Proceedings of the Special Interest Group meeting on

Dimensional Accuracy and Surface Finish in Additive Manufacturing

Edited by:
W. Dewulf
H. N. Hansen
R.K. Leach

J. Qian

J.S. Taylor

Proceedings Compilation:

V. Crabb
D. Phillips

October 10-11, 2017
Leuven, BE

LA
~Qeuspen



0o1.1

01.2

01.3

01.4

P1.01

P1.02

P1.03

02.1

Session 1: Design for AM state-of-the-art review

The perfect match: structural optimization and additive manufacturing
Niels Aage1

Technical University of Denmark, Denmark

Session 1: Design for AM

Controlling local overheating in topology optimization for additive manufacturing
R. Ranjan, Y. Yang, C. Ayas, M. Langelaar, F. Van Keulen
Delft University of Technology, The Netherlands

Challenges and opportunities of fibre-reinforced polymers in additive manufacturing
with focus on industrial applications

T. Hofstétterl*, D.B. Pedersen’, G. Tosello’, H.N. Hansen'

Technical University of Denmark, Department of Mechanical Engineering

Metrological design of calibration and benchmarking artefacts for an additive
manufacturing system

Vicente M. Rivas Santos’, Danny Sims-Waterhouse’, Samanta Piano’, lan Maskery?,
Richard K. Leach®, Manolis Papastavrou®, Adam Ellis® and Peter Woolliams*
“Manufacturing Metrology Team, Faculty of Engineering, University of Nottingham, UK
ZCentre for Additive Manufacturing, Faculty of Engineering, University of Nottingham, UK
*Xaar plc, Nottingham, UK

*National Physical Laboratory, Teddington, UK

Lightweight structures for metal mirrors

N. Heidler", E. Hilpertl' 2. Hartungl, T. Albert*

! Fraunhofer Institute for Applied Optics and Precision Engineering IOF, Jena, Germany
?institute of Applied Physics, Friedrich-Schiller- University, Jena, Germany

Design for additive manufacturing (DFAM): The importance of software within selective
laser melting (SLM)

M. CuIIetonl, D. McDonneIll, H. Shipleyl, D. Trimblel, R. Lupoil, G. O’Donnell*

1 AMBER Research Centre, CRANN Institute, Trinity College Dublin, Ireland

Effects of carbon fibres on the life cycle assessment of additively manufactured injection
moulding inserts for rapid prototyping

T. Hofstatter'*, N. Bey?, M. Mischkot®, P.M. Stotz’, D.B. Pedersen’, G. Tosello®,

H.N. Hansen'

" Technical University of Denmark, Department of Mechanical Engineering

2 Technical University of Denmark, Department of Management Engineering

PicPrint: Embedding pictures in additive manufacturing

J.B. Nielsenl, E.R. Eirikssonl, R. Lyngbyl, J. Wilml, J.N. Jensenl, H. Aanaesl,

D.B. Pedersen’

IDepartment of Applied Mathematics and Computer Science, Technical University
of Denmark

2 Department of Mechanical Engineering, Technical University of Denmark

Session 2: Characterizing the performance of AM machines

Statistical process monitoring and control methods for in-situ detection and localization
of defects in laser powder bed fusion

M. Grasso, G. Repossini, B.M. Colosimo

Dipartimento di Meccanica, Politecnico di Milano, italy

14

17

20

24

28

32

36

41

45



02.2

02.3

P2.01

P2.02

P2.03

P2.04

P2.05

P2.06

P2.07

P2.08

Photogrammetry for reposrtromng in additive manufacturmg

J.N. Jensen R. Lyngby H. Aanaes E.R. Emksson J.B. Nlelsen J. W|Im

D B. Pedersen
Dept of Applied Mathematics and Computer Science, Technical University of Denmark
Dept of Mechanical Engineering, Technical University of Denmark

Opto-mechanical modelling of an additive manufacturing laser scanning head including
assembly defects
Kevm Godineau', Sylvain. Lavernhe® , Christophe. Tournier"

LURPA ENS Cachan, Univ. Paris - Sud, Université Paris - aclay, Cachan, France

Loss of dimensional accuracy due to non-uniform shrinkage in additively manufactured
polymer parts fabricated by two-photon lithography

Vu H. Nguyen, Jefferson A. Cuadra, Chuck Divin, James S. Oakdale, Sourabh K. Saha
Lawrence Livermore National Laboratory, Livermore, CA, USA.

