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3D Printing with Polymers

Carbon 3D Continuous photocuring (polyurethanes)
Selective Laser Sintering (Polyamides)

Fused Deposition Modeling/Fused Filament Fabrication
(PC, ABS, PLA) 

Stereolithography (UV curing, methacrylates)

• Speed!
• in-situ metrologies
• Non-isothermal/non-

equilibrium
• Thermal gradients
• Mechanics, shrinkage, 

and morphology.

Challenges! 



Selective Laser 
Melting of Metals

Stainless steel

Particle Speeds 2-4 m/s
Liquid Ejection at 10 m/s

• Rapid heating/cooling
• Plasma formation
• Hydrodynamics of molten 

liquid meal, 
• Marangoni effects
• Vapor pressure recoil
• Rapid solidification
• Non-equilibrium 

metastable crystal states
• Glass formation?
• Mechanical properties of 

welded metals, 
polycrystalline texture

• Alloy design
• Powder design and flows

Selective Laser Sintering

Wide Sintering window: to cool slowly, avoid shrinkage, mix particles.
Schmidt & Wegner, Procedia Engineering 149 (2016) 457

Stichel et al., Optics Las. Tech 89 (2017) 31

• PA12 has the best (?) sintering 
window. [Tune crystal thickness  
and/or isoform]

• Powder flowability is crucial.

• Porosity due to bubble entrapment 
(gas diffusion in polymers important)

motes the coalescence process between adjacent particles
and so enhances the densification of parts [5].

After these global porosity measurements, the distribu-
tion of the porosity in parts was characterised by X-ray
tomography.

Fig. 4 presents 2D sections as observed by X-ray tomog-
raphy for parts sintered with different energy densities.
Striking differences appear in terms of size, morphology
and distribution of the porosity especially between the
two powders. Indeed, the pore size seems to be larger for
the Duraform PA samples. In samples sintered with Innov
PA, the successive layers are clearly distinguished at the
lower energy density level, contrarily to Duraform PA
samples.

Fig. 5 shows the number and volume frequency distri-
bution of the pore size (in lm3) for samples sintered at
medium energy density. This type of graphs can be com-
pared to those obtained when performing a granulometric
analysis of a powder. With such an analysis we are able to
extract some parameters which are in current use in pow-
der characterization. Thus the values of pore volume V50

(equivalent to the d50 for powders) and polydispersity in-

dex (PI) of the frequency volume distribution can be ex-
tracted for each Eq. Moreover the average volume and
the number of pores by cubic millimetre were also mea-
sured. The results are gathered in Table 3. This table also
presents the results for the porosity calculation. X-ray
tomography analyses are made in the core of each part,
so the porosity is assumed to be the closed porosity. For
the sample obtained with the Innov PA powder at the
two lower Eq, the open porosity extends to the core of
the sintered parts, so in this specific case, the porosity va-
lue measured by X-ray tomography is intermediate be-
tween total and closed porosities.

First it can be noticed that the pore average volume and
the V50 are very high for Duraform PA compared to Innov
PA, as expected when considering Fig. 4. But the pore con-
centration (i.e. number by mm3) is about tenfold higher for
Innov PA. Second, the frequency and number distributions
are similar for Innov PA samples, but for Duraform PA sam-
ples the volume distribution is shifted to higher pores vol-
ume compared to the number frequency distribution.

For Innov PA samples at the two lower Eq, the very high
degree of open porosity (as observed on Fig. 4) is responsi-

Fig. 4. X-ray tomography images of the microstructure of parts sintered at 1.36 and 3.40 J/cm2 with Duraform PA and Innov PA.

Fig. 5. Volume and frequency distribution of the pores volume for samples sintered at 2.38 J/cm2 with Duraform PA (a) and Innov PA (b).
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material ‘preform’ that exists prior to AM,  which may  be powder,
wire, sheets, etc. The typical, ASTM-recognized AM methods are:
material extrusion, material jetting, sheet lamination, vat photo-
polymerization, binder jetting, directed energy deposition (DED)
and powder bed fusion (PBF). Typically, each AM method is tailo-
red for building a specific type of material (e.g. plastics, polymers,
composites or metals) as the effective material deposition and join-
ing can be unique. A more detailed description of the various AM
methods can be found in Refs. [10–12].

