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ABSTRACT

A general procedure for combining material functions and numerical modeling to predict the orientation of highly filled wood polymer
composites (WPCs) in a single screw extrusion and validation thereof is elaborated in this study. Capillary rheometry was used to determine
the shear viscosity and wall slip functions as well as the melt density of the biocomposites. The numerical model consisted of a model film die
where the melt flow was simulated using a finite element method in the generalized Newtonian constitute equation framework. Fiber
orientation was modeled using the Folgar-Tucker approach and included fiberfiber interaction during the process. Reference extrusion tests
were performed on a single screw extruder on the biocomposites. The extrusion setup included two melt pressure transducers that were used
to determine the die inlet initial conditions (end of the extruder/die inlet) and provide feedback on the wall slip boundary conditions
(pressure discharge along the die). Overall, the pressure error between experiments and simulations was less than 6.5% for all screw speeds
investigated in 20 wt. % WPCs. Extrudates were produced, and the wood fiber orientation was estimated based on scanning electron
microscopy micrographs and image analysis and compared with the simulations of fiber orientation. We show that the general procedure
outlined can be calibrated to predict the overall orientation distribution of wood fiber biocomposites during single screw extrusion.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0224011

I. INTRODUCTION

Wood polymer composites (WPCs), and, in particular, highly
filled compositions thereof, are becoming a viable commercial alterna-
tive to conventional plastics due to their renewable content along with
their comparatively good mechanical characteristics. * However,
from a processing perspective, using WPCs, especially highly filled
with high aspect ratio fibers, can be problematic. Complex flow-
induced de-agglomeration-agglomeration dynamics, surface instabil-
ities, and thermal degradation require a fundamental understanding of

context, modeling of extrusion and experimental validation thereof is
of paramount importance.

Modeling the flow dynamics of WPCs in extrusion can be chal-
lenging due to the interplay between complex flow configurations and
rheologically complex fluids. These challenges can include multiphase
flows, fiber orientation dynamics, intensive fiber—fiber interactions,
viscoelastic and thermal dissipation effects, etc. In this context, melt
rheological measurements are an essential requirement to obtain the
necessary parameters for simulations. Several studies have been dedi-

0%:§€:90 ¥202 Joquisidas 9z

WPC processing flows.” ” This, together with the often inability of cur-
rent conventional plastics-based processing technology to facilitate
highly filled WPC throughput, results in the need to redesign process-
ing components tailored for the new material compositions. In this

cated to the rheological characterization of WPCs,” '~ through which
essential material properties such as shear viscosity functions, visco-
elastic/plastic parameters of constitutive models, and slip velocity/
length can be obtained. Selecting an appropriate constitutive model
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can be vital in obtaining realistic predictions of melt flows.'" "’

Furthermore, connecting numerical modeling directly with experi-
mentally determined inputs as well as a validation reference is one of
the key aspects for rigorous modeling of wood fiber biocomposite
processing.

In general, modeling of single-screw extrusion can be categorized
into four zones: feeding zone (solid transport), compression/melting,
metering/die(melt flow), and die flow zone.'® Wilczyriski et al.”’ have
developed a global model for single screw extrusion of wood flour com-
posites, which consists of individual models for all four aforementioned
zones. This model is able to predict pressure and temperature profiles,
extrusion output, melting profile, and power consumption. Thus, the
authors performed a brief study on the influence of material on
the extruder operation. Their estimated pressure was higher than
the experimental pressure since slip effects were ignored in their model.
Furthermore, a more detailed study was performed by the same
authors,”"* focusing on the modeling of WPCs in the metering and
die zones by taking wall slip into account. Wall slip effects were simu-
lated using the commercial code Polyflow (Ansys, Inc., Canonsburg,
PA, USA) by applying Navier slip condition in the screw metering zone
and a conical die at three different screw speeds of 20, 50, and 80 rpm;
according to their study, implementing the slip effect causes a reduction
of computed pressure, and consequently, better validation with experi-
mental pressure data.”’ Liese and Wiinsch”” modeled the flow of WPCs
within extrusion dies numerically to investigate the reason behind the
significant pressure drop occurring between the die inlet and parallel
zones (where the flow is split into two parallel sub-flows); see Ref. 24. Tt
was observed that in regions of high strain, the viscosity increased by
10° Pas because of a combination of shear thinning and strain thicken-
ing behavior, which ultimately led to the high pressure drop.

The orientation of fibers plays a crucial role in the properties of
the processed material. Its importance is witnessed in both the
manufacturing phase, when the composite is in the molten state, and
in the post-processing phase, when it solidifies. Hence, it is vital to
investigate the fiber orientation state in composites. Short fiber compo-
sites such as WPCs are considered to be a concentrated suspension.””
Orientation of fibers in a dilute suspension where fiber—fiber interac-
tion is negligible can be modeled based on the Jeffery model.”
However, in a concentrated suspension, the interaction between fibers
is prevalent.”” This necessitates the use of a much more sophisticated
model that includes the fiber—fiber interaction and for that reason, the
Folgar-Tucker model”” (F-T model) was chosen in the current study.

The main goal of the present study is to predict fiber orientation
in highly filled wood fiber composites melt flow through elaborating
all the characterization and reference experimental data required to
rigorously validate the results in single-screw extrusion. Thus, this
study extends from the coupling of the Folgar-Tucker model to the
flow and constitutive relations, capillary rheometry to determine the
steady shear viscosity functions and slip behavior, experimental data
analysis in the form of in situ melt pressure and ex situ inline image
analysis, and finally to scanning electron microscopy (SEM) image
analysis of fiber orientation, where the flow chart in Fig. 1 exhibits the
procedure graphically. Such a broad approach is challenging but neces-
sary for predicting and optimizing highly filled WPCs processing. The
work thus extends the current understanding of WPC flows by includ-
ing for the first time the orientation dynamics of wood fibers and
fiberfiber interaction in extrusion with a film die.

