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ABSTRACT 

Carbon Fiber Reinforced Polymer (CFRP) composites have been used in additive manufacturing 
(AM) to increase the stiffness and strength of the parts. CFRP produced by AM is being considered 
for tooling applications. In AM, short carbon fibers are aligned along the deposition direction. 
However, it results in anisotropic thermal properties that affect the heat transfer and warpage of 
the final part. In this study, three male molds with different infill patterns were considered based 
on the slicing software for the extrusion deposition fabrication-additive manufacturing (EDF-AM) 
process. These include (a) 0°: infill pattern along the printing direction; (b) 90°: infill pattern 
perpendicular to the printing direction; (c) 0°/90°: alternate layers along and perpendicular 
directions. Finite Element Analysis (FEA) was conducted to understand the effect of infill pattern 
on a heat propagation. The results show that the directionality of the infill affects the heating 
performance. 
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1. INTRODUCTION 

The extrusion deposition fabrication – additive manufacturing (EDF-AM) system at Oak Ridge 
National Laboratory includes a single screw extruder in which the screw rotates inside a heated 
barrel and a molten material is extruded out from the deposition nozzle under high pressure [1]. 
Short carbon fibers in the extruded material are highly aligned along the deposition direction, and 
therefore, the thermal conductivity of a carbon fiber printed component is anisotropic [2]. 
Specifically, the extruded bead has higher conductivity in printing direction (deposition direction, 
or X direction) than the conductivity in the other two perpendicular directions (Y- and Z- 
directions). The anisotropy can be utilized to improve the performance of an AM produced part by 
combining the design and deposition direction control. The flexibility of the EDF-AM process 
allows precise control of the deposition direction (toolpath). Smith et al. [3] successfully achieve 
a 20% improvement in the performance of the heat sink by controlling the printing direction. Jia 
et al. [4] studied the specific orientation of graphite flakes to impart high through-plane thermal 
conductivity for maximum heat dissipation in the AM produced part. The orientation of 
discontinuous CFs also affects the thermal expansion of the part; expansion is more constrained 
along the deposition direction or fiber alignment direction due to very high thermal conductivity 
values of aligned CF to dissipate heat more efficiently. Deformation in the molds can lead to a 
significant distortion in the final parts made from these molds. Hence, maintaining a tight tolerance 
even at high working temperature is one of the most critical challenges with AM molds. Several 
studies were conducted on AM tools for high-temperature applications and promising results were 
obtained, where tool deformations stayed within acceptable limits [5, 6].  

This work investigates the relationship between print orientation (deposition path), and part 
thermal performance made of 50% by weight carbon fiber reinforced polyphenylene sulfide 
composite pellets (50CF-PPS). A computational prediction of heat transfer is demonstrated in this 
study, based on the toolpaths generated from three different infill patterns. A multi-step approach 
is followed in the present work as (1) anisotropic thermal conductivity of the extruded bead (2) 
toolpath based on the infill pattern of the molds (determined by slicing software). This research 
concerns the different infill patterns and their effect on the heat transfer in composite molds 
manufactured by the EDF-AM process. 

 

2. MATERIALS AND SAMPLE PREPARATION 

In this study, 50CF-PPS was selected because PPS is a semi-crystalline thermoplastic polymer 
with a high heat deflection temperature [7]. The melting point of PPS is 285 °C. In this research, 
a mold, as shown in Figure 1, was manufactured. The infill pattern is the interior 
structure/geometry of the printed cross-section. Infill density and geometric patterns have a 
significant effect on the mechanical performance [8]. In BAAM printing, fibers are aligned along 
the deposition direction. Therefore, the structure of the infill pattern has a significant influence on 
the fiber orientation, which has a simultaneous effect on the thermal conductivity and the warpage 
of the final part. To understand the effect of infill pattern, three molds of the same geometry 
containing an infill pattern of 0° (along the deposition direction), 90° (transverse to the deposition 
direction) and 0°/90° (one layer along the deposition direction while the second transverse) were 
prepared. The outside perimeter with 3 layers was kept constant. The schematic of various infill 
patterns is shown in Figure 2.  
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(a)                                                               (b) 