The AM process is traditionally ‘open-loop’; however, real-
time feedback control can be integrated into the AM machine for
ensuring better part quality (as discussed in Part II). Feedback
control is accomplished by having a non-destructive monitoring
system installed that indirectly measures part quality, for example,
through use of infrared thermal imaging – to determine local-
ized hot regions known to manifest to, for example, residual
stress or part morphing. Such data obtained by monitoring can
be used to adjust the AM process parameters in real-time as to
rectify the manufacturing process automatically – providing for
a ‘hands-off’ operation. To ensure correct part dimensions/shape
and integrity, post-AM procedures are typically performed; such as
excess material removal and heat treatment. In PBF, for example,
a ‘de-powdering’ procedure is required to remove excess metallic
powders adjoined to the fabricated part, while parts made via vat
photopolymerization may  require excess curing time outside the
machine. For a target volume, a part built via AM is at risk of being
over-dense or under-dense due to the presence of contaminants,
voids and/or cavities. The actual volume of the part relative to the
targeted volume is referred to the part’s net shape, and this net
shape is often sought to be zero (i.e. near net shape). As it will be
discussed in Part II, the net shape and density of the final part can
impact its post-manufactured thermo-mechanical properties.

1.3. Additive manufacturing of metals

When it comes to the AM of metallic parts, the DED and PBF pro-
cesses are the most proven and feasible methods. Both processes
involve the deposition of powder metal (or less common preforms
such as wire) and their simultaneous or subsequent melting via a
focused thermal energy source. Unlike plastic or polymeric-based
AM processes, PBF and DED require an electron beam or laser beam
(or any thermal energy source) to accomplish layer-to-layer met-
allurgical bonding – to overcome the relatively high enthalpy of
fusion and melting temperature of metals. When a laser is used for
either DED or PBF (as the energy delivery type) the processes can be
referred to as a form of Laser-Based Additive Manufacturing (LBAM)
while DED can be further specified as Direct Laser Deposition (DLD).

Powder Bed Fusion-Laser (PBF-L), also referred to as Selective
Laser Melting (SLM), is used to generate metallic prototypes/parts
via the incremental height-wise movement of a table consisting of
a compact, uniformly distributed layer of metallic powder that is
selectively melted by a focused laser beam. As shown in Fig. 1, a
uniform ‘bed’ of powder is first deposited and then specific regions
of the bed are melted by the laser beam in order to build a single
layer of the part. The melting pattern, or laser scanning pattern,
can be continuous lines or near-random pulses. Upon the comple-
tion of a single layer, the powder bed is lowered by the height
of the deposited layer, a new bed of powder is deposited with a
roller, and the process is repeated. This repetitious process results
in excess metal powder which can help in supporting the part dur-
ing the build and can also result in powder remaining in the part if
it consists of passages/channels in the design. The use of PBF-L for
generating parts with ‘overhanging’ structures is advantageous, as
these sections can be supported by the un-melted powder bed, thus
reducing residual stress formation and the potential of part collapse
during the build. The PBF-L process typically occurs in an enclosed,

Fig. 1. The Powder Bed Fusion-Laser process.

inert-gas atmosphere as to reduce the oxidization rate of the part
during the build. The part is built upon a base plate (i.e. build plate,
substrate, platen), and the finished part must be sheared off from
the base plate after the AM process. This is typically accomplished
by electrical discharge machining (EDM).

Like PBF-L, DLD is a means to build metallic prototypes/parts.
However, instead of a separate material and selective energy
delivery process, DLD combines the material/energy delivery for
simultaneous deposition and part forming within a similar region
as shown in Fig. 2. The metal preform can be wire or powder with
the latter being significantly more abundant and supported by con-
temporary DLD machines. Wire-fed DLD provides for better control
on the deposition efficiency, while powder preform is typically
blown through nozzles and can result in non-used powder accu-
mulation in the DLD machine. Earlier DLD systems consisted of
single, coaxial nozzles (coaxial with laser beam) in atmosphere,
while current DLD machines may  have up to four (or more) nozzles
and utilize inert gas as to minimize high oxidization rates inherent
for elevated temperature metal processing [13].

The main differences between PBF-L and DLD can be exploited
for various applications and end-user needs. PBF-L can provide for
finished parts with finer surface quality, but a de-powdering proce-
dure is required. DLD may  require a post-AM machining procedure,

Fig. 2. Blown powder Direct Laser Deposition (DLD) with thermal monitoring.