ARTICLE pubs.aip.org/aip/pof

Il. EXPERIMENTAL METHODS AND MATERIALS
A. Materials

Polypropylene (PP) based wood fiber composites were supplied
by Stora Enso (Helsinki, Finland) in the form of pellets, comprising 5,
20, and 40 wt. % wood fiber content, in addition to the unfilled PP.
Pellets were dried under a strict protocol to minimize the possibility of
bubble formation during the extrusion process.” Pellets were kept in a
convection oven (Memmert, UF260plus, Germany) at 90 °C for five
days prior to processing. Measuring the size and aspect ratio of fibers
was a challenge in our study due to the wide range of fiber sizes. We
used scanning electron microscopy (SEM) on pure fibers (see Fig. SI2)
and then calculated the average length and diameter. Our analysis
shows that the average length of the fibers is around 150 ym and the
diameter is ~28 pm. For more details on fiber size, see Fig. SI3. The
thermal properties of the investigated WPCs from thermogravimetric
analysis and differential scanning calorimetry can be found in Ref. 7.

1. Capillary rheometry

Rheological characterization is essential for providing material
and flow input parameters into computational fluid dynamics (CFD)
simulations, such as viscosity functions and slip velocity as a function
of shear rate. The rheological characterization of the WPCs were done
at T= 180 °C using a Gottfert RG 20 (Buchen, Germany) capillary rhe-
ometer. The Bagley correction”” was applied to correct the wall shear
stress a,, due to contraction flow errors when pressure is induced at the
entrance to the capillary die. Two round shape dies having the same
radius R=0.5mm, and different aspect ratios, L/R = 20/0.5 = 40,
and L/R = 0/0.5 = 0 were used to implement the Bagley correction.
The Weissenberg-Rabinowitsch™ correction was implemented to cor-
rect for the assumed parabolic velocity profile to obtain the (true) shear
rate 7. The Mooney method™’ was applied to determine the slip velocity
and slip length. Thus, for a round die of diameter D and considering
the power-law model

n(,) =Ky, (1)

subsequently, the slip velocity V can be determined as’’

D|. an (o, n

Vi=— Va — s

8 3n+1\ K
where K and # are the consistency and flow indices, respectively, and
g, is the (corrected) wall shear stress. Consequently, the slip length

(b)” can be obtained by assuming a linear relationship between slip
velocity V, and no-slip wall shear rate (7, = 7, — 74;) as follows:

. 2

Ve = b'?ns' (3)

The Weissenberg-Rabinowitsch correction can be applied for 7. In
this study, in order to see the effects of the slip lengths, on the pressure
of the simulations, two scenarios of wall boundary conditions were
taken into account:

(i) In the first scenario, we assume b = max{b(})} for each
concentration.

(ii) In the second scenario, we assume the slip length is a function
of shear rate, using the following relation:

Phys. Fluids 36, 093109 (2024); doi: 10.1063/5.0224011
© Author(s) 2024

36, 093109-2

0%:6€:90 ¥20z Joquiaydes 9z


pubs.aip.org/aip/phf

Physics of Fluids

Generalized
Newtonian

Folgar-Tucker

Capillary Rheometry ‘

R —

. bmax - bmin
b(yns) = bmax - "}7 | ) (4)
14—
Ve

where b, and b,,;,, are maximum and minimum limits of the slip
length and 7, is the critical shear rate where the transition between
limits occurs, see Ref. 33 for further details.

2. Determination of melt density

The melt density of all compositions was determined by capillary rhe-
ometry at 180°C (die temperature) using a round die with
L/R =20/0.5 =40, at a shear rate of 200 1/s. Melt densities were
obtained through the ratio of the mass flow rate over the volumetric
flow rate as follows:

Pme = (5)

Q’
where p,,,., M, and Q, are density in the melt state, mass flow rate,
and volumetric flow rate, respectively. For each concentration, the den-
sity measurements were carried out in triplicate, and the average was
taken. Applying the composite rule of mixtures yields

pmc:pf(rb vol+pmp(1 _¢vol)7 (6)
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FIG. 1. Flow chart, which represents the
interplay between processing, modeling,
and characterization for predicting orienta-
tion in wood fiber biocomposites.

where . pp and p,,, are the melt densities of the biocomposite,
fibers, and the polymer matrix, respectively.

B. Single screw extrusion

Materials were extruded using a 19/25D (barrel diameter of
D, =19 mm, barrel length = 25 x Dj,) single screw extruder (Brabender
GmbH, Duisburg-Essen, Germany) with a compression screw (ratio of
2/1). A schematic of the experimental setup, including the single-screw
extruder, melt pressure data acquisition system, and imaging setup, is
shown in Fig. 2. A standard film die (see Fig. SI1) was mounted to the
extruder with contraction in the y-direction, and bi-axial expansion char-
acteristics in the x and z (flow) directions. The temperatures of the heating
elements from the feeding zone toward the die were set to 150, 170, 180,
and 180°C, respectively. WPCs were extruded at three different screw
speeds (1) of 21, 66, and 121 rpm. The pressure was measured using two
Terwin 2000 series transducers (Terwin Instruments Ltd., Bottesford, UK).
The first transducer was placed at the end of the extruder/die entrance,
and the 2nd transducer was positioned at 80 mm from the die inlet, Fig. 2.

