refine and coarsen in a h-fem scheme, or by using coarse
thickness mesh and grouping multi-layers as one ‘effective’ layer and simplifying the simulated building
process. The former method requires trivial and repeated adding and removing of nodes and elements as
well as changing the sparse FE matrix structure which significantly increases the simulation time, while the
later method over-simplifies the build process by reducing the number of heating-cooling cycles and reduce
the accuracy by using coarse spatial resolution.

In MUST-FE framework, the adding of each new layer is achieved by taking the advantage of movable
sub-domains feature (described in section 4.2.4). As illustrated in Figure 11, the entire three-dimensional
LBF-AM model in MUST-FE scheme contains at least three levels. The level 1 uses coarse mesh to model
the geometry of the entire part, and the mesh is fixed spatially. The level 2 sub-model accounts for adding
new layers, and it uses elements that has coarse resolution in planner (transverse, or x-y) direction and fine
resolution in thickness (build, or z) direction, and can move in z-direction when a new layer is added. The
level 3 sub-model follows the moving of laser and captures the fine-resolution melt pool, and uses the fine
resolution elements in all directions. The movement of level 3 sub-model follows the laser in x-y direction,
and following the level 2 sub-model in z-direction when a new layer is deposited.

level 3

level 2

level 1

Fig. 11. Detailed algorithm of solving one time step increment
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Start configuration of current layer Laser scan in current layer Deposing new powder layer

(@) (b)

Fig. 12. lllustration of simulation process and sub-domain movement. (a) the initial configuration (b)
during laser scan in a layer, the level 3 sub-model moves in planner direction following the laser, (c)
when the current layer is completed and a new layer is added, the level 2 and level 3 sub-models move in
z-direction to account for the new layer.

Figure 12 illustrates the MUST-FE strategy of three-dimensional three-level sub-model in a LBF-AM
simulation. At the beginning of the simulation, the three-level models are created based on the following
criterion:

e The coarse model contains the geometry of the entire to-be-printed part with coarse mesh

e The level 2 sub-model contains the finite thickness portion of the coarse model, i.e., it has the same
geometry in planar (x-y) direction as coarse model but a finite thickness (= 300um) in Z-direction.
The level 2 model is meshed with very fine element thickness in Z-direction and coarse element
length in X-Y direction. (see Fig. 11)

e The level 3 sub-model contains a small region around the laser and meshed in finest resolution in
all directions (see Fig.11).

The three-level model performs the following movement strategy during the multi-layers LBF-AM
simulation:

e During the simulation process of printing a layer i, the location of the laser is identified in the level
1 coarse model first. The elements that are above the current laser position level 1 coarse model is
de-activated by removing the corresponding the degree of freedom from the to-be-solved system,
and the FE vectors and matrix in equations (4-13) are therefore condensed to a smaller size. It is
noted this condensation only need to be performed once at the beginning of each layer, which save
simulation time.

e The level 2 sub-model is spatially fixed in X-Y direction and only move in Z-direction. Its location
in Z-direction is determined by matching the top surface of the level 2 sub-model to top surface of
the current activated elements of level 1 coarse model. The elements that are above the current laser
position level 2 sub-model is also de-activated by removing the corresponding the degree of
freedoms from the to-be-solved level 2 FE system.

e The level 3 and higher (3+) sub-models move in X-Y direction following the trajectory of the layer
(which is similar to the two dimensional MUST-FE model), and the level 3+ sub-model location in
Z-direction always matches level 2 sub-model, i.e., the top surface of level 3+ sub-models is aligned
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to the top surface of level 2 sub-model. Similar to level 1 and level 2 sub-model, the elements that
are above the current laser position level 3 sub-model is also deactivated.

Based on the above criterions, when the laser completed the printing of a current layer i and a new layer
i+1 is deposited, one of the following two operation will be performed:

1. If the laser moves up to next (higher) layer elements in level 1 coarse model, then all level 2 and
level 3 sub-models moves up by the same distance (i.e., the thickness of level 1 coarse element) as
shown in figure 10c. All level sub-models need to re-identify the elements that are above current
laser position and needs to be de-activated.

2. If the laser does not move to next (higher) layer elements in level 1 coarse model, then level 2 and
level 3+ sub-models also does not move in Z-direction. However, the laser moves up in level 2 and
level 3+ sub-models, and re-identification of de-activated elements need to be performed in level
and level 3+ sub-models. The level 1 model does not need to re-identify the de-activated elements.

It is noted that if finer resolution is needed that level 3 sub-model, the higher level sub-models can be easily
introduced to the MUST-FE system by adding finer resolution meshed smaller region located inside level
3 sub-model. The higher level sub-model will use the same allocation and moving strategy as level 3 model,
i.e., move in X-Y directions following the trajectory of laser, and move in Z-direction following the level
2 sub-model.

4.2.7 Calibration and validation of the thermal part of MUST-FE model with ‘2D pad’ experiments

We calibrate and validate the developed MUST-FE model by conducting the experiments and simulation
of a designed ‘two-dimensional (2D) pad’ test. The ‘2D pad’ tests were conducted by depositing AlSi10Mg
tracks on “2D Pads” using SLM125 3D printer at Ford, as shown in figure 13. On each pad, 7 tests were
performed, and each test was composed of conducting 7 tracks of bi-directional laser scans on one layer of
AlSi10Mg powders located on the base. In each test, the laser controlling parameters for the 7-tracks were
maintained as constants. The base, which has a “fish scale-like” structure (see figure 13), was also printed
before the tests with AlISi10Mg powders using a machine default printing condition and the default scan
strategy and rotates 67° every layer to minimize the potential residual stress. More than 50 tests have been
conducted under various processing conditions, covering a range of laser power (250-375W in step of
25W), laser speed (1000-2200mm/s in step of 300mm/s), and 3 laser focus offsets (0.67mm, 2.67mm and
3.67mm). The powder layer thickness is 30um. The range of parameters were selected to avoid lack-of-
fusion condition but covered both conduction melting mode and keyhole melting mode. The 2D pads were
then cut, and the cross-section was mounted, polished, and etched, to reveal the melt pool shapes, as
illustrated in figure 13.
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Figure 13: Demonstration of ‘2D pad’ experiments and results.

