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ABSTRACT

Understanding the thermal conductivity of 3D-printed carbon fiber (CF)/Polyetherimide (PEI) composites is im-
portant for maintaining the quality of the fabrication process. Additionally, in aerospace applications where CF/PE|
is used for autoclave composite tooling, it is essential to understand how the thermal properties of the tooling
material affect the heat distribution and curing process of the composite parts produced on these tools to optimize
tooling design. This study investigates the anisotropic thermal conductivity of 3D-printed discontinuous CF/PElI com-
posite, focusing on how the material microstructure affects thermal properties. A combination of experimental and
numerical analysis was used. Thermal conductivity was measured using the Transient Plane Source (TPS) technique,
and the microstructure was characterized to assess fiber length, orientation, volume fraction, and void content. The
impact of these microstructural features on anisotropic thermal conductivity was then determined through numer-
ical simulation using finite element analysis on the measured data. A successful tool has been established that im-
plies the anisotropic thermal conductivity of short CF/PElI composites and how microstructure influences directional
dependent thermal conductivities of short CF/PElI composites respectively. The results showed that an increase in
CF volume fraction within the PEI/CF composites improved TC in the printing direction and increasing void content
decreased the TC in all directions.

1 INTRODUCTION

In melt extrusion (ME) additive manufacturing (AM), also known as 3D printing, materials are introduced into a
heated nozzle, melted, and selectively deposited in layers to construct a part, as shown schematically in Figure 1 (a).
3D printed fiber-reinforced polymer composites (FRPC) offer a lightweight yet robust solution for tooling for aero-
space applications, enabling durable manufacturing processes. Thermal conductivity (TC) is significant in tooling as
it influences efficient heat transfer, uniform heating/cooling and curing procedures, and even temperature distri-
bution of the parts during the manufacturing process like autoclave manufacturing. Fused Filament Fabrication (FFF),
or Filament-Based melt extrusion is a commonly used AM method that utilizes feedstock delivered to the nozzle in
filament form [1]. Incorporating carbon fibers in the filament aims to enhance the thermal and mechanical proper-
ties of the parent polymer. Filaments for 3D printing are produced by extruding a mixture of thermoplastic and
reinforcing materials, such as carbon fibers, through a die to form a continuous strand; during this process, voids
typically develop due to uneven mixing, rapid cooling, or air entrapment [2]. During the printing process, the
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converging flow through the nozzle causes the fibers to align along the printing direction (x direction), creating
preferential paths for heat transfer in that specific orientation, resulting in varying thermal conductivities along
different axes. Figure 1(b) displays a micro-CT scan of a filament segment, wherein void (porosity) and short fiber
content are evident. Therefore, post-printing, the microstructure of the composite showcases complexities such as
random fiber orientation and void distribution, as illustrated by the micrographs in Figure 1(c). Due to the transverse
isotropy of carbon fibers, the effective TC of the 3D-printed composites is orthotropic, which is determined by the
fiber’s volume fraction, orientation, and distribution of fibers and voids [3]. There has been previous work exploring
how the thermal conductivity is affected by the matrix materials and geometry of the 3D-printed parts, however,
less investigation on microstructure and morphology of 3D-printed short CFRPs on effective thermal conductivity
has been carried out [4][5][6][7].
In this paper, a systematic study of the effective TC of a discontinuous short carbon fiber (CF) reinforced Polyeth-
erimide (PEI) composite, manufactured with the FFF AM process, is presented. PEI, a high-temperature, amorphous
thermoplastic commonly used in autoclave composite tooling manufacturing, offers the benefit of reduced shrink-
age compared to semi-crystalline thermoplastics. The methodology combines (i) experimental measurement of TC
in the x- (printing), y- (transverse), and z- (building) directions, as shown in Figure 1(a); (ii) detailed microstructural
characterization; and (iii) finite element analysis to predict TC from measured microstructure parameters. Experi-
mental work demonstrated that an 8% increase in CF volume fraction within the PEI/CF composites improved TC in
the printing direction, while the results from numerical modeling highlighted that increasing the void content de-
creased the TC in all directions.
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Figure 1. (a) ME AM process; (b) Micro-CT scan of a single filament segment; (c) Micrographs of the 3D-printed CFRP in print-
ing direction x(up) and transverse direction y(down).
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2 EXPERIMENTAL ANALYSIS

