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ABSTRACT

Composites printed using material extrusion additive manufacturing (AM) typically exhibit alignment of high-
aspect-ratio reinforcements parallel to the print direction. This alignment leads to highly anisotropic stiffness,
strength, and transport properties. In many cases, it would be desirable to increase mechanical and transport
properties transverse to the print direction, for example, in 3D-printed heat sinks or heat exchangers where heat
must be moved efficiently between printed roads or layers. Rotational direct ink writing (RDIW), where the
deposition nozzle simultaneously rotates and translates during deposition, provides a method to reorient fibers
transverse to the print direction during the printing process. In the present work, carbon fiber-reinforced epoxy
composites were printed by RDIW with a range of nozzle rotation rates and the in-plane and through-thickness
thermal conductivity was measured. In addition, the orientation of carbon fiber (CF) in the composites was
measured using optical microscopy and image analysis, from which second-order fiber orientation tensors were
calculated. These results showed that the orientation of CF became less anisotropic as nozzle rotation rate
increased, leading to increased through-thickness thermal conductivity, which increased by 40% at the highest
rotation rate. The orientation tensors also showed that RDIW was more effective at reorienting fibers within the
in-plane transverse direction compared to the through-thickness transverse direction. The results presented here
demonstrate that a current weakness of material extrusion AM composites—poor thermal conductivity in the

through-thickness direction—can be significantly improved with RDIW.

1. Introduction

Material extrusion additive manufacturing (AM) fabricates 3D ob-
jects by selectively extruding material in a layer-by-layer sequence [1]
and includes both Fused Filament Fabrication (FFF) and Direct Ink
Writing (DIW). Frequently, these techniques utilize high-aspect-ratio
filler materials, such as short fibers [2-5], nanotubes [6,7], and nano-
platelets [8], to create 3D-printed composites with high strength and
stiffness. DIW inks are typically shear thinning and display a yield stress
that allows the printed form maintain shape after printing [8]. Fibers
impart shear thinning to suspensions but also lead to clogging if loading
is too high, therefore composite inks are usually designed to contain up
to ~15 vol.% short fibers in addition to another viscosifying filler that
more effectively imparts yield strength [9]. During extrusion, filler
materials with high aspect ratios are oriented predominantly parallel to
the print direction due to shear stresses within the carrier resin [3-5,10,

11]. This orientation leads to anisotropy in mechanical and transport
properties, which can be used to great effect if print paths are optimized
for fiber orientation for a given load case [12-15]. However, with
conventional material extrusion technologies, filler orientation in prin-
ted composites is still limited to directions within the layer plane. That
is, although in-plane anisotropy can be optimized or mitigated through
choice of print path, few tools exist to orient fibers in the
through-thickness direction in order to improve strength, stiffness, or
transport properties transverse to the layer plane. Such capabilities
could increase the viability of using material extrusion AM in applica-
tions such as 3D-printed heat sinks or heat exchangers, which have been
investigated by several groups [16-20].

Some promising efforts at controlling filler orientation for AM have
been made, including magnetic fields [21,22], electrical fields [23,24],
ultrasonic vibration [25-27], and oscillation [11]. These methods were
used in-situ or post-extrusion to reorient the printed fillers. However,
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these methods have some limitations. For instance, magnetic or elec-
trical fields can only impose reorientation forces on electromagnetically
responsive fillers, such as carbon or metallic particles. The methods
based on ultrasonic vibration or oscillation are viable with
non-conductive fillers, but the resulting mechanical disturbance of roads
during deposition can potentially affect the structural integrity of the
print prior to curing. Although promising, these approaches highlight
the need for a reorientation technique that is material-agnostic and
amenable to material extrusion AM.

Raney and Compton et al. developed a DIW method with a rotational
print head, referred to as rotational direct ink writing (RDIW) [28]. In
RDIW, the printing apparatus is outfitted with a drive-motor for pro-
grammable rotation of the nozzle (Fig. 1(a)) during printing. Unlike
conventional DIW, where fibers tend to align along the print direction
(Fig. 1(b)), a rotating nozzle imposes an additional shear field between
the moving nozzle and the stationary substrate that effectively reorients
fibers or fillers into a helical arrangement (Fig. 1(c)). The theoretical
helical angle with respect to the road axis is given as ¢ = tan™!(@),
where @ = R7“ is the dimensionless rotation rate, v is the translation rate
of the print head (i.e. the print speed), w is the nozzle rotation rate, and R
is the radius of the nozzle outlet.

