EFFECTS OF MELT FLOW-FIBER ORIENTATION COUPLING ON
DEPOSITION IN LARGE AREA POLYMER COMPOSITE ADDITIVE
MANUFACTURING
Zhaogui Wang, Douglas E. Smith
Department of Mechanical Engineering, Baylor University
Abstract
Discontinuous fiber reinforced polymer composites continue to see increasing application in
large area polymer deposition additive manufacturing. Rheological behavior of molten polymer
feedstock is critical in the manufacturing process where the shear thinning response of a fiberfilled polymer is significantly different from its unfilled polymer alternative. Additionally, extrudate
swell directly affects the resolution of a printed part in polymer extrusion-based additive
manufacturing where the presence of fibers and their associated alignment greatly affect the
properties of the polymer composite melt flow. This study quantifies the effect of the fiber
orientation on polymer melt flow and die swell with a custom finite element simulation. Our
approach solves the fully coupled melt flow and fiber orientation tensor equations, including
computation of the melt free surface in the die swell region. Computed results indicate that the
magnitude of the velocity field along the direction of the flow is increased due to the presence of
suspended fibers and the extrudate die swell for a fiber-filled polymer composite is much less
than that of a neat polymer material. Accordingly, fiber-orientation-induced variations on flow
rheology requires that the material feeding rate and printing path need to be adjusted when using
filled polymers over their neat alternatives, especially for large area additive manufacturing
applications.
Keywords: Large area polymer deposition additive manufacturing; Melt flow-fiber orientation
coupling; Die swell; Finite element simulation

Introduction
Polymer deposition Additive Manufacturing (AM), otherwise known as Fused Filament
Fabrication (FFF), is popular for its ability to create detailed structures with a relatively low-cost
device. Recently, polymer deposition AM has been extended to include short fiber-filled polymer
composites for producing structures of relatively large dimensions, which is referred as the Large
Area Additive Manufacturing (LAAM). LAAM systems such as the custom LAAM machine at
Baylor University appearing in Figure 1 typically use a single screw extruder to melt, extrude, and
deposit pelletized feedstock, which ultimately yields a sufficiently high mass flow rate, facilitating
the manufacturing of relatively large structures. For example, the Big Area Additive Manufacturing
(BAAM) system developed by Oak Ridge National Laboratory and their collaborators is capable
to create structures with large geometries up to 20-feet length × 8-feet width × 6-feet height with
material deposition rates up to 100 lb/hour [1]. To date, the deposition speed of a BAAM machine
is increased to over 200 times higher as compared to that of a conventional fused filament
fabrication printer [2]. To improve the mechanical properties and dimensional accuracy of LAAM
parts, short fiber fillers such as chopped carbon fibers are added to the polymer feedstock.
Compared to neat polymers, filled thermoplastic alternatives exhibit higher material stiffness and
lower coefficient of thermal expansion, which ultimately increases the industrial applicability of the
LAAM technology [3].
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It has been seen that the rheological behavior of polymer melt flows may vary significantly
during the melt extrusion process when a second phase reinforcements is added. For example,
Jain, et al. [4] found that the melt viscosity of polypropylene reduced dramatically due to the
addition of a minute amount of silica nanoparticles. Nikzad, et al. [5] studied the viscosity
properties of Acrylonitrile Butadiene Styrene (ABS) Iron metal-polymer composite processed
through a FFF printer. Their measurements showed that the apparent viscosity increased with
increasing volume fraction of iron content in the composites. Joseph, et al. [6] investigated the
rheological behaviors of short sisal fiber reinforced polypropylene extrusion through a capillary
rheometer. They reported that the viscosity of the composite system increased with fiber volume
fraction and that the extrudate swell of the melt reduced with an increased fiber loading. In a
similar study for high density polyethylene, Hideyuki, et al. [7] found that the extrudate swell of
molten polymer melt reduced significantly by adding rigid fillers, and the swell ratio decreased
with increased aspect ratio of the fiber reinforcements. Guo, et al. [8] conducted a rheology study
for E-glass fiber-filled linear low density polyethylene both experimentally and numerically. They
concluded that it is important to count the effects of rheology-fiber coupling in fitting the rheological
data into numerical models. A recent work of Ajinjeru, et al. [9] specifically studied the importance
of rheological properties of fiber filled thermoplastics for the BAAM system. The critical roles of
the storage and loss shear moduli as well as the viscosity toward a successful printing condition
were investigated and discussed. As the print volume of LAAM systems continue to increase, the
rheological variation between neat polymer and their related fiber-filled composite is expected to
yield much more distinguishable differences on a manufactured part.
This paper numerically characterizes the effect of fiber fillers on polymer composite melt flow
through a LAAM nozzle using a finite-element-based customized MATLAB (Natick, MA, USA)
code. A 2D axisymmetric shear thinning fluid flow having a short section of free extrudate is
considered to simulate the polymer melt extrusion in a LAAM process. We use fiber orientation
tensors to model fiber orientation [10] where isotropic rotary diffusion is assumed, and the
orthotropic fitted closure [11] is employed to approximate the fourth order orientation tensor. The
coupled effects of melt-flow/fiber-orientation is incorporated in the computation of the melt velocity
field and the die swell of the free extrudate where nodal degrees-of-freedom are used to discretize
the second order orientation tensor field. Finally, practical application of the computed results is
discussed in the context of calibrating the LAAM printing parameters with a focus on the
applications of fiber reinforced composites.