S.M. Thompson et al. / Additive Manufacturing 8 (2015) 36–62



Fused Deposition Modelling 
of Polymers (FDM, FFD, FFF)

• “Hot Glue Gun” Extrusion
• Automotive, aerospace, medical devices, 

custom parts,….

• Rapid prototyping

~$105

~$103

Some Challenges in Polymer FDM/FFF

• Weak mechanical properties
• Sagging

• Poor/textured surface properties
• Porosity

• Shrinkage, warping, and debonding.



Polymer Materials

• Semi-crystalline polymers
• poly-caprolactate (PCL) 

[biodegradeable polyester]

• polylactic acid (PLA) 
[biodegradeable]

• Amorphous polymers
• Polycarbonate (PC)

• ABS: Acrylonitrile-butadiene-
styrene (copolymers + rubber 
particles)

• Polymers +
• Nanoparticles, clays, fibers, …

ABS

Polycarbonate

Entangled Polymer Dynamics

Polymer Melts and Doi-Edwards Theory (1978)
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Significant stretch (and oriented 
crystallization)

Significant orientation (and flow 
induced crystallisation)

Effects of Polymer Dynamics and Timescales: 
Flow-induced crystallization [van Meerveld, Peters, Hutter Rheo
Acta 2004]

Typical maximum nozzle parameters:  

Wirept = ⌧d�̇ ⇠ M3

Wistretch = ⌧R�̇ ⇠ M2

Wirept > 1

Wistretch . 1� 10

Wistretch > 10

Wirept ' 100, Wistretch ' 10

McHugh & Doufas: Fiber Spinning JNNFM 2000;
Van Meerveld Fiber Spinning, JNNFM 2008 
Graham & PDO:      Flow-induced crystallization PRL 2008)
Scelsi, Mackley, Klein, Visualization of FIC JOR 2009
PDO, Graham, Harlen, McLeish 

FDM/FFF: Details of extrusion

• Strong alignment and 
orientation in the 
nozzle.

• Molecular ̀ skin’ layer 
remains well-aligned 
upon extrusion and 
deposition.

4

TABLE I. Weissenberg numbers (Eqs. 16-18) calculated dur-
ing extrusion for Z

eq

= 37 and � = 0.3 (similar to poly-
carbonate printing material), print temperature T

N

= 250oC
and two typical speeds U

N

= 75 and 10 mm/s. See Appendix
C for further details.

Reptation Wi Fast Slow Rouse WiR Fast Slow

Wi
N

(average) 13 2 Wi
R

N

(average) 0.07 0.009

Wi
W

(wall) 91 24 WiR
W

(wall) 1.5 0.4

Rouse time does not depend on the local shear rate
and is given by Eq. 4 under flow conditions. The
steady-state constitutive curve defined by Eqs. 8, 11 and
12 demonstrates the shear-thinning behaviour typical of
FFF-printed materials and is discussed in Appendix A;
increasing the CCR parameter � acts to suppress excess
shear-thinning behaviour [29].

In steady state shear, Eq. 12 reduces to

⌫ =
1

1 + �A
rs

�̇⌧eq
d

, (14)

where A
rs

is the shear component of A. Larger shear
rates impose a greater deformation on the polymer mi-
crostructure and the resulting alignment reduces the en-
tanglement fraction. Ianniruberto compared this flow-
induced disentanglement theory [25] to molecular dynam-
ics simulations of simple steady shear flow conducted by
Baig et al. [32] for a wide range of shear rates �̇, finding
that � = 0.15 gives the best fit to the entanglement loss
data for Z

eq

= 14. The theory is also compared to the
step strain response experiments reported by Takahashi
et al. [33] for a polystyrene melt with Z

eq

= 12; in this
case good agreement is found for � = 0.25. Inhomoge-
neous disentanglement has also been found in dissipative
particle dynamics simulations by Khomami et al. [34, 35]
of polymer melts with Z

eq

= 13, 17.
In the following we show results for � = 0.3. For our

model parameters, the constitutive curve is monotonic
and we avoid shear-banding e↵ects. The e↵ect of increas-
ing � to unity in our FFF model (as in reference [23]),
which gives the most extreme case of disentanglement, is
shown in Section VB. We discuss the e↵ect of choosing
smaller � in Appendix A.

B. FFF Parameters and the Printing Process

In the following, Eqs. 7, 8, 11 and 12 are solved to
determine the melt behaviour during steady-state extru-
sion. Extrusion is treated in two stages in a frame fixed
with the nozzle, where the build plate moves in the ŷ
direction.

