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Abstract

The production of high-performance thermoplastic composites reinforced with short carbon fibers can be
achieved by a novel “additive manufacturing-compression molding” technique. An advantage of such a
combination is two-fold: controlled fiber orientation in additive manufacturing and less void content by
compression molding. In this study, a computational fluid dynamics model has been developed to predict the
behavior of printed layers during fiber-reinforced thermoplastic extrusion and subsequent compression molding.
The fiber orientation was modelled with the simple quadratic closure model. The interaction between the fibers
was included using a rotary diffusion coefficient that becomes significant in concentrated regimes. Finally, the
second rank orientation tensor was coupled with the momentum equation as an anisotropic part of the stress term.
The effect of different fiber orientation within printed layers was investigated to determine the favorable printing
scenarios in the strands that undergo compression molding afterwards. The developed numerical model enables
design of high-performance composites with tunable mechanical properties.

Introduction

Additive manufacturing (AM) or 3D printing of polymer composites has been of growing interest in recent
years as it enables manufacturing of strong, stiff, and tough parts without the need for multiple processes or special
tools [1]. Despite significant advancements demonstrating AM as an excellent tool for prototyping, AM-based
manufacturing processes still face some critical challenges. One of the challenges is to eliminate the excessive
porosity in printed beads and the subpar bead-to-bead interface that cause poor mechanical properties of 3D
printed parts [2, 3]. Nevertheless, AM can remarkably align the fibers in the deposition direction due to the shear
stresses developed during the extrusion of the material inside the nozzle. It is well recognized that low porosity
and high fiber orientation are essential to achieve excellent mechanical properties for composite parts [1].
Traditionally, extrusion compression molding (ECM) and injection molding (IM) processes are used for the mass
production of polymer-based automotive parts with low void contents. In ECM, a plasticizer is used to create a
polymer charge (a combination of polymer and fibers) and place it on the mold. The loaded mold then undergoes
a compression cycle. As a result, we get fiber-rich or resin-rich areas without control over the fiber alignment
during the compression cycle. These non-homogenous areas can create undesirable stress concentration zones in
the part. Similarly, with injection molding, we get weak and strong zones within a part because of the different
fiber orientations at distinct locations. The location for material injection and the dimensions (especially
thickness) of the part determine the fiber orientation of the injection molded parts. The fiber-rich or resin-rich
areas in the CM or IM parts leads to overdesign or inefficiency in these traditional composite manufacturing
processes. In the end, there is a need for a novel manufacturing process that takes advantage of control over fiber
alignment in the AM system and combines with traditional manufacturing processes that produce parts with low
porosity levels.
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The US government retains and the publisher, by accepting the article for publication, acknowledges that the US government retains a nonexclusive,
paid-up, irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or allow others to do so, for US government
purposes. DOE will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan
(http://energy.gov/downloads/doe-public-access-plan).

906


mailto:berse@mek.dtu.dk
http://energy.gov/downloads/doe-public-access-plan

Reviewed Paper

A novel “additive manufacturing — compression molding” (AM-CM) technique was introduced recently
to control the fiber orientation (microstructure) while reducing the porosity to produce high-performance fiber-
reinforced thermoplastic composite parts [4, 5]. The digital nature of AM systems and high fiber alignment of the
deposition process enables local control and tunability of the fiber orientation in each layer and through the
thickness of the manufactured parts. The compression molding process produces parts with low porosity levels at
rapid processing cycle times. The AM-CM process offers control over various processing parameters and emerges
as a game-changing manufacturing technique to produce high-performance composite parts [4]. It allows rapid
creation of multi-material parts with tunable mechanical properties via control over the printing toolpath.
Consequently, the AM-CM manufacturing technique produces enhanced design freedom with potential cost
savings through optimizing materials, intermediates, process flow, cycle times, and integration.

In this paper, a computational fluid dynamics model for the AM-CM process with fiber orientation was
developed to predict the behavior of printed layers during fiber-reinforced thermoplastic extrusion and subsequent
compression molding. The resultant fiber orientation in the AM-CM parts can be extracted from the numerical
model and used to predict the mechanical properties of the composite parts [6]. The paper is organized as follows:
Section two presents a general numerical framework with governing equations. Section three describes the
modeling of fiber orientation. In the fourth section, the modeling of fiber orientation in an additively manufactured
strand and thermoplastic extrusion through a fused deposition modeling process is detailed. In the fifth section,
the numerical model for compression molding of AM preforms and the change in fiber orientation within the
strand is described. The paper ends with concluding remarks in the sixth section.