C. Determining the inlet velocity
1. Mass flow rate

The average velocity, or volumetric flow rate, is a crucial variable as
inlet boundary condition in fluid flow simulations, while in processing, the
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FIG. 2. Schematic of the extruder, melt
pressure transducers, and inline optical
image system: (1) Brabender 19/25D sin-
gle screw extruder, (2) Brabender con-
veyor belt, (3) and (4) melt pressure
transducers, (5)(8) inline optical imaging

system components, (9) extrudates, (10)

LED illumination system, (11) custom
extrusion film die, and (12) National

Instruments data acquisition board (i, ii, iii,

B iv, v) commands and control.

pressure at the die entrance in screw-based extruders is the only easily
measurable die inlet variable. In this study, the volumetric flow rate Q,
was obtained from the ratio of extrudate mass flow rate M of collected
samples over their proportional densities p,,, through Eq. (5). For valida-
tion, we then compared the volumetric flow rate thereby obtained with
inline optical imaging velocity analysis for 40 wt. % at 21, 66, and 121 rpm.

11l. MODELLING

To simulate the flow in the film die, the finite element method
(FEM)3 4 via Comsol Multiphysics 6 (COMSOL, Inc., Stockholm,
Sweden) was used. The film die geometry (see Fig. 3) was approximated
using computer aided design (CAD) and subsequently imported into
Comsol Mulityphysics. To decrease the central processing unit (CPU)
simulation time, only half of the film die was modeled by applying the

P1

Region 2

mirror symmetry boundary condition. Simulations were performed on
a system with Intel(R) Core(TM) i9-10900 CPU, 128 GB random access
memory (RAM), and graphics processing unit (GPU) of 8 GB NVIDIA
GeForce RTX 2070 SUPER. The implicit backward differentiation for-
mulas (BDF) time-dependent method along with multifrontal massively
parallel sparse direct solver (MUMPS) were used in this study.

A. Governing equations
The flow of a polymer melt is governed by the Cauchy momen-
tum equation

Dv
= V'S @)

N

8
3
Symmetry =
Boundary FIG. 3. Film die approximate flow geome-
Y condition try: (a) 3D half view of the film die, (b) x-y,
(c) y~z, and (d) x-z projections.
X
z
Region 1 Outlet
(@) Point A (b)
Y
b :
9 mm I—»z 0 5:[“
20 mm X
1 ; 4
T R=5mm (©) 25mm (d) 25 mm
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where Dv/Dt = Ov/0t + Lv is the material derivative of the velocity
vector v, L is the velocity gradient tensor that can be decomposed
into the deformation (strain) rate D = 1/2(L+LT) and vorticity
W = 1/2(L — LT) tensors, respectively, and S is the total stress tensor.
Within the incompressibility assumption, Eq. (7) is complemented by
the mass balance equation

trD = 0. (8)

For a linearly viscous fluid, the total stress tensor in Eq. (7) can be
decomposed in an isotropic and extra-stress tensor,

S = —pl+2nD + Ty, )

where p is the isotropic pressure, 7 is the shear viscosity, I is the unit
matrix, and the term Ty was added to the stress tensor to account for
the contributions of the fibers to the total stress. More information
about the governing equation of polymer melt can be found in Refs.
35-37. In this study, the extrusion die is equipped with a controlled
heating element that helps maintain a constant temperature, compen-
sating for any heat loss and ensuring a stable thermal environment.
Thus, the energy equation is not taken into account to reduce the
numerical complexity, allowing for a more straightforward analysis of
the flow and pressure within the die.

B. Fiber orientation modeling

The orientation of a single rigid prolate particle in a cartesian ref-
erence frame can be described by a vector p, see Fig. 4. This vector has
a unit length (p - p = 1), defined as

P sin 6 cos o
p=|p.| = | sinOsina |. (10)
P3 cos 0

We model the orientation of N fibers in each mesh element with a sec-
ond order orientation tensor A, through the average of dyadic prod-
ucts (pp) of N fibers,

1 N
Ar=pp =1 (PP (1
k=1

3
P

X

FIG. 4. Orientation of a single fiber defined by p vector in the Cartesian coordinate.

ARTICLE pubs.aip.org/aip/pof

Thus, the fiber component of the extra-stress tensor in Eq. (9) can
then be expressed as

Tg = 2,Np(D : Ay), (12)

«»

where the “” operator is the double dot product D : A, = tr(DAT)
= DjAji, N, is the so-called particle number, a dimensionless term
that represents the relative importance of the fibers, A4 is a fourth
order orientation tensor, and ¢ ,,; is commonly determined from the
rule of mixtures Eq. (6) as follows:

Pme — pmp
pf - pmp

(/) vol = (13 )
According to the model derived by Dinh and Armstrong,™ particle
number (N,) can be approximated for semi-concentrated composites
with random fiber spacing as

N, ~ d) L‘ol(L/D)z
P 3 ln[(ﬂ:D)/(2¢ UDIL)} .

