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Abstract

Although thermoplastics have traditionally been ignored as heat transfer materials, filled
thermally conductive plastics fabricated in complex geometries can serve as low-cost,
geometrically complicated heat exchangers, along with other thermal applications such as heat
sinks. Thermally conductive, 3D printed heat exchangers can have a significant impact on power
generation technology at many scales, with advantages in allowing distributed, on-site
manufacturing on multiple, independent machines, and the virtual elimination of scrap. This can
command significant cost savings compared to traditional, machined metal heat exchangers. This
work examines compounds of polyamide 6 with copper fiber and sphere fillers produced in a co-
rotating twin screw extruder. The thermal conductivity is measured and related to the filler
content, shape, and orientation.
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Introduction

Despite a wide variety of manufacturing processes and a growing list of suitable
materials, additive manufacturing (AM) has traditionally been regarded as a rapid prototyping
technique. Several obstacles remain for producing competitive, functional parts.

Two major barriers are the anisotropy and weld line formation introduced by the layer-
upon-layer processes and their effect on the mechanical properties. This can be seen in studies of
build orientation [1-8] and bead orientation [1-3, 5, 6, 9-13]. The part strength is higher in cases
where the load is applied in the in-plane direction since it depends on the material itself, and the
strength is lower when the load is applied in the build direction since the strength reflects the
bonding between layers. Notably, recent studies suggest that the orientation of the individual
beads in a part produced by Fused Filament Fabrication may permit strengths almost as high as
an injection molded part, if the printed part is sufficiently dense [14]. Fused filament fabrication
(FFF), otherwise known by the trademarked name fused deposition modeling (FDM™), is a
widely known and easily accessible AM technique with a huge potential for functionality
growth, given the essentially limitless choices of possible materials. However, commercial
functional materials are only now starting to enter the market.

AM already excels at creating parts with traditionally-impossible, complex geometries,
and the potential uses of the technology will continue to grow along with the material choices.
The effects of orientation are important for other material properties besides the mechanical
strength. Oriented conductivity in AM parts could be a boon for the AM sector in both electrical
and thermal applications.
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There are many applications that could benefit from oriented conductivity, from electrical
conductors and circuits to thermal applications and heat fins. Importantly, in most of these cases
the mechanical strength is less important than other properties. Thus, these applications can serve
as a platform from which to grow industrial use of AM technologies, where AM parts can
directly compete with traditional manufactured parts.

Since polymers have a very low conductivity, filler particles must be added to achieve
enhanced thermal or electrical conductivity. The orientation of filler materials in plastic resins
during injection molding is known to have a strong influence on the thermal conductivity, and to
be a direct result of the manufacturing method [15, 16]. The most important factors influencing
thermal conductivity in filled plastics are the filler content, size, and shape. Thermal conductivity
is best enhanced when continuous pathways are chained through the part via contact between the
filler particles [17]. The combination of continuous pathways and oriented conductivity suggest
that suitable particles should have a high aspect ratio, for example fibers, and that the filler must
be added at relatively high volume fractions. For filled FFF filament, early work by Gray et al.
[18, 19] demonstrated increased mechanical performance by reinforcing polypropylene with
liquid crystalline polymer (LCP) fibrils. Zhong et al. [20] prepared a glass fiber filled ABS
filament for a commercial FFF printer. Although improved strength was achieved, plasticizer and
compatibilizer were added to realize the flexibility and handleability needed for processing.
Masood and coworkers developed a metal-polymer filament designed for rapid tooling of
injection molding inserts [21, 22]. Iron powder (200-500 um) with volume fractions of up to
40% was added to a polyamide matrix to make FLM filament feedstock capable of processing
through a commercial FFF system. In 2012 the first electrical conductive FFF filament was
produced with 15 % wt carbon black to print several flexible sensors and capacitive buttons [23].
The same year, Oak Ridge National Laboratory (ORNL) demonstrated printing with short fiber
feedstock in public [24] and evaluated the mechanical properties of printed parts [25]. Protoplant
Inc., Vancouver, WA, (www.protoplant.com) and the Kickstarter company Functionalize
(www.functionalize.com) recently introduced a carbon black or graphite filled filament for the
desktop-printer market for increased thermal and electrical conductivity. To make FFF filament
with increased thermal conductivity a viable printing option, an understanding of the complex
interaction between matrix and fillers needs to be established, which is dependent on the material
properties, the filler size, shape and orientation as well as the manufacturing processes
(compounding, extrusion, printing) involved.

