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AM: advantages / disadvantages / impact

AdvantagesAdvantagesAdvantagesAdvantages
• Produce complex geometries: close to free-form flexibility 
• Produce single device made of multiple components (assembling 

more parts into a single one)
• Combine different devices and geometries in a single printing batch

• Green technology: reduced waste
• Accelerate design-testing-production process chain (even in our labs)

DisadvantagesDisadvantagesDisadvantagesDisadvantages
• Need of support materials (technology dependent)
• Very localized physics (multi-scale problem, technology dependent)

• Low speed (still a limitation)

• High cost (still a limitation)
• Interaction with further production steps (subtractive or finishing)
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Design for additive: challenges

 Close-to-freeform flexibility requiring novel 

design approaches

 Topology and shape optimization as tools 

for design, focusing on product 

functionality and production constraints
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Phase-field topology optimization (PF top-opt)

Acknowledgments: Acknowledgments: Acknowledgments: Acknowledgments: M.CarraturoM.CarraturoM.CarraturoM.Carraturo, , , , E.RoccaE.RoccaE.RoccaE.Rocca, , , , A.RealiA.RealiA.RealiA.Reali (UniPV & IMATI-CNR), E.BonettiE.BonettiE.BonettiE.Bonetti (Università di Milano & IMATI-CNR), D.HömbergD.HömbergD.HömbergD.Hömberg (WIAS Institute Berlin)
Publications:Publications:Publications:Publications:
• Carraturo, Rocca, Bonetti, Hömberg, Reali, FA. Graded-material design based on phase-field and topology optimization. Computational Mechanics, Vol. 64, 1589–1600 (2019) 
• FA, Bonetti, Carraturo, Hömberg, Reali, Rocca. A phase-field based graded-material topology optimization with stress constraint. M3AS, Vol. 30 (08), 1461–1483 (2020)

Objective
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Phase-field topology optimization: gradient multi-material

Double-well potential

o Elastic tensors also from homogenizationhomogenizationhomogenizationhomogenization on a lattice RVE with periodic BCs
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● Minimization processMinimization processMinimization processMinimization process
o Allen-Cahn gradient flow, i.e. steepest descent pseudo-

time stepping method, with time-step increment τ

o Alternate solution of gradient flow and equilibrium 

problem

● Finite element approximation of fields Finite element approximation of fields Finite element approximation of fields Finite element approximation of fields 
o Discretize domain using quads

o Piecewise linear basis functions (except that for global 
fields)

Phase-field gradient top-opt: approx & solution scheme

● Adopt a twoAdopt a twoAdopt a twoAdopt a two----step algorithmstep algorithmstep algorithmstep algorithm
o solve equilibrium to get displacement vector

o solve Allen-Cahn gradient flow to get phase-field, 
material field, Lagrange multiplier vectors

o rescale to fulfilling constraints

● Use ∆Use ∆Use ∆Use ∆φφφφ L2L2L2L2----norm increments as convergence criterianorm increments as convergence criterianorm increments as convergence criterianorm increments as convergence criteria
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Phase-field gradient top-opt: examples

Full materialFull materialFull materialFull material

Increasing penalty gradient 
material,  structures closer to 

black-and-white solution

Grey = no material
Color (different than grey) = 

material 
Different color = different 

materials
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Grey = no material
Color = material 

Different color = different 
materials

γχ = 0.001                   γχ = 0.01                      γχ = 0.1                        full material  

Employing a softer material decreases body compliance, leading to heavier 
structures compared to the homogeneous material case 

Phase-field gradient top-opt: examples

Full materialFull materialFull materialFull material

o Volume fraction index mφ :
to estimate material volume

o Material fraction index mχ : 
to estimate material 

amount (density)

ComplianceComplianceComplianceCompliance Converge?Converge?Converge?Converge?

0.001 105.3 0.380 NO

0.005 122.9 0.265 YES

0.01 133.0 0.245 YES

0.02 141.9 0.230 YES

0.05 154.0 0.225 YES

0.1 165.4 0.201 YES
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● MesserschmittMesserschmittMesserschmittMesserschmitt----BölkowBölkowBölkowBölkow----BlohmBlohmBlohmBlohm (MBB) beam(MBB) beam(MBB) beam(MBB) beam

 Applied force = 25 N

 Material: RGD851 rigid polymer from Stratasys 
(E=2.3 GPa and ν=0.3)