Figure 1. Baylor LAAM system composing of a Strangpresse large-scale Model 19 extruder, a 4feet by 4-feet print-bed and associated controlling programs (not appearing in the Figure).
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Methodology
A typical polymer deposition AM process includes the melting of polymer feedstock which is
then extruded through a heated nozzle and deposited on a print-bed, layer-by-layer, to form a
three-dimensional (3D) structure. There are numerous physical phenomena requiring in-depth
investigations in order to improve the quality of a printed part (c.f. Figure 2), especially when fiberfilled polymer composites are employed. During the melt extrusion process, filled polymer melt
flow exhibits a more complex rheological behavior than the unfilled neat system, as discussed in
references [4-7]. The second phase reinforcements may induce significant defects in the resulting
printed parts if not processed properly, and thus quantifying fiber-induced variations within the
nozzle extrusion flow becomes crucial to polymer composite deposition AM, especially the largescale applications.

Figure 2. Polymer deposition additive manufacturing diagram. Specific features highlighted by the
dash line box are those that influence the rheology properties of the polymer composite melt.

Flow Domain of Interest
We consider the melt flow within and just outside the exit of the extrusion nozzle of a typical
LAAM system, where the material rheology of the melt flow exhibits a significant difference when
fibers are included. We do not include the turning deposition flow in this study and instead
consider only the axial melt flow of the nozzle where the flow domain of interest can be
represented as a 2D axisymmetric model, including the flow inside the nozzle and a short strand
of free extrudate. As in prior related literature [12-15], an isothermal Stokes flow is assumed for
the model and thus the temperature effect, time transient effects, and inertia effects are ignored
in the simulation. Heller, et al. [12] (see also [16,17]) showed that the internal geometry of the
nozzle has a significant influence on the fiber orientation of the extruded composite, since the flow
domain geometry defined by the interior of the nozzle defines the melt flow velocity gradient fields.
To eliminate the influence of internal nozzle geometry features on our results, the flow model
investigated in this paper is a straight tube as shown in Figure 3. The influence of nozzle geometry
on fully-coupled polymer composite melt flow is left for future work.
Using the geometry of a Strangpresse large-scale additive manufacturing Model 19 single
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screw extruder nozzle as a reference, the radius of the straight tube that defines our flow domain
is set as 0.0625 inch [13]. The ratio of the internal-nozzle length to the radius is 5:1. For simplicity,
the length of the free extrudate is set to be equal to the internal-nozzle length of 0.3125 inches.

Figure 3. 2D axisymmetric flow domain of interest simplified from an extrusion nozzle geometry.