The melt pool width and depth in 2D pad tests corresponding to each set of printing parameters was
measured using ImageJ Pro software. For each test, the mean melt pool depth, width and the standard
deviation were calculated from the 7 tracks, and the results are listed in Table 2. The mean melt pool width
and depth are plotted as a function of laser spot size in figure 14a-14c, respectively. The result revealed a
clear trend that the melt pool depth increases by decreasing laser spot size, while melt pool width does not
change obviously with different laser spot size. Meanwhile, the higher laser power leads to lager melt pool
width and depth; and higher laser scan speed results in smaller melt pool width and depth, as expected [2].
These observations are consistent with reported trend in literatures [3]. Due to the particularities of
conduction mode and keyhole mode, the melting mode is identified based on the depth-to-width (D/W)
ratio of the melt pool, and a critical ratio of 0.5 is used in literature [3,4] to distinguish the two melting
modes. Figure 14c shows the measured D/W ratio for each test. For a small laser spot size of 32.5um, all
measured melt pool D/W ratios are greater than 0.65 which correspond to keyhole melting mode. Larger
laser spot size, smaller laser power and slower scan speed decreases the melt pool D/W ratio and shift the
melting mode to conduction mode, as shown in figure 14c.

Table 2. Measured ‘2D pad’ test melt pool width, depth and their standard deviation (SDV)

power  speed laser spot size width width-SDV depth depth-SDV
test ID (W)  (mm/s) (micron) (micron) (micron) (micron) (micron)
B1P2 250 1000 49.5 185.0 28.00 88.0 9.22
B2P7 250 1000 41 183.85 16.45 111.1 9.70
B2P5 250 1300 49.5 182 7.70 83 10.26
B5P7 250 1300 41 187.66 17.54 96 16.00
B4P3 250 1300 325 196.8 16.02 129.2 16.91
B6P3 300 1300 49.5 192.6 23.00 101.3 12.4
B2P2 300 1300 41 200.8 8.50 122.6 14.95
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B4P4 300 1600 49.5 189.2 21.84 91.5 20.68

50

B6P4 300 1600 41 193.83 18.54 123.58 24.34
B6P1 300 1600 32.5 189.66 16.80 133.25 24.67
B2P3 325 1600 49.5 193.33 30.47 101.5 10.54
B1P6 325 1600 41 209.4 13.55 140.1 19.55
B5P6 325 1600 32.5 202.5 23.32 152.5 12.33
B5P3 375 1900 495 182 21.10 112.16 17.56
B4P6 375 1900 41 194.83 12.71 143 18.55
B3P6 375 1900 32.5 190.16 20.35 175.41 11.76
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Figure 14: 2D pad experiment results of melt pool (a) depth (b) width and (c) depth-to-width ratio.

The MUST-FE simulations for the 2D pad experiments were conducted based on the following setup.

The FE model setup is for a representative volume element (RVE) cell of 2mm X 2mm X 2.25mm region
as shown in figure 15(a). The RVE contains a 30um thick powder layer and a 2.22mm thick base. The
MUST-FE model contains 4 levels sub-models. The level 1 coarse sub-model has element size of
200um x 200um x 150um, and the level 4 finest sub-model contains element size 22.2um X 22.2um X
15um. Heat convection and radiation boundary condition are applied on the top surface, and fixed
temperature boundary condition is applied on the bottom surface, while the rest surfaces are assumed to be
thermal insolated. The elements for the base and the powder layer are assigned to two different sets of
material properties (bulk AlISi10Mg and powder AISi10Mg), as listed in table 1. When the powder reached
the solidus temperature during the laser heating, its properties will be switched to the bulk AISi10Mg
material properties, and then retain the bulk properties during the rest of the simulation.

Figure 15b illustrates the simulation predicted melt pool geometries by plotting peak-history temperature
during the scanning of the seven tracks and plots the solidus temperature iso-surface, which corresponds to
the surface of the melt pool boundaries. It is found the melt pool shape is strongly affected by the laser
heat source model in the MUST-FE simulation. The first set of trial MUST-FE simulations were conducted
based on the Gaussian semi-ellipsoid heat source model from Goldak [5], which can be expressed as:
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here, Q(x, y, z) is the volumetric heat flux at an integration point located at coordinates (x, y, z). The laser
is assumed to move along x-axis. d,, d,,, d, are the components of spatial distance from this integration
point to the moving laser spot center located on the top surface of the model, respectively. 7 is the laser
energy absorptivity of the material, and P is the input laser power. as and a, defines the semi-axis of the
semi-ellipsoid for the front ellipsoid and rear ellipsoid parts, respectively; b defines the semi-axis transverse
to the laser moving direction and c defines the depth of the semi-ellipsoid, respectively. For simplicity,
ar = a, = b = ris used in this work, with r being the laser spot size (radius). The coefficients fr and f,.
are introduced to define the fraction of heat deposited in the front and rear of the heat source, where fr +

fr

is required,
ar

fr = 2. In addition, to ensure the continuity of equation (14) at d,.= 0, the constraints Z—f
f

and thus the values for f; and f, are determined. It has been reported the vapor formation in keyhole
melting mode would change the absorptivity as vapor has a different rate of absorption than the molten
metal [6], and therefore both absorptivity n and laser heat source depth parameter ¢ are considered as
calibratable parameters.

(a) ()
Figure 15: 2D pad experiment results of melt pool (a) depth (b) width and (c) depth-to-width ratio.