This work aims to provide a foundation for developing materials useful for fabricating
air-to-water heat exchangers produced via FFF. Complicated geometries can be produced via
FFF at little added cost, which allows in this case the manufacture of pin fin heat exchangers
with complex pin shapes, such as tapered ellipses and air foils. This easily permits the plastic-
based heat exchangers to surpass traditional metal heat exchangers with only modest increases in
the base material thermal conductivity. It is worth noting that, due to the high convective
resistance associated with the air side of the heat exchanger, the material thermal conductivity
only needs to be raised to modest values to make an effective heat exchanger. Additionally, the
orientation of shaped fillers along the pin axis can significantly increase the heat exchanger
performance [26].
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In order to be able to tailor thermal properties for any application, it is important to find
an accurate way to measure thermally conductive filament. This can be challenging, since even
the sample preparation can alter the filler orientation, leading to changes in the thermal
conductivity. This article outlines the steps taken to produce filled materials for use in FFF, as
well as to analyze the effects of filler type and orientation.

Methods

Material

Polyamide 6 (PA6), sometimes referred to by the original trade name Nylon, was chosen
for this study because of its high heat resistance and mechanical properties. Ultramid B33-01
(BASF, Germany) with a melting temperature of 220 °C and a density of 1.13 g/cm® was used.
The moisture content at 50 % relative humidity is 2.6 %. Similar PA6 grades from BASF report
thermal conductivity and specific heat capacity values of 0.33 W/m-K and 1500 — 1700 J/kg-K,
respectively.

The material has an intermediate viscosity, which is important for FFF material
production. For filament production, a relatively high viscosity is preferable to aid in molten
material handling during line startup. In contrast, FFF machines require a relatively low
viscosity, due to the low pressures that can be generated in these devices. Additionally, the use of
fillers will increase the viscosity. Thus, an intermediate viscosity PAG is the preferable choice for
mixing with the conductive fillers.

Spherical copper particles with a nominal diameter below 45 micrometers were
purchased (Chemical Store, USA). The spheres are 99.5% copper, with a small iron content and
a density of 8.9 g/cm®. They are produced via air atomization of molten copper. 99.9% of the
spheres are smaller than 325 um, with the other 0.1% falling in the range of 45 to 74 um.

Copper fibers with a nominal diameter of 30 um and a nominal length of 3 mm were
purchased from Deutsches Metallfaserwerk (Germany). The fibers are a minimum 99.9% copper,
with a density of 8.9 g/cm?® and a thermal conductivity of 383 W/m-K. To produce the fibers,
copper strands are first made into a fleece, which is then chopped.

Material Compounding

The copper spheres and copper fibers were mixed separately into the PA6 using a twin
screw compounding extruder with 27 mm intermeshing, co-rotating screws and a 36 diameter
length (927 mm), manufactured by Leistritz Corp. (USA). Twin screw extruders are known to be
superior for the mixing of highly filled systems when compared to traditional single screw
extruders. Different elements of the fully-customizable screw set are used to melt the resin,
generate pressure, and homogenize the melt temperature and filler distribution. The screw
design, along with qualitative descriptions of the screw elements, is shown below in Figure 1.

While the PAG6 pellets are supplied by a first gravimetric feeder to the extruder at the
beginning of the screw, the filler is supplied by a second gravimetric feeder after the resin is
melted using twin, intermeshing augers, aptly named the side stuffer. The degassing zone, near
the end of the extruder, allows volatiles to escape the material before extrusion, including for
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example volatile plasticizers, gaseous degradation products, or water vapor. The latter option is
relevant for PA6 processing, since this material is very hygroscopic.
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Figure 1. Screw design for compounding PA6 with copper spheres or fibers.

The parameters listed below in Table 1 were used to produce the copper filled PA6
materials. The copper spheres were produced with a flat temperature zone profile at 240 °C,
which resulted in a melt temperature of 253 °C. The copper fiber filled PA6 was produced with a
steady temperature zone ramp from 220 to 240 °C, with a melt temperature around 240 °C. The
extruder screw speed was 100 RPM, and the side stuffer speed was 140 RPM.

Table 1. Twin screw extruder parameters for copper fiber filled PAG.