Governing Equations for Flow and Fiber Orientation
Assuming the polymer melt flow is an isothermal, incompressible, and highly viscous creeping
flow, the mass and momentum conservation equations can be written respectively as [18]
∇ ∙ 𝒗 = 0,

(1)

and
−∇𝑝 + ∇ ∙ 𝝉 = 0,
(2)
where 𝒗 is the velocity vector, 𝑝 is the melt pressure and 𝝉 is the stress tensor associated with
the shear deformation. Equations 1 and 2 neglect the thermal gradients, inertia effects and timetransient effects of the fluid flow, which is assumed to yield little contribution to the fiber-flow
coupling properties of LAAM as suggested by [12-15].
Advani and Tucker [10] proposed the widely used tensor approach for modeling fiber
orientation within a polymer melt flow. This approach statistically quantifies the fiber orientation
kinetics in a flow domain through
D𝑨
Dt

= (𝑨 ∙ 𝑾 − 𝑾 ∙ 𝑨) + 𝜆(𝑨 ∙ 𝑫 + 𝑫 ∙ 𝑨 − 2𝑫: 𝔸) + 2𝐶𝐼 𝛾̇ (𝑰 − 3𝑨),
where the second- and fourth-order fiber orientation tensors are defined respectively as

(3)

(4)
𝑨 = 𝐴𝑖𝑗 = ∮𝕊 𝑠𝑖 𝑠𝑗 𝛿(𝑠)𝑑𝕊 and 𝔸 = 𝐴𝑖𝑗𝑘𝑙 = ∮𝕊 𝑠𝑖 𝑠𝑗 𝑠𝑘 𝑠𝑙 𝛿(𝑠)𝑑𝕊,
In the above, the unit vector 𝒔 defines the direction of a single rigid fiber, and 𝛿(𝑠) is the fiber
orientation probability distribution function for 𝒔 defined over the surface 𝕊 of a unit sphere. It is
important to note that due to the normalization condition, the integral of 𝛿(𝑠) over the surface
equates to one, which yields the trace of 𝑨 to be the unity. In addition, the 𝑨 tensor is symmetric,
which along with the normalization condition, yields five independent variables in the 𝑨 tensor. In
polymer melt flow fiber orientation calculations, the forth order fiber orientation tensor 𝔸 is typically
expressed as a function of 𝑨 through a closure approximation (for example, the hybrid closure
[19], the natural closure [20], the invariant-based fitted closure [21], and the orthotropic closure
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[11]). In this study, we employ the orthotropic fitted closure [11] due to its stable behavior in related
literature [12-15]. Notice, the fiber length for short-fiber reinforced thermoplastics in LAAM is
typically much smaller than the nozzle diameter. Therefore, we employ continuum mechanics
theory for Equation 3 and thus the fiber orientation tensor field is a continuous function of position
and time. Here, we use nodal values of the finite element domain to discretize A and then
interpolate A over each element with shape functions (c.f. [11] for detail).
Additionally, 𝑫 and 𝑾 appearing in Equation 3 are the strain rate tensor and vorticity tensor,
respectively, which can be written respectively as
(5)
𝑫 = (∇𝒗 + ∇𝒗𝑇 )/2 and 𝑾 = (∇𝒗 + ∇𝒗𝑇 )/2,
Here, ∇𝒗 indicates the flow deformation gradient field and the superscript 𝑇 refers to the
matrix transpose operation. In addition, 𝛾̇ , 𝜆, and 𝐶𝐼 in Equation 3 are, respectively, the scalar
magnitude of 𝑫, a parameter accounting for the effects of fiber hydrodynamic aspect ratio, and
an empirical coefficient counting the fiber-fiber interaction effect. Specifically, 𝜆 [10] and 𝐶𝐼 [22]
can be expressed respectively as
(𝑎 )2 −1

𝜆 = (𝑎𝑟 )2 −1,
𝑟

(6)

and
𝐶𝐼 = 0.0184exp(−0.7148𝑣𝑓 𝑎𝑟 ),
(7)
where 𝑎𝑟 is fiber hydrodynamic aspect ratio and 𝑣𝑓 refers to the fiber volume fraction. In addition,
several literatures cited above (e.g., [10,12-15]) are recommended to readers interested in a
systematic review of the fiber orientation kinetics characterization.