Raney and Compton et al. demonstrated that RDIW effectively
modified the orientation of nonmagnetic, high-aspect-ratio fillers like
carbon fibers (CFs), and that their reorientation during printing enabled
spatial control over elastic stiffness and improved damage tolerance in
printed epoxy-CF composites. More recently, Raney and colleagues have
used RDIW to control orientation of milled glass fibers in silicone
composites [29], demonstrating improved toughness and stiffness of the
base silicone, while Larson et al. [30] recently expanded RDIW to
include multiple material streams embedded in the single extruded road.
Using stiff and compliant UV-curable acrylic, they also demonstrated
that RDIW can be used to control elastic properties and improve
toughness compared to conventionally-printed materials.

Beside structural properties, RDIW offers promise for spatially-
tailoring electrical, optical, and thermal properties as well. Some work
has characterized thermal conductivity in 3D-printed composites. For
example, Spoerk et al. showed that material extrusion AM results in
strong anisotropy in the thermal conductivity of printed polypropylene-
CF composites [31]. However, despite recent advances, the effects of
RDIW on thermal conductivity in printed composites have not yet been
investigated. Here, for the first time, we measure the in-plane and
through-thickness thermal conductivity for RDIW-printed epoxy-CF
composites and show that the through-thickness thermal conductivity
can be improved up to 40% for this material system using RDIW. In
addition, for the first time, fiber orientation tensors are calculated for
the RDIW-printed composites and used to rationalize thermal
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conductivity measurements.

2. Materials and methods
2.1. Materials and ink formulation

An epoxy-CF ink was formulated by mixing 5 g of dicyandiamide
latent curing agent (Dicyanex 1400B, Evonik Industries AG, Essen,
Germany) into 100 g of epoxy resin (Epon 826, Hexion Inc., Columbus,
OH) using a centrifugal planetary SpeedMixer (FlackTek, Inc., Landrum,
SC) at 1800 rpm for 2 min. Next, 15 g (7.9 vol.%; 11.4 wt.%) of chopped
carbon fiber (AS4/BR102, Hexcel Co., Stamford, CT) was added and
mixed for a total period of 12 min at 2000 rpm. The mixing period was
divided into 3 min intervals, with each interval followed by a rest period
of ~10 min to allow the mixture to cool. Although the fibers were added
in the form of 6-mm-long chopped ribbons, these disperse and fracture
during the mixing process, resulting in volume-averaged fiber length of
~300 pm, based on extensive characterization of similar formulations
by Hmeidat et al. [9] and Pierson et al. [32]. Next, 10 g (5.9 vol.%; 7.6
wt.%) of nanoclay (Garamite 7305, BYK Chemie GmbH, Wesel, Ger-
many) was added in two steps. For each of the two steps, 5 g nanoclay
was added and mixed at 2000 rpm for 3 min, followed by a rest period of
~10 min. Next, the batch was mixed for another 3 min period at 2000
rpm. Finally, 2 g of reactive diluent (EPODIL 748, Evonik Industries AG,
Essen, Germany) was added to the final mixture and mixed at 2000 rpm
for 2 min. All mixing steps were conducted under vacuum of 0.1 atm. Ink
composition and properties of the constituents are summarized in
Table 1.

