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Background

* Mechanical Engineering

* Manufacturing Work Experience

* Research in Design and Manufacturing
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Background

* Doctoral Program in Materials Science
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* Exploratory Project in 3D Printing
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CDRSP - What we do?

* Academic Research and Training
e Joint projects with companies

& Within one of the largest

mould making clusters
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CDRSP - What we do?

 Academic Research and Training
e Joint projects with companies

Key Topics:

v" Emerging Technologies in Manufacturing
o Additive Manufacturing

Materials - Biopolymers, Smart Materials, Metamaterials

v
v Biomedical Applications
v’ Sustainability

v

Circular Economy
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What we do?

Direct Digital Manufacturing (DDM)

Deposition of
new layer

Platform relative
CAD file movement

Digital Definition
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What we do?

Direct Digital Manufacturing (DDM)

Deposition of
new layer

Finished part

Platform relative
CAD file movement

Digital Definition

CDRSP is the lead institute in the PAMI - Portuguese
Additive Manufacturing Initative project
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What we do?

Extrusion-based 3D Printing

Scott Crump, founder of Stratasys, invented Fused
Deposition Modelling (FDM), or 3D printing in 1989.
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What we do?

Extrusion-based 3D Printing

Liguifier head
(X and Y direction)

/

'\ Build platform

(Z-direction)

Build material spool

Scott Crump, founder of Stratasys, invented Fused
Deposition Modelling (FDM), or 3D printing in 1989.
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What we do?

Extrusion-based 3D Printing

Liguifier head
(X and Y direction)

/

'\ Build platform

(Z-direction)

Build material spool

Scott Crump, founder of Stratasys, invented Fused
Deposition Modelling (FDM), or 3D printing in 1989.
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What we do?

Examples
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What we do?

Examples
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What we do?

Examples

Metals
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What we do?

Examples
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What we do?

Fields of Application

Aerospace

Dental > Jewelr:
AT, ¥

Automolive
i

Implants

Electronics

Surgical
devices/aids

Toys/collectables

Prosthetics/orthotics
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What we do?

Fields of Application
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What we do?

Fields of Application
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What we do?

Example — Jig
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FDM fabrication with PLA

Application of the Sliplink model in polymer extrusion-based 3D printing

Daniel Silva

20



What we do?

Example — Jig

Final Part

(R4
‘*‘"“‘.
' Jig Fitting
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What we do?

Example — Big parts

\

il
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What we do?

Example — Big parts
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More information
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Institute of
Technology

PUI.ITE[:NICO CDRSP CENTRE ror

RAPID ano SUSTAINABLE

DE LEI RI A PRODUCT DEVELOPMENT

Reserch Center
https://cdrsp.ipleiria.pt/

The 3D printing revolution - Documentary
https://www.youtube.com/watch?v=kOpoVtBhIsQ
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Project Idea - Origin

“Any processing operation applied to a polymer may have both chemical and physical

e f f ects on the material.” - Roger T. Fenner, Principles of Polymer Processing, The Macmillan Press, 1979, pp. 15 ISBN 0-8206-0285-X

Chains in
Semicrystalline random walks
lamellae in solid in the melt
polymer

Flow and

Temperature Gradient
]
| ]

Layer by layer deposition
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Project Idea - Origin

“Any processing operation applied to a polymer may have both chemical and physical

e f f ects on the material.” - Roger T. Fenner, Principles of Polymer Processing, The Macmillan Press, 1979, pp. 15 ISBN 0-8206-0285-X

a3 Material property mapping
Chains in during manufacturing
Semicrystalline random walks
lamellae in solid in the melt
polymer
Flow and

Temperature Gradient

Layer by layer deposition
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Project Idea - Origin

“Any processing operation applied to a polymer may have both chemical and physical

e f f ects on the material.” - Roger T. Fenner, Principles of Polymer Processing, The Macmillan Press, 1979, pp. 15 ISBN 0-8206-0285-X

Material property mapping

Chains in during manufacturing
Semicrystalline random walks
lamellae in solid in the melt

polymer

g
%"Mﬂg Flow and

Temperature Gradient
]

