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of the anisotropic nature of the extrusion-based deposition process on the spe-
cific heat capacity and thermal conductivity of the resulting AM products. All
measurements were made over a temperature range of 20-180°C using the
transient plane source technique, also referred to as the hot disk technique.
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butadiene styrene, polyphenylene sulfide and polyphenylsulfone. These find-
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1 | INTRODUCTION

There is a growing interest in additive manufacturing
(AM) and prototyping technologies for reducing product
development cycle time, reducing production costs, and
increasing manufacturing competitiveness.'™ Fused fila-
ment fabrication (FFF) is the most commonly used AM
method as it utilizes less expensive machinery and cost-
effective thermoplastic feedstock materials. In FFF, semi-
molten thermoplastic filaments are extruded through a
nozzle in a 2D plane and a 3D structure is achieved by
successive layer-by-layer deposition of the material.
Bonding between layers is caused by local re-melting of
the previously solidified layer and diffusion of molecules
across the interface. During deposition the extruded fila-
ment cools quickly, which affects adhesion and strength
between layers.® This repetitive heating and cooling cycle
of multiple layers in the FFF process can induce signifi-
cant residual stresses causing distortion or warpage of the
part.”

FFF processes are limited by the rate at which the fila-
ment can be melted.® This affects the deposition rate
and, consequently reflects on the print size. Oak Ridge
National Laboratory (ORNL) partnered with Cincinnati
Incorporated to develop the big area additive manufactur-
ing (BAAM) process that is based on extrusion deposition,
see Figure 1A and Figure 1B. The system can print up to
16,000 cubic centimeters (1000 cubic inches) per hour and
approximately 45.5 kg/h (100 pounds/h). To put this into
perspective, conventional desktop sized FFF printers only
have a deposition rate of 1-5 cubic inches per hour. The
BAAM system enables rapid manufacturing of large parts
(e.g., 6 m length x 2.5 m width x 1.8 m height). To
achieve high deposition rates and large prints, pellet feed-
stock (<$10/kg) is used. The feedstock material is typi-
cally a thermoplastic-based resin system reinforced with
chopped carbon fiber. The carbon fiber increases the stiff-
ness, strength,” and thermal conductivity of the feed-
stock.'®'! Carbon fiber (CF) reinforcement also provides

dimensional stability'* and reduces the coefficient of ther-
mal expansion (CTE)'*'* of the material. The deposition
head for the BAAM system is a single screw polymer
extruder with four heating zones, which is mounted on a
large gantry system. Because of BAAM's large build vol-
ume and higher build rates, the system has been used in
several application demonstrations such as Project Addi-
tive Manufacturing Integrated Energy (AMIE) (i.e., a pro-
ject that involves the fabrication of a building and a utility
vehicle)."”

Recent developments in new material systems for AM
and advances in AM systems have enabled tools (molds)
and dies to become one of the most important and prom-
ising applications for AM technology.”'*'* Since the late
1990s, the U.S. tool and die industry has suffered from
work shifting away overseas from the U.S. market. The
BAAM technology shows promise as a commercially via-
ble route to produce different types of tools and
molds.'®** Tools and molds can be classified according
to their service temperatures (e.g., room temperature, low
temperature (<100°C), or high temperatures (>100°C)).

Carbon fiber reinforced acrylonitrile butadiene styrene
(ABS) is the most common material used in the fabrication
of BAAM components.>'? ABS is an amorphous polymer
system with a relatively low glass transition temperature of
105°C, which makes it suitable for room temperature appli-
cations. However, a decrease in the dimensional stability of
the fabricated part can be observed under elevated temper-
atures. Therefore, a number of high temperature polymers
have been developed by ORNL and Techmer PM for large
format AM applications, most notably CF reinforced poly-
phenylene sulfide (PPS) and polyphenylsulfone (PPSU)."®
These polymer systems provide enhanced dimensional sta-
bility under elevated temperatures and pressures (up to of
176.6°C (350°F) and, 620 kPa (90 psi))'® that make them
suitable materials for high temperature die and molds
applications.