However, the simulations results based on original Goldak heat source model showed the model were
unable to capture the 2D pad melt pool geometries for the results in keyhole melting mode, but only in
conduction melting mode. Figure 16 plotted the simulation results for laser power P = 375W, scan speed
v = 1900mm/s and different laser focus offset (spot size). By setting absorptivity n = 0.11 and heat
source depth parameter ¢ = 30um, the simulation is able to match the melt pool width, as shown in figure
16a. However, the melt pool depth was significantly underpredicted especially at smaller laser spot size, as
shown in figure 16b. Increasing heat source depth parameter ¢ did increase the predicted melt pool depth,
however, this increase is quite marginal as shown in figure 16b where an increase of ¢ from 30um to 90um
only led to 12um -15um increase of predicted melt pool depth. Increasing absorptivity #, on the other hand,
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has a more obvious increase in melt pool depth (see figure 16e), but it also caused significant increase and
overprediction of melt pool width (see figure 16d), resulting to a nearly unchanged D/W ratio as shown in
figure 16f. With all attempted absorptivity n and heat source depth parameter c, the predicted melt pool
D/W ratio was always < 0.5 which corresponds to the conduction melting mode, as shown in figure 14c
and 14f. These results demonstrate that just by calibrating n and ¢ the simulation was unable to capture the
keyhole melt pool formation.
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Figure 16: Comparison of melt pool (a,d) depth, (b,e) width and (c,f) depth-to-width ratio between

experiment measurements and simulation results based on Goldak laser heat source model with varying
values of calibratable parameters (a-c) heat source depth c and (d-f) absorptivity 7.

4.2.7.1 Modified Goldak Heat Source Model
In order to model the melt pool under a broad range of process parameters using an universal heat source

model, we proposed the an simple extension to the Goldak laser heat source model. The modified
volumetric heat flux from laser is expressed as:

3 P az d?
—ff/rftz —3( x2+—§> for d, <d?
af/rbdZT[ af/r b
Qx,y,72) = T o (17)
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The schematic of the extended heat source model is shown in figure 15b. Compare to the original Goldak
model (figure 17a), a calibratable parameter d? is introduced. d2 can be physically interpolated as the laser
penetration depth in keyhole mode when the vapor formation occurs and the recoil pressure pushing down
the underneath melt flow. Numerically, d2 controls the transition from conduction mode to keyhole mode
and is a function of laser power, scan velocity and laser spot size, i.e. d2 = d2(P,v,r) . When d? = 0, the
equation (15) recovers the shape of conventional Goldak laser heat source model, and d2 > 0 corresponds
to the penetration of the laser beam into the melt pool due to the melt flow vaporization and recoil pressure.
The determination of d2 and absorptivity n as functions of laser power, scan velocity and laser spot size
are described in section 4.1. f; and f;, are the two additional parameters determining the partition of laser

energy into the portion above and below d2. The continuity of laser heat flux Q(x, y, z) at d2 requires I

y dO
%. In addition, the integration of equation (17) corresponds to the total absorbed power from laser, such
that:

=0

X=+00 (y=+00 rz=+00
f f f QCxy, D)dxdydz = (f, + fy)nP = nP (19)
X=—00 y=—o00 VA

which requires f; + f, = 1.

(a) (D)

Figure 17: Schematic of (a) double ellipsoidal (Goldak) heat source model, and (b) the modified Goldak
heat source model

Figure 18 shows the simulation predicted melt pool geometries in two case studies. The first case
corresponds to a test with input laser power of 250W, laser scan speed of 1300mm/s, laser spot size of
49.5um. The calibratable parameters were setton = 0.17 and d2 = Oum, and the simulation predicted a
conduction mode melt pool geometry, as shown in figure 16a and 16b. The second simulation corresponds
to a test with input laser power of 375W, laser scan speed of 1900mm/s, laser spot size of 32.5um. The
calibratable parameters were set ton = 0.27 and d2 = 160um, and the simulation predicted a keyhole
mode melt pool geometry, as shown in figure 16¢ and 16d. In both cases, the parameter c in the laser heat
source model is fixed at c = 30um. The simulation results demonstrate that even though the proposed
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modification in this work is rather simple, the modified Goldak heat source model achieves good versality
in the sense that by choosing appropriate absorptivity n and penetration depth d2 the model is able to
capture both the conduction and keyhole melting modes.

P=250W, v=1300mm/s, r = 49.5um, n=0.17, d2 = Oum

s i,

b

Y

P=375W, v=1900mm/s, r = 32.5um, n=0.27um, d2 = 160um
i TRV s i EA?E rem

N

(c) (d)

Figure 18 Simulation results based on the proposed extended Goldak heat source model, which captures
() conduction model melt pool shape and (c) keyhole mode melt pool shape. The melt pool shape are
drawn by removing the regions with temperature below the solidus temperature. (b) and (d) are the views
along laser moving direction for (a) and (c), respectively.

4.2.7.2 Gaussian Process (GP) surrogate method to determine d2 and n

At this point, in order to apply the modified Goldak heat source model to correctly model the melt
geometries under varying test conditions in MUST-FE framework, it is critical to establish the relation
between the calibratable parameters (absorptivity n and laser penetration depth d2) and the laser process
condition parameters (laser power P, scan speed v and laser spot size r), i.e., identifying the functional
formn = n(P,v,r) and d? = d2(p, v,r). This function must be estimated from the available experimental
data but this task is not straight forward as iteration will be necessary and the finite element model is
somewhat computationally expensive. Furthermore, the functional forms of d2(P,v,r) and n(P, v, r) are
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not known a-priori. Hence, a statistical approach will be adopted making use a computationally efficient
surrogate model and nonparametric treatment of both desired functions. To simplify notation, we will
hereafter refer to d2 (P, v, ) simply as f(x) and n(P,v,r) as g(x).