Heat transfer in additively manufactured mjectron mouldmg mserts

T. Hofstatter M. Mlschkot . Mlchallldou C. Chavarri’ , A, Lunzer' , D.B. Pedersenl, G.
Tosello?, H.N. Hansen®

Technical University of Denmark, Department of Mechanical Engineering

In-line 3D prmt fallure detection usmg computer vision

R A. Lyngby J. Wilm?, E.R. Eiriksson’, J.B. Nielsen, J.N. Jensen®, H. Aanzs’, D.B. Pedersen’
Dept of Applied Mathematics and Computer Science, Technical University of Denmark
Dept of Mechanical Engineering, Technical University of Denmark

A performance assessment of a 2 axis scanning mirror galvanometer for powder bed
fusion
David Bue Pedersen’, Sebastlan Aagaard Andersen Jakob Skov Nielsen®, Eypér Runar
Eiriksson?, Jannik Boll Nlelsen Jakob Wilm?, Henrik Aanas’,
Hans Ngrgaard Hansen'

Technlca/ University of Denmark, Dept of Mechanical Engineering

Technical University of Denmark, Dept of Applied Mathematics and Computer Science

Comparing retraction methods with volumetric exit flow measurement in molten
material extrusion

G.P. Greeff', M. Schilling"

!Institut fiir Elektrische Messtechnik und Grundlagen der Elektrotechnik

Technische Universitdt Braunschweig, Germany

Powder bed referencmg for in-line surface measurements during selective laser sintering
B Galovskyl M. Lieret’ ,S. Metzner T. Hausotte’

YInstitute of Manufacturmg Metrology, Friedrich-Alexander-Universitét Erlangen-Niirnberg
(FAU), Germany

Quality assurance of SLS process using test artifacts

M. Heinll, B. Galovskyil, T. Hausotte’

‘Friedrich-Alexander-Universitdt Erlangen-Niirnberg, Institute of Manufacturing Metrology,
Germany

The application of XCT for laser based additive manufacturing: process stability,
optimisation, and structural integrity
Moataz M. Attallahl, Jan White', Mustafa Megahed?, Wolfgang Ottow?,
Wenjuan sun’®
Un:vers:ty of Birmingham, School of Metallurgy and Materials,
ESI Software Germany GmbH, Kruppstr. 90, 45145 Essen, Germany
*National Physical Laboratory (NPL), Teddington, UK

50

53

58

61

63

67

70

75

76

77



P2.09

P2.10

P2.11

03.1

03.2

03.3

034

035

P3.01

P3.02

Geometrical design and assessment of an industrially relevant benchmark part for
Selective Laser Melting

Stijn Schoetersl, Karolien Kempenl, Ann Witvrouwi,Wim Dewulfl, Brecht Van
Hoorewederl, Jean-Pierre Kruth®

KU Leuven, Department of Mechanical Engineering, 3001 Leuven, Belgium

Member of Virtual Department 3 of Flanders Make, 3001 Leuven, Belgium

Process simulation for large scale additive manufacturing using thermosetting material
2Mathias L. Jensen, ’David B. Pedersen, ’Guido Tosello, Hans N. Hansen

! Innovation and Concepts, Vestas Wind Systems A/S, 8200 Aarhus N, Denmark
zDepartment of Mechanical Engineering, Technical University of Denmark

Evaluation of polymer micro parts produced by additive manufacturing processes by
using vat photopolymerization method

A.Davoudinejad, D.B. Pedersen, G. Tosello

Department of Mechanical Engineering, Technical University of Denmark

Session 3: Integrating AM into holistic manufacturing processes

Economic trade-offs of additive manufacturing integration in injection moulding process
chain

Alessandro Charalambis?, Laoucine Kerbache?, Guido Tosello’, David Bue Pedersen’
Michael Mischkot?, Hans Ngrgaard Hansen’

"Technical University of Denmark, Department of Mechanical Engineering

?Hec Paris, Department of Informations Systems and Operations Management

Towards post-processing as a key process variable in the AM design chain
Bethan Smith’, David Gilbert®, Dainis Adamuks®, Mohammad Antar*
The Manufacturing Technology Centre, Ansty Business Park, Coventry, UK

Adjustment of Selective Laser Melting (SLM) parameters as function of different
geometries of metallic components to improve dimensional and surface quality