 3D printer machine: Stratasys Objet 260 Connex 3

 Volume fraction = 0.6

 Mass fraction = 0.4

• ResultsResultsResultsResults

1. Black-and-white structure indicates material 
presence

2. Density continuously re-distributed within 
material region

Messerschmitt-Bolkow-Blohm
GmbH;Paytenet al.1998; Bulmanet al.2001

Phase-field gradient top-opt: MBB example

Acknowledgments: Acknowledgments: Acknowledgments: Acknowledgments: G.AlaimoG.AlaimoG.AlaimoG.Alaimo, , , , M.CarraturoM.CarraturoM.CarraturoM.Carraturo, , , , E.RoccaE.RoccaE.RoccaE.Rocca, , , , A.RealiA.RealiA.RealiA.Reali (UniPV & IMATI-CNR)
Publications: Publications: Publications: Publications: Alaimo, Carraturo, Rocca, Reali, FA. Functionally graded material design for plane stress structures using phase field method, II International Conference on Simulation for Additive 
Manufacturing - Sim-AM 2019
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Discrete map of field variablesDiscrete map of field variablesDiscrete map of field variablesDiscrete map of field variables Generate 3D virtual modelGenerate 3D virtual modelGenerate 3D virtual modelGenerate 3D virtual model 3D printing3D printing3D printing3D printing

Special thanks to:Special thanks to:Special thanks to:Special thanks to: G.AlaimoG.AlaimoG.AlaimoG.Alaimo ((((ProtoLabProtoLabProtoLabProtoLab) & ) & ) & ) & S.MarconiS.MarconiS.MarconiS.Marconi (3D4Med)(3D4Med)(3D4Med)(3D4Med)
Acknowledgments:Acknowledgments:Acknowledgments:Acknowledgments: G.AlaimoG.AlaimoG.AlaimoG.Alaimo, , , , M.Carraturo, E.Rocca, A.Reali (UniPV & IMATI-CNR)
Publications: Publications: Publications: Publications: Alaimo, Carraturo, Rocca, Reali, FA Functionally graded material design for plane stress structures using phase field method, II Int.Conf. Simulation for AM - Sim-AM 2019

Objective: Objective: Objective: Objective: evaluate optimized versus uniform (same weightsame weightsame weightsame weight) specimen in terms of max. displacements

Results: Results: Results: Results: for the same load, we observe a reduction of 50%reduction of 50%reduction of 50%reduction of 50% as max. displacement

Phase-field gradient top-opt: numerics, 3D printing &

experiments
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● Objective: Objective: Objective: Objective: extend 2D workflow to 3D structures to evaluate the performance of the optimization for a 3D case 

● Example: Example: Example: Example: MBB-beam problem

Optimize structure using 
phase-field gradient top-

opt 

Slicing
&

3D model reconstruction

3D printing &
Experiment

On-going work…

Phase-field gradient top-opt: 3D extension
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• Idea: Idea: Idea: Idea: Approximate mechanical and phase-field solution space using IGA, since higher continuity of 
IGA basis functions very effective for phase-field methods

• Adaptive Isogeometric Analysis as presented in Henning et al. 2016Henning et al. 2016Henning et al. 2016Henning et al. 2016 allows to locally concentrate the locally concentrate the locally concentrate the locally concentrate the 
computational effort computational effort computational effort computational effort at the material interface without any loss of accuracywithout any loss of accuracywithout any loss of accuracywithout any loss of accuracy

• Single material

C1-continuous quadratic B-spline adaptive-IGA discretization

Work in progres…

Acknowledgments: Markus Kästner, Paul Henning, Leonhard HeindelAcknowledgments: Markus Kästner, Paul Henning, Leonhard HeindelAcknowledgments: Markus Kästner, Paul Henning, Leonhard HeindelAcknowledgments: Markus Kästner, Paul Henning, Leonhard Heindel (TU Dresden), M.Carraturo, A.Reali M.Carraturo, A.Reali M.Carraturo, A.Reali M.Carraturo, A.Reali (UniPV & IMATI-CNR)
Publications: Publications: Publications: Publications: Henning, Heindel, Carraturo, Reali, FA, Kästner. Projection Methods in Adaptive Isogeometric Analysis and its Application to Topology Optimization, Proceedings in Applied Mathematics 
and Mechanics (accepted).

Phase-field single material top-opt:

adaptive isogeometric analysis

• 60% reduction in terms of DOFs
• 40% less CPU time

• Higher improvement are likely expected for the 3D case…
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Phase-field single-material top-opt: new formulations

Acknowledgments: Acknowledgments: Acknowledgments: Acknowledgments: E.RoccaE.RoccaE.RoccaE.Rocca, , , , A.RealiA.RealiA.RealiA.Reali (UniPV & IMATI-CNR), U.StefanelliU.StefanelliU.StefanelliU.Stefanelli (University of Vienna), M.MarinoM.MarinoM.MarinoM.Marino (University of Roma Tor Vergata)
Publications: Publications: Publications: Publications: Marino. FA, Reali, Rocca, Stefanelli (2020), Mixed variational formulations for structural topology optimization based on phase-field, submitted

φ bounding Elastic energy
Hu-washizu Volume constraint

Volume minimization
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Accurate and extensive numerical investigationAccurate and extensive numerical investigationAccurate and extensive numerical investigationAccurate and extensive numerical investigation

