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Abstract

3D printing can be used to improve the geometric design of heat transfer structures by allowing the fabrication of more com-
plex shapes which can enhance convective heat transfer; however, this can come at the expense of having a lower solid-phase
thermal conductivity, especially when polymers are used. Improving the thermal conductivity of 3D-printed components has
been the focus of many studies because of the potential to leverage additive manufacturing (AM) for thermal applications,
such as heat exchangers. This study describes a fabrication process whereby 3D-printed polymer composites consisting of
continuous metal wires and with enhanced effective thermal conductivity are fabricated using a modified fused filament
fabrication (FFF) 3D printer. The wires were coextruded with the molten polymer through a modified hot end and nozzle
assembly. The printed components have higher thermal conductivity than the base polymer because the wires create high
thermal conductivity pathways in the printed rasters. Samples with different wire volume fractions, printing directions,
and matrix materials were printed to investigate the effect of these parameters on the thermal conductivity of the printed
composites. The thermal conductivity of the printed samples was evaluated experimentally using a steady-state measuring
setup and analytically modeled using network thermal resistance models. The results show that 3D-printed continuous wire
polymer composites can have a thermal conductivity as high as 9.4 W/mK using a volume fraction of 2.7% of continuous
copper wires compared with 0.22 W/mK for the base polymer. Model results further demonstrate that usage of a higher
volume fraction of conductive wires or other continuous conductive filler can further improve the thermal conductivity of
these 3D-printed composites.

Keywords 3D-printed composite - Fused filament fabrication - Continuous fiber printing - Continuous wire polymer
composites (CWPC) - Thermal conductivity

1 Introduction

Additive manufacturing (AM) offers significant freedom
of design and the ability to create complex, high area-to-
volume structures and lightweight heat exchange surfaces
and structures. These manufacturing processes represent
an opportunity to realize a new generation of polymer
composite heat exchange and transfer technologies [1, 2].
Fabrication of polymer composites using AM techniques,
such as 3D printing, has recently gained interest due to the
advantages that 3D printing introduces to the manufacturing
process [3, 4]. These include ease of manufacturing, high
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precision, and the ability to fabricate complex geometries.
Adding particle or fiber reinforcements into the polymer
matrix permits fabrication of polymer-based composites,
which are characterized by their higher mechanical and
thermal performances [3, 4].

Fused filament fabrication (FFF) is one of most widely
used techniques to 3D-print polymeric material; it is further
used to fabricate polymer composites by mixing the poly-
meric material with reinforcement prior to the filament fab-
rication process. Metal fillers, such as iron and copper parti-
cles have been used as reinforcements for polymer matrixes,
such as acrylonitrile butadiene styrene (ABS) and nylon.
Generally, the addition of a higher volume fraction of metal
filler particles results in lower tensile modulus, tensile stress,
and elongation [5]; however, it improves thermal proper-
ties, such as the heat capacity and thermal conductivity of
composites. Nikzad et al. [6] found that adding 10% volume
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fraction of iron particles increased the storage modulus by
nearly 40% and that the glass transition temperature of the
composite was seven degrees higher. They also found that
the iron-ABS composite had significantly lower ultimate ten-
sile strength (less than 50% of pure ABS). Masood et al. [7]
found that increasing the volume fraction of iron particles in
a nylon matrix further decreases the tensile strength of the
composite. In addition, with the same filler volume fraction,
the use of smaller metal particles results in lower ultimate
tensile strength. In [8], they studied the effect of metal parti-
cle sizes on thermal conductivity and found that adding 40%
volume fraction of fine iron particles resulted in a composite
with five times higher thermal conductivity. Hwang et al. [9]
also filled an ABS matrix with iron and copper particles with
different volume fractions; they too found that the addition
of both iron and copper particles results in a composite with
lower tensile strength and higher thermal conductivity.

Fiber fillers are more commonly used with polymer com-
posites because they offer significantly better mechanical
properties. The filler, in the form of chopped fibers, can be
easily mixed with the polymer to produce a printing fila-
ment [10]. Different types of fibers—such as carbon, Kev-
lar, and glass—were implemented to improve both thermal
and mechanical properties. Zhong et al. [11] used glass
fibers with different volume fractions as the reinforcement
material in an ABS matrix. Ning et al. [12] investigated the
effect of fused deposition modeling process parameters on
the mechanical properties of carbon-fiber-reinforced ABS
composites. Similarly, Ivey et al. [13] investigated the effect
of a post-printing annealing procedure on the mechanical
properties of both pure polylactic acid (PLA) and carbon-
fiber-reinforced PLA composite. From a thermal standpoint,
filler material, shape, and surface treatment can enormously
affect the final thermal conductivity of composites [14]. Fill-
ers with a high aspect ratio help to create bridges between
the filler particles, facilitating phonon and electron transport
within the composite, and subsequently increase the thermal
conductivity [15]. Different types of fillers can also be mixed
to bring the desired properties of each filler together [16].