Copper Fiber Melt Resin Feed Filler Feed Total Mass Puller
Volume Fraction Temperature Rate Rate Flow Rate Speed
20% 253 °C 6.7 kg/hr 13.3 kg/hr 20 ka/hr 11 m/min

The material was extruded through a three-strand die with an orifice diameter of 3.0 mm.
The strands were pulled at a constant velocity by a precision belt puller (ConAir, USA). Uneven
flow through the die, caused by uneven pressure distribution and gradual clogging of the orifices,
caused differences in the material flow rate, which yielded strands of differing diameters. The
strands were later classified as D1 (diameter range 1.1 to 1.76 mm), D2 (diameter range 1.8 to
2.4 mm), and D3 (2.44 to 3.3 mm). The different flow rates and the take-up by the belt puller led
to natural differences in the fiber orientation, which were subsequently analyzed by different
techniques.

Thermogravimetric Analysis (TGA)

The actual filler content was determined by thermogravimetric analysis (TGA) with a
Netzsch TG 209 F1 Libra. In this technique, the sample, about 3 mg of polymer if unfilled, is
heated at a constant rate in an inert gas atmosphere, in this case nitrogen, and the weight is
constantly measured with a resolution of 0.1 pug. These samples were heated up to 600 °C at a
rate of 20 K/min with a constant nitrogen flow of 20 mL/min. To exclude the weight of water in
hygroscopic PAG, the initial weight of the compound was taken as the sample weight at 270 °C.
The mass of the filler is taken as the sample weight at 600 °C. These two masses are used to
directly calculate the mass fraction of filler, and the densities of each material can then be used to
calculate the volume fraction of filler.
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Laser Flash Analysis (LFA)

LFA is used to determine the thermal diffusivity of a sample. The instrument, a
Nanoflash 447 from Netzsch Instruments (Germany), fires a xenon flash lamp at the bottom side
of the sample, while a liquid-nitrogen cooled infrared detector monitors the top side of the
sample. The diffusivity of the sample can then be calculated from only the sample thickness (L )
and the half time (t12) of the temperature rise on the top surface, according to the following [27]:

138 12

a = Eqg. 1
—ara (Eq.1)

Additional models are available to correct for certain errors. This work used the Cowan
model [28], a standard choice that corrects for radiative or convective losses from the top and
bottom surfaces of the sample, as well as a correction for the time of the energy pulse applied.
The samples in this study were measured over a temperature range relevant to the eventual air-
to-water heat exchanger, from 25 °C to 105 °C, at 10 K increments. The thermal conductivity (k)
can later be directly calculated from the thermal diffusivity (o), the density (p), and the heat
capacity (cp) by the equation

k = apcy (Eq.2)

The heat capacity is measured over the relevant temperature range using a differential
scanning calorimeter (DSC), DSC 214 Polyma from Netzsch Instruments (Germany).

LFA Sample Preparation

The minimum sample size for this instrument is 6 mm round, which makes the
measurement 3 mm or smaller filament impossible without some additional sample preparation.
Therefore, square samples with 10 mm side length with a recommended thickness around 1 mm
were prepared by the techniques described below. Samples were sanded with progressively finer
grains to obtain flat, level surfaces. They were then spray-coated with graphite, which aids in the
absorption of the energy pulse.

In order to study the effects of filler orientation on the thermal conductivity, samples
were prepared in several different ways, which are depicted below in Figure 2. The filament
produced in the compounding process had three different diameters D1 (about 1.2 to 1.6 mm),
D2 (about 1.7 to 2.4 mm), and D3 (about 2.5 to 3.3 mm). These were cut into 10 mm lengths,
then placed lengthwise into a 10 mm by 10 mm cavity and compression molded to a height of 1
mm, 2 mm, or 3 mm. Smaller filament strands were stacked in order to fill the mold to an
adequate height. Samples measured through the thickness this way demonstrate the through-
plane (TP) conductivity, since the conductivity measured is perpendicular to the filament
extrusion direction, which is also the dominant direction of fiber orientation.

Other samples were fabricated from the first TP samples to measure the in-plane
conductivity. The 10 mm x 10 mm TP samples were cut into 1 mm strips, and each strip was
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then individually rotated 90 degrees. The rotated strips were placed together in a laminate sample
holder (LAM). See Figure 2 for an illustration.