General numerical framework

This section describes a numerical model entailing both the additive manufacturing and compression
molding processes that result in two steps of the simulation process. While numerical modeling of both techniques
is described in the literature [7-13], this is the first report that presents a numerical framework coupling both these
techniques together. Both the steps of the simulation are carried out using OpenFOAM, an open-source package,
where chimera/overset mesh methodology is used to simulate the movement of the nozzle in the first step, and a
compression plate is used in the second step. OpenFOAM was previously used to model the injection molding
and fused deposition processes [14-18]. While modeling of injection molding does not require any mesh
movement, the fused deposition is modeled using a deformable mesh to simulate substrate movement. In addition,
since the thermoplastic polymer is reinforced with fibers, fiber orientation must be coupled with the polymer flow
to provide a reasonably accurate result. Previous works on modeling material extrusion additive manufacturing
of fiber reinforced thermoplastics considered finite element method (FEM) [19, 20] and smooth-particle
hydrodynamics (SPH) [21-23]. In the present work, finite volume method (FVM) is used instead. More
specifically, the well-established volume-of-fluid method was used to solve two-phase flow (polymer and air)
[24-26]. This approach solves the single momentum equation for both phases, while the interface between those
two phases is tracked by the scalar a. Both phases, depending on the value of «, can have different thermophysical
and rheological properties.

The continuity and momentum equations can be written as:
Vu=0 @))
p(%+u.|7u) =pg + Vo 2)

where u is the velocity vector, p =1250 kg.m™ is the fiber reinforced polymer density, p is the pressure, g is the
gravitational acceleration vector with components (0,0, —g), t is the time, and o the stress-tensor. The latter can
be expressed as:
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o =—pl+2u(D+ NpAyD) 3)

where y = V2D : D is the strain rate magnitude, D = ((Vu) + (Vu)T) /2 is the deformation rate tensor, and  is
the apparent viscosity of the material. The term NpA 4D in stress-tensor is contributed by the reinforcing fibers
and will be discussed later along with the description of fiber orientation modeling. The rheological behavior of
the material is modelled with Carreau-Yasuda shear thinning fluid model [21] and it can be defined as:

H= o + (o — o) (1 + (1)) @)

where [, is viscosity at the infinite shear rate, y, is viscosity at the zero-shear rate, 7 is the relaxation time, n is
the power law index, and a is the transition parameter between Newtonian and power law region. Properties of
the material are presented in the Table 1 [21].

Table 1: Rheological model parameters

Moo Ko T a n
10 Pa.s 1450 Pa.s 0.0045 s 1 0.09

Finally, the phase fraction scalar « is transported by:
‘;—‘: +V(aw) =0 (5)

The thermophysical properties on the interface, where value « is between 0 and 1, are interpolated with the
mixture rule. This applies to all thermophysical properties, including density and viscosity which are the most
relevant in this case. The equation describing the density on the interface is given in Eq. (6),

p=ppa+ps(l—a) (6)
where pp is the density of the polymer and p, is the density of air.

It is important to highlight that the phases are modeled as incompressible fluids as can be seen from the
momentum and continuity equation. Assuming phases to be incompressible for the FDM process is perfectly valid
whereas in the case of squeezing/compression, this assumption is valid until some level of compression only.
Hence, the current study does not consider high level of squeezing. The problem is formulated as isothermal,
which means that viscosity does not depend on temperature. The boundary conditions for the velocity include
prescribed extrusion speed U in the inlet of the nozzle and a no-slip boundary condition on the walls of the nozzle
and the substrate. For the imaginary walls surrounding the substrate and the nozzle bounding the numerical mesh,
pressure must be specified. It imposes zero-gradient for the outflow while the velocity for the inflow is obtained
from the internal cell. When combined with the boundary condition for the phase fraction a at the same walls,
this allows material to escape from the domain without being constrained, if the flow conditions for such a
scenario arise. The phase fraction a has a value 1 at the inlet patch in the nozzle. The walls of the nozzle and
substrate are prescribed with zero-gradient boundary condition. The fiber’s orientation tensor A is prescribed with
a perfectly random orientation at the inlet in the nozzle, while zero gradient is prescribed for all the other boundary
conditions.