The main challenge to improving thermal conductivity
using discontinuous filler arises from the existence of inter-
facial thermal resistance between the filler and the matrix.
Thermal contact resistance is caused by phonon scattering,
and it must be minimized to increase thermal conductivity
[17, 18]. It can be analytically described using theoretical
models, such as the acoustic mismatch model [19]. Few
experimental methods can be used to determine its value
for different materials [20].

Substituting discontinuous fillers with a continuous phase
can resolve discontinuous filler shortcomings. By the addi-
tion of continuous filler, a continuous network of conduc-
tive material in which heat is easily conducted is created.
Ibrahim et al. showed that using continuous carbon fiber
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with a nylon matrix can improve thermal conductivity of the
polymer by up to 1000% at a fiber volume fraction of 34%
[21]. This improvement in composite thermal conductivity
can facilitate printing of more effective, corrosion-resistant,
and lightweight heat exchangers [2, 22].

In a previous study, a 3D-printing technique was devel-
oped in which a continuous network of metal wires was
introduced to a polymer matrix to fabricate continuous wire
polymer composites (CWPCs) [23]. This technique was
used to fabricate mechanically reinforced composites [24],
strain sensors [25], and 3D-printed heaters [26]. The wire
network can also be used to improve thermal conductivity
of the composite by using highly conductive wires, such
as copper, in the printing process. Therefore, the objective
of the present study is to investigate the effective thermal
conductivity of 3D-printed CWPCs with different configura-
tions, matrix materials, and wire volume fractions.

2 CWPC parameters and fabrication

In the present study, the 3D-printed CWPCs were fabri-
cated by coextruding continuous wires with the polymer
matrix, using a modified 3D printer hot end, as shown in
Fig. 1. The polymer filament was introduced to the heater
block at an angle, and the wire was introduced to the
molten polymer through a dispensing needle inserted into
the heater block. The polymer and the wires were coex-
truded through the nozzle onto the moving build plate.
Traction force pulled the wire out of the needle, creating
rasters with embedded wires. This technique allows for
different wire volume content and materials to be used.

Polymer filament

‘/Metal wire

Dispensing needle

Molten polymer

CWPC
\A

Heater

Thermistor

Printing direction

Fig. 1 Cross-sectional view of the modified 3D printer hot end head
showing wire—polymer coextrusion technique
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Additional details on the printing process can be found
in [23, 24].

2.1 Wire properties

Different metal wires can be used with this manufacturing
technique; however, copper and silver present the high-
est thermal conductivity of all metals, making them the
best candidates to improve the thermal conductivity of
the 3D-printed CWPCs. Copper wires are more commonly
used for electrical applications and readily available in dif-
ferent sizes; thus, they were selected as continuous filler
material in the present study.

The thermal conductivity of the 3D-printed CWPC
depends on both the volume fraction and the geometry or
orientation of the continuous wires. The volume fraction
is dictated by both the wire diameter and nozzle diameter.
A larger wire diameter at for a constant nozzle diameter
increases the wire volume content and, subsequently, the
thermal conductivity of the composite. However, it has
been shown that the wire diameter should not exceed
approximately 10% of the nozzle diameter to ensure suf-
ficient polymer supports the wire, as described in [23]. In
the present study, a 0.0762 mm (0.003 in) diameter copper
(C110) wire was used (McMaster-Carr, Ohio, USA). Using
this wire in conjunction with 0.6 mm and 1 mm diameter
nozzles, two different wire volume fractions were studied.

These wires were uncoated to allow for potential ther-
mal interaction between the wires and any discontinuous
filler in the matrix materials which would further increase
the thermal conductivity of the composite.

2.2 Printing parameters

The geometry and orientation of the continuous wires are
dictated by the printing pattern of the CWPCs. Usually, pref-
erable thermal performance is obtained in the direction par-
allel with the wire direction because the wires offer continu-
ous paths for heat flow and less phase transitions between
polymer and wire, thereby reducing interfacial resistances
in the heat flow direction. Both factors increase the effective
thermal conductivity.