Consider that N physical experiments have been performed and the width and depth of the melt pool have
been measured at each condition e.g. w = {w;}, and h = {h;}}.,. For each experiment there are
controlled input variables X = {x;}", where x = (P, v, 7). Rather than estimating the desired functions,
consider instead a simpler problem of simply estimating f; and g; at each individual experimental setting
for i=1,...,N. The following statistical model could be utilized to describe the data generating process,

w; = sy(X, fi,90) + €

hi = sp(X, fi, 90) + vg, (20)
where €; and v; are experimental Gaussian noise with zero mean and unknown variances, and s,, and s
are the finite element model melt pool width and height estimates. Note that here we assume that the finite
element model is capable of exactly describing the data and we neglect incorporation of a bias function
which is sometimes included in the Bayesian calibration literature [7]. Point estimates for f; and g; can be
estimated by minimizing the L loss between w; & s,, and h;& s;,. Alternatively, a Markov Chain Monte
Carlo (MCMC) sampler could be utilized to estimate probability densities of f; and g; from the statistical
model. However, both cases are difficult as the finite element model is nonlinear, requiring iteration, and
each simulation run is computationally expensive making direct iteration intractable. Hence, an alternative
approach is needed to estimate the desired quantities.
A commonly used approach is to instead utilize a computationally efficient surrogate model to replace s,,
and s;,. Establishing these surrogate models requires up-front computational cost accrued from running a
fixed number of simulations over a suitable design. The inputs to the finite element model are parametric
which include the prescribed experimental settings (X) and unknown parameters d2 and n; together z =
(X,d2,n). In this work a M=50 run maximum projection design was utilized for probing the finite element
model [8]. This design criteria is desirable since it ensures good coverage, or spread, of settings over the
input space and exhibits good properties for establishing surrogate models. The parametric finite element
model can be emulated using a Gaussian Process surrogate model. Consider a single finite element output
scalar value, over many runs the output of these computer experiments is y = {y;}¥,. Under the
assumption that these outputs are from a Gaussian Process the data can be jointly modeled according to the
following statistical model,

y ~N(0,02R) (19)

where the mean is assumed to be 0, 63% is the variance of the process, and data in y is correlated according
to the correlation matrix R. Each matrix entry captures the spatial correlation between two points R;; =

exp (— %Z‘,ﬁ:l 0% (Zik - ij)Z) where 6,, are roughness parameters that weigh the importance of different

variables e.g. perhaps the degree of spatial ‘closeness’ is different for P and V. Note that the statistical
model contains no error term as the numerical simulation is deterministic; two repeated runs yield identical
results (neglecting some floating point errors). Note that this model contains hyperparameters 8 and 03
which must be estimated from the data. Point estimates of these values were obtained by maximizing the
likelihood function for the statistical model (or equivalently minimizing the negative log-likelihood),
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—log (L(G, of ) = Mlog (07) + log (det(R))

1
y =—y'R7ly (20)
While there are ways to establish joint multiple-output Gaussian Process surrogates we simply train two

surrogates for each output (width and depth). Predictions can be made using the following formula,

y(z) =r"R 1y, (21)

where r is a correlation vector rj(z) = exp (—%Z,Ll 02 (ziy — zk)z). Efficacy of the surrogates can be

tested by computing the leave-one-out cross validation (LOOCV) using a shortcut formula which exploits
the structure in the correlation matrix. Results are shown in figure 19 and the surrogate models are indeed

fairly accurate at emulating the finite element response.
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Figure 19: Leave-one-out cross validation performance of the width and depth surrogate models.

Estimates of d2 and n at each experimental setting (f; and g;) can now easily be obtained by replacing the
computationally expensive functions in Equation (20) and replacing them with the surrogate quantities.
Assuming that width and depth observations are independent the likelihood function for a single

experimental setting x; can be described as,

J J

1 1 2 1 1 2
o hilx, f, =|| (—— ;=3 )ll —— (hij; - § 22
p(wy, hilx;, fi, g:) jzlgwmeXp 20‘%,(‘”” Sw) UhmeXp 20,3( ij — Sn) (22)

j=1
where 3, = 3, (x;, fi, g;) and $, = $,(x;, fi, g;) are the surrogate estimates of the finite element model
width and height, .2 and o/ are the variances for the experimental error in observing melt pool width and
height, and with the introduction of some additional notation we allow for J experimental measurements of
the quantities of interest, e.g. w;; is the jth repeated width measurement in experiment i. In this work we
use J=5. Note, however, that the goal is to arrive at an estimate of the functions f(x) and g(x) and this

expression only yields estimates of the discrete values f; and g;.
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The approach adopted is taken from prior work on modeling ion-channel behavior in cardiac cells [7]. In
this work the authors addressed a similar problem; given many experimental settings a functional form of
a calibration parameter was desired. The key is to place a prior on the desired functions which assumes that
they come from a Gaussian Process,

P(N~N (1), 0P (),
P(9) ~W (1), 027 (), 23)

where pr(-) & ug () are mean functions that captures global trends, afz and ng are the variance of the
processes, and r(-,-) a suitable spatial correlation function. In this work the mean function will be assumed
to be zero which is justified by mean-centering all the data prior to analysis. The correlation function is
parameterized by roughness parameters ¢ in a similar way that was previously described. Consider all these
hyperparameters to be lumped together into a quantity @. This prior is attractive since it is completely non-
parametric; no assumption of the functional form is necessary. The Gaussian Process prior essentially
allows for interpolation between discrete values of f; and g;. However, this flexibility requires that
sufficient experimental and simulated data be available to confidently infer the unknown functions. The
final statistical model, which is truly the one that is desired, is

p(f,glw,hX,f,g,®) < pw,h|f,g,X,f, g, ®Pp(flw,h,X,f, g, ®)p(glw,h X, f, g, ®)
p(f.glw,h,X,f,g,®) < p(w,h|X, f, 9)p(f|f, ®)p(glg, ), (24)

where in the second line all the unnecessary conditionally independent terms are eliminated e.g. w, h are
only dependent on the discrete values f = {f;}Y and not the function f itself. Likewise the functions f and
g can be constructed strictly from hyperparameters & and the discrete values f and do not dependent on
experimentally measured width and height or the experimental process settings. The posterior distribution
of the desired functions, f and g, is therefore constructed from the likelihood of the experimental data and
priors placed on f and g. p(f|f, ®) and p(g|g, ®) can be easily computed from multivariate normal
formulae. The unknown parameters associated with this model are: a,, and o;, the experimental
observation variances, N discrete values in fand g, and hyperparameters ®. We obtained a discrete sample
from these variables using Python MCMC sampler emcee [9]. No priors (uniform priors) were placed on f
and g. Note that additional priors can be placed on any of the hyperparameters and we found it useful to
place fairly tight priors on ¢~2N'(1,0.1%). The choice of priors on roughness parameters is known to affect
solution accuracy [10]. In earlier referenced work on cardiac cell modeling the roughness parameter is fixed
based on some physical knowledge of the system [7].