. . Single Material - Different
Layer by layer deposition iihil "iii
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Project Idea

e How to monitor the changes in the material?

e How far can we change the material behavior under a certain load?

e Can we predict the behavior of the material after production?
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Previous Studies
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Institute of
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AL

ALBA
ALBA Synchrotron, Barcelona - Spain

a polymers MbPy

Article

Changing the Paradigm-Controlling Polymer Morphology
during 3D Printing Defines Properties

Daniel P. da Silva 1@, Joao Pinheiro 1 Saba Abdulghani 1, Christina Kamma Lorger 2 Juan Carlos Martinez 2
Eduardo Solano 200, Artur Mateus !, Paula Pascoal-Faria !0 and Geoffrey R. Mitchell -*

I

Centre for Rapid and Sustainable Product Development, Polytechnic of Leiria,

2430-080 Marinha Grande, Portugal; daniel.p.silva@ipleiria.pt (D.P.d.S5.); joao.d.pinheiro@ipleiria.pt (].P.);
saba.abdulghani@nms.unl.pt (S.A.); artur.mateus@ipleiria.pt (A.M.); paula.faria@ipleiria.pt (P.P.-F)
NCD-SWEET Beamline, Alba Synchrotron Light Source, Cerdanyola del Valles, 08290 Barcelona, Spain;
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Previous Studies

Extruder

~170°C

~90°C

Temperature

Collector

* Point measurements on the Z direction, observing the polymer scattering as it

crystallizes;

e Static extrusion means that measurements along the Z axis relate to the

evolution in time.

time

Molten Polymer - No
SAXS Signal

Polymer starts to
crystallize SAXS Signal
shows typical lamelar
crystal structure with na
anisotropic morphology

Solid object formed
SAXS Signal shows
more intensity still with
anisotropic morphology
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Previous Studies
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Previous Studies

SAXS patterns obtained at different write speeds

Write speed increase Write speed increase

Extrusion Axis
Extrusion Axis

Low-density Polyehtylene Poly(e-caprolactone)

Extended chains during crystallization...
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Previous Studies

Orientation Parameter < P,,,>

0.4 ~

0.3

0.2

<P,,>

0.1 <

1400

600

400
Extrusion Velocity (mm/min) 100 200 Collector Velocity (mm/min)

P2n=1 - uniform orientation of crystals
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Proof of Concept
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Deposition velocity proportional to radial distance
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Proof of Concept

Higher print speed

B B Massachusetts
I I Institute of

Technology

Lower print speed

Deposition velocity proportional to radial distance
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Motivation

Doctoral Program in Materials Science

Degradation
during Recycling

Polyethylene as

the world’s most
used polymer.

Source: Ruben Demets, et al.; Addressing the complex challenge of
understanding and quantifying substitutability for recycled plastics.

B B Massachusetts

Property Mappin

g

A

Monomaterial
Design and Printing

Same material,
Different responses!
Increasing reliability.

High Recyclability
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Motivation

B B Massachusetts

Exploratory Project in 3D Printing - Case Study

Biodegradability:
Requirement and
Constraint
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Project Idea

e How to monitor the changes in the material?

e How far can we change the material behavior under a certain load?

e Can we predict the behavior of the material after production?

Multiscale Simulation
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Project Idea

e How to monitor the changes in the material?

e How far can we change the material behavior under a certain load?

e Can we predict the behavior of the material after production?

CFD

Multiscale Simulation /Av MD

B B Massachusetts D ’ Il N " . ! N ‘
II Institute of Application of the Slip ink model in polymer extrusion-based 3B printing
Technology

Daniel Silva 39



Project Idea

e How to monitor the changes in the material?

e How far can we change the material behavior under a certain load?

e Can we predict the behavior of the material after production?

CFD

Multiscale Simulation /Av MD

e Material Characteristics Stresses
* Process Parameters Sliplink |
Model e Conformation Tensor — C

Deformation
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Project Idea

Originally:

* Modelling polymer flow and crystallization.