In AM extrusion depositions and FFF processes, the
material is deposited in a directional manner, which

FIGURE 1 Big area additive
manufacturing (BAAM) system
(build volume of: 3.6 m (length),
1.8 m (width), and 2.4 m
(height)); (A) overview of the
BAAM system, and (B) close
view of the gantry system and
the extruder setup
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FIGURE 2 Schematic for SFT Composite Pellets
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results in anisotropic properties, see Figure 2. The
extruded material flows through a nozzle before the
deposition process and the flow kinematics in the nozzle
highly affect the fiber orientation in the final deposited
bead.”>*!' Fibers have a tendency to strongly align with
the flow direction near the nozzle wall but are less ori-
ented at the center of the bead where shear forces
are reduced (Figure 2). The mechanical and thermal
properties of the resulting part depend strongly on the
microstructure (i.e., fiber orientation) of the deposited
composite. In mold and die applications, understanding
the effect of the anisotropy on the thermal conductivity is
crucial because it can result in non-uniform heating of
the AM mold.

Thermal properties including thermal conductivity,
specific heat capacity, and coefficient of thermal expan-
sion (CTE) of CF reinforced composites are of great
importance during their high temperature applications.
Literature suggests that the thermal properties are also
highly dependent on carbon fiber directions.”*** Pradere
et al.** explained that the CTE of CFs along the transverse
direction varies from 5 x 107K~ - 10 x 107 K !; how-
ever, along the longitudinal direction offers lower expan-
sion as 1.6 x 107°~ 2.1 x 107® K~ ' based on the fiber
properties. Bard et al.”® showed that the thermal conduc-
tivity in transverse and fiber direction at different carbon
volume fraction follow exponential and linear correla-
tions, respectively. Researchers have also investigated the
anisotropic thermal conductivity for 3D printed structures
and reported that the print direction, filler volume frac-
tion and filler morphology are some of the main factors
responsible for the anisotropic behavior.”*** Shemelya
et al. proposed to control the thermal conductivity
through a combination of print raster direction and

material design.”’ Most of the existing studies cover the
effect of the anisotropic nature of the AM process on the
thermal properties of small-scale FFF systems and the
available literature provides very little information on
large scale AM system (extrusion deposition based). This
study aims to establish the basic understanding of the
effect of the material anisotropy on the thermal conduc-
tivity of large-scale additively manufactured carbon fiber
reinforced thermoplastic composites and demonstrate the
variations in thermal conductivity in three main direc-
tions. These measurements take into account the carbon
fiber alignment, which occurs during the deposition pro-
cess, as well as porosity which may develop within or
among the extruded beads. Such understanding will be
extremely valuable in the design and process optimiza-
tion. Moreover, the findings will assist in developing accu-
rate predictive models that can describe the thermal
behavior of these materials both during processing and/or
in use of these materials in high temperature applications.

2 | MATERIALS AND SAMPLE
PREPARATION

Samples used in this work were fabricated using the
BAAM system. Three different discontinuous short fiber
reinforced (i.e. average of 250 pm in length) thermoplastic
materials were used in this work, namely ABS/CF 20% by
weight (wt.), PPSU/CF 25% wt. and PPS/CF 50% wt. All
thermoplastic pellets used in this study were compounded
by Techmer PM. The materials are commercially available
and are widely used for the BAAM system for molds and
dies application.™'”'#*%*! The printing parameters were
optimized based on previous trials to achieve uniform bead
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extrusion and high dimensional stability and are listed in
Table 1. In each case, a cube measuring 304.8 mm along
each side was printed with a unidirectional orientation of
the deposited beads (the deposition direction is defined as
the X-direction). Smaller cubes with a side length of
50.8 mm were extracted from the blocks and all sides were
machined (milled) flat.

