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Abstract

Extrusion-based printing systems have improved significantly over the past several years,
allowing for higher throughput, higher temperatures, and larger components. At the same time,
advanced materials are being introduced on the market that can provide improved performance
over a range of operating conditions. Often these materials incorporate fiber reinforcements,
reactive resins, and additives to control reaction kinetics, flow rheology, or thermal stability. This
study presents a general framework for evaluating the printability of various candidate materials
based on a basic viscoelastic model. The model addresses fundamental requirements for extrusion-
based printing, including pressure-driven flow, bead formation, bead functionality, and
component-level functionality. The effectiveness of this model for evaluating the impact of
compositional variations and identifying appropriate processing conditions has been demonstrated
for specific materials on direct write, fused filament fabrication, and large-scale extrusion
platforms.

Background

The Manufacturing Demonstration Facility (MDF) at the Oak Ridge National Laboratory
(ORNL) has developed a large-scale additive manufacturing system called Big Area Additive
Manufacturing (BAAM) that is capable of depositing thermoplastic materials at a rate of up to 50
kg/h in a build volume that measures 6 m x 2.4 m x 1.8 m. [1, 2] The BAAM system works with
pellet-based feedstock materials that can include fiber reinforcements to improve the mechanical
and thermal properties of the printed component as well as reduce distortion. [3, 4] The BAAM
system is also capable of depositing high temperature materials (up to 500°C) as well as amorphous
and semi-crystalline materials. [5-9] As new material development trends toward higher
performance composites at elevated temperatures, the cost of feedstock materials can increase by
a factor of 5-10x. At the speed and scale of the BAAM system, an Edisonian trial-and-error
approach to determine appropriate processing conditions is not feasible. Incomplete print jobs or
overly distorted components could result in several hundred pounds of wasted material and days
of unproductive print time. More importantly, improper processing conditions that may cause a
material to clog or seize within the extrusion system can put the integrity of the system at risk.
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Therefore, a comprehensive model is needed to determine whether a candidate material is
“printable” on the BAAM system. The model should be based on fundamental material properties
that can be measured on small quantities of materials in a controlled setting, allowing for
identification of proper processing conditions prior to experimentation on the BAAM system. The
goal of this work was to develop a fundamental set of print conditions based on a select number
of viscoelastic and thermo-mechanical properties of polymers. The model could then be
generalized to address common extrusion-based deposition platforms, such as fused filament
fabrication (FFF) and direct write (DW) systems, as well. This paper presents the basic concepts
for such a Printability Model. A more detailed description of the model has been submitted for
publication [10] and specific example cases of the model have been demonstrated in a related
conference paper. [11]

Print Systems & Materials

The general deposition parameters illustrated in Figure 1 are common to all levels of extrusion-
based printing platforms, including BAAM, FFF, and DW. Fundamentally, the deposition system
is capable of producing a maximum system pressure (Pm.) to extrude a material at a given
volumetric flow rate (Q) through an extrusion orifice that has a given geometry. The nozzle
geometry includes not just the exit diameter (D) and length (L.), but also the upstream nozzle
diameter (D,) and length (L,) as well. The geometry of the part is defined at a local level by the
height (h) and width (w) of the deposited bead, and on a global level by the height (H) of the part
and the print time for each layer (tiayer). The velocity of the deposition head (Vy,) is directly related
to the volumetric flow rate (Q), the bead geometry (h, w), and the layer time (tiayer). These basic
parameters can be applied to extrusion-based print platforms regardless of feedstock forms (pellet,
filament, resin) or feed mechanism (shear screw, roller, plunger).
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Figure 1. Basic print parameters of extrusion-based systems

The fundamental material properties that are relevant to this Printability Model range from
basic physical characteristics, such as density (p), to thermo-mechanical properties, such as yield
strength (oys) and coefficient of thermal expansion (CTE, o). Basic rheological properties at the
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processing temperature are also important, including the viscosity (1) as a function of shear rate,
the storage modulus (G’), and the loss modulus (G”). The surface energy (ysg) of the extruded
material is also important. These fundamental material properties can be directly measured with
a small quantity of material using standard laboratory techniques, such as tensile testing, thermo-
mechanical analysis, and parallel plate rheometry. The following sections will outline print criteria
that utilize these fundamental properties to determine whether such a material is “printable” under
given processing conditions.