2.2. Epoxy-CF composite fabrication by rotational direct ink writing

The RDIW printer is based on a 3-axis ShopBot CNC router (Shopbot
Tools Inc., Durham, NC) fitted with a 10-cc syringe cartridge (Nordson
EFD, Westlake, OH) mounted in a pneumatic pressure adapter (HP3,
Nordson EFD, Westlake, OH). The pneumatic pressure adaptor provides
a 4x increase in pressure applied to the syringe cartridge and is con-
nected to the building air supply through a regulator to allow the user to
set the driving pressure. An 872-um-diameter, tapered Luer-lock syringe
tip (McMaster-Carr, Elmhurst, IL) was used as the extrusion nozzle. To
enable RDIW, a rotary union was located between the outlet of the sy-
ringe cartridge and the deposition nozzle (Fig. 1(a)) and the nozzle itself
was mounted in a custom-made adaptor that was fitted in a bearing
block to allow free rotation about the axis of the nozzle. A pulley was
mounted to the nozzle adaptor. Rotation at prescribed rates was ach-
ieved through a stepper motor connected to the pulley by a timing belt,
as shown in Fig. 1(a). The setup used here is substantially similar to that
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Fig. 1. (a) Photograph of the RDIW apparatus, showing the components pertaining to the nozzle rotation mechanism. Schematic illustrations showing (b) the normal
orientation of fiber-like reinforcements in an extruded road and cross-section, and (c) the modified orientation and cross-section produced by RDIW. Note that RDIW
produces greater fiber reorientation adjacent to the outer surface of the road compared to the center of the road.
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Table 1
Ink composition and constituent properties.
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Constituent Batch mass (g) Weight% Volume% Initial form Density (g/cm3) Thermal conductivity (W/m.K)
Epon 826 100 75.7 80.8 Liquid 1.16 0.27*

Dicyanex 1400B 5 3.8 3.3 Powder 1.4

Epodil 748 2 1.5 2.1 Liquid 0.89

Garamite nanoclay 10 7.6 5.9 Aggregates of nanoparticles 1.6

Hexcel carbon fibers 15 11.4 7.9 6-mm chopped ribbon, 7.1-um diameter 1.79 6.83 [33]

* Estimated based on a similar formulation presented in [6].

described in Raney and Compton et al. (2018) [28].

Open-source Scilab software [34] was used to generate g-code files
for printing, and a unidirectional print path was chosen with the print
path oriented along the x-axis of the printer. Five pairs of samples were
printed using non-dimensional rotation rates from @ = 0 (zero nozzle
rotation) to @ = 4 (high nozzle rotation). The print speed was fixed at 20
mm/s and the desired @ values were produced by changing the nozzle
rotation rate, summarized in Table 2. The samples printed without
rotation (@ = 0) utilized a road-to-road spacing of 0.65 mm, while the
rest of the samples utilized a road-to-road spacing of 0.872 mm. The
wider spacing was necessary because the road width increases at higher
@ values for the same applied pressure. This may be a result of increased
flow rate with rotation, or bulking of the material to accommodate
reorientation of the fibers. All samples were printed onto glass substrates
covered with PTFE-coated aluminum foil (Bytac, Saint-Gobain Perfor-
mance Plastics, Worcester, MA) and were nominally 25 mm x 25 mm x 5
mm comprising five layers of unidirectional print paths. The samples
were cured at atmospheric pressure and elevated temperature in two
stages, first at 120 °C for 24 h and then at 200 °C for 2 h. Finally, 0.5 mm
of material was machined away from the top of the printed samples to
create a smooth surface for thermal conductivity measurements.

2.3. Characterization of thermal conductivity

Thermal conductivity measurements were performed using the
transient planar source technique on a TPS 2500S instrument
(ThermTest Inc, New Brunswick, Canada). The TPS 2500S was equipped
with a module for testing anisotropic materials; a 40 mW power input
was applied over a measurement duration of 10 s. The tests were set up
by placing the coiled thermal sensor (covered in Kapton film) between
two samples printed using the same print settings. The sample pieces
were placed with their print directions parallel to one another and tested
5 times for each print configuration. Thermal conductivity measure-
ments were obtained for through-thickness and average in-plane di-
rections for each sample.