First, the melt flows through a fixed, vertically-
orientated nozzle at mass-averaged speed U

N

. The noz-
zle is circular in shape so that the flow is axisymmetric.
The melt is then deposited onto the build surface, which
moves horizontally at mass-averaged speed U

L

. During

this deposition, the fluid must speed up and deform to
make a 90o turn. The layer thickness H is typically
less that the nozzle diameter, so that the shape of the
layer is roughly elliptical [12]. The print temperature T

N

is assumed to be uniform across the nozzle radius and
throughout the deposition, and we assume that the flow
is steady (see Appendix C for details).
Assuming mass conservation, the speeds are related by

⇡R2U
N

=
⇡RH

2
U
L

, (15)

where R is the nozzle outlet radius. As well as local ac-
celeration due to the corner geometry, the flow must also
speed up to conserve mass whilst transforming from cir-
cular to elliptical geometry. If U

N

< HU
L

/2R, then too
little material is deposited and drawing occurs; similarly,
if U

N

> HU
L

/R then buckling of the printed material
occurs.
The equilibrium mass-averaged reptation Weissenberg

number in the nozzle is defined by

Wi
N

=
U
N

R
⌧eq
d

(T
N

), (16)

for equilibrium reptation time ⌧eq
d

given by Eq. 5.
Values for a typical print temperature and two typical
print speeds (fast and slow) are given in Table I. Since
Wi

N

� 1, we expect a significant orientation of the poly-
mer in the nozzle. The local Weissenberg number at the

FIG. 2. (a) Visualisation of polymer as a deformed sphere
under shear flow. (b) Velocity profiles w(r) and ellipsoidal
representation of polymer deformation (Z

eq

= 37,� = 0.3)
across the nozzle radius for fast and slow print cases corre-
sponding to Wi

N

= 13 and 2 (Table I).
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Polymer Welding – A race against time!
GE, ROBBINS, PERAHIA, AND GREST PHYSICAL REVIEW E 90, 012602 (2014)

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 origi-
nally 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 inter-
facial 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
simulations [33] have found that the immiscibility arrests the
interdiffusion and limits the equilibrium interfacial width.

Recently, we have probed the interfacial strength of polymer
interfaces in our molecular dynamics simulations [32,33] using
a shear test that is similar to lap-joint shear experiments
[22–25]. For miscible polymers, the interfacial strength in-
creases with interdiffusion time and saturates at the bulk
strength. The dominant failure mode changes from pure chain
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
to transfer stress upon deformation as effectively as the bulk
polymer, and chain pullout at the interface is the dominant
failure mode. These studies have shown that, as expected,
entanglements play a critical role in resisting chain pullout
and enhancing the interfacial strength.

In this work, we probe the interface between two polymeric
films that were cut and allowed to heal as illustrated in Fig. 1.
In contrast to thermal welding of separate parts of identical
polymers [1,4–7,10,12,13,22–25], scission of polymers results
in formation of interfaces that consist of chains of multiple
lengths. This polydispersity is key to the dynamics of healing
of polymer films. Simulation results for healing are compared
with previous findings for thermal welding. The strength
of a healed interface formed by polymers with different
stiffness is probed and related to the molecular mechanisms
of deformation and failure. These studies are correlated with
the local density of entanglements extracted from primitive
path analysis, a recent methodology developed to enable one
to identify and track the evolution of entanglements [34–36].
These simulations allow a direct measurement of various
parameters that characterize the interfacial structure and reveal
correlations between them and the interfacial strength.

Section II presents the simulation model and methodology
used in this study. Then Secs. III A and III B present results
for the diffusion dynamics and the evolution of molecular
and entanglement structure at the interface during healing. An
analysis of the evolution of interfacial strength is presented

FIG. 1. (Color online) Snapshots showing the evolution of the
interface due to interdiffusion and shear after bonds crossing the
plane z = 0 are cut. Beads are colored based on their positions before
the cut: z > 0 (blue) and z < 0 (yellow). For clarity only a portion
of the sample, 40a by 60a in the y-z plane and 10a deep along x is
shown. Snapshots (a)–(c) depict the interface at interdiffusion times
t = 0.01Mτ , 0.5Mτ , and 7Mτ , respectively. Snapshots (d)–(f) show
the corresponding states after a large shear strain γ = 12 along y.
Chains have initial length N = 500 and T = 0.2u0/kB .

in Sec. III C, highlighting the effects of polydispersity and
chain stiffness. Finally a summary and conclusions are given
in Sec. IV.