There are different closures to approximate A4, such as linear,"’
quadratic,’ hybrid,"**’ eigenvalue based orthotropic fitting,"" and
invariant based orthotropic fitting,"” In this study, the quadratic clo-
sure approximation was implemented, where Aj; ~ A;Ap. Thus, Eq.
(12) can be re-written as

(14)

Tf = 2}’]5 NP[(D : Az)Az] (15)

Finally, Egs. (7), (8), (11), and (15) can be coupled to the Folgar-
Tucker diffusive term”” to consider fiber—fiber interactions. However,
particle orientation dynamics have been shown to be much faster
numerically than experimental results have shown.”*** Therefore, in
this study, to scale the numerical orientation time to the experimental
orientation time, a strain reduction factor (SRF) x method"” was taken
into account, as follows:

. DA,
AZ:—Dt =KW Ay —Ay - WHED-Ay+A,-D—2D:Ay)
+2G[7](1 - 3A,)], (16)

where K is a strain reduction factor that increases the orientation time
of particles in flow. The strain reduction factor (SRF) is equivalent to
the slip parameter proposed by Sepehr et al.** in 2004. More informa-
tion about SRF and its influence on orientation can be found in
Refs. 47-50, where ¢ is a function of fiber aspect ratio (L/D),
¢=((L/D)* —=1)/((L/D)* + 1), || is the effective deformation rate
(square root of the second invariant of the strain rate tensor). In this
study, the constant C;, also known as interaction coefficient (CI), was
approximated using the expression of Bay,”' whereby

C; = 0.0184 exp[—0.7148 ¢ ,,; (L/D)]. (17)

This empirical relationship for CI allows for a more accurate predic-
tion of fiber orientation, especially in concentrated suspensions where
fiber interactions are significant. The exponential decay form of CI
effectively captures the influence of fiber volume fraction and aspect
ratio, leading to better alignment with experimental observations.
According to the Jeffery model, every particle under shear is oriented
eventually in the flow direction. The addition of the strain reduction
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factor to the equations governing fiber motion results in a loss of mate-
rial objectivity of the equation; however, in this study, due to the domi-
nance of shear flows (deformation to vorticity), furthermore to
simplify the three-dimensional CFD model, we avoid using other
advanced eigenvalues-based models such as reduced strain closure
(RSC), or retarding principle rate (RPR).*

C. Boundary, initial conditions, and material functions

The Dirichlet boundary condition using volumetric flow rate
obtained from experimental results (Table SI1) was applied at the die
entrance (inlet), see Fig. 3. An isotropic Dirichlet boundary condition
accounting for a random orientation at the inlet was implemented at
the entrance of the geometry as follows:

173 ifi=],

Ajj = {0 if i # j. (18)
No slip, and Navier slip”* boundary conditions with slip lengths from
capillary rheometry were applied on the walls. The isotropic pressure
was set to zero at the exit of the die. The initial values for the velocity
vector components and pressure were set to 0. The initial conditions
for the orientation tensor were also set isotropically, Eq. (18). As mate-
rial functions, power-law functions fitted to the capillary rheometry
data together with the melt density estimations also from capillary rhe-
ometry were used as material functions.

IV. QUANTITATIVE ESTIMATION OF FIBER
ORIENTATION

The composite morphology and observations of fiber orientation
in the matrix were carried out using a scanning electron microscope
(SEM; Philips XL-30 ESEM, The Netherlands). The planar section of
the samples (regions 1 and 2, Fig. 15) was polished, and gold-sputtered
prior to SEM. Obtained SEM micrographs were stitched together to
extend the visualization area. Subsequently, the micrographs were
imported to Matlab R2021b and analyzed using a custom code based
on the so-called method of ellipses. In the method of ellipses, the fibers
are initially fitted with ellipses, followed by measuring the angle at
which the ellipses are oriented, see Secs. IV A and IV B. In addition,
fibers according to their orientation angle were filled with different
colors. Furthermore, the data from numerous fibers were averaged to
estimate the orientation tensor quantitatively.”®

z
y

=2

pubs.aip.org/aip/pof

A. Mathematical background

The principle behind fiber orientation measurement is depicted
in Fig. 5. In the figure, the x-y plane refers to the section plane. The
cross section of the fibers is in the form of an ellipse with the major
and minor axes M, m and o, 0 are azimuthal and polar orientation
angles of the fiber.

The orientation vector p can be estimated from Eq. (10) and the
second-order orientation tensor A, can be calculated from Eq. (11).
An unbiased average can be obtained by dividing the fiber’s contribu-
tion to its projected length and normalizing it,”*

v — 2ier (Pipy)i/ (Lcos O) 7 (19)

T 1/ (Tcos 0y)
where [ denotes the length of the fiber, and the angle of orientation of
the fiber with respect to the section plane is 0 and is given by:
cos ) = m/M. Equation (19) is further simplified, and subsequently,

. . . 53
the unbiased average for the second order orientation tensor~ can be
calculated as

_ Z;j:l (Pipj)ka
Zf:l Wi

is weighting function.

A}; (20)

1
cos O

where Wy =

B. Image analysis

SEM micrographs were analyzed using a custom Matlab code.
Due to the limited observation area, individual images corresponding
to small portions of the sample surface were captured and were
stitched together in a composite image. The composite images were
imported into the MATLAB code, filtered, and binarized. The binary
images were then fitted with an equivalent ellipse around the fiber
boundaries and in-built functions in MATLAB were utilized to extract
the ellipse parameters. Upon calculating the ellipse parameters, the
weighting function Wj, and second order orientation tensor Aj was
estimated using Eq. (20).

