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Challenges in AM Processing
• Slow ?
• Limited combinations of materials
• Processing conditions vs materials properties
• Temperature monitor and control [non-isothermal!]
• Non-equilibrium phenomena
• Marriage of thermal and materials properties
• Mechanics, shrinkage, and morphology
• How to optimize and design shapes of materials
• Desperate need for standards!
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Some polymer methods..
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Fig. 1 – Overview of monomer/polymer materials used with
specific layered building methods in additive processing.
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Fig. 1 – Overview of monomer/polymer materials used with
specific layered building methods in additive processing.

Fig. 2 – Schematic of a photopolymerization-based,
top-down stereolithographic apparatus (SLA) part
production process. There are also devices that photocure
with a bottom-up approach where the bath has a UV
transmissive, nonadhesive base and the inverted support
platform is incrementally raised throughout the process,
which minimizes need for sacrificial support structures.
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Fused Deposition [Filament] Modelling of
Polymers (FDM, FFD, FFF)
• “Hot Glue Gun” Extrusion
• Molten polymers: glassy or semicrystalline
• Non-isothermal process..
• Rapid prototyping
• Poor mechanical properties?
• Great potential to expand to
biopolymers, medical devices,
mechanically strong materials,
….?

Some Challenges in Polymer FDM
• Weak mechanical properties
• Sagging
• Poor/textured surface properties
• Porosity
• Shrinkage, warping, and debonding.

Polymer Materials
Material
• Semi-crystalline polymers
• poly-caprolactate (PCL)
[biodegradeable polyester]
• polylactic acid (PLA)
[biodegradeable]

• Amorphous polymers
• Polycarbonate (PC)

Transition Temperature
• Melt:

60 C

• Melt:

150-160 C

• Glass:

147 C

• Glass:

80-125 C

• ABS: Acrylonitrile-butadienestyrene (copolymers + rubber
particles)

Relevant Polymer Physics
• Crystallization
• Exothermic, structure formation, flow-induced,

• Molecular orientation in flow
• Alignment influences welding, deposition

• Rheology of entangled polymers
• Non-Newtonian, non-linear, . …

• Entanglement and diffusion
• Controls weld process

• Glass transition
• Ideally want sharper liquefaction above T_g
(fragile glass)
[PLLA (Grade 4043D, Mw=111kg/mole, Z=12 Entanglements]

Polymer Melts and Doi-Edwards Theory
Entangled Polymer
Dynamics

Success

I She
I Lin
I Bea
fram
mea

Rouse (‘Stretch’)
Reptation
(‘disengagement’)

⌧R ' N 2
⌧d ' N 3

Viscosity

⌘ ⇠ N3

[Doi & Edwards, Faraday Discussions II (1978-1979) ]

Polymer Dynamics and Timescales:
``Weissenberg numbers’’

Wirept = ⌧d ˙ ⇠ M 3

Wistretch = ⌧R ˙ ⇠ M 2
Wirept > 1
Wistretch . 1

10

Wistretch > 10
Typical nozzle parameters:

Significant orientation (and
flow induced crystallisation)
Significant stretch (and
oriented crystallization)

Wirept ' 100,

Wistretch ' 10

Non-Newtonian Fluid Mechanics
of Polymeric Materials
• Shear Thinning
• Rod Climbing
• Die Swell
• Spurt and slip

Flow-induced crystallization
during extrusion
Example of polypropylene (L Scelsi, et al.. J Rheology (2009)

Modelling: Structure formation/crystallization, rheology, flow geometry.
McHugh & Doufas; Fiber Spinning (JNNFM 2000);
Graham and Olmsted: flow-induced crystallization (Phys Rev Lett 2009)

Scientific Issues in FDM
• Glass transition

J Forrest & M Ediger,
Macromolecules 2014

• Polymer welding
• Crystallization
• Non-isothermal processes

A Angel, 1997

Computational/Modelling
challenges
• Many coupled time-dependent quantities:
• Molecular shape/structure/orientation/alignment
• Temperature
• Velocity field/deformation
• Density
• Moving/changing boundaries
• Phase change materials

• Multiple scales (chemistry ! polymer ! mesoscale
ordering ! fluid mechanics of extruded filaments ! bulk
mechanical properties of composite FDM material).