3 | MATERIALS
CHARACTERIZATION

All samples were tested at a temperature range from
room temperature to the potential end use/application
temperature for each AM composite feedstock, see
Table 1. As an example, PPSU/CF 25% wt. and PPS/CF
50% wt. are used in additively manufactured autoclave
tools that operate at 170°C (338 F) and 6.2 bar (90 psi)
pressure. '

3.1 | Thermal conductivity

All thermophysical properties reported in this work
were measured using a transient plane source (TPS)
technique, Model TPS-3500. The TPS technique has
been described with mathematical rigor elsewhere®* and
what follows is a brief overview containing the specific
operational parameters used in this study. The TPS tech-
nique uses a thin film nickel bolometer sandwiched

L WILEY-TTZ . S o
TABLE 1 Temperature profile and printing parameters
Material
Parameters ABS/CF (20% wt.) PPSU/CF (25% wt.) PPS/CF (50% wt.)
Screw speed (RPM) 250 250 250
Bed temperature (°C) 100 100 100
Printing speed (mm)/s) 81 81 81
Layer deposition time intervals (s) 120 120 120
Total printing time (h) 25 25 2.5
Nozzle diameter (mm) 10.16 10.16 10.16
Bead size (mm) 12.7 12.7 12.7
Temperature (°C)
Zone 1 177 298 305
Zone 2 177 332 321
Zone 3 205 337 326
Zone 4 232 343 337
Zone (Tip) 249 354 337
End use/application temperature ~85°-90°C ~121°-170°C ~121°-170°C

within Kapton insulation, which serves as the sensor. In
order to measure thermal conductivity and thermal dif-
fusivity, this sensor is placed between two identical
specimens and a modest load (4.4-6.7 N) is applied to
the top specimen to assure adequate contact between
the sensor and specimens, as shown in Figure 3. This
sensor serves a dual role as a probe heater and a temper-
ature sensor. During the measurement, the sensor coil is
heated with a known amount of power and the coil’s
resistance is measured as a function of time. Using
Equation 1, the temperature change, AT(t), resulting
from this step heating can be calculated, since both the
starting resistance (R,) and the thermal coefficient of
resistance (a) are known, and the resistance as a func-
tion of time, R(f), is measured.

AT(t) -1 {R(t) - 1], (1)

x| R,

A typical temperature transient is shown in Figure 4. This
transient consists of two regions: (1) an early response with a
steep slope that is due to contact resistances from both the
Kapton film and the sensor-specimen interface, and (2) a
region in which the slope is slightly decreasing as a function
of time. The temperature increase of the sensor is proportional
to the power dissipated and inversely proportional to the ther-
mal conductivity and diffusivity of the specimens. This second
region is mathematically modeled using Equations 23 and
24 of Gustafsson’s original paper on the technique.” Thus,
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FIGURE 3 (A) Schematic
showing thermal conductivity
setup using transient plane
source technique and (B) disk
shaped transient plane source
sensor with 4-point contacts. In
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FIGURE 4 Typical temperature transient resulting from a
step-heat pulse of a TPS sensor sandwiched between two room
temperatures additively manufactured specimens of ABS/CF20%

thermal conductivity (K), thermal diffusivity (a) and volumet-
ric heat capacity (rCp) of the specimens was calculated by
curve fitting this model to the transient data in region II and
the relationship: K = arC,. In this study, the first 20-25 data
points make up region I, as determined by observing the
residuals from the curve-fitting algorithm.

The thermal conductivity of the composite specimens
in this study was measured using a Kapton insulated sen-
sor with a nickel heater/sensor with a 9.87 mm radius.

measurement. Heating power was kept in the range of
70-90 mW. The measurements were taken 45 min apart,
after the specimen stack was allowed for at least 12 h to
equilibrate with the furnace. Specimen bulk temperatures
were measured using a type-K thermocouple. For com-
parison, the standard TPS technique®” was used to mea-
sure the room temperature thermal conductivity of neat
ABS, PPSU, and PPS.