V. RESULTS AND DISCUSSION
A. Melt density

Melt densities of WPCs at 180 °C are shown in Fig. 6. It can be
observed that the addition of wood fiber to the matrix increases the

Q

L/
s
I

=
g

(a) (b)

FIG. 5. Sectional view for determining fiber orientation based on imaging analysis: (a) 3D sectional illustration of fibers in the matrix, (b) 3D illustration of one single fiber cross-

ing a plane, and (c) 2 D top view of fiber cross section on the xy plane.
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FIG. 6. WPCs melt densities at T= 180 °C as a function of wood fiber volume frac-
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melt densities of composites linearly, and the densities are fitted with a
generic equation of the form Eq. (6) showing that the rule of mixtures
appears valid. By extrapolating to the ¢ ,,; = 0 (unfilled) and ¢ ;
= 1 limits, the densities of the polypropylene melt and the wood
fibers can be estimated as p,,, = 0.77 g/cm’ and ps =161 g/cm’.

B. Viscosity, wall slip, and slip length functions

The shear thinning region (j, > 301/s) of the shear viscosity
functions, Fig. 7(a), was fitted with the power-law model, Eq. (1), to
obtain the slip velocity (V;) using Eq. (2). Fitting parameters for all
materials are listed in Table I. Slip velocities as a function of shear
stress and shear rate are shown in Figs. 7(b) and 7(c), respectively. A
more extensive discussion on the rheological properties of the WPCs
as well as their implication for processing can be found elsewhere.”

Slip velocities in the investigated WPCs are significant, e.g., for
40 wt. % at a shear rate of 600 1/s, the slip velocity constitutes ~40% of
the average flow velocity. The slip length, b, as a function of the no-slip
shear rate, 7, obtained from Eq. (3) is shown in Fig. 7(d). As men-
tioned in Sec. IT A 1, two scenarios for slip lengths are considered in
the simulations. For the first scenario, we assume the slip length to be
constant and equal to the maximum slip length for each composition

30
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E ] %)
E 15 ° e
] e
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] )
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7 ) ©
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FIG. 7. Capillary rheometry results at T= 180 °C: (a) viscosity vs shear rate, (b) slip velocity vs wall shear stress, (c) slip velocity vs shear rate, and (d) slip length obtained

from Egq. (3).
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TABLE |. Fitting parameters for the viscosity functions in Fig. 7(a) using the power-
law model, Eq. (1), at 180 °C.

PP 5 wt. % 20 wt. % 40 wt. %
n 0.607 0.540 0.429 0.368
K 886.86 1572.25 4387.49 10951.87
Beonet (M) 0.022 0.028 0.04 0.05

obtained from capillary rheometry measurements, Fig. 7(d). The slip
lengths are listed in Table I. For the second scenario, we impose a shear
rate dependent slip length, by fitting Eq. (4) to the data in Fig. 7(d)
(solid lines). The obtained fitting parameters are listed in Table SI1
(supplementary material). While b,,,, increases with the addition of
wood fiber to the matrix, j. decreases, which means that by increasing
the fiber concentration, the transition from b,y,;,, to b,,., occurs at lower
shear rates.

C. Inlet velocity

Die inlet average velocities obtained from mass flow rate mea-
surements are compared with velocities obtained from inline imaging
analysis for 40 wt. % fiber content at three different screw speeds (21,
66, and 121 rpm) in Fig. SI5(a) (Sec. SI7). The extrudate velocities are
averages of three points along the extrudate width at exit (w;, w,, and
ws); see Fig. SI5(b). The full set of data obtained can be found in Table
SI2. It can be observed that at lower wood fiber concentrations, differ-
ences between w obtained through mass flow rates and inline imagin-
ing are considerable; however, by the addition of wood fiber w,
differences diminish. The main reason for these differences is die swell-
ing phenomena. Lower concentrations and neat PP have more swelling
compared to higher concentrations, and therefore velocities obtained
through inline imaging were underestimated. Hence, for numerical
simulations, velocities obtained through mass flow rate were used, as

ARTICLE pubs.aip.org/aip/pof

velocities obtained from image analysis could be tainted with errors
due to the die-swelling.

D. Mesh optimization

A fully structured mesh generated for the die flow geometry hav-
ing a Skewness quality factor (see Sec. SI3) of 0.812, is shown Fig. 8. To
assess the quality of the mesh, we have studied the influence of the total
number of elements on the velocity profile in section B-B in Fig. 8(a).
The optimization was done using material data for PP at 21 rpm.
Several total number of elements, 9900, 44 000, 110 656, and 181 200,
were examined. According to the mesh convergence tests in Fig. 8(b),
velocity profiles with 110656, and 181 200 are very close to each other
with a standard deviation error of 0.8%; hence, the rest of the simula-
tions were done using 110 656 elements. Velocity profiles as a function
of y-coordinate are shown in Fig. 8(b).

E. Numerical and experimental pressures

The pressure contours for a melt with 20 wt. % fiber content at
66rpm with no-slip boundary condition is illustrated in Fig. 9.
Simulated pressure data along the A-A section (z-coordinate), were
extracted for comparison with pressure transducers (experimental)
data, see Fig. 10. For all cases, pressure gradients are nonlinear from
the die inlet (z=0mm) to the contraction (z=113mm), due to
expansion/contraction characteristics of the film die. However, after
the contraction (z > 113 mm), due to the constant thickness in the die,
pressure decreases linearly with z. During the experiment, the pressure
data were constantly monitored, and enough time was given at each
screw speed to see when the flow reached a steady state; Pressure data
obtained from transducers as a function of time for all cases can be
seen in Fig. SI7.