To investigate directionality effects on the thermal con-
ductivity of the CWPCs, two printing patterns were inves-
tigated: the first configuration is the unidirectional pattern
in which the rasters in every layer are aligned in parallel,
as shown in Fig. 2a. This pattern offers maximum thermal
conductivity when the heat is conducted through the axis
of the wires (parallel direction). However, in the transverse
direction, minimal thermal conductivity will be obtained
because the wire and polymer are in series [21]. The second
configuration is the grid or bidirectional pattern, in which
each layer of rasters is alternately printed such that every
second layer of rasters is printed in the direction of heat
flow and the others are printed in the transverse direction,
as shown in Fig. 2b. Although this pattern sacrifices half of
the conductive filler in the axial direction, it improves ther-
mal conductivity in the transverse direction. This facilitates
the fabrication of a material with similar in-plane thermal
conductivities (ky, =k,,) which may be required in some
thermal applications.

Other printing parameters, such as printing temperature
and speed, have less effect on the thermal conductivity of the
composite. These parameters tend to affect the mechanical
properties of the composite more significantly by influencing

Polymer raster

direction Metal wire direction
(@) (b)

Fig.2 Schematic of printing patterns: (a) unidirectional and (b) bidirectional
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adhesion between rasters and air voids [13]. For CWPCs,
interlayer matrix adhesion and air voids have minimal effect
on thermal conductivity, especially when heat is conducted
along the wires. The key printing parameters are summa-
rized in Table 1.

2.3 Matrix materials

Matrix material also has a significant role on the thermal
conductivity of the printed CWPC. In addition, the more
conductive the matrix is, the less anisotropic the compos-
ite will be. Because the wire volume fraction is limited,
increasing matrix thermal conductivity can further improve
the thermal conductivity of the composite. Filament feed-
stock materials with discontinuous conductive fillers are
commonly used to fabricate more durable and better-look-
ing 3D-printed parts. These discontinuous fillers can also
increase the thermal conductivity of the matrix, especially
above the percolation ratio.

To investigate the effect of matrix material, a pure pol-
ymer and discontinuous polymer composite were used to
characterize the influence of discontinuous filler on the
thermal conductivity of the CWPC. Transparent PLA was
chosen as the base matrix of the printed composites for its
relative ease-of-printing and because its thermal conductiv-
ity has been well characterized [27]. The other matrix mate-
rial was a discontinuous PLA composite, consisting of 80%
copper particles. Although this percentage is not greater than
the percolation threshold, it was anticipated that this matrix
would present higher thermal conductivity than pure PLA.
As such, we used a copper-filled PLA matrix to investigate
the effect of the matrix on CWPC properties and explore
any interaction between the continuous and discontinuous
filler to further improve the composite thermal conductivity.

Table 1 Printing parameters

Parameter (units) Nozzle diameter (mm)

Additional details on these two matrix materials are pre-
sented in Table 2.

2.4 Sample dimensions

The outer dimensions of the printed samples were designed
to fit the thermal conductivity measurement apparatus
described below and had a cross-sectional dimension of 40
X 40 mm. The sample thickness was 25 mm in the direction
of heat flow; this was then reduced in thickness by multi-
ple stages of grinding and polishing to prepare the samples
for testing. The geometries were designed using CAD soft-
ware (SolidWorks 2017, Dassault Systems, Waltham, MA)
and imported into printer slicing software (Slic3er, Prusa
Research, Prague, Czech Republic) where printing param-
eters were selected and printing g-code was generated.

2.5 Sample configurations

Samples with different wire configurations, wire volume
fractions, and matrix materials were printed to investigate
the effect of these parameters on the thermal conductivity
of the 3D-printed CWPCs; these are summarized in Table 3.
One goal of this work is to increase the conductivity in the
direction of the wires, with future 3D-printing methods
potentially allowing for directionally controllable thermal
conductivity. For this reason, most of the samples had the
samples oriented unidirectionally. The bidirectional sample
(Sample 4) used a standard grid pattern generated by the
slicer whereby the raster direction is rotated by 90° within
each layer as shown in Fig. 2b. Three replicate CWPC sam-
ples were printed to quantify test repeatability and the con-
sistency of the printing process. Pure PLA and discontinuous
copper-filled PLA matrix materials (Table 2) were printed to
obtain the thermal conductivity of these base matrixes. The
two matrixes were relatively homogenous and had isotropic
properties, which meant that their thermal conductivities
would not be affected by the printing pattern relative to the

0.6 mm 1.0 mm CWPCs.