Viscoelastic Classification

The extrusion characteristics of a polymer are often time-dependent, so it is important to
correctly classify the mechanical response of a material under a given set of processing conditions.
The proposed model uses tan 8, which is the ratio of the loss modulus (G”) to the storage modulus
(G’), to determine the appropriate viscoelastic classification for the material of interest (Figure 2).
A tan 6 < 0.1 (G’ >> G”) indicates a very stiff material (elastic solid, E-S) that behaves almost
entirely in a recoverable elastic fashion. A tan d between 0.1 and 1 behaves like a viscoelastic
solid (VE-S) according to the Kelvin-Voigt model. A tan & between 1 and 10 behaves like a
viscoelastic liquid (VE-L) according to the Maxwell model. Finally, a tan 8 greater than 10 (G’
<< (3”) indicates a viscous liquid (V-L). It is important to note that the classification of a given
material may change at different points in the extrusion process depending upon the given
processing conditions (e.g. temperature, shear rate). For each of the printing conditions listed
below, it is important to identify the appropriate classification for the material’s viscoelastic
response.

ElasticSolid ViscoelasticSolid | Viscoelasticliquid Viscous Liquid
(E-S) (VE-S) (VE-L) (V-L)
tand < 0.1 0.1< tand <1 1< tand < 10 10 < tanéd
G’ >>G” G >G” G <G” G’ << G”
CE
o—A—> —

Kelvin Maxwell

Strain €
Strain e

Strain e

Straine

Time Time Time Time

Figure 2. — Viscoelastic classification of materials based on tan 9.
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Condition 1 — Material Extrusion

At a basic level for any extrusion process, a primary condition must be that material flows
through an orifice under pressure. For advanced extrusion-based print systems, this condition can
be subdivided into (1a) viscous flow through a nozzle and (1b) reinforcing fiber clog (Figure 3).
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Figure 3. Material extrusion print conditions for viscous flow (left) and fiber clog (right).

(1a) Viscous Flow Through a Nozzle

Pressure-driven flow through a circular orifice can be analyzed using the Hagen-Poiseuille
equation [12] that defines the pressure drop (AP) required to achieve a given volumetric flow (Q)
for a material of a known viscosity (1) through an orifice of given radius (R) and length (L):

8nQL 1
= SR v

Most polymers are shear-thinning as a function of shear rate according to the power law
relation: n = C y(™~1  where C is a constant and 7 is the power law index. Therefore, the viscosity
in equation (1) is dependent on the calculated shear rate (y) through a circular orifice, such that:
.40 <3n + 1) 5
VIR 4 @)

Combining the power law relation with equations (1) and (2) allows for the pressure drop of a
shear thinning polymer through a circular orifice to be calculated. Therefore, the print criteria for
condition (1a) is achieved if the calculated pressure drop is less than the maximum system pressure
(Pmax). Note that failure to meet print condition (1a) does not necessarily mean that the material

will not extrude through the orifice, rather that the desired volumetric flow rate (Q) will not be
achieved under the specified processing conditions.
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(1b) Reinforcing Fiber Clog

The increasing utilization of fiber-reinforced materials for extrusion-based 3D printing makes
it necessary to consider the flow characteristics of a fiber rich medium. Aside from the significant
viscosity increase that often results from using fiber reinforcements [5, 7, 11], flow of a fiber-filled
material through a constricting orifice can result in a fiber network bridging the flow channel,
resulting in a clogged nozzle. A first estimate that accounts for the increased pressure that results
from flow through a fibrous network is:

(u) = _E<@> (3)
n\ dx

where u is flow velocity, K is permeability, 1 is viscosity, and d(p)/dx is the pressure drop. The

average velocity (1) through a circular channel is Q/nR* for a radius R. The length of the exit

channel (L) can be considered dx. The permeability, K, is equal to: [13]
e d?