Modeling fiber orientation

Composite material flow can be simulated using different approaches [27-29]. Two main categories are
represented as microscopic and macroscopic models. Microscopic models would require using either SPH or
discrete element method (DEM), or simply tracking each fiber in the polymer matrix using a Lagrangian approach.
However, as the number of fibers inside the material can be very high, this tends to be very computationally
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expensive. On the other hand, macroscopic models offer an alternative to the microscopic models based on the
Jeffery’s formulation of the motion of a single particle within the fluid flow [30]. The basic model is extended by
Folgar and Tucker, which included fiber-fiber interaction under the assumption of incompressibility of the fluid
and negligible Brownian motion [31]. Finally, a transport equation fiber orientation tensor A is proposed by
Advani and Tucker [32], with different closure approximations [33]. This model is included in some of the
commercially available software such as Moldflow and Moldex 3D. However, such a model does not exist in
OpenFOAM requiring it to be implemented. This model was first implemented by Kerstin [34] for single-phase
fluid flows and then extended to both incompressible and compressible reactive multiphase flows for injection
molding applications [14 — 17, 35]. However, those multiphase solvers which model the fiber orientation tensor
transport equation do not allow the use of overset/chimera grid, which is necessary for modeling the AM-CM
process. The transport equation of second rank orientation tensor A can be written as:

Z—':+(u-V)A=—(W-A—A-W)+/1F(D-A+A-D—2D:A(4))+2DT(I—3A) (7)

where A is the shape factor, W is the vorticity tensor, A4 is the fourth rank orientation tensor, D, is the rotary
diffusion coefficient that is used to model the fiber-fiber interactions. A closure approximation is required for the
term A(y4) to solve the equation above. Among various closure approximations explored in the literature [33, 36,
37], a simple quadratic closure approximation is used here. Hence, Ay, is the dyadic product of the second rank
order tensor A by itself (A4 = A @ A). It is evident from Eq. (7) that both the strain-rate deformation tensor D
and vorticity tensor W will influence the orientation tensor A. However, the problem is coupled back in the
momentum equation through the stress term, where NpA(4)D term is present. As it can be seen, the orientation
tensor will influence the rheology of the composite material, multiplied by the Np factor, which represents the
anisotropy level. The Np factor is modeled in various way [38, 39], but in general it depends on the volume
fraction of the fibers and the aspect ratio (length and radius). The rotary diffusion coefficient is defined as D, =
Cy, where the coefficient C is the interaction coefficient. The coefficient C is a function of the volume fraction
and the aspect ratio of the fibers. For modeling the fibers, the aspect ratio of the fibers, volume fraction, and the
initial orientation tensor A are necessary. Two extremes of the initial orientation tensor A can be written as,

100

1 0 0 3
A=|0 0 OJand A=|0 - 0 (8)

0 0 0 00%

where the first one is representing the orientation completely aligned with the x-axis, while the second one
represents a perfectly random isotropic orientation. Notice that the trace of the tensor must be 1. Results should
be interpreted as the probability of the orientation in certain direction, where 0.9 for example, would mean that
there is a 90% chance or 90% of fibers are oriented in that direction.

Fused deposition modelling

The first stage represents modeling of FDM. This includes both the flow inside the nozzle and during the
deposition onto the substrate. The simulation setup, with highlighted substrate, nozzle and boundary wall patches
is illustrated in Fig. 1.
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Figure 1: Sketch of fused deposition modeling in OpenFOAM

The flow is initiated from the empty nozzle with composite material that carries on completely randomly oriented
fibers as described above. Process parameters and fiber properties are summarized in Table 2.