Samples used in the project were printed using an AON3D M2+ printer, utilizing ThermaX™ ULTEM 9085 PElI fila-
ment, and CarbonX™ ULTEM 9085 with 15% CF by mass. Before printing, the PEI filaments spool was dried at 90°C
for 4 hours and stored in a dry box with molecular sieve desiccant to prevent moisture adsorption. The printer
settings included a preheated bed temperature at 175°C and chamber temperature at 135°C for 2.5 hours, with
extrusion temperature at 380°C for the first layer and 365°C thereafter; a nozzle size of 0.6mm; a bead width of 0.65
mm; a layer height of 0.3 mm; and print speed of 40mm/s in the aligned printing direction. The PEl and CF/PEI cubes
were 2cm x 2cm x 2cm in dimension with the surfaces polished to ensure smooth surfaces for testing.

The experimental measurement of TC of the samples in this study was at 22°C by the Transient Plane Source (TPS)
2500S system which uses the transient-state heat transfer analysis from Hot Disk. By using a transient-state heat
transfer method, a shorter time during the measurement was taken compared to other steady-state heat transfer
methods [3]. This system employs a Kapton insulated sensor with a nickel heater in a dual spiral design of 3.189 mm
radius (Hot Disk 5465) to measure the thermal conductivity of the 3D-printed composite samples. The sensor, func-
tioning both as a heat source and a thermometer to measure the temperature of the samples, is sandwiched be-
tween two identical cubes, as shown in Figure 2(a). A clamping force of 25N is applied to the top specimen to ensure
complete contact between the sensor and the specimens, as shown in Figure 2(b). During measurements, the sensor
is powered and heated by an electric current, simultaneously recording the increase in temperature. As the sensor
heats, its resistance and temperature change with time, providing the plot of temperature vs. time from which
thermal conductivity is calculated. The heating power was set in the range of 20-25 mW. Measurement time was
selected to 40s, to optimize the probe depth (heat dissipation depth) of the measurement. Since the heat propa-
gates through the thickness, only the thermal conductivity in the heat dissipation direction can be measured and
the measurement in other directions can be done by repositioning samples so that the direction of interest is per-
pendicular to the sensor. For thermal conductivity in each direction, 50 repeated measurements are done to de-
crease the instrumental errors. The TC of the neat PEI sample was measured at 0.214 W/mK. For the CF/PEIl sample,
TC was recorded at 0.304 W/mK, 0.234 W/mK, and 0.215 W/mK along the x-, y-, and z- directions, respectively, as
presented in Figure 3(a).

The experimental characterization of the printed CF/PElI composite's microstructure included the analysis of fiber
volume fraction (FVF), fiber orientation state, fiber diameter and length, and void volume content. Despite
datasheets for commercially available filaments typically providing approximate fiber mass fractions, detailed mi-
crostructural information is missing. The sample size for the micro-CT scanning is around 4cm. The scans were per-
formed by using a MicroXCT-400 system (supplier XRADIA) with a flat detector and no filter. The voltage, current,
and power were set to 60 kV, 167 pA, and 10 W, respectively. Magnification of 20x was used, which resulted in a
pixel size of 0.5um, 2500 images were taken between 360 degrees and 130 source position projections were taken
with an exposure time of 35 seconds. Commercially available software VG Studio Max was used to segment fibers
in micro-CT images, further applying algorithms to determine the orientation of each fiber p; relative to a prede-
fined coordinate system, see Figure 4(a). This data was used to calculate the fiber orientation tensor A, to quantify

the overall alignment of N fibers within the scanned volume by (1):
0.79 —0.01 0.01

1 N P1 sin fcosg
A= Nz _ (Pipj)k = [—0.01 0.11 0 ] where p; = {Pz} = {sinesinfp} (1)
k=1 0.01 0 0.1 p3 cos @

VG Studio analysis of micro-CT images quantified the porosity/void and fiber volume fractions at 25% and 8%, re-
spectively. An average fiber diameter of 6 um was assessed using micrographs. Fiber length was determined through
a matrix carbonization test, which involved burning off the polymer matrix at 600°C for 1 hour to isolate the fibers;
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these residual fibers were then spread on a slide and measured to assess their average length of 67 um under
micrograph.
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Figure 2. Schematic (a) and a photograph (b) of the TC measurement set-up (TPS2500 instrument).