Figure 10(a) shows pressure rise with the addition of wood fiber
compared to the neat PP due to the incorporation of higher shear vis-
cosities of highly filled composites. In addition, influence of screw
speed on pressure results is shown as an example for 20 wt. % in
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FIG. 9. Isotropic pressure contours for
20 wt. % at 66 rpm.
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content on pressure at n =66 rpm, (b) influences of screw speed on pressure for 20 wt. %, and (c) influences of slip on pressure for 20 wt. % at n = 66 rpm.
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Fig. 10(b). Applying wall slip velocity boundary conditions causes a
pressure drop for all concentrations and all screw speeds, as expected.
For instance, for 20 wt. % at 66 rpm, slip length effects can be observed
on pressure obtained from simulations in Fig. 10(c), where the pres-
sures obtained with constant slip length (b = ct.) are always lower
than pressure with variable slip length b = f(},,). This is due to the
overestimation of slip impact on the flow and considering the maxi-
mum slip length as the constant b. Effects of filler content, screw speed
and slip boundary conditions on pressure and slip velocities along the
AA section are represented in Figs. SI8(a) and SI8(b) thoroughly.
Based on Fig. SI8(b), slip velocities with constant b are always higher
than variables b Fig. SI8(b) shows that the increase in wood fiber con-
tent increases slip velocities. It can be observed that from the die inlet
(z=0mm) toward the contraction/expansion region where
(0 < z< 113 mm) velocities increase, and at the contraction
z=113mm, a significant sudden velocity increase occurs due to the
contraction and higher shear rates at the die exit. Moreover, Fig. SI8(b)
shows that for all compositions by increasing screw speeds, the differ-
ence between slip velocities of variable slip lengths b = f(7,,), and
constant slip lengths (b = ct.) reduces. The reduction is more evident
at higher fiber concentrations (20 and 40 wt. %). Similar behavior can
be seen in the pressure results Fig. SI8(a), where at 121 rpm, pressures
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obtained through constant b, and variable b are very close to each
other. The aforementioned characteristics are due to the correlation
between higher shear rate/higher screw speed and the transition shear
rate () in Eq. (4), where due to the inclusion of higher shear rates at
higher screw speed, variable slip length b pass the transition shear rate
() rapidly, and ends up at upper limit of the slip length (b,,,,), see
also Figs. 11 and SI9. In two figures mentioned, the x axes represent
the screw speeds, and the y axes represent error or deviation of simula-
tion pressures from the experimental results: Error = (|psim — pesp|)/
Pexp - 100%.

For PP at z= 80 mm, it can be observed that the errors with con-
sidering constant slip length, at 21 and 66 rpm are lower than their
counterparts with variable slip length. According to the viscosity func-
tions in Fig. 7(a), PP does not obey the power-law model at lower
screw speed/shear rates; hence we expected an overestimation in pres-
sure to occur for [b = f(},,)] in Fig. 11(a). However, for b = ct. cases,
the pressure overestimation at lower shear rates was counteracted by
the slip length overestimation. Thus, the error at z=80 mm at 21, and
66 rpm for constant slip lengths are lower than the similar case studies
with variable slip lengths.

For 5wt. % fiber content at z= 80 mm, Fig. 11(b), a similar trend
to PP can be observed, where at lower screw speeds, the error is higher

& b=1(¥ns)
30 b=ct.

254
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15
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s
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= 20-
& ]
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FIG. 11. Comparison between the numerical isotropic pressure along the A-A section in Fig. 9 at z= 80 mm and mechanical pressure (p,) determined experimentally in terms
of relative error, with constant slip length (b = ct.), and variable slip length b = f(7,5): (a) PP, (b) 5wt. %, (c) 20 wt. %, and (d) 40 wt. %.
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FIG. 12. Experimental analysis of orientation from SEM micrographs in Region 1: (a) example of SEM for 20 wt. % extruded at 66 rpm and T= 180 °C, (b) fitting of fibers with

ellipses, (c) color-coded orientation figure, and (d) histogram of orientation angle.

due to errors associated with applying the power-law model at lower
shear rates. In addition, at 121 rpm, due to the high shear rates and
similar slip lengths, the errors are similar.

For 20 wt. % fiber content, since the power-law model can be fit-
ted over a broader range of data points due to the dominant shear
thinning behavior [Fig. 7(a)], and consequently, simulations could lead
to lower errors, see Fig. 11(c). In addition, it can be observed from Fig.
SI8(a) that pressures obtained through simulations are lower than the
experimental pressure. Three factors could influence on the underesti-
mation of the pressures. First, the slip lengths on the walls for both
case studies, due to the simplifications in measuring wall slip velocity
using Mooney method, are overestimated. Second, the power-law
model implies difficulties in the constitutive modeling at low shear
rates and overall the generalized Newtonian constitutive framework
excludes elastic contributions to the total stress. Normal stresses are
thus not present in the simulations but would be measured by the melt
pressure sensors. We briefly note that melt-pressure transducers pro-
vide a “mechanical” pressure which is a contribution of both the iso-
tropic pressure and normal stresses.” Finally, the temperature within
the flow domain may not be uniformly distributed. Particularly at
higher rpm, specific regions within the domain may exhibit tempera-
tures lower than 180°C and since the energy equation and thermal

dissipation are neglected in this study, the temperature variation can
result in increased viscosities, leading to higher pressures.

For 40 wt. % fiber content, Fig. 11(d), the error is slightly higher
compared to 20 wt. %. Similar to the other compositions, the errors in
the case of b = ct. are lower due to the higher slip lengths. Upon com-
paring the error shown in Fig. 11(d) with Fig. SI8(a), it is evident that
the simulated pressures are higher than the experimental mechanical
pressure. The aforementioned differences can be attributed to two fac-
tors. First, it is possible that the actual slip lengths are higher than the
implemented values and second, it should be acknowledged that
WPCs with a fiber content of 40 wt. % could contain improper filling
regions within the die. Since the simulations were conducted under the
assumption of a filled die, the resulting simulation pressures could
therefore be overestimated.