2.4. Microscopy and image analysis

Printed and cured samples were sectioned perpendicular to the axis
of the printed roads using a low-speed diamond saw (TechCut 5, Allied
High Tech Products, Inc., Rancho Dominguez, CA) and the cut surfaces
were polished using a standard metallographic grinding and polishing
wheel (M-Prep 5, Allied High Tech Products, Inc., Rancho Dominguez,
CA). Optical micrographs were obtained with a VHX-5000 digital mi-
croscope (Keyence Corporation of America, Itasca, IL) and were

Table 2
Print parameters used for the thermal conductivity test samples.

subsequently analyzed with Fiji (a variant of the ImageJ software [35])
to measure the shape and orientation of fiber profiles in the plane of
examination, as well as the porosity. The micrograph images were first
converted to 8-bit greyscale, then converted to black-and-white binary
images using a threshold function to highlight only the cross-sections of
the fibers. Next, the Analyze Particles function was used to identify the
outlines of all features greater than 4 pixels in area (to eliminate mea-
surement of erroneous small artifacts that were not fibers) and to fit an
ellipse to each continuous outline. The major and minor axes, as well as
the angle from horizontal to the major axis, were output in a list of
comma-separated values for each fitted ellipse. These data were used to
calculate the fiber orientation, as described in the following section.
Between 3100 and 5700 ellipses were fit for each sample. To measure
porosity, the original micrographs were converted to black-and-white
using a different threshold value to highlight pores. The percent
porosity was then approximated as the percentage of pixels contained in
the pore regions.

3. Fiber orientation tensors

Assuming fibers are cylindrical with constant diameter along their
length, the cross-section will appear as an ellipse when cut with a plane
that is not perpendicular to the fiber axis Fig. 2(a-b)) [36-38]. The in-
verse cosine of the ratio of minor-to-major axis length for such an ellipse
describes the angle, 6, of the fiber relative to the normal of the cut plane
(Eq. (1) and Fig. 2(a)), while the angle, 8, of the major axis of the ellipse
with respect to a reference orientation, describes the angle of the fiber
the relative to the plane of the baseplate and printed layer. From these
two angles, the components of the unit vector describing the axis of the
fiber can be calculated (Egs. (2)-((4)). From the ensemble of orienta-
tions of individual fibers, fiber orientation tensors can be calculated to
approximate the overall fiber orientation distribution function. This
method was devised by Advani and Tucker [39], with various modifi-
cations and implementations by Bay and Tucker [36,40,41], Russell
et al. [42], Vélez-Garcia et al. [37], and Mlekusch [43], among many
others. The unit vector describing orientation of a fiber axis, p = (p1,pa,
Ps3), is given by the following expressions:

0= cos! (%) M
— @
P2 = sinfcosp 3)
ps = sindsing “

Sample  Print speed Nozzle diameter In-plane road spacing Nozzle rotation rate Dimensionless rotation rate Theoretical surface fiber angle, ¢
(mm/s) (mm) (mm) (rpm) (@) (degrees)

1 20 0.872 0.65 0 0 0

2 20 0.872 0.872 219 1 45

3 20 0.872 0.872 438 2 63

4 20 0.872 0.872 657 3 71

5 20 0.872 0.872 876 4 75
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Fig. 2. Describing fiber orientation. (a) Two
angles, 6 and p, describe the orientation of a
fiber relative to a coordinate system. (b) The
cross section of a cylindrical fiber cut on an
oblique plane forms an ellipse. The major and
minor axes are used to calculate § and the angle
of the major axis corresponds to f. (c¢) Unidi-
rectional fiber orientation and associated
orientation tensor. (d) 2D random fiber orien-
tation and associated orientation tensor. (e) 3D
random fiber orientation and associated orien-

Here, 0 describes the angle measured from the x-axis to the fiber axis
(the unit vector p), and § describes the angle measured from the y-axis to
the projection of the fiber axis onto the y-z plane (Fig. 2). We have
chosen the y-z plane as the cut plane—since the printed samples were
printed with unidirectional roads oriented in the x-direction—which
leads to slightly different ordering of Eqs. (2)—(4) than was originally
presented in Advani and Tucker, who chose the x-y plane as the cut
plane. Finally, the unweighted components of the second-order orien-
tation tensor, A, are obtained from the following summation [38,39]:

1 n
Aj==> " (pp)), (5)
n k=1

This is a 3 x 3 tensor that approximates the orientation distribution
function of the fibers. For perfect unidirectional fiber orientation in the
x-direction, A;; = 1 and all other values are zero (Fig. 2(c)). For 2D
random fiber orientation within the x-y plane, A;; = Az, =1/2 and all
other terms are equal to zero (Fig. 2(d)). Finally, for 3D random fiber
orientation, the second-order orientation tensor has equal values of 1/3
along the diagonal and all other terms are equal to zero (Fig. 2(e)). Here,
it is important to note that a weighting function that depends on fiber
length is typically used in the calculation of the components of the
orientation tensor to account for the lower probability of a highly
misoriented fiber crossing the section plane than a highly aligned fiber
[36,37]. The weighting function serves to increase the relative weight of
misoriented fibers in the averaging scheme. We have opted not to
employ a weighting function here, since measurement of the fiber length
distribution is beyond the scope and goals of the present work. As such,
the fiber orientation values calculated here have a bias against misor-
iented fibers and the tensors will not be used to calculate any material
properties, rather only used to qualitatively and conceptually rationalize
thermal conductivity measurements.

The effectiveness of the printing process on imposing unidirectional
fiber orientation depends on material formulation, constriction ratio,
orifice diameter, and print speed, among other factors — see Hmeidat
etal. [9,10], Kanarska et al. [44], and Trigg et al. [45], among others, for

tation tensor.

detailed investigations of filler orientation in material extrusion AM.
4. Results
4.1. 3D printed specimens via RDIW

The printed samples are shown in Fig. 3(a). Increasing o resulted in
rougher top surfaces from more exposed fibers and thicker roads. During
printing, it was observed that the flow rate of the ink increased when
rotation was used. This phenomenon is possibly a result of the additional
shear being imposed on the shear-thinning ink, which lowered the
effective viscosity and increased flow rate for the same applied pressure.
Optical micrographs of the top surfaces reveal markedly different fiber
texture when rotation is used, with the individual roads becoming more
distinct with increasing rotation rate (Fig. 3(b)). For reference, the
theoretical fiber orientation for a fiber at the top surface is overlayed in
red on the micrographs in Fig. 3(b).

4.2. Thermal conductivity

For the sample printed without nozzle rotation, the through-
thickness thermal conductivity was k = 0.292 W/m.K, and the average
in-plane thermal conductivity was k = 0.456 W/m.K. As rotation rate
increased from @ = 0 to @ = 4, the through-thickness thermal conduc-
tivity increased by 40% to k = 0.409 W/m.K, while the average in-plane
thermal conductivity first increased by 18% at@ =1, to k =0.539 W/m.
K, then decreased to a minimum of k = 0.420 W/m.K at @ = 3 (Fig. 4).
Thermal conductivity measurements and the associated anisotropy
ratio, defined as the ratio of in-plane to through-thickness thermal
conductivity, are summarized in Table 3.

4.3. Microstructure
Representative optical micrographs of the polished cross-sections of

printed samples are shown in Fig. 5 for @ = 0, 1, and 4 (Fig. 5(a—c))
along with the binarized versions of the same regions (Fig. 5(d-f)), and
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Fig. 3. (a) Photographs of 25 x 25 x 5 mm samples printed by RDIW with varying nozzle rotation rates from @ = 0 (zero rotation) to @ = 4 (high rotation). (b)
Optical micrographs showing the top surface for printed samples from @ = 0 to ® = 4; each macrograph is annotated with the theoretical surface fiber orientation
relative to the road axis, based on the model suggested in [28]. The programmed printing paths in the g-code are indicated by the yellow arrows.
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Fig. 4. Measured values of thermal conductivity in the through-thickness and

in-plane directions and corresponding values of fiber orientation A;;, Ag, and

Ass. The plot shows that as @ increases, the measured thermal conductivity

becomes more isotropic exemplified by convergence of the through-thickness
and in-plane measurements.

detail views showing the fitted ellipses overlayed on the binarized mi-
crographs (Fig. 5(g-i)). Fiber reorientation with rotation is immediately
apparent, indicated by a transition from predominantly circular cross-
sections for @ =0 (Fig. 5(a, d, g)) to increasing fractions of high
aspect ratio ellipses for @ = 1 (Fig. 5(b, e, h)) and @ = 3 (Fig. 5(c, f, i)).
It can be seen that the ellipse fitting is reasonably good, but there are
some clear errors in fitting ellipses when fibers are touching and cannot
be separated by the ImageJ analysis function. These errors are imprac-
tical to correct by hand across several images and may affect the accu-
racy of the orientation tensor components to some degree.