II. MODEL AND METHODOLOGY

A. Simulation model

Here we employ a coarse-grained bead-spring model [37]
that captures well the properties of linear homopolymers. Each
polymer chain initially contains N = 500 spherical beads of
mass m. Beads interact via the truncated and shifted Lennard-
Jones potential,

ULJ(r) = 4u0[(a/r)12 − (a/r)6 − (a/rc)12 + (a/rc)6], (1)

where r is the distance between beads, rc is the cutoff radius,
and ULJ(r) = 0 for r > rc. All quantities are expressed in
terms of the molecular diameter a, the binding energy u0, and
the characteristic time τ = a(m/u0)1/2. To provide a rough
mapping to hydrocarbon polymers we take a ∼ 0.5 nm, which
is a typical interpolymer distance, and a binding energy of
order the glass transition temperature, u0 ∼ 40 meV. One then
finds the units of force and stress are u0/a ∼ 13 pN and
u0/a

3∼50 MPa, respectively. The latter is of the same order
as yield stresses in glassy polymers.

For equilibration and healing runs we used the unbreakable
finitely extensible nonlinear elastic (FENE) potential [37] to

012602-2

Ge, Periaha, Grest, Robbins [ACS Nano 2013,
PRE 2014]

Measuring the temperature history 
[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 cam-
era is measuring air or the defocused rear wall of
the printer, as such the points are removed from
the plot.

Figure 2: IR intensity profiles for ABS printed at 230 �C
and 100mm/s. From ROIs corresponding to fig. 1b. The
IR intensity of printing layer (LP ) drops quickly while the
intensity of sublayers LP�1 and LP�2 appear to increases
instantly. The sudden increase in LP�1 and LP�2 is due to
reflected IR photons from the extrusion head. Following the
sudden increase a more sublet peak in intensity occurs for
both LP�1 and LP�2 each lagging behind the appearance
of the LP .

From this data, the drop o↵ in total IR signal
occurs over a time scale of 1 s to 2 s. Note that a
second peak in the total IR signal for layers LP�1

and LP�2 lags behind intensity spike for the print
layer as would be expected for thermal di↵usion.
Next we consider how to remove confounding IR
reflections and to convert the IR signal to temper-

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 de-
termined. 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
determined 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.

Figure 3: IR intensity profiles for heated nozzle, no extru-
sion, at 230 �C and 100mm/s. From ROIs corresponding to
fig. 1c. The reflection profile is unique for LP , while LP�1

and LP�2 have similar profiles.

We calculated IE by linearly shifting the non-
extruded IR profile until the peak intensities in the
extruded and non-extruded IR profiles are aligned

4

Seppala & Migler, Additive Manufacturing 12 (2016) 71–76 



(some of the) Relevant Polymer 
Physics 

• Crystallization
• Heat release, fibril welding, 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
• Want sharper liquefaction above T_g (fragile 

glass). Mobile surface layer?

[nonequilibrium, non-isothermal, phase change, 
inhomogeneous…..]

Wish List of Calculations

• Flows in the nozzle.
• Deformation during 

deposition. 
• Cooling and freezing-in of 

alignment/disentanglement.
• Polymer welding behaviour.



FDM Modeling 

Assume:
• Uniform Temperature across nozzle
• Steady state flow upon exit
• Final elliptical shape

C McIlroy & PDO, Journal of Rheology 61 (2017) 379

Tapadia & Wang PRL 2003

Melt rheology: Rolie-Poly model 
Likhtman & Graham JNNFM 2003

C Baig et al MM2010; Mogheghagi and 
Khomami, ACS Macro Letters 2015; 
Sefiddashti, Edwards, & Khomami
JOR 2015

Adam, Fielding & Olmsted, JOR 2011

Doi-Edwards Instability, 
Disentanglement, …..?