FDM Materials Polymer Rheology
ABS Moduli

Composite (nanoparticles +
copolymers

Details of extrusion
• Strong alignment and
orientation in the nozzle.
• Molecular `skin’ layer
remains well-aligned
upon extrusion and
deposition.

Polycarbonate

Linear polymer melt
Reptation time

Polymer Welding – A race against time!
GE, ROBBINS, PERAHIA, AND GREST

PHYSICAL REVIEW E 90, 012602 (2014)

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted.
Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

Theoretical and computational studies have further probed
the dynamics of polymers at interfaces, providing detailed
insight into the location and conformation of macromolecules.
For miscible polymers, reptation dynamics, which was originally introduced by de Gennes [14] and later refined by Doi and
Edwards [15] to explain the dynamics of entangled chains in
bulk melt, was able to describe [1,4,6–10] diffusion across
a polymer interface in a welding process. For immiscible
polymers in which interpenetration of the films is limited,
Helfand and Tagami [26,27] calculated the equilibrium interfacial density profile using mean-field theory.
Computer [28–33] simulations have been performed to
study the interdiffusion across both miscible and immiscible
polymer joints. For miscible polymers, results of Monte Carlo
simulations [29] of a lattice polymer model showed that the
mass uptake between polymers agrees with the prediction of
reptation dynamics. However, our recent molecular dynamics
(MD) simulations [31,32] of thermal welding of two thin
films of identical monodispersed polymers showed that the
interfacial dynamics is controlled by the motion of chain
ends and is faster than predicted by reptation dynamics. For
immiscible polymers, both Monte Carlo [28,30] and MD
FIG. 1. (Color online) Snapshots showing the evolution of the
simulations [33] have found that the immiscibility arrests the
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Recently, we have probed the interfacial strength of polymer
the cut: z > 0 (blue) and z < 0 (yellow). For clarity only a portion
interfaces in our molecular dynamics simulations [32,33] using
of the sample, 40a by 60a in the y-z plane and 10a deep along x is
a shear test that is similar to lap-joint shear experiments
shown. Snapshots (a)–(c) depict the interface at interdiffusion times
[22–25]. For miscible polymers, the interfacial strength int = 0.01Mτ , 0.5Mτ , and 7Mτ , respectively. Snapshots (d)–(f) show
creases with interdiffusion time and saturates at the bulk
the corresponding states after a large shear strain γ = 12 along y.
strength. The dominant failure mode changes from pure chain
Chains have initial length N = 500 and T = 0.2u0 /kB .
pullout at the interface for short welding times to chain scission
for long welding times, as in bulk failure. In contrast, even for
weakly immiscible polymers, the narrow interface is unable
in Sec. III C,
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of polydispersity and
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to transfer stress upon deformation as effectively as the bulk
chain stiffness. Finally a summary and conclusions are given
polymer, and chain pullout at the interface is the dominant
inImaging
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mode. These
studies have shown that, asInfra-Red
expected,
entanglementsModelling
play a critical role in resisting chain pullout
and enhancing the interfacial strength.
II. MODEL AND METHODOLOGY
In this work, we probe the interface between two polymeric
A. Simulation model
films that were cut and allowed to heal as illustrated in Fig. 1.
Here
we
employ
a
coarse-grained bead-spring model [37]
In contrast to thermal welding of separate parts of identical
that captures well the properties of linear homopolymers. Each
polymers [1,4–7,10,12,13,22–25], scission of polymers results
polymer chain initially contains N = 500 spherical beads of
in formation of interfaces that consist of chains of multiple
mass m. Beads interact via the truncated and shifted Lennardlengths. This
polydispersity
key to the dynamics of healing
Extrusion
ofisan
Non-uniform
Polymer alignment can
Jones potential,
of polymer films. Simulation results for healing are compared
temperature
profile
entangled
polymer
melt
with
previous findings
for thermal
welding. The
strength
weaken welds
ULJ (r) = 4u0 [(a/r)12 − (a/r)6 − (a/rc )12 + (a/rc )6 ], (1)
of a healed interface formed by polymers with different
and
glass
transition.
into
layers.
between layers.
stiffness is probed and related to the molecular mechanisms
of deformation and failure. These studies are correlated with
where r is the distance between beads, rc is the cutoff radius,
the local density of entanglements extracted from primitive
and ULJ (r) = 0 for r > rc . All quantities are expressed in
path analysis, a recent methodology developed to enable one
terms of the molecular diameter a, the binding energy u0 , and
to identify and track the evolution of entanglements [34–36].
the characteristic time τ = a(m/u0 )1/2 . To provide a rough
These simulations allow a direct measurement of various
mapping to hydrocarbon polymers we take a ∼ 0.5 nm, which
parameters that characterize the interfacial structure and reveal
is a typical interpolymer distance, and a binding energy of
correlations between them and the interfacial strength.
order the glass transition temperature, u0 ∼ 40 meV. One then
Section II presents the simulation model and methodology
finds the units of force and stress are u0 /a ∼ 13 pN and
used in this study. Then Secs. III A and III B present results
u0 /a 3 ∼50 MPa, respectively. The latter is of the same order
for the diffusion dynamics and the evolution of molecular
as yield stresses in glassy polymers.
and entanglement structure at the interface during healing. An
For equilibration and healing runs we used the unbreakable
analysis of the evolution of interfacial strength is presented
finitely extensible nonlinear elastic (FENE) potential [37] to
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Three Stages of Printing:

Nozzle: Steady axisymmetric pipe flow.
High shear rates stretch and orient the polymer.

Deposition: Map axisymmetric flow to elliptical layer.
Complex 3D polymer configurations across layer.

Weld: Temperature-dependent
relaxation of deformation.
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Entanglement density is key to welding characteristics.
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Modelling Polymer Deformation during 3D Printing

Non-Isothermal Processes: fiber
modelling: semicrystalline polymers
• Momentum
• Conformation
• Stress
Constitutive
Relation
• Heat Flow
• Crystallinity
• Timescales
Outputs: orientation and structure of spun fibers.
[Doufas, McHugh, & Miller, JNNFM 92 (2000) 27-66]

Molecular-based kinetics of flow-induced crystallization: Graham & Olmsted (PRL 2009)

Rolie-Poly Models; apply to
glassy
polymers.
The
Rolie-Poly
Model for Polycarbonate
Likhtman & Graham JNNFM (2003)

Tube Model

Deformation Tensor
A=

< RR >
3Rg2

Rolie-Poly Equation
DA
= K·A+A·KT
Dt
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Polymer Deformation in the Nozzle
Fast Printing vL = 100 mm/s

#1 Nozzle: Steady state axisymmetric pipe
flow calculation for polycarbonate.
T = 250o C; vN = 75 mm/s; ˙ w = 3600 s
Velocity Profile

Principle Shear: Ar

Stretch: trA

Ellipses represent how polymers
become stretched and oriented
near the nozzle walls.
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Variable Entanglement Density
Ianniruberto & Marrucci J. Rheol. (2014)

#1 Nozzle: Modify entanglement density ⌫ = Z /Zeq
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Greater disentanglement for faster printing speeds.
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(b) Deformation and evolution of

Polymer Deformation during
Deposition
polymer
at three locations

Model
#2 Deposition: (T = 250o C) Slow Printing:Polymer
UL = 10 mm/s

Compare diffusion distance…
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Alignment in flow direction.
Larger stretch along the
outside edge of deposition.
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Deposition: Map axisymmetric flow to elliptical layer.
Complex 3D polymer configurations across layer.
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Weld: Temperature-dependent relaxation of deformation.
Entanglement density is key to welding characteristics.
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Need for new/in situ metrologies
• Temperature
• Molecular conformation/shape

Time dependence!!!