Table 2: Processing and fiber parameters
U \4 h D L (0] Ar
30 mm/s 30 mm/s 12.5 mm 25 mm 75 mm 10% 10

As the flow goes through the nozzle, fibers tend to orientate along the nozzle length, especially in the
regions close to the walls. In the central core region, fibers are mostly oriented in a random manner as the material
in this core region is unyielded. The orientation of fibers inside the nozzle as well as the profile along the mid
cross-section of the nozzle can be seen in Figs. 2 and 3. At a short distance out from the entry of the nozzle (say,
5 mm), the fibers are strongly aligned in the vertical or extrusion direction due to high shear flow. As we move
away from the entry of the nozzle, fibers tend to be more aligned in the flow direction (refer transformation from
red curve to blue curve in Fig. 3). The difference in fiber orientation decreases as we move away from the entry
of the nozzle, as depicted in Fig. 3. The difference is in the central region where fibers are not highly aligned
while the orientation of fibers in regions close to the wall does not differ much. This is evident by comparing the
cases corresponding to L = 55 mm and L = 30 mm. Using a longer nozzle would not cause further alignment of
the fibers in the vertical direction.
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Figure 2: The tensor component that describes orientation of fiber in vertical (z-axis) direction on the left. On
the right, a phase fraction plotted, where red color represents the printing strand.

Figure 3: A2 ZZ tensor component on different cross sections in the nozzle. The upper left, right, and bottom
left insert figures represent cross-sections at 5 mm, 30 mm, 55 mm below the nozzle entry. The bottom right
insert represents value of A2 ZZ component, along the midline plotted for these different cross-sections.

Compared to the existing literature, the present numerical setup offers the capability to examine 3D effects
of fiber flow on orientation of fibers and vice versa. The experimental investigation revealed that the orientation
of the fibers along the strand is not uniform [40]. Kumar et al. concluded that the AM process yielded panels with
75% of fibers orientated in 0-20 angle for a given set of printing parameters. After compression, the fiber
orientation increased to ~82% [4]. A significant side-flow in the third direction (y-axis in Fig. 2), can cause fiber
alignment in that direction, and this effect can be seen only via 3D simulations. This effect has been reported and
experimentally proven by Quintana et al. [40], where the authors concluded that the fiber orientation was
significantly higher in the y-direction as compared to vertical z-direction.

In Fig. 4, probability of fiber orientation along the x-axis (printing direction) and the y-axis (axis
representing the strand side flow) across the cross section are depicted. From these cross-sections, two zones can
be readily distinguished. First, the skin zone corresponding to the outer part of the strand contains fibers oriented
highly in the printing direction. In the core zone formed by the inner part of the strand, the probability for fiber
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orientation along y-direction is significant, especially at the bottom of the central core region. This effect is often
overlooked by planar simulations. Using the parameters in Table 2, a 67% of fibers in the skin region were found
to be oriented in the printing direction (0 — 20 degree), agreeing well with the experimental results from Kumar
et al. (75%) [4]. Note that while the h/D ratio is same in both the studies, U/V ratio is different and thus, explains
the small discrepancy between the numerical and experimental results. The U/V ratio does affect the orientation
of fibers [21]. The maximum probability for fiber orientation from the numerical simulations in skin region is
95% while it 66% in the core region. Small narrow blue regions at the edges of the strand (bottom right insert of
Fig. 4) arise in the numerical simulations as the a function (phase fraction) does not have a sharp interface, but
rather a diffusive one. The orientation of the fibers is solved in such a way that the magnitude of the A tensor is
scaled by the a value to prevent numerical escape of the fibers from the material into the air. For that reason, in
the zones where a tends to go 0, but it is still >0, the fibers are less oriented.

A2 XX A2YY

00e+0002 04 06  9.4e-01 0.0e+00 02 0.3 04 05 6.6e-01

A2 XY Zone of highly oriented fibers in printing direction
-3.7e-01-0.2-0.1 0 0.1 0.2 3.7e-01

Zone of dominantly oriented fibers in sideway flow direction

Figure 4: Top left and right inserts represent orientation of the fibers in x-(printing) and y-directions (sideway
flow direction). Bottom left insert represent orientation in the x-y direction, while the bottom right insert
represents two zones that are delineated depending on dominant orientation of fibers.

Figure 5. Experimental cross section of the fiber reinforced strand

To prove the existence of the core/skin region, preliminary experimental runs have been done, as shown in Fig.
5. It is possible to see from Fig. 5 that a significant number of fibers are oriented in the horizontal direction,
especially in the central zone closer to the bottom of the strand. On the other hand, close to the edges of the strand,

912



Reviewed Paper

only white dots are visible. This means that fibers in those zones are oriented perpendicular to the strand plane
presented in Fig. 5. These experimental finding qualitatively agree with the numerical ones; however more precise
and detailed comparison must be done. Note that the fibers in Fig. 5 are represented as thin white lines/dots, while
black dots correspond to pores.