3.2 | Effect of AM anisotropy

The above discussion assumes the specimens are isotro-
pic with lateral dimensions at least twice as large as the
diameter of the sensor and a thickness greater than the
sensor's radius. However, in the case of additively man-
ufactured specimens, particularly with AM specimens
containing fiber reinforcement, it is expected that the
thermal conductivity will be different in three principle
directions. As the materials being studied are not isotro-
pic, an anisotropic analysis algorithm must be applied.*
Assuming that a constant power supply is applied to a
thin film, plane A from Figure 5, Equation 2 can be used
to describe the behavior of the sensor under anisotropic
conditions:
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where V, is the initial voltage across the sensor at
time = 0, V is the measured voltage which increases due
to the change in temperature and P, is the constant
power dissipated in the sensor of length h. p is the tem-
perature depending resistivity of the thin film. K; and K,
are the orthogonal thermal conductivities of the speci-
men in the plane of the sensor. 7, = (t}’Qz)m, where the
characteristic time Q, = (d*/a,) where d is the radius of
the sensor, a; is the thermal diffusivity in the direction
perpendicular to the plane of the sensor, and while Kj is
the specimen thermal conductivity perpendicular to the
plane of the sensor. Although K; is not readily shown in
Equation 2, it is a function of t; and part of the f(t;) term
in Equation 3. t; = (t/Q;)"/%, where the characteristic
time Q; = (d*/a;) where d is the radius of the sensor, and
the thermal diffusivity in the direction perpendicular to
the plane of the sensor a; = K;3/pC, where, p is the den-
sity and C is the volumetric heat capacity of the
specimen.

f(r)=rerf(z™) - 0.51 12 [1-exp(—7?)]
—0.57 ¢ Ei(—1t2). 3)

The integral functions are defined as,

bl

erf(u) =2n" /uexp(—vz)dv, 4)

0

—Ei(—u) = /mv_lexp(—v)dv. (5)

0
Thus, by curve fitting T vs. f(t ) (Equation 2), the product
of the in-plane thermal conductivities (K;K;) can be

found from the slope and the through-plane thermal con-
ductivity is found from f(t).**

thermal conductivity calculation

The calculation of radial (in-plane) thermal conduc-
tivity treats the thermal conductivity in the two orthog-
onal directions in the plane of the sensor (K; and K,)
as indistinguishable. Since this is not the case in this
study, the radial thermal conductivity calculation
should be ignored. Whether or not this is valid mathe-
matically and practically is the critical point of this
work. In principle, the TPS method assumes finitely
large specimen in all three directions. The calculation
of perpendicular thermal conductivity K5 should not be
affected by the in-plane thermal conductivity K; and K,
no matter they are equal or not. In practice, the speci-
men dimensions are limited (a cube in this study).
When K, and K, are not equal, the thermal wave will
reach the boundaries at different times. It is important
to manually control the probing depth to make sure
the analysis range stay within the shorter heat propaga-
tion time in either directions. This was done by
selecting limited number of points in region II of
Figure 4 to ensure no boundary reflections affect the
calculation. Therefore, the thermal conductivity in each
principal direction of the specimen can be determined
by making three separate measurements, where each of
the principal axis being measured is aligned with the
axial direction of the sensor.

In this work, the x-direction is defined as the direc-
tion parallel to the motion of the extruder (i.e., the axial
direction). The z-direction is defined as the direction per-
pendicular to the plane of the extruded layers (interlayer
direction, see Figure 2). Thus, the y-direction is perpen-
dicular to both the extrusion direction (x) and the inter-
layer direction (z).

3.3 | Volumetric specific heat

Volumetric specific heat was measured using a transient
plane source sensor (Model: 5465) (sample diameter of
19-20 mm and thickness of 4-5 mm).** The volumetric
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TABLE 2 Dimensions of the specific heat specimens

Specimen Diameter (mm) Thickness (mm)
ABS/CF 20% wt. 20.12 4.04
PPSU/CF 25% wt. 20.03 4.38
PPS/CF 50% wt. 19.56 4.55

specific heat is required for the anisotropic thermal con-
ductivity calculation, as it is necessary to separate the
axial thermal conductivity data from the radial contribu-
tion. The technique used to measure specific heat is
described in detail elsewhere.*