* Analysis of the elastic modulus of a partially cristalized poylmer melt.

NN

|
|

15.9 II'Im dia.
T

L=254mm

;
;;;;; __ : il o

\ \\‘\\‘ Ny 1
254 mm

Adapted from: Roger T. Fenner, Principles of Polymer Processing, The Macmillan Press, 1979,
ISBN 0-8206-0285-X
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Project Idea

3 Months Visit

Learning how to use the Sliplink Model

Application in 3D Printing!
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Project Idea

New plan:

e Simulation for printability assessment

B B Massachusetts

Institute of
Technology

Shape

Flowability Stability

Buckling

Die Swell

Interlayer
Adhesion

ﬁ polymers

Article

FDM Printability of PLA Based-Materials: The Key Role of the

Rheological Behavior

Rossella Arrigo *'¥ and Alberto Frache

Dipartimento di Scienza Applicata e Tecnologia, Politecnico di Torino, Viale Teresa Michel 5,

15121 Alessandria, [taly; a]berto.frache@polito.it

* Correspondence: rosse]ln.arrigo@polito.it; Tel.: +39-0131229363

Abstract: Fused deposition modeling (FDM) is one of the most commonly used commercial technolo-
gies of materials extrusion-based additive manufacturing (AM), used for obtaining 3D-printed parts
using thermoplastic polymers. Notwithstanding the great variety of applications for FDM-printed

' | I I

Application of the Sliplink model in polymer extrus

Daniel Silva

e hacad 2D nria
D 4;»,:‘*:', 30U |
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Project Idea

New plan:
e Simulation for printability assessment

Flowability

Shear Thining

ﬂ polymers MY

Article

FDM Printability of PLA Based-Materials: The Key Role of the
Rheological Behavior

Rossella Arrigo *'¥ and Alberto Frache

Dipartimento di Scienza Applicata e Tecnologia, Politecnico di Torino, Viale Teresa Michel 5,
15121 Alessandria, [taly; a]berto.fmche@polito.it

* Correspondenoe: rosse]la.a.rrigo@polito.it; Tel.: +39-0131229363

Abstract: Fused deposition modeling (FDM) is one of the most commonly used commercial technolo-
gies of materials extrusion-based additive manufacturing (AM), used for obtaining 3D-printed parts

using thermoplastic polymers. Notwithstanding the great variety of applications for FDM-printed
I I I HEm Massachusetts .
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Project Idea

Shear thining given by n in the Carreau Model:

n—1

n(w) =nell + Qw)?] 2"

10° g —rrrr ——rrr

|z ss=:=psg sl gz} FIEE.

103| H-l|]l' _
] -I-I-I.-II...._...._.-.-, =
=3 - .

n € [0; 1] in pseudo-plasticity domain
n | - shear thining T

: —=— Samplel
- —=— Sample 2
—=®— Sample 3

Complex viscosity, Pa‘s

Experimental Data =———

1{] I L L IIIIIII L L IIIIIIl L L IIIIIII
10" 1 10 10°

Frequency, rad/s
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Project Idea
Shear thining given by n in the Carreau Model:

(@) = o[l + AP T

/ 10° g —— T,

n— C A
NG = noll + AT ;

10 E—I—I—I—I—I—I—I—I—I—I—I—I—III—II—II.I:_:-:-::. - =

("]

n € [0; 1] in pseudo-plasticity domain

n | - shear thining T

(5]

| —=— Samplel
—m=— Sample 2
—=®— Sample 3

Complex viscosity, Pa‘s
=
1

Beestmentet Datg ———>

Slmulatlon 10 I 1 L 1 IIIIII L 1 IIIIIIl L L 1 IIIIII
10" 1 10 10°
Shear Rate, s~! ==Frequemney racho——
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Project Idea

e (Obtainment of the Flow Curves

nNs = Steady State Viscosity

Plot g as a function of ¥

Mean value
of Viscosity
T T T T T
10° 101 102 103 104
ts
B B Massachusetts
IIIII Institute of Application of the Sliplink model in polymer extrusion-based 3D printing
Technology
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Project Idea

Input variables

e Material: Polyisoprene (PI)

M,, = 94.9 kg/mol

N, = 46

Ts@25°C = 0.1s

e T =200°C

oj/:?