In addition, we employ one final data pre-processing step. In order to perform efficient experiments only a
subset of the (P, v,r) space was considered; a near two-dimensional plane with near constant energy

density e.g. % = const . This can be seen in Figure 1. We found that treatment of the problem in the original
(P,v,r) space was problematic. We suspect that this has to do with the functional form of the correlation
function corr(x;, x;) = exp (—%Ziﬂ F (i — xjk)z) e.g. each component of x contributes
independently. However, in the experiments P and v are in concordance. Hence, we performed principal

component analysis (PCA) to obtain a transformation from (P, v, r)-space to a new coordinate system prior
to performing the analysis. This can be done by a simple matrix multiplication x" = Wx where W is
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obtained from PCA theory. This will also be useful later on for predicting functions f and g since predictions
should be restricted to near the plane defined by% = const which is captured by the new PCA mapping
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Figure 20. Experimentally observed melt pool width and depth over 12 experimental settings.
Approximate two-dimensional plane near which experiments we performed is shown.
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Figure 21. Estimated densities for d2 and n from the MCMC sampling for a few select experiments.

4.2.7.3. Identify n and d2 for each 2D pad experiment test

Using the trained GP surrogate model for n and d?2 , the probability densities for n and d2 corresponding
to differing experimental settings were identified and illustrated for four marginal varying experiments as
shown in figure 21. Three of these experiments share identical power and speed and only vary the laser spot
size. With decreasing spot size it can be seen that the absorptivity increases and the parameter d2 increases.
In other words, as the spot energy becomes more focused, there is a tendency for the heat source to be
driven further beneath the surface, which, increases energy transfer from the laser source.

Figure 22 illustrates the disparity between the mean measured weld pool width and depth and predictions
from the surrogate. Dispersion in the histogram is from uncertainty in the estimated parameters n and d2
as well as uncertainty in other hyperparameters needed in the statistical model from Equation (24). In
general the fit is good; predictions are generally within +/-10pum with both depth and width predictions
being generally symmetric and centered around 0.
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Figure 22. Discrepancy between mean experimental width and depth and MCMC predicted width and
depth for a few select experiments.
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Finally, predicted mean values obtained from MCMC sampling of the posterior distribution for n and d2
are shown in Figure 23. In addition, a prediction of the functional quantities along a plane along S = const
is shown. The trend for d2 agrees with physical intuition; with increasing speed/powder, or decreasing spot
size, there is an increasing tendency for keyholing to occur. The absorptivity behavior follows a similar
trend; with decreasing spot size and decreasing speed or powder the absorptivity increases. The values of
n and d? for each of the 12 2D pad experiment tests are listed in table 3.
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Figure 23. Estimated mean functional values for (a) d2 and (b) n over the experimental plane considered.

Table 3. Parameters n and d2 for each 2D pad test determined using trained GP surrogate model

Power(W) speed (mm/s) laser spot size (um) Absorptivityn  penetration depth d2 (um)

250 1300 32,5 0.154 35
250 1300 41 0.185 45.2
250 1300 49.5 0.262 85
300 1600 32,5 0.165 39
300 1600 41 0.225 77
300 1600 49.5 0.235 90
325 1600 32,5 0.16 55
325 1600 41 0.22 101
325 1600 49.5 0.235 113
375 1900 325 0.172 83
375 1900 41 0.215 105
375 1900 49.5 0.235 135

4.2.7.4. 2D Pad simulation results using the modified Goldak laser heat source model

Finally, the 2D pad simulations were conducted based on the modified Goldak laser heat source model and
the parameters identified from GP surrogate model-based calibration process. The simulation predicted
melt pool depth, width and D/W ratio for all 12 2D pad tests are compared to the corresponding experiment
measurements in figure 24a-24c, respectively. In general, satisfactory matching are obtained for most of
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the cases, except a slight overprediction of the melt pool depth in the case of P=375W, v = 1900mm/s and
r = 49.5um, and a slight overprediction of melt pool width in the case of P=300W, v = 1600mm/s and
r = 32.5um. The cross-sections of the seven tracks melt pool are also drawn in figure 25 in two cases, for
visualization of the simulation predicted melt pool geometries under conduction mode and keyhole mode.
As discussed in section 3, the matching between the simulation results and experiments was not feasible
using the original Goldak heat source model, showing the robustness of this new proposed method.
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Figure 24. comparison of the simulation predicted and measured melt pool (a) depth (b) width, and (c)
D/W ratio for each 2D pad tests.
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Figure 25. Visualization of the simulation predicted melt pool geometries under (a) conduction mode and
(b) keyhole mode

4.2.8 Computing mechanical deformation and residual stress using MUST-FE method

The mechanical deformation and stress are computed in MUST-FE framework based on the
infinitesimal strain assumption. In an incremental solution process delineated by an interval between time
tand t + At, the weak form of the equilibrium equation can be obtained from the principle of virtual work
and is expressed as:

f Se:otthtdq = f&u AR | W f Su - btHAtdQ (25)

Q r Q

where u is the to-be-solved displacement, and du is the virtual displacement following variational calculus
theory such that Su = {Su;e; € H'(Q),5u = 0onT}. € = sym(Vu) is the strain tensor, and 5& =
sym(Véu) is the virtual strain. t:+2¢ is the external traction force applied on surface region I', and bt+4¢
is the applied body force on the model volume €. The entire right-hand side of equation (25) is the external
virtual work and will be denoted as §We*t . The increment of stress, i.e. A = a‘*2t — ot = gAt, is
computed from the following rate-independent J2 plasticity model with power-law hardening:

Small strain decomposition:

e=¢e+eP+el (26)
Stress-strain constitutive equation:
6 =Ce:&° 27)
Associated flow rule:
g =ifl=2¢2 (28)
Yield surface equation:
f=0.—0f (29)
Power-law hardening law:
o =0 (1 + E)N (30)
y oy
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Thermal expansion:
el =ar (31

Where &%, éP, and £Tare the rate of elastic strain, plastic strain and thermal strain, respectively. C¢is the
elastic stiffness matrix, 4 is the consistency parameter, f is the yield surface function, e, is the effective
plastic strain, ' is the von Mises stress, g, is the effective stress, oy is the flow stress, and o, is a
constant for reference yield stress. E is the Young’s modulus, and N is a constant hardening parameter. «
is a matrix for thermal expansion which is assumed isotropic in this work. By applying equation (26-31)
to equation (25) and utilizing convergence theory and mathematical derivation, the weak form for solving
the mechanical displacement field can be obtained as

f 5&: CP: AedQ) = SWEAL — f Se:0tdQ + f Se:Ce: aTdQ) (32)
Q Q Q
Invoke the finite element discretization equations:

odu oN
éu = Ndgq, de = sym (E) = sym (ﬁ) 6q = BSq, A& = BAq (33)

where q is the nodal displacement vector and C°? is the elastic-plastic tangent stiffness matrix. The
to-be-solved the mechanical field weak form equation in FE matrix form is expressed as:

KmechAq — fext _ fint + fT (34)
where
Nelem
K™mech = Z f BT:C°?:BdQ, (35)
Qe
Nelem Nelem
fext — Z ﬁ NTtt+AtdFe+ Z f NT bt+AtdQe (36)
e Te e Qe
Nelem
fint = Z f BTat dQ, (37)
e e
Nelem

T = Z f BTCeaT dQ,
Q

e

where AT is the temperature increment in each element computed from the thermal part of MUST-FE
model. Due to the plastic deformation and non-linear hardening law, the mechanical part of MUST-FE
models is non-linear system and the equation (34) is solved in an Newton-iterative algorithm via updating
K™ and fi*t. The nodal displacement increment Agq, the stress and plastic strain fields at the integration
points are solved as outputs. It is noted that the mechanical fields are solved on each level sub-model
separately using the temperature increments in each sub-model. The computing algorithm requires solving
the coarsest level first and then interpolating the displacement of interface nodes to the finer level sub-
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model (see Figure 4) as boundary conditions, which enforces the continuity of displacement across the
boundaries between two conjugate level sub-models. The stress field and plastic strain fields, however, are
not continuous in this method. Figure 24b shows the hydrostatic stress field (unit: MPa) computed from a
single-track laser scan corresponding to the resulting temperature field in Figure 24a. The cross-section
across the center of laser path is shown in Figure 25a-25c¢ for temperature field, stress field and equivalent
plastic strain field, respectively.
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Figure 26. (a) temperature (unit: K) and (b) hydrostatic stress field (unit: MPa) computed from a laser-

PBF-AM single-track laser scan process.
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Figure 27. The cross-section view of (a) temperature (unit: K) and (b) hydrostatic stress field (unit: MPa)
and (c) plastic strain field computed from a laser PBF-AM single-track laser scan process.

4.3 Conduct Simulations for X-Y Asymmetry Demo-samples on HPC using the 3D MUST-FE code

The multi-spatial-temporal resolution concurrent FE code has been applied to simulate the laser-powder
bed fusion printing process of a AlISil0Mg “XY sample” at Ford for demonstration and validation. The
printed sample is around 105mm long, 55mm wide and 4mm thick, as shown in figure 28. The MUST-FE
simulation model is constructed using 5-levels hierarchy, including coarse substrate (level 0, 2772
elements), fine substrate and printing part (level 1, 23770 elements), finer top region of printing part (level
2, 24440 elements), and two further refined regions that moves with the laser (level 3 and 4, 8820 and 14580
elements, respectively), as shown in figure 29. The level 0 coarse substrate is constructed using element
size of 5Bmm*5mm*1mm, while the finest level 4 uses element of 110um*110um*30um to resolve the fine
temperature gradients and melt pool for laser. The part is composed of 67 or 133 layers (each layer can
have a thickness of 30um or 30 um), and each layer contains about 400-1500 tracks (depends on the
scanning parameters, which is described in section 4.5).

The model boundary condition is applied by assigning radiation and convection on the top surfaces during
printing each layer, and fixing the displacement of the bottom (Z-) surface and four transverse surfaces
(X, 1£Y). The laser parameters are the same as used in section 4.2.7. The mechanical properties of the
AlSi10Mg part, including the elastic modulus, Poisson’s ration, thermal expansion coefficient are assigned
as functions of (1) solid or powder phase, and (2) the local temperature, which are adopted from [1]. In
addition, a yield stress a,, 100MPa and hardening parameter (N = 0.4) is used for the plasticity model. The

chamber is pre-heated to a temperature of 150°C, which is set as the initial temperature and
substrate/environment temperature in the model. After printing all layers, the model is cooled down to room
temperature (20°C). In addition, after finishing printing each layer, a new layer of AlSi10Mg powder is
loaded into the chamber, which is modeled by activating a new layer of fine elements in the MUST-FE
framework. This loading process takes about 10 seconds and is long enough for the printed part to cool to
the substrate and environment temperature. The cooling during powder loading and final colling stages are
both modeled in the MUST-FE framework using a self-adaptive time increment method, which gradually
increase the time increments for the thermal dispersion (since there is no laser heat source) to accelerate the
simulation.