Finally, another set of samples was fabricated to measure the in-plane conductivity in a
different fashion. The filament produced in the compounding process, with diameters D1, D2,
and D3, is cut into lengths slightly longer than 1 mm, 2 mm, or 3 mm. These are then placed
standing up in the 10 mm x 10 mm mold and compression molded. The length of the filament
sections was adjusted iteratively to minimize the material flow while still creating a solid sample.
These in-plane compression molded (IPCM) samples also measure the in-plane conductivity. As
with the other sample types, the fiber orientation may be affected by the compression.

TP

LAM
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Compression
IPCM
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Figure 2. Sample production showing filament orientation, which is the principal fiber orientation direction. Top: through-plane
(TP) samples are oriented, compressed, then scanned. Middle: in-plane laminate (LAM) samples made from TP samples by
cutting and rotating strips. Bottom: in-plane compression molded (IPCM) samples are oriented, compressed, then scanned.

Micro-Computed Tomography (UCT)

Samples were scanned with a Zeiss (Germany) Metrotom 800 uCT scanner to analyze the
fiber orientation. uCT uses an X-ray source to take images of a sample at many different angles,
and the data is subsequently reconstructed mathematically into a 3D representation of the
sample. Both the filament strands produced on the twin screw extruder and the compression
molded samples were analyzed. The scan resolution was 8 um for the filament strands, and was
approximately 20 um for the compressed samples. This work only judges the fiber orientation
qualitatively.

Results and Discussion

TGA analysis showed that all samples fell within 1 % vol of the target filler content of
20 % vol. The true filler content of each sample was then used to calculate the density of each
sample for use in Eq. 2.

The specific heat capacity (cp) was measured with DSC on the 20 % vol copper fiber

material, and was found to increase linearly (R? = 0.997) from 0.95 to 1.4 kJ/kg-K over the
temperature range from 25 °C to 105 °C.
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Before fabricating the samples for the thermal diffusivity measurement, uCT images of
the filament were examined and are shown below in Figure 3. The spherical fillers are
represented as bright points in the image. The fibers show up as fibers as well as points, which
represent out of plane fibers. As expected, the fiber orientation in the extrusion direction is
higher in filament of lower diameter. The fibers become more oriented in smaller filament
strands due to the higher deformation in the flows; smaller cross sections cause higher shear rates
which tend to orient the fibers. The fibers are less oriented in the larger diameter filament. This
can be seen by the larger number of bright points, as opposed to the fiber shapes.

A RIRES
- I - c.n PR el [ .
Figure 3. uCT images of the filament strands of sizes D1, D2, and D3 produced by compounding, showing different degrees of
orientation at the midplane. From left to right: D2 20% spherical filler, D1 20% fiber, D2 20% fiber, D3 20% fiber.

Thermal diffusivity was measured on several different sample types to quantify the
effects of compression on the conductivity in the through-plane and in-plane directions. Sample
nomenclature is as follows. D3 refers to the diameter of the filament used to create the sample.
TP, IPCM, and LAM refer to the sample orientation, as explained above. 1 mm, 2 mm, or 3 mm
refers to the final thickness of the sample after compression. As an example, D3-IPCM-2mm
refers to a sample created with filament of approximately 3 mm in diameter, compressed in the
axial direction for measuring in-plane conductivity, and the resulting compressed sample had a
thickness of 2 mm.

Figure 4 shows the through-plane conductivity of samples made from 2 mm filament
compressed perpendicular to the measurement and axial direction. The sample with the least
compression, D2-TP-3mm, has the highest through-plane conductivity, between 1.59 and 1.63
W/m-K, which corresponds to the higher number of out of plane fibers visible in the uCT images
in Figure 3. Overall the compression ratio has no significant effect. The sample with 20 % vol
copper spheres shows a significantly lower conductivity, from 0.92 to 1.01 W/m-K.