Flow-Fiber Coupling
A computationally efficient method to characterize the fiber reinforced composite suspension
in polymer processing applications is the flow-fiber one-way weakly coupling formulation (also
known as the decoupled scheme), where the flow field is computed ignoring the influence of fiber
orientation within the melt flow, and then the fiber orientation tensor field is computed based on
the uncoupled flow kinematics results. The decoupled scheme is shown to be sufficiently accurate
in shear dominated narrow gap flows such as those common to injection molding [23] and
compression molding [24].
Alternatively, Evans, et al. [25] showed that a rigorous simulation of fiber suspension flow
should include the effect of the flow on fiber orientation as well as the fiber orientation influence
on the polymer melt rheology, which is considered as the “fully-coupled” calculation. Libscomb,
et al. [26] conducted experimental and corresponding numerical studies for fiber suspension with
a Newtonian solvent and their results including the effects of the flow-fiber coupling effects. Their
computed results showed a good agreement with the experimental measurement. Dinh and
Armstrong [27] developed a rheological constitutive equation for semi-concentrated and
concentrated fiber suspensions in which the effects of fiber aspect ratio, fiber volume fraction, and
fiber orientation on the flow-fiber coupling intensity are included. The Dinh-Armstrong model has
seen application in polymer composite melt flow calculations [26,28] due to its simplicity and
accuracy. Tucker [29] employed a dimensionless particle number 𝑁𝑝 to characterize the intrinsic
anisotropic effect of the fibers on melt flow rheology in narrow gap flows. In this approach, the
stress tensor in Equation 2 is modified to include the effect of fiber orientation on effective viscosity
as [29]
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𝝉 = 2𝜂𝑫 + 2𝜂𝑁𝑝 𝔸: 𝑫,
(8)
where 𝜂 is the isotropic melt viscosity. Based on the micromechanical model in Dinh and
Armstrong [27], the particle number 𝑁𝑝 appearing in Equation 8 may be written as a function of
the fiber volume fraction and fiber aspect ratio as
𝑁𝑝 = 𝐾𝑣𝑓 /(1 + 𝐽𝑣𝑓 ),
(9)
where 𝐾 and 𝐽 are coefficients related to the material model applied. Here, 𝐾 is written as [29]
(𝑎𝑟 )2

𝐾 = 3𝑙𝑛

√𝜋/𝑣𝑓

,

(10)

The Dinh-Armstrong model is extended from a slender-body theory-based model (e.g., see
Batchelor [30]), which assumes that the particle’s thickness can be ignored yielding 𝐽 = 0 in
Equation 9. The slender-body assumption makes it possible to incorporate fiber-fiber
hydrodynamic interactions in an averaged sense, allowing this approach to be applicable beyond
the dilute regime [29]. In addition, the expressions for 𝑁𝑝 in Equations 9 and 10 are derived by
assuming a fully aligned fiber orientation which is supported by weakly coupled studies [12-15] of
fiber orientation in LAAM applications. Hence, we apply the fully aligned assumption for defining
the 𝑁𝑝 .
Finally, polymer melt exhibits strong non-Newtonian flow behavior which is typically modeled
for purely viscous fluids as a shear rate dependent viscosity in Equation 8. We employ the power
law Generalize Newtonian Fluid model to represent the well-known shear thinning behavior of
thermoplastics and short fiber-filled thermoplastics. The viscosity of a power law fluid may be
written as [18]
𝜂(𝛾̇ ) = 𝑀(𝛾̇ )𝑛−1
where 𝑀 is the consistency index and 𝑛 is the power-law index.

(11)

Polymer Extrudate Free Surface Computation
To consider the influence of fiber orientation on die swell, our fully coupled flow-fiber analysis
must also include a free surface extrudate shape computation. The extrudate free surface shape
has been computed for fused filament fabrication simulations (e.g., [12-15,31,32]) where Heller,
et al. [12,15] developed a custom MATLAB (Natick, MA, USA) program to determine the optimum
free surface shape by minimizing the integrated normal stress along element edges that compose
the free boundary. The subroutine was in conjunction with the built-in remeshing function of
commercial finite element suite COMSOL (Burlington, MA, USA). Alternatively, Tanner, et al. [33]
computed the location of the free surface boundary for an axisymmetric flow by considering free
surface as a streamline such that the position of successive points along the free surface follows
(𝑗)

(𝑗)

𝑟𝑖+1 = 𝑟𝑖

𝑧

𝑣

+ ∫𝑧 𝑖+1 𝑣𝑟 𝑑𝑧,
𝑖

𝑧

(12)

where 𝑟 is the radial coordinate of points on the free surface, and 𝑧 is the direction parallel to the
flow (e.g., cylindrical coordinates appearing in Figure 3). We compute the radii of surface nodes
with Equation 12 as shown in Figure 4 where the subscript 𝑖 indicates successive node numbers
starting at 0 with 𝑟0 referring to the intersecting node of the no-slip wall and free extrudate surface,
which is a fixed node having known coordinate values.
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Figure 4. Schematic diagram of the streamline-wise remeshing approach. Note, the domain is
rotated 90 degree counterclockwise as compared to Figure 3.