Some porosity can also be observed in the micrographs as large,
round, black regions (Fig. 5(a-c)). Porosity increases from

approximately 5.0% for @ = 0 to a maximum of 8.9% and 9.1% for @ =
land® = 2, respectively, then reduces to approximately 7.6% and 5.8%
for @ = 3 and @ = 4, respectively. Porosity values are summarized in
Table 2.

The three diagonal components of the second-order fiber orientation
tensor—calculated by applying the algorithm described in Section
4—are plotted in Fig. 4 along with the measured thermal conductivity
values described in Section 5.2 and summarized in Table 2. As would be
expected from the optical micrographs, the A;; component is largest for
the sample printed without rotation (A;; = 0.698), while the Ay and
As3 components are nearly equal and close to zero (Aaz =~ Ass ~ 0.15).
As rotation is added and increased, Aj; steadily decreases while Agp
steadily increases. These components reach their respective minimum
and maximum values at @ = 3, where A;; = 0.422 and As; = 0.387.
These values indicate that there is a significant reorientation of fibers
into the y-direction (transverse to the print direction, in the layer plane),
even though the x-direction (the print direction) is still the predominant
fiber orientation. Interestingly, the Ags component of the orientation
tensor only increases mildly with rotation, from 0.150 to 0.215at® = 4.
Despite the small absolute increase in value, this represents a 44% in-
crease as a result of rotation and is likely the primary contributor to the
observed increase in through-thickness thermal conductivity.

5. Discussion

This focused set of experiments shows that RDIW is a promising route
to control the directionality of transport properties like thermal con-
ductivity in 3D-printed composites. Based on the simple kinematic
model first proposed by Raney et al. [28], one would expect the trans-
verse components of fiber orientation, Apy and Ass, to be equivalent.
However, that was not observed here, and instead the in-plane trans-
verse orientation component (Ag) increased with rotation much more
than the through-thickness transverse component (Asg). This is likely
because the ideal kinematic model does not account for any of the

Table 3
Thermal conductivity and fiber orientation measurements.
k, through-thickness (W /m-K) k, in-plane (W /m-K) Thermal anisotropy ratio Porosity (%) A Az Ass

0 0.292 + 0.005 0.456 + 0.009 1.562 5.0 0.698 0.152 0.150
1 0.309 + 0.005 0.539 + 0.011 1.744 8.94 0.614 0.233 0.152
2 0.387 + 0.002 0.420 + 0.005 1.085 9.14 0.565 0.291 0.144
3 0.396 + 0.005 0.405 £ 0.010 1.023 7.62 0.422 0.387 0.191
4 0.409 + 0.003 0.420 + 0.005 1.027 5.77 0.450 0.334 0.215
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Fig. 5. Microstructure of printed samples. (a-c) Representative optical micrographs of cross-sections of samples printed with (a) @ = 0, (b) @ = 1, (¢c) ® = 3. (d-)
Binarized micrographs of the same regions to highlight fiber cross-sections for (d) @ = 0, (e) @ = 1, (f) @ = 3. (g-i) Detail views of select regions of the binarized
micrographs overlayed with the fitted ellipses used to calculate the fiber orientation tensors.

deformation that the road experiences after it exits the nozzle. Two
additional deformation modes are active that could reduce or undo some
of the fiber reorientation in the through-thickness direction: the
extruded road is compressed between the substrate and the nozzle [46],
leading to a squeeze flow-like scenario that would accentuate in-plane
fiber orientation; and the deposited material causes shear deformation
in the adjacent roads [45] that could undo some of the through-thickness
reorientation on one side of each road.