Layer height (mm) 0.2 06 2.6 Sample preparation and microscopy
Raster width (mm) 0.65 1.05
Pr%m%ng speed (mmls)o 10 10 The samples required smooth surfaces to minimize the
Pr%m?ng temlperoamre( © %0 %0 effect of contact resistance between the samples and the
Printing angle (*) Oor0&90 0or0&90 et apparatus on the measured thermal conductivity. This
Tablg}z Matrix materials and Matrix mate- Supplier Discontinuous filler  Filament Density (g/cm’)
suppliers rial + discontinuous content (volume %) diameter

filler (mm)

PLA Spool 3D, Canada - 1.75 1.25

PLA + copper FormFutura, Netherlands 80 1.75 35
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Table 3 S?mmary of sample Sample no. Matrix material Discon- Infill pattern Infill Continuous wire  Nozzle
configurations tinuous percentage diameter
filler (%) (mm)

1 PLA None Unidirectional 100 None 1.0

2 PLA Copper Unidirectional 100 None 1.0

3 PLA None Unidirectional 100 Copper 1.0

4 PLA None Bidirectional 50 Copper 1.0

5 PLA Copper Unidirectional 100 Copper 1.0

6 PLA None Unidirectional 100 Copper 0.6

required multiple stages of grinding and polishing of the
samples. This also allowed for microscopic investigation of
the internal structure of the printed samples to understand
the wire—polymer configuration and any interaction between
the two materials.

The samples went through five stages of grinding and
polishing: The samples were first ground with a 60-grit pol-
ishing disc using an auto polishing machine (Ultrapol End
& Edge Polisher, ULTRA TEC Manufacturing Inc, USA).
Thereafter, 180, 280, 600, and 1200/4000 polishing discs
were used until a smooth surface was obtained. Figure 3
shows the printed samples after the grinding and polishing
process.

Microscopic imaging was performed using an opti-
cal microscope (LEICA MZ10 F, LEICA, Germany). The
images were imported into image processing software
(ImagelJ, National Institutes of Health, Bethesda, Maryland,
USA) to quantify the continuous filler content. The images

Fig. 3. 3D-printed CWPC
samples from Table 4 showing
wire-reinforced samples with

PLA+wire (LV)

were firstly thresholded to differentiate the wires from the
adjacent polymer. The wire area was measured, and the per-
centage of the continuous filler was calculated based on the
ratio between the wire area and the total area of the sample.

3 Modeling the thermal conductivity
of CWPCs

Depending on the filler material, shape, and orientation, an
appropriate analytical model can predict the thermal conduc-
tivity of polymer composites [18]. One basic model is the
rule-of-mixture which describes composite thermal conduc-
tivity as a function of only the constituents’ thermal conduc-
tivities and volume fractions. Although rule-of-mixture does
not account for interfacial resistance between the constitu-
ent phases, it can adequately describe CWPC properties, as

PLA+wire PLA+copper+wire PLA+wire (HV)

X ume fract Unidirectional Bidirectional Unidirectional Unidirectional
ow volume fraction (LV) and
high-volume fraction (HV)

Sample 3 Sample 4 Sample 5 Sample 6
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shown in the previous study on continuous fiber polymer
composites [21].

In CWPCs, the three material phases are the polymer
matrix, wires, and air (in the form of voids); these constitu-
ents influence the effective thermal conductivity based on
their configurations. For the printing configurations used
herein, heat transfer through the samples can be described
using a network of thermal resistances. These resistances
depend on the properties of the different phases and their
geometrical configurations with respect to the direction of
heat flow.

Conduction heat transfer in solid material is governed by
Fourier's Law which for 1D heat flow is

Q=M%Z (1)

where Q is the heat transfer rate, k is thermal conductivity, A
is the area normal to heat transfer, and AT/f is the tempera-
ture gradient per unit thickness, 7.

The 1D thermal resistance of a material is given as

AT g
thermal — E - k_A )

R

The total thermal resistance of a composite material
depends on the configuration of constituent resistances.
In the unidirectional samples, when heat flows in the axial
direction of the rasters, the thermal circuit is represented
as three parallel resistances of polymer, air, and wires, as
shown in Fig. 4a. In such configurations, heat tends to flow
through the path of least resistance. If heat is conducted
perpendicularly through the sample, as shown in Fig. 4b, this
results in the resistances being arranged in series and paral-
lel configurations, as in Fig. 4b. The bidirectional samples
represent a combination of the previous two configurations,
and the corresponding thermal circuit is shown in Fig. 4c.

The equivalent resistance of the configurations shown in
Fig. 4 are evaluated by summing these resistances. Because
air has a much lower thermal conductivity and volume frac-
tion than the polymer or wire, it can be neglected when it
is in parallel with a more conductive material, as in Fig. 4a.
As a result, the total resistance of the unidirectional samples
when heat is supplied parallel to the wire can be simplified
as

1 _ keﬁA _ kWAW + kmAm (3)
Rparallel t t t
where R, 1s the parallel thermal resistance, k4 is the

effective thermal conductivity of the composite, A is the
nominal cross-sectional, k,, and k,, are the wire and matrix
conductivities respectively, A,, and A,, are the wire and
matrix cross-sectional areas, respectively, and ¢ is the thick-
ness of the sample.
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Equation 3 can be rearranged to obtain the effective
thermal conductivity as a function of matrix and wire ther-
mal conductivities and volume fractions, given as

(4

kg = (1—=v,)k, + v,k,. Unidirectionalmodel. 4)

where v,, is the volume fraction of wire.