Additionally, the location of the free surface boundary cannot be obtained in a single step but
instead requires an iterative scheme where the superscript 𝑗 refers to the iteration number. We
found that four iterations are typically sufficient to yield a converged free surface boundary
location for a coarse meshed axial flow [33,34]. Convergence of free surface iterations is assumed
based on the die swell ratio of the extrudate, which is written as
(𝑗)
(13)
𝐵(𝑗) = 𝑟𝑛 /𝑟0,
(𝑗)
where 𝐵 is the die swell ratio, 𝑟𝑛 refers to the radial coordinate of the last node (𝑛-th node) of
the free surface along the flow direction at the 𝑗-th iteration.

Solution Scheme
VerWeyst and Tucker [11] conducted a melt flow-fiber orientation fully coupled analysis
for several internal flow geometries by formulating Equations 1,2,3 and 8 into an integrated finite
element scheme through the Galerkin Finite Element Method (GFEM) (e.g., see [35]) using the
commercial finite element code, FIDAP. Our approach is similar except that we solve the GFEMformulated flow and fiber orientation problems with a custom MATLAB code developed for this
purpose and include the free surface calculation described above. As seen in [11], the melt flowfiber orientation coupling simulation seldom converges without special attention to the iteration
process (e.g., Newton Raphson method [36], Picard iterative method [37]). Here, we decompose
the system into two sub parts: the flow module, which computes a solution to Equations 1, 2, 8,
11 and 12, and the fiber orientation module, where Equation 3 is solved numerically. The algorithm
starts by computing the flow field assuming a constant known fiber orientation. Then the extrudate
swell ratio of the computed free surface location is evaluated through an iterative solution of
Equation 13. for a computed flow field, nodal fiber orientation tensor values are computed using
Equation 3 with a time-marching forward Euler method. The time-marching scheme yields the
steady state fiber orientation solution upon its convergence (e.g., difference between two
successive solutions are within a prespecified small error). After the computation of the fiber
orientation, the flow field is updated with the assumed constant fiber orientation results. The
iteration between the two sub-modules continues until convergence is achieved. A flowchart
illustrating the proposed algorithm is given in Figure 5.
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Figure 5. Flowchart of the proposed algorithm.

Computed Results
The algorithm described above is employed to analyze the melt flow-fiber coupling effects on
melt extrusion process of LAAM applications. The flow field for various fiber volume fractions and
fiber aspect ratios is computed and compared. Furthermore, we evaluate the die swell for each
where details of the computed results are given below.

Material Properties and Boundary Conditions
The main focus of this paper is to numerically determine the flow-fiber coupling effects in
LAAM applications. Here, we employ the rheology properties of a 13% CF-ABS polymer, which
has experienced widespread applications in melt extrusion AM research [1,2,12-15]. After fitting
the shear viscosity data of 13% CF-ABS at 215 °C reported by Wang and Smith [38], we obtain
power law fluid parameters of 𝑀=1.2 × 104 (Pa s 𝑛 ) and 𝑛=0.51. Notice, the following simulations
are performed over a range of fiber volume fraction and aspect ratio while power law model
parameters are assumed constant and not a function of fiber orientation for simplicity and
consistency. It is important to note that that the shear viscosity behavior of filled polymer varies
due to the fiber volume fraction and fiber aspect ratio(e.g., see [4-7]). Nevertheless, assigning
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material properties based on the implemented fiber volume fraction and aspect ratio is still vital
when calibrating the printing parameters for a LAAM printing task, which can be a good extension
of our presented work.
The flow boundary conditions appear in Figure 3. Specifically, a fully developed velocity profile
based on a volume flow rate of 1.2 × 10−6 𝑚𝑚3 is imposed in the flow inlet. The volumetric flow
rate is 1.2 × 10−6 𝑚𝑚3 , which corresponds to a typical LAAM mass flow rate of approximately 9
lb/hour for 13% CF-ABS. In addition, an isotropic fiber orientation field is assumed for the entire
flow domain in the first melt flow-fiber orientation iteration, as in VerWeyst and Tucker [11]. Note,
Equation 3 for solving the fiber orientation tensors is a hyperbolic format where an initial condition
at the inlet of the flow domain is needed. Here, we impose a prescribed the fully developed fiber
alignment as reported by Heller, et al. [12].