It is also important to note potential sources of error in the fiber
orientation analysis that affect the accuracy of the components of the
fiber orientation tensor in describing the true fiber orientation distri-
bution function. First, orientation tensors are approximations of the
probability distribution function for fiber orientation, with the second
order tensor being a coarser approximation than higher order tensors
[39]. Advani and Tucker also showed that the second order tensor is less
accurate at describing highly aligned fibers than it is at describing more
random fiber orientation distributions [39]. Additionally, the method
for calculating fiber orientation from optical micrographs is imperfect,
being sensitive to choices of threshold parameters, being unable to
separately analyze fibers that are touching, and being sensitive to choice
of a weighting function for misoriented fibers [36,37], among other
factors. An example of clumped fibers being misinterpreted is high-
lighted in Fig. 5(g-i). For highly aligned fibers, fiber clumping will lead
to some highly oriented fibers being erroneously categorized as misor-
iented relative to the alignment direction—for example, two or three
aligned fibers that are touching will be analyzed as one ellipse with an

apparent misorientation. Conversely, clumps of highly misoriented fi-
bers tend to be fit with ellipses having lower aspect ratio—and therefore
lower apparent misorientation—-than the individual fibers comprising the
clump (Fig. 5(i)). In this sense, the components of the orientation tensors
calculated here would tend to be more conservative than the physical
case. In conducting these analyses, the authors did not observe drastic
changes to the calculated orientation tensors as a result of small changes
to the choice of thresholding parameters. However, to be clear, the
intent of the orientation calculations conducted here was not to defini-
tively establish universal fiber orientation relationships, but simply to
provide approximate quantitative characterization of microstructure to
rationalize the thermal conductivity measurements and motivate further
in-depth research in this area. Discussion on maximizing accuracy of
optical fiber orientation measurements can be found in Velez-Garcia
et al. [37]. Readers are also directed to Bay and Tucker [36] for
detailed discussion of weighting functions and error estimates in
calculating fiber orientation tensors from optical micrographs, as well as
Jack and Smith [47] for a detailed treatment of the statistical aspects of
fiber orientation and the associated expectation and variance values for
elastic properties calculated from orientation tensors.

In order to maximize through-thickness or transverse in-plane ther-
mal conductivity (or any other properties that derive from fiber orien-
tation), a detailed study of the relationships between rotation, fiber
orientation, porosity, and print parameters (e.g., gap height, road
overlap, print speed, and nozzle diameter) is needed. Additional factors
may include how effective the carrier fluid is in rapidly reorienting
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fibers (i.e., the relationship between carrier fluid viscosity and fiber
orientation), and the effect of fiber length relative to the nozzle outlet
diameter. Higher print speed and smaller nozzle diameter have been
shown to impart greater fiber orientation in printed composites using
conventional DIW, but it is presently unclear how these parameters
affect fiber orientation in RDIW. Longer fibers generally lead to better
mechanical and transport properties, but fibers that are a significant
fraction of, or longer than, the nozzle diameter or layer thickness, would
be geometrically constrained from reorienting as much as shorter,
smaller fibers, like whiskers or nanotubes, for example. Such studies are
ongoing and will be key to realizing full spatial control of mechanical
and transport properties in 3D-printed composites.

6. Conclusions

This work shows for the first time that the through-thickness thermal
conductivity of 3D-printed composites can be significantly increased by
rotating the deposition nozzle using RDIW. For the material system
studied here — short carbon fiber-reinforced epoxy — the through-
thickness thermal conductivity increased by 40% at the highest rota-
tion rate investigated. Second-order fiber orientation tensors calculated
from optical micrographs of polished cross-sections — also calculated
for the first time for a composite printed using RDIW — provided
quantitative information about how fiber orientation changes with
nozzle rotation rate. Experiments showed that fibers do not reorient
symmetrically about the road axis in bulk printed composites, as the
kinematic model put forth by Raney et al. [28] assumed, leading to
distinct differences between the in-plane transverse (Azy) and
through-thickness transverse fiber orientations (As3). These differences
are attributed to the additional deformation that the extruded road ex-
periences as a result of squeeze flow between the nozzle and substrate,
and the shear that occurs between adjacent roads within the same
printed layer. A more detailed understanding of the relationships be-
tween gap height, road spacing, ink properties, nozzle rotation rate, and
fiber orientation is greatly needed and would allow further optimization
and utilization of RDIW in myriad applications like heat exchangers,
high speed flight parts, tooling, and wear components.
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