Figure 30 illustrates how the model resolve the temperature field and melt pool during the printing process,
which captures the heat flux from the moving laser to the printed part and the substrate and the fine
resolution melt pool. The deformation (strain) and stress field induced by thermal gradient during printing
process is also computed and as shown in Figure 31a and 31b, respectively. The MUST-FE model run on
ORNL CADES system using 12 processors, and simulating the printing process of each layer takes ~2hr
15mins, which is at least 1 orders faster than conventional mesh-refinement based FE method for simulating
such a large part with the same resolution. The model is used to simulate the entire printing process of all
133 layers, which takes ~ 18200 minutes (12.5 days).
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Figure 28. Printed AISi10Mg X-Y cross samples (a) top view (b) side view
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Figure 29. MUST-FE model 5-level structure for X-Y Asymmetry Demo-samples
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Figure 30. temperature distribution and melt pool shape during MUST-FE simulation for X-Y sample.
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Figure 31. volumetric strain field and hydrostatic stress field during MUST-FE simulation for X-Y
sample.

4.4. Print X-Y Asymmetric Demo-samples using Selected Process Parameters and Characterize Residual
Stress and Distortion for Model Validation at part Scale.

The X-Y Asymmetric Demo-samples are printed using AISi10Mg powder by a SLM125 3D printer at Ford,
as shown in Figure 28. The residual stress is measured using co-source x-ray diffraction at six spots in the
sample as shown in Figure 31, with a resolution of beam diameter of 1mm and X-ray penetration depth 10
um. After the x-ray diffraction, the samples are removed through cutting the substrate base and the residual
stress components oy, and a,,,,, along longitude and transverse directions respectively, are measured at
six locations as shown in Figure 32. The comparison of residual stress between the simulation and
experiment is shown in Figure 36a and discussed in the following sections.
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Figure 32. Schematic showing six locations for measuring residual stress with X-ray. The location of P1
is etched in the 3 directions for residual stress measurement.

Figure 33. Distortion of the sample after cutting from the substrate base.

4.5 Benchmark and Component Demonstration

For benchmarking of the MUST-FE code, the X-Y asymmetric demo-sample is printed with multiple
different scan strategies by varying the printing direction, rotation angle and laser parameters. The
simulations are conducted for three scan strategies which are listed in table 3. The different scan strategies
resulted to different level of residual stress and thermal distortion, which serves as benchmarking tests for
MUST-FE code. The MUST-FE code, calibrated based on the residual stress measurement in section 4.4 is
used to simulate the X-Y asymmetric demo-samples with different scan strategies. Each MUST-FE
simulation takes ~2.25 hours to simulate one layer (containing about 400-1500 tracks depending on the
scanning strategy), which is very efficient considering the large sample size and fine laser resolution.

The formation of residual stress is significantly affected by (1) the geometry of the printed part, especially
the boundary constrains and the traction-free edges, and (2) the strain history or strain path. Therefore, the
different scan path will inevitably lead to different residual stress distribution. Figures 34 and 35 examine
the thermal stress formation during printing each layer using different scan strategies. Here, since the
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sample distortion is mainly along longitude direction, as shown in figure 33, we focus on the longitude
stress component when examining the stress from simulation results. In figure 34 (corresponds to sample
1) the laser scan direction is parallel to longitude direction of the sample and does not change direction at
each layer. This scan direction leads to a concentration of the thermal stress at the two short “arms” in the
transverse direction. As the following layers repeats the same scan strategies, the residual stress
accumulates at the same location. In contrast, the second sample is printed by applying a 67-degree scan
angle rotation at each layer, as shown in figure 35. While the first scan is near parallel to longitude direction
and causes concentration of residual stress at the two short “arms”, the laser direction in the next layer is
rotated to near transverse direction, and causes thermal stress concentration at the two long “arms” in the
longitude direction. The change of thermal stress concentration spots at each layer avoids the concentration
of residual stress at the same location, as shown in figure 35. In the 3" examined layer, the laser direction
is further rotated to between longitude and transverse direction, and no significant concentration of thermal
stress is formed in this layer. Figure 36 compares the residual stress at the six spots after printing each layer
(measured after finishing printing each layer and before adding a new layer in model. Note that there is a
~10 seconds wait time after printing each layer and before adding and starting the next layer, and the
temperature is already dispensed during this period, therefore at this moment the stress in the model is truly
the “residual stress” instead of thermal stress). For sample 1, the three consequent layers have consistent
stress distribution due to the repeated laser scan along longitude direction. For longitude component of
residual stress (figure 36a) P5 has the lowest residual stress because it is near the Y-edge and close to the
two traction-free boundaries in longitude direction, therefore it is least constrained to deformation in
longitude direction. (Note that here we assume the build higher is high enough so that the constrains from
the substrate is nearly negligible, so that the boundary surfaces are “traction-free” ). In the rest four spots,
P2 is near one traction-free boundary in longitude direction and thus has lower longitude residual stress
then the other three locations. For the similar reason, The transverse component of the residual stress has
lowest value at location P2 and then P5 as shown in figure 36d, because they are near two and one traction-
free edges in transverse direction, respectively. The similar trends hold for the sample 2 despite of the
rotation of laser print direction at each layers, as shown in figure 36b and 36e. However, the location P1,
P3 and P4 are not close to boundaries and its residual stress value has more influence on laser print
directions. As shown in figure 36b, the location 1 has high residual stress when the laser direction is near
transverse direction, and location 3&4 has high residual stress when laser direction is near longitude
direction. The rotation of laser direction avoids the accumulation of high residual stress at same spot and
thus causes large thermal distortion. Figure 37 shows the residual stress distribution on surface and in-
depth after print 40 layers. As expected, the sample 1 shows a residual stress accumulation near the
longitude center of the sample, which in not found in sample 2. Instead, the sample 2 only exhibits a few
layers with high residual stress, as shown in the higher magnification sub-figure. Interestingly, the sample
2 exhibits residual stress accumulation at the two long-arms, which is likely due to the 67-degree rotation
results in many layers has a preferred laser direction.

The simulation results of the residual stress are also measured in the six spots for the third case, which also
applies a 67-degree laser direction rotation but uses a larger layer thickness. This leads to a consistent trend
as sample 2 but a generally lower residual stress magnitude, as shown in figure 36¢c and 36f. The
concentration of residual stress in longitude direction at the center of the sample 1 is likely to cause larger

36



thermal distortion after cutting the sample from the substrate than sample 2 and 3, which is consistent with
the experiment observation.