A gold specific heat cell was used for this study,
with approximate internal dimensions of a 21 mm
diameter and 5 mm height (see Figure 5). First, the
empty cell reference curve was obtained for a given
temperature. A temperature increase in the range of
0.4-4°C is desired for accuracy. The power level used
for the empty gold cell was 50 mW to raise the temper-
ature by about 0.5°C in 40 s. The experiment was then
repeated with the specimen-of-interest inside the gold
cell. To obtain a similar temperature rise in 40 s once
the specimen was added, the power level was increased
to a range of 70-95 mW. During the scans, 200 data
points were acquired for both the empty reference cell
and the “cell + specimen.” The linear portion of each
scan (typically the last 100 data points) was used to
determine the specific heat of the specimen. If the
mass, volume and density of the specimen are known,
the specific heat can be reported with units, J/K,
J/kg K, and MJ/m® K. The physical dimensions, geo-
metric volume, mass and density of each specimen is
given in Table 2.

4 | RESULTS AND DISCUSSION

The measured specific heat values for neat ABS, PPSU
and PPS at room temperature were 1333, 972, and
1028 J/kg K respectively. The temperature dependence of
specific heat for all printed composite samples is listed in
Table Al and plotted in Figure 6, which shows that at
room temperature, specific heat values for all neat poly-
mers are higher than the AM composite sample values.
This can be attributed to the integration of carbon fibers
into these polymer systems. As an example, the value of
specific heat for neat ABS is 1333 J/kg K and the specific
heat of pan-based carbon fibers at room temperature has
been reported as 726 J/kg K.** Thus, a simple rule of mix-
tures based on weight fraction results in a predicted spe-
cific heat of 12154 J/kg K. This is within 1% of the
measured value and well within the +3% error of the
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FIGURE 6 Specific heat of neat and additively manufactured
ABS/CF 20% wt., PPSU/CF 25% wt. and PPS/CF 50% wt

experiment. Over the narrow temperature range of mea-
surement, the specific heat of ABS/CF 20% wt. can be
described by the empirical Equation (6) and shown in
Figure 6.

C,(ABS/CF20%wt.) =2.9293 T +1144.4 (I /kgK). (6)

Figure 6 shows the specific heat of the additively
manufactured PPSU/CF 25% wt. samples as a function of
temperature. The specific heat was found to increase line-
arly with temperature over the measured temperature
range, as described by the empirical Equation 7 and
shown in Figure 6.

C,(PPSU/CF 25%wt.) = 3.9579 T +895.48 (J/kgK). (7)

The values of specific heat for the additively man-
ufactured PPS/CF 50% wt. are also listed in Table Al and
shown in Figure 6. Once again, the specific heat increases
linearly with temperature over the measured range, as
described by Equation 8. For comparison, the specific
heat of neat PPS is 1028 J/kg K, so the calculated mass
weighted average for PPS/CF 50% wt. would be 886.5 J/
kg K, which is within the experimental error of the mea-
surement. Comparing all three thermoplastic composites
showed that the composites with higher carbon fiber con-
tent resulted in larger reduction in specific heat com-
pared to neat polymers.

19111e $S800Yy uadQ Joj 1daoxa ‘paniwiad Jou A]3011S S| UOIINGIIISIP PUE 3sN-8Y "[2Z20Z/S0/6L] UO -3|jIAXou '@assauua] JO ANsianlun Ag "wod'As|imAlelqiauljuo//:sdiy woly papeojumoqd ‘0 ‘220z ‘695081751



* | WILEY-SZ e, Poome

PROFESSIONALS COMPOSITES

C,(PPS/CF 50%wt.) = 4.4942 T +7.45.89 (J/kgK)  (8)