It is possible to relate tensor field A in the cross section at the end of the nozzle with the cross section of
the strand. In both cases, the central region is less oriented in the main-flow direction (deposition/extrusion
direction), but it is elongated and shifted to the bottom in the case of the strand. This is a direct consequence of
the sideways flow, which can be partially suppressed by a different choice of U/V or h/D ratios. Additionally, an
important difference between the fiber orientation in those two core regions is found. In the cross section of the
nozzle, the core region is randomly oriented, while in the cross section of the strand, fiber orientation in z-direction
is almost non-existent. This feature will point out the fact that vertically oriented fibers in the strand are easily
reoriented during sideways flow, which also explains why the core region not only expanded from the nozzle, but
also its peak values (A2 YY component) became higher. The initial fiber orientation of these additively
manufactured strands plays a significant role in modeling the reorientation of fibers in the subsequent compression
molding process and thus the fiber orientations in the AM-CM parts produced.

Compression molding

The second part of the process represents compression molding. In general, when preforms exhibit random
orientation of fibers it is hard to estimate and control the final orientation of the fibers after compression. It is
possible to see from Kumar et al. that by extrusion compression molding (ECM) only 7% fibers were highly
oriented in a given direction [4]. For that reason, the effect of squeezing on the orientation of fibers in the
additively manufactured strands is examined here. To begin with, these strands have different fiber orientations
corresponding to those from the AM process or initialized manually, emphasizing the importance of the initial
fiber’s orientation on the final orientation tensor values. The strands obtained by FDM are mapped onto the new
numerical mesh prepared for CM, where these strands represent initial condition in the case of CM.

The numerical model used the same set of the equations as the first part representing the AM process;
again, using chimera/overset methodology. However, instead of prescribing a velocity to the nozzle as done in
the AM part, the velocity is prescribed to the compression press here. Note that the velocity of the press will not
affect the way strand is deformed, at least for the two velocities (30 and 60 mm/s) considered here. The
compression molding process is illustrated in the Fig. 6. The left top insert shows the non-compressed strand
while the top right insert represents the strand undergoing compression. The overset mesh is depicted in the
bottom insert of Fig. 6. The blue cells correspond to the ones calculated directly on both the background and
overset meshes, while the red ones are blocked, and they represent the compression press. Blocked cells means
that no solution is calculated among these cells, and, in this case, they represent a solid body. The green color
cells (around red ones) represent the edges of the overset mesh, where the overset boundary condition is applied.
In those cells, the solution is interpolated between the overset and the background mesh. This interpolation is the
only source of numerically introduced errors because of using the overset mesh. However, the numerical errors
could be minimized using different techniques such as using similar size of cells in both the meshes.
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Figur;: 6: Top left and right inserts represent previously deposited strand and the strand undergoing compression
molding. Bottom insert represents identity differentiation between directly calculated cells, blocked cells, and
interpolated cells with the use of overset mesh methodology.

The strand appearance and the fiber orientation within the strand are presented in the Fig. 7, for different
levels of compression. In the top insert, the strand is not squeezed, in the middle part the strand is squeezed by 3
mm, while in the bottom insert, the strand is squeezed by 6 mm. This illustrates the expansion of the core region
with fibers generally oriented along the y-axis (horizontal in this plane). However, the skin region with highly
oriented fibers remains unaffected. These results agree well with the experimental observations by Kumar [4],
where orientation of fibers along deposition or printing direction became even higher after compression. The
maximum values of A2 XX component along the middle slide of the strand get smaller while the compression
level is increasing. On the other hand, the maximum values of A2 YY component are getting higher as the main
flow direction during the compression step is along the y axis. Not much re-orientation of fibers aligned in the x-
direction is observed. As the core region expands under compression, the orientation of fibers in the x-direction
(0-20 degree) drops to 43% with 3 mm squeezing and 15% with 6 mm squeezing. This is different from
experiments and occurs because of simulating a single strand as compared to experiments involving multiple
strands printed next to each other. The side flow during compression is unconstrainted in this study allowing
much higher orientation of the fibers in y-direction.
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Figure 7: Fiber orientation in X and y direction during compression stage. Top part — uncompressed, middle part
— 3 mm compressed, bottom part — 6 mm compressed.