The pressure error, Fig. SI9, shows differences between simula-
tions and experiments at the die inlet. Pressure errors are lower for var-
iable slip lengths than for constant slip lengths. In detail, 20 and 40 wt.
% fiber content and at all screw speeds with constant slip lengths, the
pressure error is higher due to overestimation of slip. For 5wt. % fiber
content and for neat PP, the error due to power-law model limitations
is higher. Several factors could lead to the error and inconsistency: (1)
the simplification of the geometry in the simulation at the inlet; (2) the
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true position of the first transducer where the first transducer was
placed before the die and adaptor, thus, the contraction in the adaptor,
the distance between the inlet of the die and transducer position, and
(3) thermal effects could cause the inconsistency.

F. Experimental determination of fiber orientation

SEM micrographs in Region 1 of the materials extruded (see
Fig. 3) are presented in Fig. 12. Fitted ellipses are shown in Fig. 12(b),
as described in Sec. IV. Fibers can break due to the high wall shear
stress between the screw and the barrel during extrusion, ellipse fitting
on the SEM of Region 1 [Fig. 12(a)] indicates a significant decrease in
the length and diameter of fibers, for more information on size of fiber
see Fig. SI4. Orientation analysis from the elliptical shape fitting in
Fig. 12(b) is represented as color-coded images in Fig. 12(c) and as a
normalized histogram in Fig. 12(d). It can be determined from the
results that a large proportion of the fibers (more than 40%) are ori-
ented at angles between 0° and 15°. This indicates the strong align-
ment of the fibers along the flow direction in Region 1, where the
nominal shear rate is comparatively high. Additionally, from the color-
coded SEM micrographs, it is apparent that the fibers present close to

ARTICLE pubs.aip.org/aip/pof

the wall have a preferential orientation toward the flow compared to
those farther away from the wall In Fig. 12(c), fibers with
Diax/Dumin < 3 are colored in white, and gray as the minimum aspect
ratio observed for a single fiber in our sample was four according to
our initial SEM analysis. Therefore, ellipses with an aspect ratio <3
have to be perpendicular or tilted to the surface. We can also not exclude
the presence of complex fiber morphologies, such as fiber bundles,
agglomerates, etc. Concurrently, it can be observed that in the central
part of the SEM micrograph in Fig. 12(c), the fraction of particles per-
pendicular or tilted is more significant than in the regions close to walls.

A similar analysis was done for Region 2 (see Fig. 3) where,
Fig. 13 illustrates SEM micrographs, fitted ellipses, and histogram
depicting the angles at which the fibers are oriented. The results show
that fibers in Region 2 are less oriented in the flow direction when
compared to Region 1 as expected. The proportion of fibers aligned in
the flow direction in Region 2 is ~30% as opposed to nearly 45% in
Region 1. However, similar to Region 1, a greater amount of fibers
were oriented in the flow direction at the walls compared to the middle
section. It is also noticeable that in Fig. 13(c), more fibers perpendicu-
lar to the surface and flow (filled with white and gray colors) can be
observed.

O 2<D,u/Dpin <3

O max/Dmm < 2
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) I I I I
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FIG. 13. Experimental analysis of orientation from SEM micrographs in Region 2: (a) example of SEM for 20 wt. % extruded at 66 rpm and T= 180 °C, (b) fitting of fibers with

ellipses, (c) color-coded orientation figure, and (d) histogram of orientation angle.
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FIG. 14. Effect of strain reduction factor (SRF) on A, components of the point A
shown in Fig. 3.

G. Orientation from numerical modeling
1. Effect of strain reduction factor

The effect of the strain reduction factor (SRF), see Eq. (16), on the
orientation tensor components, see Eq. (11), is highlighted in Fig. 14 for
(fixed) point A in Fig. 3. Preliminary numerical investigations were per-
formed to optimize SRF with respect to the experimental results
(described ahead). According to our initial interpretation with k=1,
and x = 0.3, fibers orient comparatively fast, and the resulting orienta-
tions were not matching experimental observations.”**>*" In contrast,

K = 0.1, showed a better agreement with experimental results.

Time is another vital factor that could influence on A, compo-
nents. According to Jeffrey’s fiber orientation model, fibers in the flow,
influenced by shear, eventually orient in the flow direction. In other
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words, Jeffrey model is time-dependent, which means all the fibers
could be oriented in the flow direction with the evolution of time.
Hence, selecting an acceptable time for analysis and validation pur-
poses is important. To select the right time, As; obtained through SEM
in Region 2, is compared to A;; obtained through modeling at different
times in Fig. SI10. Based on the comparison done, Time=1 s is
selected for the upcoming validations.

2. Fiber orientation distribution

Fiber orientation distribution in the entire flow domain for 20 wt.
% fiber content at 66 rpm (Time = 1 s) considering variable slip length
is illustrated by the first eigenvalue/eigenvectors of the orientation ten-
sor A, in Fig. 15. The colormap in Fig. 15, represents the first eigen-
value, and the arrows stand for the first eigenvectors. Along the
y-direction for a core region, the first eigenvalues are smaller, which
means there is weak orientation in the flow (z) direction. This is in
contrast to regions close to the walls where the fibers are subjected to
the highest local shear rates, i.e., greater eigenvalues, and consequently,
exhibit stronger orientation in the flow (z) direction.