For the bidirectional configuration shown in Fig. 4c, the
existence of air with high volume fraction in series with
the polymer and wires results in a much higher resistance
and minimal heat passes through the perpendicular rasters.
As a result, the contribution of the perpendicular rasters
can be neglected, and the effective thermal conductivity
of the composite can be represented as a function of the
wire and polymer volume fraction parallel to the heat flow
(va), given as
k= (1 - va)km +v,,k

wpk,,  Bidirectional model )

To accurately predict the effective thermal conductiv-
ity of the CWPC samples, constituent properties should
be accurately measured. Elkholy et al. [27] measured the
thermal conductivity of PLA and discontinuous copper-
filled PLA using the same facility and demonstrated that
printing parameters, such as raster width and height can
influence thermal conductivity. Thus, the matrix materials
used in this study were measured independently to ensure
that the printed samples have printing parameters similar
to those of the CWPCs. The thermal conductivity of the
copper wire was taken as 398 W/mK, according to [28].
The wire and matrix volume fractions were evaluated
based on the optical analysis of the filler content.

4 Thermal conductivity measurements

The effective thermal conductivity of the samples was
characterized using the apparatus developed in [27],
based upon a modified guarded hot plate technique which
is an embodiment of ASTM C177 [29]. A schematic of
this apparatus is shown in Fig. 5. The apparatus consists
of a primary heater block guarded by a secondary heater
block and a primary cooling block guarded by a second-
ary cooler. Thermal power from electrical heaters embed-
ded in the primary heater block was conducted through
the sample to the primary cooling block. The secondary
blocks were maintained at nearly identical temperatures
to the primary blocks to ensure all electrical power to the
heaters went through the sample. The steady-state tem-
perature difference across the sample was measured using
resistance temperature detectors (RTDs) inserted into each
block and the measured thermal resistance of the sample,
R can be given by

meas’
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(T ot Tco )
Rmeas‘ = % (6)

where T),, is the temperature of the primary heater block,
T,,.4 1s the temperature of the primary cooling block, and
Q is the electrical input power to the primary heater block.
The measured thermal resistance consists of the sum of
the bulk sample resistance and any thermal contact resist-
ance (R,) between the sample and the apparatus given by

Rmeas = Rc,l + Rc,2 +R = Rc + Rsample (7)

sample

‘ ksampleA (8)
From here, the thermal conductivity of the sample can be

calculated by rearranging the above as

t

= ] )
0] ¢

k,

sample =

where ¢ is the thickness of the sample. The contact resistance
was quantified by measuring the total thermal resistance for
several thicknesses of a given sample and extrapolating the
measured resistance to zero thickness.

The primary and secondary (guard) blocks were
machined from copper; the primary blocks had a contact
area of 40 mm x40 mm. Cartridge heaters energized by
independently controlled DC power supplies (Aim TTi,
CPX400D) were used to control the temperature of the pri-
mary and secondary heater blocks.

The temperature of all blocks was measured using 1-mm-
diameter, 15-mm-long RTDs (Omega, 1PT100KN1510)
inserted into holes at the locations shown in Fig. 5; these
were calibrated to within 0.01 K of each other.

Temperature measurements were logged using an Agilent
34970A data acquisition system, while the input power to
the primary heaters was quantified by measuring the voltage
and current using two independent Agilent 34401 A digital
multimeters. A MATLAB script was customized to record
all the measured values and to calculate the time gradient of
the measured values. The system was considered at steady
state when the time gradient of the temperatures reached
le—5 K/s.

The input power to the secondary heater was controlled
by MATLAB to ensure that the temperature difference
between the primary and secondary block did not exceed
0.01 K. This was achieved by varying the power to the sec-
ondary heater until its temperature was identical to the pri-
mary heater, eliminating the thermal gradient and therefore
heat loss from the primary heater.

The sample under test was clamped between the primary
and secondary heating and cooling blocks using a clamping

screw, device frame, and load cell (KAF-S, AST, Dresden,
Germany), as shown in Fig. 5. Samples were clamped with
a pressure of approximately 3 MPa and a few droplets of
mineral oil was used to minimize thermal contact resist-
ance and constriction resistance. The entire assembly was
encased with silica aerogel insulation which has a thermal
conductivity of 0.014 W/mK. Additional details regarding
the data acquisition, temperature control, calibration, and
uncertainty analysis are provided in [27].