B B Massachusetts
I I Institute of
Technology

Application of the Sliplink model in polymer extrusion-based 3D printing

Daniel Silva
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Using the model

Input variables

Shear rate for a circular capillary die: Yw =

4Q (3f+1
nr3< 4f )

V. = shear rate at the wall [s™1]
f = profile shape index (f <1)

Q = volumetric flow rate lms/ s]

_ P2
Q = MRy,

4{1 materials ﬁw\o\py

Article
Searching for Rheological Conditions for FFF 3D
Printing with PVC Based Flexible Compounds

I. Calafel *©, R. H. Aguirresarobe 1, M. I. Pefias |, A. Santamaria ', M. Tierno 2, J. L. Conde 2
and B. Pascual 2

L POLYMAT and Polymer Science and Technology Department, Faculty of Chemistry, UPV/EHU,
Avda. Tolosa 72, 20018 San Sebastian, Spain; roberto.hernandez@ehu.eus (R H.A.);
Al H

I - Massachuseﬂs : :’v\v\/\v\:\e‘ 2o <j>umr< .n-\-\—nr':a f?f T DN A b Ff'\v:l"\M'\u:jff_ﬂf\]\qq e (A C - . : ]
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Using the model

Input variables
_4Q (3 +1

nr3\ 4f

Shear rate for a circular capillary die: Yw

Assumption 1

Yw =Y

Yw = shear rate at the wall [s™1]

f = profile shape index (f <1)
Q = volumetric flow rate lm3/ s]

_ P2
Q = MRy,

‘ﬁi materials MbPy

Article
Searching for Rheological Conditions for FFF 3D
Printing with PVC Based Flexible Compounds

I. Calafel *©, R. H. Aguirresarobe 1, M. I. Pefias |, A. Santamaria ', M. Tierno 2, J. L. Conde 2
and B. Pascual 2

L POLYMAT and Polymer Science and Technology Department, Faculty of Chemistry, UPV/EHU,
Avda. Tolosa 72, 20018 San Sebastian, Spain; roberto.hernandez@ehu.eus (R H.A.);
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Using the model

Input variables

| . _ . 4Q [3f+1
Shear rate for a circular capillary die: Yw=3\ " ar

Assumption 1

Yw =Y

Yw = shear rate at the wall [s™1]

f = profile shape index (f <1)
Q = volumetric flow rate lm3/ s]

Q = TR*v,
Yy =150s1
For @ = 0,4mm,
v,= 1,5mm/s ‘iﬁmaterials bPy

d nd f - 1 Article
Assumption 2 Searching for Rheological Conditions for FFF 3D
Printing with PVC Based Flexible Compounds

I. Calafel *©, R. H. Aguirresarobe 1, M. I. Pefias |, A. Santamaria ', M. Tierno 2, J. L. Conde 2
and B. Pascual 2

L POLYMAT and Polymer Science and Technology Department, Faculty of Chemistry, UPV/EHU,
Avda. Tolosa 72, 20018 San Sebastian, Spain; roberto.hernandez@ehu.eus (R H.A.);

. - Massachuse]ts amanac Amaliinani samarrac (MM T DY anbvon canmbamaariafmal aac (A CY
IIIII Institute of Application of the Sliplink model in polymer extrusion-based 3D printing
Technology
Daniel Silva
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Using the model

1. Run the “shear_flow_exp”
e Time-temperature Superposition

T@200°C

H Vst = Ts.V

2. “Shear_flow_dummy” edition for each shear rate

3. Job preparation and run

4. “Stress_aver” script run

5. Data plotted in Excel

B B Massachusetts D Il N B N ) ! e
II Institute of Application of the Sliplink model in polymer extrusion-based 3 orinting

Technology

Daniel Silva
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Using the model

Flow curves

* 6 Simulations ran on cluster.