3 NUMERICAL ANALYSIS

A finite element (FE) based model is developed to calculate the thermal conductivity of fiber-reinforced polymer
composites using measured microstructure data. The model utilizes representative volume element (RVE) analysis
that incorporates microstructural features to represent the physical composition of the material microscopically.
The RVE geometry and finite element mesh were generated using DIGIMAT, which facilitated the input of fiber and
void content, as measured in the previous section. An averaged diameter of the voids was 0.108 mm and randomly
located in the RVE model. An example of the geometry and mesh is shown in Figure 4(b). The RVE dimensions are
defined as Ly x Ly x L, = 100um x 100um x 50um [8]. This mesh was exported to Abaqus/Standard (Implicit) to conduct
a steady-state heat transfer analysis using DC3D4 elements, 4-node linear tetrahedral elements with temperature
degrees of freedom. Material properties defined for the analysis including the density, specific heat, and thermal
conductivity of PEI (matrix) are 1270 kg/m? , 2000 J/(kgK), 0.22 W/(mK) respectively (at room temperature); the
density and specific heat of carbon fiber are 1790 kg/m3 and 1134 J/(kgK), the transverse and axial thermal con-
ductivity of carbon fiber are 2.108 W/(mK) and 6.83 W/(mK), respectively (at room temperature) [3]. For compo-
site TC calculation in the x-direction, a steady-state heat transfer analysis was conducted. The boundary conditions
implemented were: (i) isothermal conditions on the opposing surfaces in the x-direction, with temperature differ-
encesetasT(x =0) =Tygand T(x = L,) =Ty, AT, = T; — T; (ii) adiabatic conditions on all other surfaces, en-
suring no heat flux through these boundaries (0T /dn = 0, wherein n is the face normal). From the FE solution, the
total average heat flux g, is calculated by solving the steady-state heat diffusion equation. The effective thermal
conductivity in the x-direction, k,,, was then calculated using Fourier’s Law (2):

C_IXLJC

Ky =—
XX ATX

1
where @, = Z_f q,dA (2)
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where A is the area of the surface that temperature is applied on; g, is the local heat flux obtained from the FE
solution; L, is the length between the faces with the temperature difference. This procedure was repeated for the
y- and z-directions to evaluate the k,,, and k,, thermal properties of the composite.
Figure 3(a) compares experimental and numerical results for the thermal conductivity of PEIl and its composites
across three axes: x, y, and z. Both analyses demonstrate that thermal conductivity is highest in the x-direction, due
to the alignment of carbon fibers, which have significantly higher thermal conductivity than the PEI matrix. The
results across the y and z axes show minimal differences, indicating that fiber orientation primarily affects conduc-
tivity along the printing direction.
Using a computational model allows for the segregation of effects from different microstructural features of the
composite, such as fibers and voids, on thermal conductivity. As reported in Figure 3(b), the addition of 8% carbon
fibers, assuming no voids, significantly enhances thermal conductivity to ky, = 0.468 W /mK in the x-, k., =
0.264 W /mK in y- and k,, = 0.256 W /mK in the z-direction. This represents significantly higher conductivity in
the x-direction compared to neat PEI (k=0.214 W/mK) by a factor of close to 2 and notable improvements in the y
and z directions. Conversely, when the polymer matrix includes 25% voids, the effective thermal conductivity is
nearly isotropic and decreases to around 0.15 W/mK. This outcome illustrates that while carbon fibers can signifi-
cantly increase thermal conductivity, particularly along the direction of fiber alignment, the presence of porosity
substantially counteracts with these enhancements, resulting in a decreased overall effective thermal conductivity
of the composite.
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Figure 3. (a) Thermal conductivity of PEI and CF/PEI, experimental vs. simulation; (b) Simulated TC of CF/PEI composite as a
function of various microstructural parameters.

4 CONCLUSION

This work gave an overview of how microstructure differs in the CFRP samples printed by filament-based melt ex-
trusion method. A successful simulation model has been established that implies effective thermal conductivity in
different directions of short CFRP composites and how microstructure influences thermal conductivities in 3 axial
directions of 3D-printed short CFRP composites respectively. Both experimental and numerical results showed that
an 8% increase in CF volume fraction along with 25% void volume content within the PEI/CF composites improved
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TC by a factor of 1.5 in the printing direction. Future works include the improvement of thermal conductivity by
optimizing the microstructure of the 3D-printed CFRP composite and the possibility of making tools that have ther-
mal conductivities differently from position to position in the required structure, which can be further researched.
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Figure 4. (a) Definition of Eulerian angle showing components of the fiber unit vector; (b) Experimental RVE of composite mi-
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