K = (4)
32 Tf

where ¢ is the porosity, d, is the diameter of the channel, and tris the tortuosity. As a first-estimate,
we can assume the that tortuosity is equal to one and the porosity can be approximated as (1-Vy),
where Vris the volume fraction of reinforcing fibers in the material. With these simplifications,
equations (3) and (4) can be rearranged to find that:

1281,Q7 8L,Qn
p= = (5)
nDi(1-V;) mRE(L-V))

Note that equation (5) is now equivalent to equation (3) divided by the porosity of the fiber
reinforcing material (1-V¢). In a similar fashion to condition (1a), the pressure drop calculated for
fiber reinforced flow must be lower than the maximum system pressure to successfully print.

Condition 2 — Bead Geometry

Extrusion-based 3D printing requires more than traditional extrusion of material through an
orifice. For 3D printing to be effective, the extruded material must form a stable bead of a
consistent height and width, roughly in the form of a rounded rectangle (Figure 4). In addition to
forming the initial bead geometry (condition 2a), the deposited bead must be geometrically stable
over a given time period (condition 2b).

w W

Figure 4. Extruded material must form a geometry (left) that is stable over time (right).
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(2a) Geometry Creation

When material is successfully extruded from a 3D printing nozzle, it transitions from a highly
constrained environment within the nozzle to a relatively self-supporting free state as the upper
layer of a printed structure. The thickness of a deposited layer is typically defined by the physical
space between the nozzle and the previously deposited layer. Generally, the polymer is viscous
enough to be compressed to the desired layer height as the deposition head passes over the extruded
material (discussed more below in condition 3b). If the material is too stiff to permit this moderate
compression, it likely would not have passed condition 1, so the present criteria focuses on
satisfying the lower limit — where the material may flow too freely from the extrusion head and
not achieve the desired layer height.

One estimate of this print condition is to calculate the free-standing height (hg) of a material
based on the material’s density (p) and surface energy (ysg), according to:

Vse 6
hee =2 [== (6)
/s gp

If the free-standing height (hg) is less than the desired layer height (h), then the material will
not be able to form a consistent bead geometry and fails this print condition.

(2b) Geometry Stability

The initial formation of a consistent bead geometry is often achieved, but the geometry is not
stable enough to maintain dimensional tolerances over time. In the case of thermoplastic materials,
the mechanical properties dramatically improve over a short time period as the temperature of the
deposited material cools from the deposition temperature (Tq4p) to below the glass transition
temperature (Tg). For the purpose of this model, it is assumed that the time between successively
deposited layers (tiayer) 1s @ conservative estimate for this cooling time, and the material properties
of the extruded material are conservatively taken at the deposition temperature (Tq4ep) during this
time period. For thermoset materials, the chemical kinetics of the cure or crosslinking reaction
will define the appropriate time period for bead stability.

As a conservative estimate for geometry stability, it is assumed that the extruded bead must
support the weight of the entire bead over the time period of interest (tiyer). The hydrostatic
pressure (cpp) that the bead must support can be simply calculated by: oup = pmert * g * h, where
Pmelt 18 the density at Tqep, g 1s gravity, and h is the layer height. The acceptable strain limit (€jimit)
is a relatively arbitrary value that can be defined by the user, but is generally in the range of 10%
for successful printing. The actual strain of the material subjected to oup over time depends on the
viscoelastic classification of the material as outlined above as a function of tan 9.

For elastic solid materials (E-S), the elastic strain is simply equal to eg.s = (oup/Go’), where
Gy’ is the storage modulus at low shear rate. If eg.s < €iimit, the material satisfies print condition

2b.

For viscoelastic solids (VE-S), the elastic strain (egs) serves as an upper limit that is
approached over a period of time (tiayer). Therefore, if €rs < €iimir, the VE-S material satisfies
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condition 2b without further concern. However, in the case that eg.s > €jimit, the processing time
becomes important. According to the Kelvin-Voigt model, the strain as a function of time can be
expressed as:
o ) 7
SVE—S(t):G_I(l_e ) )
0
where t, is the processing time (equal to tiyer here) and tis the relaxation time. As a first
approximation, the relaxation time (7o) is equal to 1o / Go’, where 1 is the viscosity at low shear
rate. Rearranging equation (7) in terms of a print criteria for a strain limit (&jimi¢) results in:

_tlayer

o g In (1 _ ElimitGOI) (8)
Onp
For viscoelastic liquids (VE-L), the elastic portion of the strain is assumed to occur
instantaneously while the viscous strain continues to evolve over time. Therefore, if the elastic
strain €g-s > €nmit, the VE-L immediately fails this print condition. However, satisfying the
condition €g_s < €imi, 18 not sufficient for VE-L materials since the strain continues to evolve
according to:

o o
A ©)
Gy Mo P

Once again, if the processing time is taken as the time between layers (tiayer), €quation (9) can
be re-written as a print criteria for VE-L materials in terms of the low shear rate viscosity (1o):

eyp-1(t) =

O-HPtlayer

o= " Gup (10)
(Ellmlt G 1
0

Finally, for viscous liquids (V-L), the elastic portion is irrelevant and only the time dependent
strain must be considered. In this case, equation (10) can be simplified to be:

Oupliayer (11)

0
(Eimit)

Condition 3 — Bead Functionality

There are a number of functions that an extruded bead must perform in order to make 3D
printing possible. The majority of 3D printed materials employ some variation of sparse in-fill
patterns that require the extruded material to bridge an unsupported gap (condition 3a).
Additionally, the deposited bead on a given layer serves as a substrate for deposits on successive
layers (condition 3b). Finally, as multiple layers are deposited, the extruded bead must provide a
strong foundation for the layers above it (condition 3c).
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(3a) Bridging a Gap

Sparse in-fill patterns in 3D printed parts often require that an extruded bead is able to span an
unsupported gap. Generally speaking, the span between supports (Lgan) and the allowable
deflection at the center of the span (Jimit) can be represented as a multiple of bead height (h). In
this model, Lgpan is defined as (10*h) and Siimic 1s (h/4). For elastic materials, the unsupported bead
can be considered an elastic beam that is supported at the ends by simple pin joints (Figure 5).
Using the elastic beam theory [14], the deflection at the center of the beam is:

(FL * Lspan) * Lspan3
Gy * 1

(12)

5center =C

where F7 is the distributed load, C'is a constraint-based constant (equal to 5/384 for a pinned beam)
[14] and [ is the second moment of area. For a self-supporting beam, the distributed load across
the beam is F, = pyyere * g * h * w, and 7 is equal to 1/12 * w * h’ for a rectangular beam.

I
: Lspan i

Figure 5. Deflection of a deposited bead spanning a gap.

The elastic beam theory is clearly inappropriate for viscous materials (where tan 6 > 1), so a
simple model is suggested that is analogous to characterizing the sag in a long-spanning cable.
The tension that develops in a self-supporting cable over a distance (Lgpan) 1s equal to:

2
T _ F L* Lspan 13

cable 8 * Slimit ( )
when the center deflection is at the allowable limit (&jimit). Since the tension in the cable reduces
as the cable sag increases, it can conservatively be estimated that the average tension in the cable
is twice the tension at full deflection. Using the constitutive equations for strain in viscous
materials, the time required to achieve a center deflection under this load (ts,) would need to be
less than the layer time (tiayer):

Siimit * N * W

Liayer = tsag = Taable (14)

(3b) Substrate Support

In addition to supporting its own weight, an extruded bead needs to have enough mechanical
strength to provide a stable foundation for extruded materials on the following layer (Figure 6).
All extrusion-based 3D printing systems orient the extrusion nozzle perpendicular to the deposited
layer, meaning that the extruded material must re-orient by 90 degrees — requiring a change in
momentum (Gyo) of 2 p V%, where Vg is the velocity through the exit of the nozzle. The circular
extruded material bead must also be compressed to a semi-rectangular shape having a thickness
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equal to the desired layer thickness. An analogue is proposed for this compression action that is
similar to bi-directional rectilinear flow in compression molding of polymers. [15] The analogous
compression force for compression molding is:

U
Fcomp :4n]/comp ﬁ (15)
where 1 is the viscosity at the extrusion shear rate (¥), Vcomp 1S the volume being compressed, U
is the clamping speed, h is the gap between plates, and the friction between the mold plates has
been ignored. Since the clamping speed (U) is so fast (tcomp = De / Vi), only the elastic response is
considered relevant for this analysis. The volume of the material being compressed (Vcomp) can be
represented as:
m Q=*D,

Vcomp = Z v, (16)

and the overall compression stress (Geomp) can then be calculated as:

T naQ < Q _h) (17)

comp =12 W, \V, D,

The total stress that the substrate must withstand for 3D printing (o) is @ combination of
Geomp and Gmo, Which must be less than the yield stress of the extruded material (cys).