 Increasing volume stiffness reduces volume fraction 
 Solutions from two formulations are identical in 

terms of compliance Csol and interface perimeter Psol

for the same value of final volume fraction

 Volume minimization shows improved convergence

o error decreases more monotonically (!)
 Volume minimization converges faster in terms of

o simulation time
o number of Newton iterations

Phase-field single-material top-opt:

new formulation results
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Process simulations: challenges

 Large scale range both in space and time

 Complex physical phenomena to be modeled

 Predict defects due to process
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Acknowledgments: Ernst Rank, Stefan Acknowledgments: Ernst Rank, Stefan Acknowledgments: Ernst Rank, Stefan Acknowledgments: Ernst Rank, Stefan KollmannsbergerKollmannsbergerKollmannsbergerKollmannsberger, John Jomo, Ali , John Jomo, Ali , John Jomo, Ali , John Jomo, Ali ÖzcanÖzcanÖzcanÖzcan, Nils Zander , Nils Zander , Nils Zander , Nils Zander (TUM), , , , M.CarraturoM.CarraturoM.CarraturoM.Carraturo, , , , A.RealiA.RealiA.RealiA.Reali (UniPV & IMATI-CNR)
Publications:Publications:Publications:Publications:
• Kollmannsberger, Özcan, Carraturo, Zander, Rank. A hierarchical computational model for moving thermal loads and phase changes with applications to selective laser melting. CAMWA, Vol. 75 (5), 1483-1497 (2018) 

• Carraturo, Jomo, Kollmannsberger, Reali, FA, Rank. Modeling and experimental validation of an immersed thermo-mechanical part-scale analysis for laser powder bed fusion processes. Additive Manufacturing, Vol. 36, 101498 
(2020) 

LPBF-AM process simulations

Standard AMStandard AMStandard AMStandard AM----design processdesign processdesign processdesign process AMAMAMAM----designdesigndesigndesign----throughthroughthroughthrough----analysisanalysisanalysisanalysis

• Thermo-mechanical analyses 
can be performed directly on 

CAD models

• STL repair step required only 

once the final design ready to 
be printed

• Remarkable computational 

speed-up for multi-layer  
high-fidelity analyses of 

complex geometrical features 

• 3D virtual model is developed 
within a CAD environment

• Geometry to be repaired

• Conform mesh generated

• Finite element analysis of the 

process 

• To update the geometry, need 
to go back to CAD software 

and start procedure once 
again …

Focus on the most industrially relevant technology: laser powder bed fusion for metal components (LPBF)Focus on the most industrially relevant technology: laser powder bed fusion for metal components (LPBF)Focus on the most industrially relevant technology: laser powder bed fusion for metal components (LPBF)Focus on the most industrially relevant technology: laser powder bed fusion for metal components (LPBF)



Ferdinando Auricchio     CompMech Group January, 2021 [ 18 ]

The Finite Cell Method (FCM)The Finite Cell Method (FCM)The Finite Cell Method (FCM)The Finite Cell Method (FCM)

● Initial domain discretizationInitial domain discretizationInitial domain discretizationInitial domain discretization

++++ ====

Immersed boundary approach for growing domain

● Application to growing domainsApplication to growing domainsApplication to growing domainsApplication to growing domains
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ObjectiveObjectiveObjectiveObjective

• Predict temperature and stress state temperature and stress state temperature and stress state temperature and stress state at the meltmeltmeltmelt----pool lengthpool lengthpool lengthpool length----
scalescalescalescale (element size ~ 10µm)

• Evaluate melt-pool shape and cooling rate

Model featuresModel featuresModel featuresModel features

• Few laser strokes Few laser strokes Few laser strokes Few laser strokes can be simulated (10÷100 mm length)

• Powder  is included in the model

• Phase-change has to be taken into account

ObjectiveObjectiveObjectiveObjective

• Predict part deflection part deflection part deflection part deflection after base plate removal

• Evaluate residual stresses residual stresses residual stresses residual stresses in the final component

Model featuresModel featuresModel featuresModel features

• Complete process Complete process Complete process Complete process is simulated (including post-processing 
steps, e.g. part removal)

• Powder modeled as conduction BC, not included in the 
domain

• Latent heat usually neglected

● Due to problem complexity, need to Due to problem complexity, need to Due to problem complexity, need to Due to problem complexity, need to 
choose achoose achoose achoose a----priori solution scale priori solution scale priori solution scale priori solution scale 

● Choose quantities of interestedChoose quantities of interestedChoose quantities of interestedChoose quantities of interested

Melt-pool analysis
High-fidelity simulation

Part-scale analysis
Low-fidelity simulation

Immersed boundary approach for growing domain:

different scale approaches

Input Input Input Input parametersparametersparametersparameters Range Range Range Range valuesvaluesvaluesvalues

Laser power 100÷1000 [W]

Laser speed 0.2÷1.5 [m/s]

Laser spot radius 25÷100 [µm]
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Immersed boundary for melt pool: thermal problem

Obtained fitting measured 
data with a gaussian 

distribution

Thermal problem Mechanical problem