Table 3. Scan strategies for X-Y cross sample

Laser Scan Layer Hatch Scan Strategy
Power Speed Thickness | Space

Sample (W) (mmis) | (um) (mm)

1 350 1650 30 0.13 0-degree rotation angle. Bidirectional scan. No
iumpina around.

2 350 1650 30 0.13 67-degree rotation angle. Bidirectional scan. No
Jumpina around.

3 350 1650 60 0.13 67-degree rotation angle. Bidirectional scan. No

Jumpina around.

Thermal stress during printing a layer
!

Thermal stress after

Layer 12 Layer 11

Layer 13

finishing a layer

Figure 35. Simulation predicted thermal stress formation process during printing three consequent layers
of sample 1.
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Figure 35. Simulation predicted thermal stress formation process during printing three consequent layers
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Figure 36. simulation predicted residual stress at six detection locations (see figure 32) in three samples.
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Figure 36. Distribution of residual stress (longitude component) in sample 1 and sample 3 at surface and
in-depth.

Finally, the residual stress data measured at printed part surface are compared between the experiment and
simulation for all three samples, as shown in figure 37. The simulation generally captured the pattern of
residual stress distribution well. The following trends are consistent between simulation and experiments:
(1) the predicted residual stress magnitude is very close to experiment measured value in all cases, (2) the
residual stress in short arm direction is lower than in long direction, (3) the larger powder layer thickness
leads to reduction in residual stress, (4) the simulation predicted the same distribution trend of residual
stress magnitude in most locations. It is further noted the simulation captures the transverse component of
the residual stress very well in all three cases, as shown in figure 37b, 37d and 37f. The longitude component
of predicted residual stress generally matches with the experiment but with the exception of spot P6.
Overall, the benchmark results proved the MUST-FE can be applied for reliable and efficient prediction of
L-PBF process.
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Figure 37. Comparing the simulation-predicted residual stress and the x-ray measured results in all three
sample.

5.0 Subject Inventions
No subject inventions were created as part of this CRADA.
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6.0 Commercialization Possibilities

The three-dimensional MUST-FE model for LBP-AM process developed in this project is built into an
Fortran-based code, which will be commercialized and apply for license, then will be employed regularly
for powder-bed fusion based additive manufacturing and designs in automotive and other energy industries.
The code is lightweight and only requires external free package PETSC for full execution, both the MUST-
FE code and PETSC can be installed on both high performance cluster platform and desktop computers.
The MUST-FE code provides 1-2 order higher computation efficiency than current mesh-refinement based
FE models and commercial codes, which is a valuable design tool and is implemented for commercial
development use at Ford.

7.0 Plans for Future Collaboration

Ford Motor Company appreciate the support from Department of Energy, advanced manufacturing office
for supporting this project. This project fostered a new connection between the Ford Motor Company and
Oak Ridge National Laboratory Energy & Manufacturing Science Division. The Oak Ridge National
Laboratory team provided outstanding technical expertise and value to Ford during this program. The Ford
and Oak Ridge teams will continue work on commercialization of the MUST-FE code and applying the
code to address remaining technical challenges in powder-bed fusion based additive manufacturing process.

8.0 Conclusions

Powder bed fusion-additive manufacturing (PBF-AM) is free from traditional metal manufacturing
constraints and enables fast fabrication of highly complex and integrated structures, showing promises in
advanced manufacturing of multi-functional material and light-weighting. However, the geometric
complexity of PBF-AM technique also leads to highly non-uniform heating and cooling rate in the printed
part, which may cause flaw formation and increase quality uncertainties and manufacture issues, leading to
increases in cost and energy consumption in the form of rejected parts. It is very challenging to optimize
the process parameters solely based on empirical testing especially for explorative designs, and the
utilization of high-fidelity computing models can significantly reduce the uncertainty in the experiments
and helps to improve the PBF-AM process design. However, the conventional thermal-mechanical finite
element (FE) method applied to part-scale PBF-AM process has suffered from tremendous computational
cost and simulation time. Direct FE simulation is impossible because of (1) the large difference between
the length scale of the actual part and the length scale of the fine laser/electron beam track and powder layer
thickness, and (2) the large number of tracks to be simulated. Adaptive refinement algorithms or
hierarchical FE formulation has been developed to alleviate the computation cost, but the improved
simulation time is still beyond an acceptable range. The mostly adopted and practical part-scale FE
simulation methods are based on using coarse mesh and taking compromises by either grouping multiple
tracks and/or layers together, or by conducting fine-resolution simulations for limited tracks and use
interpolation, which both sacrifice the prediction accuracy.

In this project, we developed a novel MUST-FE formulation for direct simulation of part-scale PBF-AM
process which not only provide high computation speed but also reserves fine resolution for meltpool profile
and residual stress predictions. The MUST-FE method starts by constructing multi-levels overlapping sub-
domains with different FE mesh resolution, and the holistic part simulation is accordingly decomposed into
multiple separate sub-domain FE simulations which iteratively transfers boundary thermal profiles and heat
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flux to keep synchronized. The thermal and mechanical fields are staggerly coupled in the MUST-FE
framework. The high resolution temperature field, plastic strain and residual stress are predicted by MUST-
FE model during the layer-by-layer laser scanning process, which provides physics insight to PBF-AM
process which is experimental unmeasurable. The MUST-FE method is 1-2 order faster than other mesh-
refinement based FE methods. The reduction in computation cost and simulation time is achieved by (1)
avoiding adaptive remeshing and changing connectivity, (2) breaking the holistic sparse matrix into several
smaller sparse matrixes, (3) different sub-domains are solved using different time increments. The proposed
model and method are thus expected to improve the reliability of FE simulations, leading to higher accuracy
designing tool for complex L-PBF process. The MUST-FE code will be commercialized by apply for
license and become ready for open industrial utilization.
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