5 Results and discussion
5.1 Microstructure analysis

Figures 6 and 7 show microscopic cross-sectional images of
the CWPC (from Table 3) in which the matrix, wires, and
air voids can be seen. For Sample 3 (unidirectional using
PLA matrix and 1 mm nozzle), the PLA matrix in Fig. 6a
appears to achieve better raster adhesion compared with the
PLA with copper particles shown in Fig. 6b (Sample 5).
Although the two samples were printed with the same print-
ing parameters, bigger air voids and individual rasters can
be more clearly seen in the PLA 4+ copper particle matrix.
This could be due to a difference in the amount of extruded
material because of a slight difference in filament diameters.
Another likely reason is due to differences in the rheological
properties between the two molten polymer matrices and
their interaction with the copper wire during printing.

In the bidirectional sample shown in Fig. 7a, the axial
and transverse wires and the air gaps between the axial ras-
ters are visible. Although the rasters have a similar width to
those in Fig. 6, the grid-pattern nozzle movement squeezes
the previously printed rasters, causing an increase in their
thickness and a decrease in their height in this sectional
view. The line pattern with the 0.6 mm nozzle shown in
Fig. 7b appears to show better adhesion between the rasters
with the air voids closer to the wires, compared with the
1 mm nozzle.

Based on the area ratio, the continuous filler content
was obtained. Table 4 summarizes the filler content for the
different samples. The wire volume fraction of the bidirec-
tional sample was calculated based on the area of the wires

Table 4 Wire volume fraction

based on the image processing Sample no ;Nire. volume
raction (v,,,) %
3 1.07
4 0.538
5 1.07
6 2.7
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Fig.4 Schematic diagram for thermal circuit of unidirectional samples: (a) axial heat flow, (b) transverse heat flow, and (c) bidirectional samples

perpendicular to the cross-section, which represents the
wires parallel to the heat transfer direction.

5.2 Effective thermal conductivity
Thermal conductivity measurements were performed using

the setup described in Sect. 4. After polishing, each sample
was tested before going through another set of grinding and
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polishing stages to reduce thickness. Thermal resistance of
three or four thicknesses was measured for each sample.
The PLA and copper-filled PLA samples were tested
first to evaluate their thermal conductivities and to use
these values as inputs in the analytical models in order to
predict the effective thermal conductivity of the CWPC
samples. For example, the input power to the heaters for
the PLA sample was 0.5 W which resulted in temperature
differences across the sample of 6.2 K, 4.7 K, and 3.03 K
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Fig.5 Schematic of thermal conductivity apparatus

at 4.09 mm, 3.07 mm, and 2.02 mm thicknesses, respec-
tively. The measured thermal resistance of each thickness
was evaluated using Eq. 2 and plotted against the sample
thickness, as shown in Fig. 8. Thereafter, the trend line for
the measured points was obtained using a linear regression
fit. The discontinuous copper-filled PLA sample was pro-
cessed similarly, and its R, Vs thickness is also plotted
in Fig. 8.

The linear best fit lines in Fig. 8 correspond to Eq. 8,
and their intersections with the y-axis represent the con-
tact resistance between the samples and the apparatus. The
slope of the curve is the inverse of the sample thermal con-
ductivity and area (1/kA). For PLA and copper-filled PLA,
the contact resistance was less than 3% of the total meas-
ured resistance at the smallest thickness. This is consistent

meas
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with observations by Elkholy et al. in [27] for materials
with low thermal conductivity.

The copper-filled PLA of Sample 2 yielded a thermal
conductivity of 0.5 W/mK compared with 0.22 W/mK for
the pure PLA Sample 1. Although the composite matrix
was 80% filled with copper particles, the effective thermal
conductivity appears to be dominated by the polymer con-
ductivity. This improvement in conductivity comes at the
expense of weight: the copper-filled PLA had a relatively
high density (=3.5 g/cm®) which is greater than some con-
ductive metals, such as aluminum (x2.7 g/cm?), and thus
it is questionable how useful it is for lightweight thermal
applications.

The same testing procedure was followed to evaluate the
thermal conductivity of the CWPC samples (Samples 3-6).
Figure 9 shows the relationship between measured thermal
resistance and the specimen thickness for three replicates of
the CWPC samples.