Flow Fields
Simulations of material melt flow extrusion for LAAM applications have been done under the
decoupled flow-fiber framework (e.g., the flow governing equations are solved neglecting the
presence of fibers reinforced) by several prior studies [12-15]. With the proposed method, we are
able to characterize the mutually dependent effects between the flow and fiber orientation on the
velocity fields of the melt. Through Figures 6 and 7, the velocity fields at two major directions of
interest are given for applied composite feedstock with different fiber volume fraction. Note, the
fiber aspect ratio of the employed materials is fixed at 10. Also, we define the velocity field along
the flow direction as 𝑣𝑧 , and that perpendicular to the direction of flow is referred as 𝑣𝑟 (c.f. Figure
3 for the definition of 2D cylindrical r-z coordinates).
The computed velocity contours indicate that 𝑣𝑟 is at least one order of magnitude lower than
that of 𝑣𝑧 in most of the flow domain, except in the vicinity of the nozzle exit. The dramatical
variations of the velocity fields at the nozzle exit are caused by the change in flow boundary
conditions, such that the polymer melt is leaving the fixed-wall part of the domain and is enters
the free boundary region. Specifically, the radial-direction velocity increases significantly at the
nozzle exit corner, where 𝑣𝑟 is nearly one order of magnitude higher than that in most of the flow
field. In contrast, the variation 𝑣𝑧 occurs over the nozzle exit, where values near the free surface
boundary increase while the velocity near the center of the nozzle decreases. Ultimately 𝑣𝑧
becomes uniform across the radial direction at the end of the entire flow domain. In these
simulations, the extrudate experiences a contraction flow along the centerline of the nozzle which
is known to have a significant effect on fiber orientation [12,13]. Specifically, by comparing the
sub-figures a-c in Figures 6 and 7, it can be seen that increasing the fiber volume fraction weakens
the increase in radial-direction flow field at the nozzle exit, while increasing values of 𝑣𝑧 in the free
extrudate downstream.
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(a)

(b)

(c)

Figure 6. Contours of velocity 𝑣𝑟 at different fiber volume faction: (a) 𝑣𝑓 =0; (b) 𝑣𝑓 =0.12; (c)
𝑣𝑓 =0.24. Note, the 𝑎𝑟 =10 for the above simulations.
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(a)

(b)

(c)

Figure 7. Contours of velocity 𝑣𝑧 at different fiber volume faction: (a) 𝑣𝑓 =0; (b) 𝑣𝑓 =0.12; (c)
𝑣𝑓 =0.24. Note, the 𝑎𝑟 =10 for the above simulations.
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It is important to quantify the effects of fiber loading on the dominant flow field of velocity 𝑣𝑧 .
7. The velocity 𝑣𝑧 as a function of radial position appears in Figures 8 to 11. Note that radial
location appearing in these figures is normalized by nozzle exit radius 𝑟0 where 𝑧/𝑟0 = 10, 5, and
0 refer to the locations of the flow inlet, nozzle exit, and flow exit, respectively (c.f. Figure 3).
Specifically, the velocity profiles shown in Figure 8 and 9 indicate that the fully coupled melt floworientation computations yield more significant variations as compared to those within the nozzle.
In addition, the magnitude of velocity variation increases with the fiber volume fraction. The
velocity profiles tend to become more uniform with a value similar to that of the polymer melt near
the flow exit. This can be clearly seen as well in the results of 𝑣𝑧 profiles across the flow directions
appearing in Figures 10 and 11, where the effects of the fiber volume fraction on the flow-direction
velocity appear near the nozzle exit as well as in the free extrudate section. It can be seen that
adding more fiber content to the polymer feedstock increases the final 𝑣𝑧 near the flow exit. Also,
the velocity profiles along the flow direction quickly reach a steady state shortly after the melt
passes the nozzle exit.
Computed velocities 𝑣𝑧 at the flow exit appear in Table I. The increased fluid velocity
magnitude along the extrusion direction appears to be a result of shear thinning within the polymer
melt as mentioned before (cf. [3-5]) within the high shear region (e.g., the flow domain of interest
appearing in Figure 3). Here fiber alignment increases the shear rate which increases shear
thinning of the polymer melt which also increases the velocity in the direction of flow. Part of the
contribution of our proposed code may be to quantify the difference of the melt flow kinematics
due to the addition of fibers and thus the printing conditions of the LAAM machine could be
adjusted based on computed information.