Tdep

TT tIayer

Figure 6. Deposited bead needs to resist the extrusion force of the following layer.

(3¢) Wall Support

Not only must an extruded bead support the extrusion forces of the successive layer, but it must
also support the combined weight of multiple layers above it without deforming more than an
acceptable amount (Figure 7). In the simplest sense, the stress applied to the lower layers is a
multiplier of the hydrostatic pressure calculated under condition 2b (Gwai = Niayers * p * g * h),
where niayers 1s the number of layers being supported. Since most thermoplastic materials have
cooled to T, by the time they are supporting a sizeable wall, it can be assumed that (tan J) is well
below 1 and only elastic properties are relevant. Therefore, the two print criteria for this print
condition are based on strain (&jimit < owai/Go’) and strength | (cys > Gyar)-
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Figure 7. Deposited beads must support combined weight of successive deposits.

Condition 4 — Component Functionality

A 3D printed structure must be able to maintain some degree of dimensional stability and
integrity to successfully print. It is well known that as the size of the printed structure increases,
the distortion due to thermal contraction becomes exaggerated and causes parts to warp, curl, and
crack (Figure 8).

e Rl

Figure 8. Strain following deposition can cause the structure to distort (left) and crack (right).

(4a) Distortion

Extrusion-based printing of thermoplastic materials often involves depositing molten material
on top of previously deposited material that has cooled below the glass transition temperature (T,).
As the size and layer time of deposition systems increase (such as with BAAM), the previously
deposited structure can cool close to the ambient room temperature. As a first approximation, this
model assumes that deposited material between the deposition temperature and T, forms a bond
with underlying material, but does not have sufficient mechanical strength to accumulate
significant stress that would result in distortion. Therefore, the thermal contraction responsible for
distortion of the structure is a function of the coefficient of thermal expansion (CTE) of the material
and the temperature change (Ty-Tamp). Wang [16] proposed a simple model for the deformation
of a successively deposited structure:

5 = n3h
6a(Tg - Tamb)(n - 1)

3al n—1
<1 — COST (Tg - Tamb) 7) (18)

where L is the length of the structure, n is the number of layers and « is the CTE. Since the
deflection in equation (18) is maximum when (n=2), the maximum deflection divided by the layer
height can be defined as Dpx, such that:

Apax = (%) = % (1 — cos (SAA)) (19)
n=2
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where A = o (Tg-Tamp) and A is (L/h). This allows a print criteria for distortion to be defined such
that Amax must be less than 1. If the distortion (8) exceeds the layer height, the print head will
likely collide with the previously deposited material.

(4b) Cracking

As printed structures experience dimensional changes due to either thermal or chemical events
(cooling or curing), significant residual stress can accumulate in the structure. If the stress between
successive layers exceeds the bond strength between layers, a crack will initiate — likely near a
discontinuity in the print and grow along the interface. General criteria have not yet been
developed for quantifying the residual stress that may result in a crack, but it is anticipated that it
will involve either a comparison between local stress at the interface, or comparing the available
energy release rate to the critical energy at the interface.

Conclusion

A general framework has been presented for evaluating the “printability” of materials using
extrusion-based deposition systems. Four primary categories (Figure 9) are proposed which
address (1) extrusion of material through a nozzle, (2) formation and stability of the extruded bead,
(3) the functionality of the deposited bead, and (4) the distortion and cracking of the printed
structure. Simple evaluation criteria have been proposed for each of the print conditions which
have proven effective at identifying appropriate print conditions for various materials across all
three deposition platforms (see [10, 11] for further details). The criteria utilized in this model are
a first approximation and will likely be refined over the coming years to provide meaningful
guidance toward future material and system development.

(I) Material Extrusion (I1) Geometry
(a) Pressure FlQW (b) Fiber Clog (a) Creation (b) Stability
Wb b
\ J‘/ \ ,‘“\ ‘|“,v ___h___ ___ll___l I
\° L 6
i
(IIT) Functional Bead (IV) Component
(a) Bridging (b) Substrate (c) Wall (a) Distortion
(b) Cracking
—

Figure 9. Classifications for extrusion-based print criteria.
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