Figure 5 shows the in-plane conductivity for laminate samples (LAM), produced by
cutting and rotating the samples from Figure 4, and for in-plane compressed samples (IPCM)
produced by axially compressing filament in a mold. It is immediately obvious that the sample
preparation methods have a large effect on the conductivity. The best performing laminate
sample, D2-LAM-2mm, has a conductivity ranging from 7.04 to 7.74 W/m-K over the
temperature range, while the best performing IPCM sample, D2-IPCM-3mm, ranges from 8.48
to 8.95 W/m-K. Since the fabrication method for LAM samples should tend to raise the in-plane
thermal conductivity, and the method for IPCM samples should lower the in-plane conductivity,
it can reasonably be expected that the true conductivity of the filament as-manufactured is
somewhere between.
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Figure 6 shows the effect of different initial filament diameters on in-plane conductivity.
D3-LAM-3mm is compared to D1-LAM-1mm, since both samples represent the minimum
compression for those filament sizes. Similarly, D3-IPCM-3mm is compared to D1-IPCM-1mm,
since both have low compression. There is very little difference in the conductivity of the IPCM
samples, while the LAM samples show a difference of about 2 W/m-K. However, the
conductivity of LAM samples is approximately twice as large as that of the IPCM samples.

The effects of changing fiber orientation can be clearly seen in the thermal conductivity
results. The differences can also be seen in uCT scans of the compression molded samples.
Figure 7 below shows the fiber orientation in three samples made from filament of
approximately 3 mm (D3) and compressed by different amounts. Since the fibers initially
occupied the mold completely in the filament’s axial direction, the flow during compression is
mostly perpendicular to the filament axis, as the material fills in the gaps between the cylindrical
surfaces. The fourth image shows a sample comprised of filament compressed axially for
measurement of the in-plane properties (IPCM). In this case, the flow is again perpendicular to
the filament axis, which is in the plane of the image in Figure 7. Since the majority of the fibers
are still oriented with the filament axis the image below shows most of the fibers as points.

It can be generally observed that greater compression leads to a bigger change in the
filament orientation. This corresponds to the thermal conductivity results discussed above.

Conclusion

Several characterization methods were explored for measuring the thermal conductivity
of extruded PAG filament with 20 % vol copper fiber or sphere fillers. It is clear from the thermal
measurements, and confirmed with the UCT scans, that the conductivity of the fiber filled
samples is strongly dependent on the fiber orientation, as expected. It is shown that the sample
fabrication method also strongly affects the conductivity. However, the methods were successful
in characterizing the range of values for the thermal conductivity in the original filament. It is
difficult to give an accurate value for the in-plane conductivity in the unaltered filament, but it
should lie in the range between the in-plane compressed samples and the laminate samples, from
4 to 10 W/m-K at 25 °C. The through-plane conductivity doesn’t change greatly with
compression, so the true value in the filament should lie close to the measured values,
approximately 3.5 W/m-K.

These values can be used for the design and simulation of the 3D-printable heat
exchanger. Since the printing direction in FFF corresponds to the high in-plane conductivity, this
material is advantageous for pin-type heat exchanges, since these thin structures are normally
printed parallel to the pin axis. Simulations and testing are needed to determine the overall
effectiveness of the heat exchanger, especially considering that the walls of the heat exchanger
should correspond to the measured through-plane conductivity values. However, it is worth
noting that 20 % vol fibers perform twice as well as 20 % vol spheres in the through-plane
direction.

879



“* 9 1~ o : - NSl 1" LS "" 2 = - v
Figure 7. uCT images showing varying degrees of orientation in compressed samples at the midplane through the thickness. Top
left: D3 TP 3 mm sample, top right: D3 TP 2mm sample, bottom left: D3 TP 1 mm sample, bottom right: D3 IPCM 1 mm sample
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Future Work

More tests are currently underway to compare these results with different filler volume
contents. This may provide different results, considering that higher volume contents cause more
fiber jamming, which leads to lower fiber orientation. Rheometry will be used to study the
interaction between filler volume content and shape and the melt viscosity. The uCT data is also
being used to generate orientation matrices, which will be helpful in drawing quantitative
relationships between the orientation and the thermal conductivity. These orientation matrices
are derived from a method developed in-house at the Polymer Engineering Center at the
University of Wisconsin — Madison [29].
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Work is also ongoing on modifying traditional FFF equipment to be able to handle highly
conductive materials. Possible problems may include buckling and breaking near the extruder
motor, or softening there due to heat transfer from the nozzle tip along the highly conductive
fiber direction. Additionally, high metallic filler content may lead to jamming and clogging of
the nozzle, which could require a redesign of the nozzle geometry.

Other filler materials should also be investigated. Carbon fiber, for example, is more
conductive and lightweight, which is important for mobile heat transfer applications. The
materials developed through this work will be tailored for industries such as refrigeration, power
electronics, and automotive.
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