Rolie-Poly model
+ disentanglement dynamics

(Ianniruberto & Marrucci,  2014, 2015)

Modified Effective Reptation rate: 

Points: Simulation Baig, Mavrantsis, Kroeger, MM 2010
Fits:      Iannuruberto JOR 2015Simulations: Sefiddashti, Edwards, Khomami

JOR 2015, 2016

d⌫

dt
= ��

✓
K : A� 1

TrA

dTrA

dt

◆
⌫ +

1� ⌫

⌧eqd (T )

= CCR di↵usion

State of disentanglement still an open question: 
[Baig & Kroger, Wang, Ianniruberto, Khomami, Robbins…]

Disentanglement in the 
Rolie-Poly Model

Mogheghagi and Khomami, ACS Macro Letters 2015; 
Nafar Sefiddashti, Edwards, and Khomami JOR 2015 & 2016, PRE 2016

Polymer Stretch TrA

Entanglement Fraction ⌫

Entanglement Number Z = 37



Flow through a uniaxial nozzle

Total stress: T = GeA+ 2⌘D

Z = 37 � = 0.3,

WiN = 2.0 Wiwall = 24

Map from Nozzle to Layer



Z = 37,� = 0.3,WiN = 2.0,Wiwall = 24

Polymer deformation during deposition

Z = 37,� = 0.3,WiN = 2.0

McIlroy & PDO, Journal of Rheology 61 (2017) 379

Change in Entanglement Density
Ianniruberto & Marrucci J Rheology (2014, 2016)

�



Welding behavior: dynamics slows down 
during cooling McIlroy & PDO Polymer (2017)

Weld strength determined by interdiffusion and degree of entanglement?

Devise T(t,z) to match experimental 
measurements.

@T
@t = ↵(T )@

2T
@z2

⌧(T ) = ⌧0 exp

✓
�C1(T � T0)

T + C2 � T0

◆



Print first layer
Print second layer

Cooling and freezing in of 
polymer orientation McIlroy & PDO Polymer (2017)

• Reptation time 
diverges at Tg

• 2-step evolution

⌧(T ) = ⌧0e
�C1(T�T0)
T+C2�T0

Seppala & Migler, Additive Manufacturing 12 (2016) 71–76 

⌧d(TN ) ' 30ms

Orientation & entanglements 
don’t fully relax

~ 50% less entangled at the weld site!

d⌫

dt
=

�⌫

trA

d trA

dt
+

1� ⌫

⌧eqd (T )

⌧d(TN ) ' 30ms



Non-isothermal welding at 
an interface…..[Wool 1983, ...]

Governed by Rouse diffusion….

Ge, Robbins, Perahia, Grest: ACS Mac Lett 2013, PRL 2014.  

Welding behavior: cannot recover bulk 
strength within “weld time”.

Seppala and Migler (Additive Manufacturing, 2016, Soft Matter 2017)

!(T ) = !(Tref ) / a(T )

⌧(T ) = a(T ) ⌧(Tref )

⌧w =

Z tg

0

dt

a(T (t))

Strength ⇠ ⌧1/4w ?



Mechanisms for Interdiffusion…..

[Wool & O’Connor J Appl Phys (1981)]

[Ilg & Kroger, JOR 2011]

• �M Allow inhomogeneous di↵usivity along the length

of the molecule

Interdiffusion across an interface
[Kramer et al. Polymer 1984]

McIlroy & PDO Polymer (2017)



Diffusion seems large enough to 
recover bulk strength?

Most variants lead to a  similar thickness weld

Recovery of entanglements

• More entanglements 
removed from higher Z 
melt.

• Relatively independent of 
nozzle speed

Full recovery at higher print 
temperature (diffusion enabled). 



What controls weld strength?
[H Brown 1991, E Kramer 1995]

• Number of entanglements/area Me
• Molecular weight Mw

Ge ⇠
1

Me
Strength (modulus)

Gc ⇠
✓
1� Me

qMw

◆2

toughness

Gweld
c '

✓
1� 1

q⌫WZeq

◆2

Maximum Z to maintain strength

Simulations of sheared layers
Galvani & Robbins (JHU, unpublished)

Prepare layers – equilibrate together for various times.

Blue - eq/eq
Red - sh/sh

tw

Aligned layers are much weaker in bulk



Summary

• Model for understanding polymer structure in FFF using thermal 
history (glassy polymers).

• Thermal history at single fiber level (0.2mm) can matter!
• Disentanglement during extrusion controls weld properties.
• Molecular weight: short enough to diffuse, long enough to retain 

shape after deposition (glassy, semicrystalline) and long enough for 
strength

• Correct modeling of entanglement dynamics in anisotropic 
environments still an open question!!!

• Role of anisotropy in weld formation/strength [early simulations 
suggest this is very important]? 

[Marco Galvani, et al. (J Hopkins), calculations ongoing].
McIlroy & PDO, Journal of Rheology 61 (2017) 379; Polymer (2017).