Figure 8. Flow-direction velocity profile (internal nozzle) across radial direction.
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Figure 9. Flow-direction velocity profile (free extrudate) across radial direction.

Figure 10. Flow-direction velocity profile (internal nozzle) along direction of extrusion.
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Figure 11. Flow-direction velocity profile (free extrudate) along direction of extrusion.

Table I: Predicted 𝑣𝑧 at the Flow Exit with Different Fiber Volume Fraction Applied.
Fiber Volume Fraction

𝒗𝒛 at Flow Outlet (mm/s)

Radius of Flow Exit (mm)

0

139

1.65

0.12

142

1.64

0.24

146

1.62

*Note, the radius of the nozzle exit (c.f. Figure 3) is 1.59 mm.

Extrudate Swell
From computed data appearing in Table I, it can be seen that the radius of the free extrudate
at the flow domain exit reduces as the fiber volume fraction increases, a result that is similar to
that reported in Hideyuki, et al. [7]. We simulate the extrusion process with different fiber aspect
ratio and fiber volume fraction, and quantify the die swell ratio (c.f. Equation 14) of the free
extrudate at the flow exit (c.f. Figure 3). Computed die swell ratio for various aspect ratios and
volume fractions appear in Figure 12, where fiber aspect ratio of 10, 15, and 20 are considered.
It should be noted that increasing the fiber volume fraction yields an increase in the nonlinearity
of the coupled system which ultimately makes convergence of the melt flow-fiber orientation
iterations difficult. This issue is alleviated somewhat with lower fiber aspect ratio which is reflected
in the result appearing in Figure 12, where lower fiber aspect ratio case can simulate higher fiber
volume fraction. From the computed data, it is seen that die swell ratio reduces with an increasing
fiber volume fraction. Increasing the fiber aspect ratio also decreases the trend of extrudate swell
of the melt. Moreover, a nearly linear relationship is seen between the fiber volume fraction and
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the die swell ratio. Additionally, the reduction of die swell with increasing fiber aspect ratio exhibits
a steeper gradient as compared to that computed by implementing a lower fiber aspect ratio.
Based on results appearing in Figure 12, we fit a linear relationship and the fitted results
appear as the dash lines shown in Figure 13. The fitted coefficients of the linear curves appear in
Table II. In addition, we also linearly interpolate computed data with different fiber aspect ratio
values using the known data at 𝑎𝑟 =10,15, and 20 at a given fiber volume fraction through the
MATLAB function “spline” [39]. Ultimately, the effect of the fiber aspect ratio and the fiber volume
fraction on the resulting die swell ratio is obtained, as given in Figure 14. It is clearly seen that
either an increasing fiber volume fraction or increasing fiber aspect ratio leads to a notable
reduction in the predicted die swell ratio of the free extrudate. Although the computed die swell
ratios are linearly interpolated in both fiber volume fraction and fiber aspect ratio, it is found that
the resulting fitted curves are not uniformly distributed. Thus, we further compute the gradient of
the die swell ratio field with respect to the fiber volume fraction and aspect ratio, where the results
appear in Figures 15 and 16. It can be seen that the trend of predicted die swell ratio more closely
follows the gradient field with respect to the fiber aspect ratio rather than that of fiber volume
fraction. These results show that the effect of fiber volume fraction on the resulting die swell ratio
is linearly increases regardless of the fiber aspect ratio, while the impact of the fiber aspect ratio
is enhanced with an increased fiber volume fraction.

Figure 12. Predicted die swell ratio at flow outlet with different parameters applied.
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Figure 13. Linear curve fitting of the predicted die swell ratio data.