Generally, the CWPCs exhibited higher contact resistance
than Sample 1 or 2, resulting in a larger temperature drop
across the samples. Uncertainty in contact resistance can
greatly affect the thermal conductivity calculated from Eq. 8.
For this reason, three or four thicknesses of each replicate
were tested to evaluate repeatability. The thermal conduc-
tivity of each sample was evaluated separately using Eq. 9,
and the average value for the three replicates was calcu-
lated. Generally, the results showed good linearity with an
R? greater than 0.98 for all samples.

Figure 9a shows the relation between the total resistance
and the specimen thickness for the unidirectional PLA + wire
sample (Sample 3). Here, the contact resistance represented

Copper wires

copper particles

(b)

Fig.6 Cross-sectional view of (a) Sample 3 (unidirectional CWPC using 1 mm nozzle) and (b) Sample 5 (unidirectional PLA 4 copper particle

CWPC using 1 mm nozzle)

@ Springer



708

Progress in Additive Manufacturing (2022) 7:699-712

Copper wires

LA

16

|
1

|

i

|

I

i

(a)

1 §

|

v
11

Air voids

Copper wires

PLA
(b)

Fig. 7 Cross-sectional view of (a) Sample 4 (bidirectional PLA CWPC using 1 mm nozzle) and (b) Sample 6 (unidirectional PLA CWPC using

0.6 mm nozzle)

approximately 40% of the total resistance of the thinnest
sample.

For the bidirectional samples (Sample 4), higher contact
resistance was measured, with the contact resistance contrib-
uting 68% of the total measured resistance for the thinnest
sample, as shown in Fig. 9b. The increased contact resist-
ance for this sample is due to the grid printing pattern, which
results in more air voids within the sample, as seen in Fig. 7.
Increased air voids in contact with the heating and cooling

15
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e Sample 2
/l
— —Linear (Sample 1) 7
7/
--------- Linear (Sample 2) il
10 7
E s
< Y= 3.0333x + 0.0671
« Ve
g 7/
o ] e
o y=1.2338x +0.0843
0
0 1 2 3 4 5 6
L (mm)

Fig.8 Measured resistance against sample thickness for PLA sample
(Sample 1) and PLA + Copper (Sample 2)

@ Springer

blocks of the apparatus serve to increase contact resistance
for these samples.

The unidirectional PLA + copper + wire samples (Sample
5) had a similar configuration to the PLA + wire (Sample 3)
and the same wire volume fraction. Although the values of
the contact resistance for copper-filled matrix with wires
were lower compared with the PLA + wire, the bulk resist-
ance values were also lower, causing a more pronounced
effect of contact resistance on the total measured resistance,
as shown in Fig. 9c. The variation in the contact resistance
between the replicates is thought to be caused by irregulari-
ties in the grinding and polishing processes. However, the
linearity of the trend lines shows that these irregularities are
consistent for the same replicate.

The measured resistance of the PLA + wire samples with
the highest wire volume content (Sample 6) is plotted against
its thickness in Fig. 9d. These replicates had the highest ther-
mal conductivities (and therefore lowest bulk resistances);
therefore, contact resistance was found to have the most
significant effect on total measured resistance, accounting
for 85% of the lowest measured resistance. Despite this, the
thermal conductivity, which is derived from the slopes of
these curves, was relatively consistent.

Figure 10 summarizes the total specific contact resistance
(RA) values for the matrix and the wire-reinforced samples.
It is important to note that these values represent the sum
of the two contact resistances from both sides of the sam-
ple (i.e., R. | + R, in Eq. 7). The uncertainty of the contact
resistance in the CWPC samples was calculated as twice the
standard deviation of the values from the three replicates.
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Fig. 10 Summary of total specific contact resistance (both sides) of
all samples

Here, Samples 1 and 2 (PLA and PLA + copper), which do
not contain copper wires, exhibit the lowest contact resist-
ance. The CWPC samples (Samples 3—6) exhibit signifi-
cantly more resistance; it is suggested that this increase is
due to the relatively harder copper wires contacting the
interface. It can be deduced from Fig. 12 that the contact
area of the solid phase greatly affects the contact resistance.
This can be seen in the bidirectional sample (Sample 4)
which had the lowest solid contact with the measurement
test rig and the highest contact resistance. This sample also
exhibited high uncertainty because the ratio of copper wires
to polymer at the cross-sections was variable because of
the bidirectional wires. The unidirectional CWPC samples
(Samples 3, 5, and 6) have more consistent cross-sections
and therefore similar contact resistance values.