Other Strategies/Avenues

• Real parts will undergo varied and inhomogeneous temperature 
histories. 

• ABS (nanoparticle-toughened), semicrystalline, fiber composites?
• Design dies/flow histories for better welding?
• Post-deposition heating/annealing

• Thermal limits on throughput [Mackay JOR 2017]

• Additives ? 
• Small High Mw component in many filaments (J Seppala

communication)
• Small polymers to aid diffusivity/welding/bonding (linears, stars, …) 

(Levenhagen & Dadmun, Polymer 2018).



Effect of laser- pre-heating on interface 
strength Deshpande, Hsu et al., Prog Additive Manufacturing 2018 

• Local annealing with a laser to enhance weld strength.

material: ABS 

Some more Polymer Science 
Issues in Additive Manufacturing

• Bioprinting/colloidal inks 
• Yield stress fluids often the carrier

• Phase separation in strong flows? 
• Depletion/slip at walls?
• Hydrogels: Collage, fibrin, alginate, gelatin, chitosan, double networks, 

…
• Viability of printed living cells

• Syneresis/deswelling during/after deposition

• Selective laser sintering (SLS)
• Bubble control/elimination and porosity: gas diffusion in viscoelastic 

media/polymers.

• Extend the palette of materials beyond polyamides. 

Ozbolat & Hospodiuk Biomaterials 2016
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performance and cost-effective thermoplastic feedstock materials.  The properties of the thermoplastics 
can be tailored with additives and or by blending and compositing multiple 
thermoplastic polymers together to improve the mechanical properties of the 
printed material for more structurally demanding applications. We will 
modify the rheological properties of the PC feedstock materials based on the 
findings of Aims 1-3 by varying the molecular weight that controls the 
entanglement density, the reptation and Rouse relaxation time and chain 
diffusivity.  This will alter the molecular orientation of the extruded fiber and 
structural evolution and creep during annealing, all of which will alter the 
structure and properties of the fibers and welds.   We will also adjust the 
thermal conductivity and heat capacity of feedstock materials to modify the 
thermal history by using nanoparticle additives, such as carbon nanotubes. 
Furthermore, we will investigate geometrically entangled feedstock materials 
based on two immiscible materials.  For example, ARL is working with the 
PC-ABS system in Fig. 13.  The Tg of ABS and PC is 80 °C and 150 °C 
respectively. As a result, the materials remain immiscible through the extrusion and deposition process.  If
we choose a printing temperature between these of two materials. We can promote strong welding of the 
one polymer (e.g., ABS) while maintaining dimensional accuracy through the other (e.g. PC). We will 
investigate designing the geometry and composition of the immiscible multi-material system to achieve 
the maximum possible weld strength and fiber properties. Then, we will synthesize the feedstock 
materials either using commercial filament makers (e.g., Filabot) or at ARL. After synthesis, we will 
characterize rheological properties and measure thermomechanical properties using dynamic mechanical 
analyzer (TA Q800) and differential scanning calorimetry (TA Q20) to validate model predictions. 

 
3.1 Timeline  

Aims and Timelines Yr. 1 Yr. 2 Yr. 3 Yr. 4 

Aim 1. Investigate the mechanical properties of printed fibers, the fiber spread, 
and the weld area between adjacent fibers    

 

Aim 2. Investigate the strength and toughness of fiber-fiber welds     
Aim 3. Investigate effect of tool-path parameters on the mechanical properties 

of print material 
  

 
  

Aim 4. Investigate composite and immiscible multi-material feedstocks     

3.2 Management Plan
PI Nguyen will serve as director of this DMREF. She will coordinate administration of the projects 

and have primary responsibility for budget oversight and convening regular meetings. Decisions 
regarding research directions, resource allocations, and hiring will be made collectively by the five PIs. 
We will have a kick-off meeting with all participants of the project at JHU in September 2016. 
Afterwards, we will have Skype meetings every two weeks for updates and coordination. We will also 
have quarterly face-to-face meetings with all participants including collaborators for in-depth discussion 
and planning. The file sharing service provided by JH Box will be used to record presentations at 
meetings and share work in progress and planning documents. The physical proximity between 
Georgetown, JHU, ARL, and NIST will facilitate additional visits in both directions by individual 
researchers working on inter-related tasks. In particular, there will be frequent contact between the 
postdoc working with Olmsted on orientational order produced in melt deposition and students working 
on atomistic and macroscopic implications of orientational order with Robbins and Nguyen. The 
Georgetown postdoc will also discuss the physical processes of specific deposition strategies with the 
student working with Kang. All students and postdocs will also visit NIST and ARL to work with 