D. Gatdes’, A. Mateus’, C. Azevedo’, R. Santos’, M. T. Vieira®

Group of Nanomaterials and Micromanufacturing - Centre for Mech. Engineering,
Materials and Processes - Dept of Mech. Engineering - University of Coimbra, Portugal
2Centre for Rapid and Sustainable Product Development — CDRSP — School of Technology
and Management — Polytechnic Institute of Leiria, Portugal

Finish machining of laser beam melted parts
Elisa Gotze', Frederik Zanger", Volker Schulze'
Karlsruhe Institute of Technology, Institute of Production Science, Germany

Achieving dimensional tolerances in metal additive manufacturing via numerical model
based process optimization

Sankhya Mohanty, Omer Can Kiiciikyildiz, Sonia del Rio Serrat, Milos Nikolas Todorovic,
Maximilian Felix Roman Zwicker, Jesper Hattel

Department Of Mechanical Engineering, Technical University of Denmark

Polishing additively manufactured surfaces
Richard Freemanl, Anthony Beaucamp"
Zeeko Innovations Ltd., UK

zKyoto University, Japan

Finishing of internal and external surfaces produced by powder bed fusion
M.Hamidi', A.Falzetti', A.Redaelli*, N.Lecis’, A.Giussani’, L.Sala’, M.Vedani'
'Department of Mechanical Engineering, Politecnico di Milano, Italy

?Résler italiana S.r.l, italy

78

79

83

87

91

95

99

104

109

110



P3.03

P3.04

04.1

04.2

04.3

04.4

04.5

04.6

04.7

04.8

Defect evolution in laser powder bed fusion additive manufactured components during
thermo-mechanical testing

Zhengkai Xu, C. J. Hyde, A. Thompson, R. K. Leach, I. Maskery, C. Tuck, A. T. Clare

Faculty of Engineering, The University of Nottingham, UK

Cost estimation of a specificaily designed direct light processing (DLP) additive
manufacturing machine for precision prmtlng

AIessandro Charalambis®, Ali Davoudinejad’, Guido Tosello’, David Bue Pedersen'
'Department of Mechanical Engineering, Technical University of Denmark

Session 4: Metrology

Feature-based characterisation of laser powder bed fusion surfaces
Nlcola Senin “*, Adam Thompson®, Richard K Leach®

Faculty of Engineering, University of Nottingham, UK

Dlpartlmento di Ingegneria, Universita degli Studi di Perugia, Italy

Development of surface characterisation toolbox for additive manufactured components: |
planar layer surfaces to complex functional surfaces

S. Lou, W. Zeng, L. Pagani, H. Abdul-Rahman, X. Jiang, P. J. Scott

EPSRC Future Metrology Hub, University of Huddersfield, Hudderfield, UK

SLS surfaces, Gelsight and ISO- 25178 digital post-processing

M Vetterli', M.Schmid, K. Wegener?

lcams inspire AG, Switzerland

2Institute for Machine Tools and Manufacturing, ETHZ, Switzerland

Investigation of complementary use of optical metrology and x-ray computed tomography
surface fi nlsh in laser powder bed fusuon additive manufacturlng
Jason C. Fox’, Felix Kim" , Zachary Reese’, Christopher Evans?, John S. Taylor?

Nat/onal Institute of Standards and Technology

UmverSIty of North Carolina at Charlotte

Experimental investigation on the accuracy of surface topography measurements
of additively manufactured metal parts scanned by X-ray micro computed
tomography

F. Zaninil, M. Sorgatoz, S. Carmignato1

Department of Management and Engineering, University of Padua, Vicenza, Italy
Department of Industrial Engineering, University of Padua, Padua, Italy

Measurement and characterisation of additively manufactured
e-entrant surfaces
Andrew Townsend, ‘Luca Pagani, ‘Paul J. Scott, ‘Liam Blunt
The Future Metrology Hub, University of Huddersfield, UK

True-color 3D surface metrology for additive manufacturing using interference
microscopy
Jack DiSciacca®, Carlos Gomez®, Adam Thompson Slmon Lawes?,

Rlchard Leach?, Xavier Colonna de Lega’, Peter de Groot'

Zygo Corporation, USA

Manufactur/ng Metrology Team, Faculty of Engineering, University of Nottingham,
NG7 2RD, UK

Determining the dimensional accuracy limits of laser sintered PA12-parts: from artefact
design to dlmensmnal characterlzatlon by x-ray computed tomography