* Lowest shear rate = Running time ~10 min

Flow Curves - Polyisoprene

1.00E+03 1
~~ 1.00E+02 A —— y=075s"1
w ] S -1
I —e— 7y =15s
i y=3s!
\; —o-y=15s1
oo —o—y=75s"1
< 1.00E+01 1 ey —150s!

1-00E+00 L L LEBLELELE RN | L L LI I B LY | L) L LI BN L] | L L LIEELEEL LB | L L LENLELEL LN |

1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02
log t (s)
H B Massachusetts
IIIII Institute of Application of the Sliplink model in polymer extrusion-based 3D printing
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Using the model

Mean value of steady state viscosity

Viscosity and Shear Rate - Rescaled y = 150 s7!

Viscosity and Shear Rate - Rescaled y = 150 571
8 3
7 4
1 ]
o-—_ 6
0 0.2 0.4 E
MEE
1 © E
o 4 4
N ] y=0.0147x+2.2331
~ 1 RZ = 0.0008
—3 )
3 - -H-w...- -\.'."'-'r -~ = Pt = I =, s Ty -.'-'.-"'..-'J\. = X L™
2 ] - '.._... et et Ly -__.- e e ] - - N
1 3
O ] T T T T T T T T T T T T T T T T T T T T T T T T T T
0.12 0.32 0.52 0.72 0.92 1.12
t(s)
B B Massachusetts - ) R o o ) ‘ i
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Using the model

Viscosity Curve

Viscosity Curve - Polyisoprene

1.00E+03 3
Y y'st ns -
0.75| 0.000126 | 196.2317 ©  LOOE+02 1
1.5 0.000252| 142.9468 & ]
3| 0.000505| 95.64104 ~
15| 0.002524| 17.3557 =
75| 0.012621| 4.19945 60
©  1.00E+01 5
150| 0.025241| 2.242802 - E
sN-1) sN-1) kPa.s
1.00E+00 T T ——— T T —T
1.00E-04 1.00E-03 1.00E-02

logys, (s71)
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Using the model

Power regression

Viscosity Curve - Polyisoprene

1.00E+03

y = 0.0646x70-953

R?=10.9979
)
“)' 1.00E+02 - .
[40] : ..'o.
=¥ -~
i~
L — ....
%) e,
=
e10] .'o.
S 1.00E+01 4
1.00E+00 ———— ———
1.00E-04 1.00E-03 1.00E-02
; -1
logys, (s77)
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Using the model

* Following the power-law:
_ - n—1
Ns = K.¥s

The trendline slope is equal to the power n-1.

* From the regression:

n—1=-0953en=0.047
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Using the model

* Following the power-law:
_ - n—1
Ns = K.yg

The trendline slope is equal to the power n-1.

* From the regression:

n—1=-0953en=0.047

Very high shear thining!
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Observations

e Higher periods for lower shear rates should be tested;

e Value of n does not have a practical meaning

Other materials could be tested in near future developments.

B B Massachusetts : i I I . . 5
II o Application of the Sliplink model in polymer extrusion-based 3D printing
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Future Work

* Conformation tensor calculation — Near future.

Consideration of:

* Nozzle section variation and calculus of pressure difference as input parameter;

Assumption of immediate freezing of the conformation tensor and the modulus.

* Conformation tensor calculation with a partially crystallized melt.

. \@
S —
4 \‘7‘“@%-
e da
H B Massachusetts
IIIII Institute of Application of the Sliplink model in polymer extrusion-based 3D printing
Technology
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Conclusions

* | had the opportunity to be introduced to Molecular Dynamics
and to successfully apply the Sliplink Model in 3D printing;

* There are several opportunities to execute new studies;
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Conclusions

* | had the opportunity to be introduced to Molecular Dynamics
and to successfully apply the Sliplink Model in 3D printing;

* There are several opportunities to execute new studies;

* It was very challenging and... | have a lot more to study...

PRIN(IPLES
of
POLYMER PRO(ESSlNG

H B Massachusetts ) )
I I Institute of Application of the S
Technology

62

Daniel Silva



B B Massachuset

Thank you, Rutledge Group!
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