Figure 13. Schematic 
of cross section of 
geometrically 
entangled ABS-PC 
feedstock, from 
Holmes (ARL).  
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1. MOTIVATION AND OBJECTIVES 
Fused filament fabrication (FFF), also known as fused 

deposition modeling, is one of the most widely used and rapidly 
growing additive manufacturing (AM) processes1 (Fig. 1). A key
advantage of FFF over photopolymerization-based processes, 
which print thermosets, is that FFF uses the same high-
performance thermoplastics as traditional processing methods, 
such as injection molding. Thermoplastics are generally more 
chemically resistant, stronger and tougher than thermosets, and 
can be recycled.  Originally developed for rapid prototyping, FFF 
has become a cost-effective method for rapid manufacturing of 
customizable objects with unique specifications. Printed parts can 
be designed with complex 3D shapes and micro-architectures2,3, 
which allows direct printing of intricate assemblies and functional 
grading4, topological optimization of properties5, and realization 
of new functionalities through micro-architectures6.  

Although widely used, advanced applications of FFF are limited by the large variability in 
mechanical properties and anisotropy, as well as poor strength and toughness.  A recent study found that 
the strength of acrylonitrile butadiene styrene (ABS) parts printed by a low cost RepRap printer was as 
low as half the strength of ABS injection molded parts, and varied with the print direction, layer 
thickness, location within the part, and processing parameters7. Consequently, the primary commercial 
application of FFF remains rapid prototyping8, and recent market growth of 3D printers has been driven 
by consumer purchase of low-cost FFF printers9.  Currently, there is a limited understanding of how the 
processing parameters, tool-path parameters, and properties of the feedstock material determine the 
mechanical behavior of a printed part. A fundamental understanding of the relationships between the 
printing parameters and mechanical properties is needed to facilitate FFF production of structure-
critical components and assemblies. Developing this understanding requires a seamless integration of 
theory, modeling, and experiments across multiple length scales.  

1.1 Objectives 
The objective of the proposed research is to discover, within 

a Materials Genome Initiative (MGI) infrastructure, the 
relationships between key processing, tool-path, and feedstock 
material parameters and the anisotropy, strength, and toughness
of FFF printed materials. An FFF printer extrudes a molten fiber
that welds with adjacent fibers to form a part. We will use
polycarbonate (PC) as the model feedstock material, because PC 
is an amorphous homopolymer and has a simpler microstructure 
than copolymers (e.g., ABS) and semicrystalline polymers.
However, the findings and models developed for PC can form a
basis for understanding more complex printed thermoplastics.  
The outcome of this research will be a deeper understanding of 
the processing-structure-properties relationship of FFF printed 
materials, that will provide the community with revolutionary 
methodologies for the analysis-driven, accelerated design of FFF 
products with enhanced mechanical properties. 

1.2 Research Approach 
We will treat the printed material as a laminate of welded fibers oriented at different raster angles

and surrounded by voids. We will examine four structural length scales: (1) the chain conformational and 
entanglement structure, (2) the fiber and weld structure, (3) the raster structure of welded fibers, and (4)

Figure 2. Multi-scale modeling of 
FFF printed materials.  

�
Figure 1. Schematic of fused 
deposition of filaments. 

Thanks…

Claire McIlroy (Nottingham University)
NIST Team 
Kalman Migler
John Seppala

Johns Hopkins

Mark Robbins
Vicky Nguyen
Kevin Hemker
Thomas O’Connor

Polymers & Complex Fluids Group
NIST

NSF DMREF 



Die Swell
Robertson, Thompson, Robinson, McLeish (JOR 2017)

Optical Images at 230 °C

Layer 9

Layer 8

Layer 7

1 mm/s 5 mm/s3 mm/s 10 mm/s 30 mm/s 50 mm/s 100 mm/s

Optical Images at 230 °C

Layer 9

Layer 8

Layer 7

1 mm/s 5 mm/s3 mm/s 10 mm/s 30 mm/s 50 mm/s 100 mm/s

Die Swell in Printing ABS 
controlled by printing speed

• Controlled by 
stretch/retraction

• Upstream 
residence time 
important