Furthermore, different fiber orientations were considered prior to compression to study the effect of
initial fiber orientation obtained from the AM process. In addition to the fiber orientation obtained from the
deposition flow simulation, three more cases were considered: perfectly random orientation (0.3333 each diagonal
component of A2 tensor), completely aligned in deposition direction (perpendicular to the cross-section plane on
Fig. 7) and completely aligned in vertical z-direction (Fig. 7). The resulting A2 YY tensor component for these
three cases are illustrated in Fig. 8. Interestingly, the final patterns are not the same neither in terms of shape nor
absolute values. While the absolute values are expected to be different due to different initial conditions, fiber
re-orientation occurred differently and because of different input parameters. The case with values 0.3333 on
main diagonal of the tensor had similar appearance as the one with the completely aligned fibers in x-direction
(top and middle part of Fig. 8). The difference between those two was that the skin of the strand is very thin (blue
zones on the very edges from the sides) in the case of random orientation while in the case of orientation in x-
direction, the skin was thicker. This confirms that the fiber oriented along the printing direction are hard to re-
orient while most of the randomly oriented fibers re-orient easily. In contrast, when fibers are aligned in z-
direction (vertical axis in this projection), the fibers have the highest degree of the orientation caused due to the
side flow which is perpendicular to the length of the fiber. Moreover, the bottom insert in Fig. 8 shows as different
pattern. The skin on the sides almost vanishes and the maximum value of the orientation tensor component in the
y-direction is very high (0.91). This is a big change especially considering that initially no fibers were oriented in
the y-direction. The core part of the strand remains oriented in the z-direction as no flow occurs in the very central
part of the strand due to symmetry and hence no re-orientation takes place.

Hence, the computational fluid dynamics model developed in this study for AM-CM process predicts the behavior
of additively manufactured and compression molded fiber-reinforced thermoplastic composites. The mechanical
properties of the composite parts are highly dependent on the fiber orientation and thus can be predicted by
extracting the fiber orientation of AM-CM parts from the numerical model [6, 41]. The obtained engineering
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constants can be used for modeling and simulation of the composite parts with a given geometry for various

applications using FEM [6, 42].

A2 YY
3.3e-01 0.450.50.580.60.65 7.5e-01
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Figure 8: A2 YY component of orientation tensor for three different initial cases of the fiber orientation in the
strand. The top part of the figure represents compressed strand with the initially perfectly random fiber
orientation. The middle part of the figure represents compressed strand with the initially completely aligned
fiber in printing direction (going into cross-section). The bottom part of the figure represents compressed strand
with the initial completely aligned fiber in vertical z-direction.

Conclusion

A numerical model integrating both the fiber-reinforced fused deposition modeling and compressive
molding process is presented for the first time in this work. The fiber orientation during both these processes was
modeled and AM-CM inter coupling is briefly discussed. The numerical simulations involved solving a fully
coupled model, where the orientation of fibers is dependent on the fluid flow and stresses in the fluid are affected
by the fiber orientation within the strand. The numerical model is unique in terms of its implementation using
overset mesh: the model is not restricted to the 2D planar flow, and the nozzle can move freely in any direction.
Moreover, an unorthodox approach to compressive molding simulations is presented, where the transient process
of squeezing is highlighted and not the final shape of the part. The strands obtained by the FDM are identified
with two different regions: skin with highly aligned fibers in the printing direction and core region where fibers
are partially oriented in the direction of side flow. Up to now, simulations revealed existence of the core region
where fibers are not aligned in the printing direction. But since those simulations were 2D, the shape of the core
was not known. These findings regarding existence of core and skin region are reinforced by experimental
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findings. Afterwards, the printed strands from FDM part are mapped onto new mesh, where the compression
molding is initialized. Subsequent squeezing of strands leads to expansion of the core part, while the skin region
remains unaffected. However, once initial condition of fiber orientation inside strand is changed, the pattern of
orientation tensor took a different form. Hence, initial fiber orientation within the strand has a high impact on the
orientation inside the final compressed strand. This allows control over fiber orientation within strands by varying
AM processing parameters and subsequently combining with squeezing through compression molding process to
produce high performance fiber-reinforced thermoplastic composites with tunable mechanical properties.
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