The thermal conductivity of additively manufactured sam-
ples was measured. The data can be compared to the mea-
sured values of neat polymer values listed in Table A2 and
Figure 7. The temperature dependent anisotropic thermal
conductivity values for all materials used in this work are
given in Table A3 and Figure 7. It should be noticed that
incorporating carbon fiber to the polymer enhanced the
thermal conductivity of the composite when compared to
the neat polymer. At all testing temperatures, the x-
direction (extrusion direction) has the highest thermal
conductivity while the z-direction (inter-layer direction)
has the lowest value, as shown in Figure 7. Chopped fibers
typically align in the extrusion direction and since carbon
fibers have a significantly higher thermal conductivity
than neat polymers, it is expected that the x-direction
would have the highest thermal conductivity. Further-
more, during the extrusion and deposition process, the
thickness of each newly extruded bead is reduced (approx-
imately 50%) by a vertically vibrating a metal plate called
the tamper (Figure 2). The goal of the tamper’' is to
increase the contact area between the previously deposited
layer and the newly deposited layer.*’

As indicated before, although only the perpendicular
direction value was used in each measurement, the accu-
racy of anisotropic mode depends on the control of heat
flow within the sample boundaries. For this study, the Y-
Z planes thermal conductivities are much closer than the
X direction. When the X-Y and X-Z surface are used to
measure thermal conductivity in the Z and Y directions
respectively, smaller number of points were used in cal-
culation to satisfy the faster heat propagation in the X-
direction. This was done in practice by monitoring the
residuals of the calculation to avoid the distinct boundary
reflection curve. In valid calculation, the residuals were
small in values and had random distributions. In the
most recent revision of the ISO standard® of the TPS
method, the modified anisotropic method used in this
study has been developed into a forced one-dimensional
(1D) measurement mode with a large circular or square
sensor to cover the entire surface.

It has been reported that increasing the contact area
increases the strength in the z-direction.?” In this process,
fibers have tendency for high preferential orientation at
the direction of the deposition (x-direction). However,
the use of the tamper partially squeezes the material out
in the y-direction, and some fraction of the chopped
fibers will preferentially align in the y-direction. Thus, it
can be anticipated that the y-direction thermal conductiv-
ity is an intermediate value between the values for the x-
and z-directions. While we believe the fiber, orientation
is the main factor for the variation in thermal conductiv-
ity in different directions, one should note that the
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FIGURE 7 Anisotropic thermal conductivity of additively
manufactured composites, (A) ABS/CF 20% wt., (B) PPSU/CF 25%
wt. and (C) PPS/CF 50% wt

porosity, especially inter-bead porosity, and the bead-to-
bead thermal resistance also have a significant impact on
the thermal conductivity of the composite. It is well
known that porosity reduces the thermal conductivity,
and in AM extrusion deposition processes the porosity can
be divided into two main categories.’® The first is micro-
voids, or inner-bead porosity, (i.e., entrapped air/gas
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Fiber Pull-Out

©

FIGURE 8 Scanning electron microscopy micrographs of
fracture surfaces of printed beads, (A) ABS/CF 20% wt., (B) PPSU/
CF 25% wt. and (C) PPS/CF 50% wt. the graphs show micro voids
induced in the samples during the additive manufacturing process
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within the printed bead) that are introduced to the mate-
rial during the compounding process or during the extru-
sion process (see Figure 8). The probability of the presence
of void increases with the increase of the fiber content™
and with the increase in the processing temperature.*’
This can provide an explanation that while the three neat
polymers have almost similar thermal conductivity, the
ABS/CF 20% wt. has slightly higher thermal conductivity
than PPSU/CF 25% wt. Moreover, this effect can be
noticed for the thermal conductivity of PPS/CF 50%
wt. when compared to the ABS/CF 20% wt. It can be
noticed that the difference in thermal conductivity
between the two campsites is just 25%, although, the
PPS/CF 50% wt. has more than double the fiber content.
This can be attributed to the increase of the porosity con-
tent that reflects on the thermal conductivity of the printed
samples. The second type is macro-voids, or inter-bead
porosity, diamond-shaped voids/channels along the x-
direction, those form among the printed beads during the
printing process (see Figure 9). Since the inter-bead pores
are preferentially aligned in the x-y and x—z planes, they
offer thermal resistance in the y- and z- directions. Simi-
larly, since the beads are also aligned in the x-direction,
bead-to-bead thermal resistance also inversely affecting
the thermal conductivities in y- and z-directions.