M Pavan'?, M. Sinnaeve’, S. Leyssens T. Craeghs 1.-P. Kruth?, W. Dewulf®

Materlahse NV, Belgium

Department of Mechanical Engineering, KU Leuven, Belgium

113

116

121

124

129

132

137

140

145

149



P4.01

P4.02

P4.03

P4.04

P4.05

P4.06

P4.07

P4.08

P4.09

P4.10

Topography characterization of fused deposition modelling surfaces

Vijeth V Reddy", Olena FIysl‘z, Amogh Vedantha Krishna', B-G Rosen®
Halmstad University, Functional Surfaces Research Group, Halmstad, Sweden
2RISE Research Institutes of Sweden, Bords, Sweden

Characterisation of additive manufacturing metal — carbon- fibre composite bond
by dual-energy computed tomography

Anton Jansson’, Lars Pejryd1

*6rebro University, Fakultetsgatan 1, 701 18 Orebro, Sweden

Optimisation of surface topography characterisation for metal additive
manufacturing using coherence scanning interferometry

Carlos A. Gémez, Rong Su®, Adam Thompsonl, Jack DiSciacca’, Simon Lawes’
Richard K. Leach’

University of Nottingham, UK

2Zygo Corporation, USA

Measurement of additive manufactured microfiuidic devices by means of
photogrammetry: a preliminary study

Camilla Volponel, Maria Grazia Guerra®, Daniel Filippiniz, Luigi Maria Galantucci', Gianluca
Percoco’

polytechnic University of Bari, italy

2University of Linkoping, Sweden

Use of morphological method to investigate the influence of surface texture on
dimensional measurement of additively manufactured parts

S. Loul, S. B. Brownz, W. Sunz, W. Zengl, H.S. Abdul-Rahmanl, X. Jiangl,

P. ). Scott'

EPSRC Future Metrology Hub, University of Huddersfield, Huddersfield UK
National Physical Laboratory, Middlesex, UK

Characterizing spatial resolution of in-situ structured light metrology for
additive manufacturing

Angela D. Daviesl, Bin Zhangl, John Ziegertz, and Chris J. Evans’

IDepartment of Physics and Optical Science, UNC Charlotte, USA

z Department of Mechanical Engineering and Engineering Science, Charlotte, USA

Uncertainty quantification of an x-ray computed tomography system
J.Cuadra’, C. Divin', R. Panas’
Lawrence Livermore National Laboratory, Livermore, CA, USA

CT dimensional evaluations of 3D cellular structures produced by selective laser melting
E. Sbettegal, F. Zaninil, M. Benedettiz, E. Savios, S. Carmignato1

Department of Management and Engineering, University of Padua, Vicenza, Italy
Department of Industrial Engineering, University of Trento, Trento, Italy

Department of Industrial Engineering, University of Padua, Padua, Italy

Utilising computed tomography as NDT technique in additive manufacturing
Jens Luebbehuesen, Key Account Manager Europe — Radiography Aerospace1
GE Sensing & Inspection Technologies GmbH, Germany

Method for characterizing defects/porosity in additive manufactured
components using computer tomography

Ahmed Tawﬁkl, Radu Racasanl, Liam Bluntl, Paul Bills*

ESPRC Future Metrology Hub, Centre for Precision Technologies,
School of Computing and Engineering, University of Huddersfield, UK

154

158

162

167

169

174

178

182

185

188



P4.11

P4.12

P4.13

Dimensional accuracy and surface texture of additive manufactured plastic inserts for
injection moulding
Frederik Vogelerl, Ben Van Peel, Hilde Jansenl,Matthias Faes’

ISustainable Design & Manufacturing, Thomas More University College, Campus De Nayer,

Sint-Katelijne-Waver, Belgium
?KU Leuven, Department of Mechanical Engineering, Technology campus De Nayer,
Sint-Katelijne-Waver, Belgium

Extrusion- based additive manufacturing of high resolution ceramic lattice structures
Shoufeng Yang’

KU Leuven, Department of Mechanical Engineering, Leuven, Belgium
Member of Virtual Department 3 of Flanders Make, Leuven, Flanders, Belgium

Surface finish of addltlvely manufactured parts using plasma electrolytic polishing
Hennmg Zeidler'?, Falko Béttger-Hiller’, Anne Wunderlich?

'Technische UnlverSItat Bergakademie Freiberg, IMKF, Germany
“Beckmann-institut fiir Technologeentwicklung e.V., Chemnitz, Germany

190

192

193