Table II: Linear Fitted Coefficients of Curves Appearing in Figure 13.
Fiber Aspect Ratio

Fitted Slope

Linear Constant

10

-0.1070

1.0434

15

-0.1488

1.0428

20

-0.2014

1.0426

*Note, the fitted slope (𝑘̂) and linear constant (𝑏̂) are coefficients of a linear fitted
̂ × 𝑎𝑟 + 𝑏
̂.
curve, such that 𝐵 = 𝑘
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Figure 14. Predicted die swell ratio field of filled polymer at different fiber volume fraction and
fiber aspect ratio.

Figure 15. Gradient field of the predicted die swell ratio field with respect to 𝑎𝑟 .
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Figure 16. Gradient field of the predicted die swell ratio field with respect to 𝜐𝑓 .

Discussion
Compared to traditional FFF, the unique screw extrusion mechanism of LAAM systems
enables a larger selection of polymer and polymer composite materials [2]. Unfortunately, to date,
the process-structure-property relations for polymer composite deposition is still unclear and long
trial-and-error discovery process is needed for using a specific polymer composite in LAAM
applications. Extrudate melt flow simulations such as those presented above may benefit largescale AM technology as follows:
•

Calibration of material feeding rate
The material feed rate and material deposition rate including the effects of die swell must be
coordinated, otherwise the deposited bead may be blocked at the nozzle exit or disconnected
on the substrate (c.f. Figure 17). In addition, our proposed algorithm also demonstrates the
influences of fiber volume fraction and fiber aspect ratio on the flow fields of melt flow
extrusion. This is particularly useful as the volume fraction and aspect ratio (in average) of the
composite feedstock could be measured in advance.

•

Adjustment on printing raster
Extrudate swell of the molten polymer affects the resolution of a printed part, especially in the
case of a LAAM application. Using a same printing raster, we print two samples using the neat
ABS polymer and 13% CF-ABS, separately. Some detail of the printed samples is given in
Figure 18, where delamination (e.g., appearing in A-2) and voids (e.g., appearing in B-2) are
clearly seen in the structure printed using CF-ABS. This is a result of the changing geometry
of deposited beads of filled ABS as compared to the virgin polymer. Although the geometry of
a lay-down bead and a vertical extrudate are different, our computed results (c.f. Figure 12)
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can provide some referential information in adjusting the printing raster in order to compensate
the geometrical variation of the polymer composite extrudate due to the addition of the fiber
fillers.

Figure 17. Printing failures occurred due to the un-equilibrium of material feeding rate (𝑣1 ) and
deposition rate (𝑣2 ): (a) material blocked when 𝑣1 ≫ 𝑣2 ; (b) material disconnected when 𝑣1 ≪ 𝑣2 .

Figure 18. Effects of extrudate swell on the resolution of a printed part. Note the white sample is
printed with neat ABS polymer and the black one is made with 13% CF-ABS.

Summary and Next Steps
This study numerically simulates the effects of flow-fiber orientation coupling on the flow
kinematics and melt extrudate swell for a Large Area Additive Manufacturing (LAAM) polymer
composite deposition process. The mutually dependent impacts between the polymer flow and
the fiber orientation kinetics are quantified through a two-way fully coupled iterative scheme
developed using the Galerkin Finite Element Method (GFEM), where the non-Newtonian shear
thinning behavior of the polymer melt viscosity is included and the effect of fiber orientation
distribution on the flow enters the problem through an effective anisotropic viscosity.
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The computed results show that the presence of fibers and their orientation pattern yield a
significant impact on the flow field kinematics of the polymer melt during the melt extrusion
process, especially within the free extrudate. Specifically, the magnitude of the velocity profile
along the flow direction increases with an increasing fiber volume fraction. In addition, the trend
of the melt extrudate swell reduces with fibers loaded into the feedstock. By either increasing the
fiber volume fraction and/or fiber aspect ratio, the die swell ratio of the free extrudate reduces by
a notable amount.
For the future work, we suggest incorporating our numerical findings to the calibrations of a
LAAM machine printing parameters, thus avoiding otherwise the tedious trial-and-error empirical
testing process for applying a specific polymer composite feedstock to LAAM applications. In
particular, the flow fields information can be used as a refence in calibrating the equilibrium
between the material feeding rate and deposition rate. The computed die swell ratio of a vertical
extrudate may provide some reference in adjusting the printing raster to compensate the
geometrical change of the printed bead.
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