• Welding/interfacial properties
• Mechanical properties: rheologies, elastic moduli, fracture
strength and toughness, anisotropy, plasticity, ..
• Crystallinity
• Spectroscopies (IR, X-ray, neutron, Raman, fluorescence)
• Microscopies (light, Raman, TEM, SEM, …)
• Interfacial characterization (neutron scattering)

Theory and Computational
Methods/Needs
• Develop coupled molecular and thermodynamic fields (temperature,
mass, velocity, crystallinity, orientation, …). Micron scale
• Polymeric atomistic (or united atom model) simulation: welding,
deformation of materials. nm scale
• Experimental inputs: temperature, extrusion conditions, build protocols,
….
• Build theory and prediction around model materials; in conjunction
with `wild’ materials.
• Finite element simulations of parts/pieces; compare with experiment on
deformation, fracture, yield. mm scale

Coarse-Graining in Polymers –

Current modeling capabilities
in flow

DPD Simulations, Z=17, 705 chains, startup at Wi=40 for 5 reptation times (200 strain
units). [Mohagheghi & Khomani, ACS Macro Letters 2015].

Process Characterization Thermography
[J Seppala, K Migler@NIST Team]

(a) Illustration

(b) Extrusion

(c) Hot, no extrusion

(d) Cold nozzle

Figure 1: Illustration and false color IR images of 3D printing process. From left to right illustration, extrusion, extruder
hot/no extrusion, and extruder cold (color scale is linear). The white markers in the center of the print and reflection images
denote ROIs for print layer LP , layer LP 1 , and layer LP 2 . Reflected IR photons visible from all layers and the build plate
(slightly lighter blue compared to cold pass).

for the printing layer drops o↵ quickly converging
with the layer below (LP 1 ) within 2 s. For the
printing layer (LP ) at times less than 0 s, the camera is measuring air or the defocused rear wall of
the printer, as such the points are removed from
the plot.

ature.
3.3. Reflection Correction
In order to accurately convert the total IR signal
from the camera into temperature, the component
of total signal due to emission (IE ) must be determined. The measured or total signal stems from
the summation of emitted and reflected energy from
the object received by the detector (I = IE + IR ).
As noted in section 3.2, the reflected energy can be
Image
determined Infrared
by passing the
heated extruder over the
build surface without extruding (fig. 1c), extracting
IR profiles (fig. 3) from the ROIs, and calculating
the signal strength above background.

Scientific arenas for Additive
Manufacturing
1. Fundamental Scientific Issues:
• Non-isothermal conditions. molecular alignment and welding, phase
changes/glass transition, shrinkage and warping, crystallization

2. Unique Fundamental Theory/Computational approaches
• Multiple scales (molecular [nm] to part size [cm])
• Multiple dynamic fields (temperature, velocity, deformation)
• Complex molecular and non-linear rheology/constitutive relations

3. Mathematical Models/Validation
• Rheology: advanced models for polymer deformation.
• Computation: flow-solvers for complex non-isothermal constitutive
models for different build protocols.
• Experimental: in situ characterization of T, orientation, etc; weld
properties, mechanical performance.

Scientific challenges for FDM
5. Involves the most important (relevant) open questions in
polymer materials and mechanics
• The glass transition
• Flow-induced crystallization
• The relation of molecular structure to fracture strength and
deformation.
• …..

6. What multidisciplinary sciences are needed?
•

Chemistry, physics, metrologies, mathematics, computation,
engineerings (chem, mech, …), computer science, massive data.

7. Partnerships
• Academia; National Labs (NIST, Sandia, LLNL,…); Industry (materials
manufacturers, AM machine developers, end users and suppliers).