Figure 11 shows a summary of thermal conductivity for
all samples. Sample 3, which had a unidirectional configu-
ration and only 1.07% of continuous wire, had a thermal
conductivity of 4.47 W/mK which represents a factor of 21
increase in thermal conductivity when compared with pure
PLA (Sample 1). The parallel resistance model prediction

@ Springer
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CWPC samples

plotted in Fig. 11 predicts a thermal conductivity of 4.44 W/
mK, which is consistent with the experimental results. Sam-
ple 4 (bidirectional configuration) showed an effective ther-
mal conductivity of almost half of unidirectional Sample
3, as predicted by the model. The samples printed with the
PLA matrix had a similar density to the pure PLA because
the wire content was very small (1.07%). This means that,
compared with the copper-filled PLA, CWPC significantly
improves thermal conductivity without losing lightweight
advantage, albeit only in the direction of the wires.

The copper—particle matrix with wires (Sample 5) exhib-
ited a slightly higher effective thermal conductivity (5.2 W/
mK) than Sample 3 and was also slightly higher than the
model prediction. It is not clear that there was any thermal
communication between the discontinuous copper particles
and the copper wires, and the slightly improved thermal

Fig. 12 Predicted effective ther- 1000
mal conductivities as a function 3
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conductivity (compared with Sample 3) is primarily attrib-
uted to the more conductive matrix.

By increasing the wire volume content to 2.7% (Sample
6), the thermal conductivity of the unidirectional CWPC
increased to 9.4 W/mK, which represents a pure polymer
conductivity increase of almost 50 fold. The high uncer-
tainty associated with Sample 6 is caused by a difference
in contact resistance across the replicates, which may have
occurred due to inconsistent contact surfaces during the
grinding and polishing stages (Fig. 9d). Testing additional
replicates and ensuring similar surface finishing may help
reduce this uncertainty.

These results address primarily the in-plane thermal
conductivity where heat transfer is in the direction of the
wires. Based on the consistent thermal network model pre-
dictions for unidirectional and bidirectional samples, we do
not expect the through-plane conductivity of these samples
much higher than that of the base polymer matrix because
the copper wires are entirely in series with the heat flow.
That said, 3D-printing could allow for more complex and
application-tailored heat flow paths within each layer.

6 Summary and outlook

3D-printed CWPCs were manufactured and characterized
experimentally to investigate the effect of wire content, ori-
entation, and matrix material on thermal conductivity and
contact resistance.

The effective thermal conductivity of the printed compos-
ites was measured experimentally and predicted analytically
using a simple thermal resistance network model.

Multiple thicknesses for each sample were tested to char-
acterize the effect of contact resistance on the measured

Copper
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wire (Parallel model)
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thermal resistance. Generally, contact resistance increased
with wire area fraction at the contacting surfaces.

The thermal conductivity of a copper-filled discontinuous
PLA matrix (80% copper particles) had a thermal conduc-
tivity almost 2.5 times that of pure PLA. By introducing
continuous copper wire into the composite (1.07% volume
content of copper wire), the thermal conductivity increased
to 23 times the thermal conductivity of the base polymer.
When copper-filled PLA was used, the thermal conductivity
of the composite increased to 27 times that of pure PLA.

The orientation of the conductive wires had a signifi-
cant effect on the thermal conductivity and the highest
thermal conductivity was obtained when the wires were
aligned in the heat transfer direction. Printing with a
bidirectional pattern reduced the thermal conductivity to
almost half of the unidirectional sample, which is consist-
ent with the predictions of the network resistance model.
The model predictions further suggest that through-plane
conductivity of these CPWCs would be on a similar order
as the base polymer matrix.

These results demonstrate the potential of 3D-printed
CWPCs as components in polymer-based heat exchanger
applications where historically the thermal conductivity of
the solid phase can be a limiting performance factor. Further
improvement to printing processes can be incorporated to
allow for higher volume fraction of wires. This could include
a wire-feeding mechanism to overcome the need for large
quantities of polymer to pull wires out of the nozzle.

Another option would be to employ high-conductiv-
ity continuous fibers, such as pitch-based carbon fibers
(k=800 W/mK [21]) and carbon nanotubes, to further
increase effective thermal conductivity. The foregoing
results validate the simple parallel thermal resistance net-
work model to predict effective thermal conductivity of
the CWPCs in the direction of the fibers. This model can
be extended to predict effective thermal conductivity for
other fibers and fill ratios. Figure 12 shows anticipated
thermal conductivity with respect to filler volume fraction
using the parallel model. Here, a thermal conductivity of
167 W/mK (similar to aluminum alloy 6061 which is com-
monly used for heat sink applications) could be achieved
with continuous fiber polymer composite with only 20%
pitch-based carbon fibers.

These conductivity improvements comprise an impor-
tant step toward realizing the full potential of 3D printing
in the fabrication of complex-shaped, high-performance
3D-printed composite heat exchange technologies.
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