The thermal conductivity in the x-, y- and z- directions
can be fit in the form of the linear equations, Equation 9,
Equation 10 and Equation 11, respectively (see Figure 7).
As an example, the room temperature thermal conductiv-
ity of neat ABS is 0.197 + 0.003 W/m K and it increased
by 470.6%, 120.3%, and 23.9% in x-, y- and z-direction,
respectively for printed carbon fiber reinforced composite.
Carbon fibers led to an increase in thermal conductivity
in all three principle directions. The temperature depen-
dence of the anisotropic thermal conductivity of additively
manufactured ABS/CF 20% wt. is given in Table A3 and
can be obtained in the three primary directions:

Jx(ABS/CF 20%wt.) = 0.002525 T +1.05681W/mK, (9)
Jy(ABS/CF20%wt.) = 0.001758 T +0.39401W/mK (10)

J,(ABS/CF 20%wt.) = 0.0006144 T +0.22836 W /mK
(11)

The increase in the thermal conductivity of the material
with the increase of temperature can be attributed to the
increase in the value of specific heat (Figure 6) with
increase in temperature.*"**

The temperature dependence of the anisotropic ther-
mal conductivity of additively manufactured PPSU/CF
25% wt. is given in Table A3 and shown in Figure 7B.
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Macro-Voids

Similar to ABS/CF 20% wt., the x-direction value exhibits
the highest thermal conductivity with 247.5% increase in
thermal conductivity when compared to the z-direction
values at room temperature. The thermal conductivity in
each direction increases slightly with temperature and
can be described wusing linear equations (see
Equations 12-14). The room temperature thermal con-
ductivity for neat PPSU is 0.255 + 0.001 W/m K and an
increase of 248.3% at the thermal conductivity was
observed for the x-direction at room temperature 25% by
wt. carbon fiber was added to the polymer.

Jx(PPSU/CF 25%wt.) =0.001200 T +0.9484W/mK (12)
A (PPSU/CF 25%wt.) = 0.001209 T + 0.4679W/mK (13)

J-(PPSU/CF 25%wt.) = 0.0009559 T +0.2527W/mK (14)

The anisotropic thermal conductivity of additively man-
ufactured PPS/CF 50% wt. is shown in Figure 7C. As with
the other specimens, the x-direction is the highest and
the z-direction is the lowest. The thermal conductivity is
nearly constant with temperature (i.e., only an increase
of 5% at the x-direction was noticed when heated from
room temperature to 159°C). The linear curve fits are
given in Equation 15-17. It should be noted that the 50%
wt. carbon fiber has greatly increased the thermal con-
ductivity in all directions from the room temperature
value of neat PPS, which is 0.228 + 0.002 W/m K.

Jx(PPS/CF 50%wt.) = 5.2945E — 04 T +1.4190W/mK (15)

Jy(PPS/CF 50%wt.) = 6.9904E — 05 T +1.2803W/mK
(16)

FIGURE 9 Imageof an
additively manufactured cube
used for the thermal
conductivity measurements; a
micrograph shows a diamond-
shaped void formation at the
print direction. The diamond-
shaped void contributes to the
thermal conductivity values
reported in this work

J(PPS/CF 50%wt.) = 3.3712E — 04 T + 0.41906 W/mK
(17)

5 | CONCLUSIONS

This study investigated the anisotropic nature of the
extrusion-based deposition process on the thermal prop-
erties of printed structures. A novel technique using the
volumetric specific heat was used to separate the axial
thermal conductivity data from the radial contribution for
in order to calculate the anisotropic thermal conductivity.
The results showed that the specific heat of the three car-
bon fibers reinforced thermoplastics increased linearly
with temperature and the thermal conductivity in the x-
direction was significantly higher than the other two prin-
cipal directions. The presence and relative alignment of
carbon fibers within the printed part was considered pri-
marily responsible for the thermal anisotropy. The addi-
tion of carbon fibers increases the thermal conductivity of
each material by a factor of 3x to 7x, depending upon
the orientation. Due to the alignment of carbon fibers in
the x-direction, the thermal conductivity was found to be
3x to 4x higher than the other directions. The presented
research provides constitutive equations to describe the
specific heat and conductivity of each material with
respect to temperature in each of the primary directions.
This type of input is critical for the development of predic-
tive models of thermal gradients during the printing pro-
cess and in-service applications, which can be utilized in
design and process optimization.
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APPENDIX A
TABLE A1 Specific heat data for ABS/CF 20% wt., PPSU/CF 25% wt. and PPS/CF 50% wt.