H. Experimental validation of the numerical
orientation distribution function

Figure 16 shows the numerical prediction of fiber orientation in
detail and the comparison of the orientation distribution from the
obtained A, tensors in selected Region 1 and Region 2 (marked in
Fig. 2), to the distribution of orientation tensors A, calculated through
SEM image analysis (as described in Sec. V).

Figure 16(a) represents the A, first eigenvalues contour and
velocity profiles in Region 1, and Fig. 16(b) shows the numerical,
experimental A,, and velocity in the flow direction as a function of y.
At the core of the flow domain in Fig. 16(a), here y = 0.25, it shows a
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FIG. 16. Comparison between experimental and numerical fiber orientation for 20 wt. % at 66 rpm, considering variable slip lengths, Time =1's, T=180°C in Regions 1 and
2: (a) first eigenvalue in Region 1, (b) A,, and velocity as a function of y for Region 1, (c) first eigenvalue in Region 2, and (d) A, and velocity as a function of y for Region 2.

random orientation. The orientation tensor A, components, numeri-
cally and experimentally express a stronger degree of orientation in
areas closer to the walls, due to the higher local shear rates and isotropic
orientation in 0.15 < y < 0.35, due to lower shear rates, where the
velocity [w(x, y)] distribution reaches a plateau comparatively. Not only
do the two agree qualitatively, but also quantitatively, except for A;;.
The spatial distributions in A3; and A,, seem broader than the numeri-
cal counterparts. Consequently, this could imply that the experimental
velocity gradient might exhibit significant local shear rate gradients, but
these gradients are likely confined to a limited region near the walls.
Several reasons for these differences between simulation and experi-
mental findings could be inferred. Due to the simplifications in the
modeling, for example, the energy equation, heat dissipation, were not
considered in this study; in addition we implemented SRF method
instead of RSC or other approaches which can cause this error. Another
contributing factor could be the assumption of incompressibility for the
simulated materials. In practical scenarios, these materials might
exhibit compressibility under high pressure conditions. Finally, when
quantifying the orientation tensor A,, we assumed that the fibers are
uniform and rigid; however, in reality they possess both flexibility and
non-uniformity.

A similar analysis was done for Region 2 (see Fig. 3) where, Figs.
16(c) and 16(d) illustrate fiber orientation with first eigenvalues, and
A, components, respectively. Results show that compared to Region 1,
fibers in Region 2 are less oriented in the flow direction. In other
words, Figs. 16(c) and 16(d) show that the isotropic core is broader
compared to Region 1, due to the velocity profile, and lower shear rates
in Region 2. Both experimental and numerical results in Fig. 16(d)
show that the component in the flow direction (As;) is greater than
other A,, and A;; components. In addition, due to the asymmetric
velocity profile in Region 2, it can be observed that A;; values obtained
through both modeling and experiments are slightly higher at
y=0mm compared to y=4.5mm. Furthermore, the experimental
orientation distribution appears only weakly dependent on the y-coor-
dinate. This could suggest that the velocity distribution is more plug-
flow-like and does not stabilize (or there is substantially more slip in
the entrance region) by the time the fluid reaches Region 2.

VI. CONCLUSIONS

A comprehensive procedure for the modeling of orientation distri-
bution in wood fiber based composites has been successfully elaborated
in this study. The procedure comprises (i) a numerical flow model of an
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extrusion die, coupled with generalized Newtonian constitutive equa-
tions and the Folger-Tucker formalism for accounting for the presence
of the wood fiber; (ii) an experimental set of procedures based on capil-
lary rheometry to provide or enable all the required material functions
and boundary conditions required by the numerical model; (iii) and
experimental protocol for the validation of melt pressure estimations
with in situ data during extrusion and the estimation of die in situ fiber
orientation. We especially highlight the importance of considering the
slip conditions for adequate numerical results and for understanding the
processing behavior of highly filled biocomposites. Within this proce-
dural framework, the results showed a good agreement between the
experimental and numerical orientation wood fiber distributions. Such
results are significant building blocks for the design of processing ele-
ments streamlined to overcome challenges encountered when process-
ing WPCs containing significant amounts of wood fiber content.

This study successfully integrated experimental and numerical
methods. Future research could build on this by examining how input
parameters influence the fiber pressure profile or orientation status.
Several limitations and simplifications were present in this study, such
as: (1) Assuming incompressibility, excluding the energy equation and
heat dissipation, and using the SRF method instead of RSC or other
approaches. (2) The accuracy of the model depends on various parame-
ters, including the interaction coefficient (CI) and the aspect ratio of the
fibers; determining these parameters can be challenging. (3) In the FT
model, the fibers were assumed to be rigid and uniform; however, in
practice, the nature of wood fibers is non-uniform and flexible. (4) SEM
imaging and subsequent image analysis were used for experimental vali-
dation to model fiber orientation. Future studies might employ methods
such as x-ray tomography for 3D fiber orientation to validate numerical
simulation results more comprehensively. It is essential to recognize that
this study is not exhaustive and contains certain research gaps. Thus,
there is considerable potential and scope for future work in this area.

SUPPLEMENTARY MATERIAL

See the supplementary material, which provides slip length fitting
parameters, images of the film die, a schematic illustration for flow rate
measurements, mass and volumetric flow rates, inlet and outlet velocities,
additional inlet pressure data not included in the main manuscript, and
error measurements for pressures at the die inlet, along with other details.
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