ABS/CF 20% wt.

Atemp.

Temperature  Specific heat Specific heat per unit Volumetric specific Reference Atemp. Cell +

¢0) capacity (J/K) mass (J/kg K) heat (MJ/m® K) cell (K) sample (K)

23 1.69 + 0.004 1225+ 2.7 1.32 + 0.003 0.57 0.47

47 1.73 + 0.003 1256 + 2.4 1.41 + 0.003 0.55 0.57

72 1.89 + 0.003 1368 + 2.2 1.47 + 0.002 0.59 0.68

PPSU/CF 25% wt.

23 1.45 + 0.001 976 + 0.1 1.05 + 0.001 0.58 0.50

47 1.62 + 0.015 1094 + 10.1 1.13 + 0.001 0.55 0.53

72 1.77 + 0.002 1196 + 1.4 1.28 + 0.002 0.53 0.49

96 1.89 + 0.006 1273 + 4.1 1.37 + 0.004 0.51 0.47

123 2.01 + 0.004 1354 + 2.8 1.45 + 0.003 0.49 0.47

169 2.35+ 0.001 1582 + 1.0 1.69 + 0.001 0.46 0.47

PPS/CF 50% wt.

23 1.32 + 0.002 853 +1.2 0.97 + 0.002 0.58 0.58

47 1.47 + 0.003 944 + 2.2 1.07 + 0.002 0.55 0.54

72 1.64 + 0.002 1058 + 1.4 1.20 + 0.002 0.53 0.51

96 1.86 + 0.002 1197 + 1.0 1.36 + 0.002 0.51 0.47

123 2.04 + 0.001 1315+ 0.1 1.49 + 0.001 0.49 0.45

170 2.33 + 0.004 1495 + 2.8 1.69 + 0.003 0.46 0.47
TABLE A2 Thermal conductivity of neat polymer

Thermal

Polymer Temperature (°C) conductivity (W/m K)

ABS 23 0.19 + 0.003

PPSU 23 0.26 + 0.001

PPS 23 0.23 + 0.002
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TABLE A3 Temperature dependence of the anisotropic thermal conductivity of ABS/CF 20% wt., PPSU/CF 25% wt. and PPS/CF
50% wt.

ABS/CF 20% wt.

Temperature (°C) X-direction (W/m K) Y-direction (W/m K) Z-direction (W/m K)
23 1.12 + 0.021 0.43 + 0.005 0.24 + 0.001
53 1.17 + 0.003 0.49 + 0.003 0.26 + 0.001
85 1.28 + 0.060 0.54 + 0.007 0.28 + 0.004
PPSU/CF 25% wt.

23 0.98 + 0.008 0.50 + 0.007 0.28 + 0.007
53 1.02 + 0.011 0.53 + 0.006 0.29 + 0.003
85 1.04 + 0.016 0.56 + 0.004 0.33 + 0.012
116 1.05 + 0.028 0.60 + 0.011 0.38 + 0.011
148 1.13 + 0.033 0.66 + 0.009 0.39 + 0.015
PPS/CF 50% wt.

23 1.40 + 0.040 1.29 + 0.017 0.39 + 0.005
58 1.48 + 0.017 1.24 + 0.022 0.47 + 0.004
99 1.49 + 0.026 1.35 + 0.009 0.46 + 0.009
123 1.49 + 0.040 1.29 + 0.061 0.45 + 0.004

159 1.49 + 0.007 1.27 + 0.010 0.47 + 0.006