Figure 1: Dome-shaped AM printed Mold (a) Male Mold (b) Female Mold 

 

 
Figure 2: Infill Pattern (a) 0° (b) 90° (c) 0°/90°. The bead width: 13.97 mm (0.55”), bead height: 

5.08 mm (0.2”), and infill overlap: 10% - 15% (d) Printing direction 

In AM FRC samples, it is expected to have different thermal conductivity along with the three 
principal directions due to the fiber orientation: X-direction – parallel to the motion of extruder, 
Z-direction – interlayer direction, Y-direction – perpendicular to both extruder and interlayer 
direction. In this study, the transient plane source (TPS) technique [9] was used to measure the 
thermal conductivity of the samples. The BAAM screw extruder has five heating zones to melt the 
polymer; zone 1: 305 °C, zone 2: 321 °C, zone 3: 326 °C, zone 4: 337 °C, zone (tip): 337 °C. A 
block of 304.8 mm × 304.8 mm ×304.8 mm was printed with a unidirectional orientation of the 
deposited beads, and a smaller cube of 50.8 mm3 was extracted from it for thermal conductivity 
measurement. The experimental procedure, results, and discussion of thermal conductivity 
measurement of 50CF-PPS are explained in Ref. [10]. 
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3. THERMAL CONDUCTIVITY MEASUREMENT 
 

Table 1: Thermal conductivity data at various temperatures 

Sr. No. Temperature (°C)  
Thermal Conductivity (W/m K) 

X-Direction Z-Direction Y-Direction 

1 23 1.403 ± 0.040 0.397 ± 0.005 1.290 ± 0.017 
2 58 1.479 ± 0.017 0.474 ± 0.004 1.239 ± 0.022 
3 99 1.488 ±0.026 0.463 ± 0.009 1.349 ± 0.009 
4 123 1.485 ± 0.040 0.445 ± 0.004 1.289 ± 0.061 
5 159 1.498 ± 0.007 0.466 ± 0.006 1.267 ± 0.010 

 

Thermal conductivity of 50CF-PPS samples was measured in the temperature range from room 
temperature to 170 °C, and it was observed that the thermal conductivity at any given temperature 
in X-direction was higher when compared to Y-direction and Z-direction. As explained in the 
previous section, CF tends to align in the deposition direction of BAAM extruder representing 
higher thermal conductivity. A tampering system was used in order to increase the bonding 
between deposited layers (Z- direction). During tampering, material partially squeezed out in Y-
direction and forced some of the chopped fibers to align in Y-direction. Thus, it can be estimated 
that the thermal conductivity of BAAM printed samples in Y-direction was in between X-direction 
and Z-direction. Thermal conductivity values are given in Table 1. 

 
4. FINITE ELEMENT ANALYSIS 

Finite Element Analysis (FEA) was performed on the male molds with three different infill 
geometries, as shown in Fig. 2. A commercial FEA tool, ABAQUS 2018, was used for 
computational thermal analysis. The geometric model is discretized into 28.6k elements, including 
13.8k tetrahedron elements and 14.8k hexahedron elements. The element size in the z-direction is 
5.08 mm, which is the same as the layer height (= slicing thickness) of the 3D-printed mold. The 
average element size in x- and y-direction is 14 mm. A linear interpolation function is used for 
both types of elements. The analysis is for thermal simulation without deformation simulation, and 
therefore, shear locking is not a concern in this study.  

The analysis was performed with two steps: AM process simulation and service loading 
simulation. The purpose of the first step (AM process) is to assign the directionality of the 
anisotropic material properties in every element. The fibers in a printed bead are highly aligned 
along the deposition direction, and therefore, the anisotropic thermal properties and mechanical 
properties of the printed bead have a directionality along the deposition direction. The toolpath 
direction varies location by location in the entire printed part, as shown in Figure 2. Therefore, in 
the FEA model, the directionality of the anisotropic material properties of each element should be 
assigned based on the local toolpath direction. During the AM process simulation in Abaqus, the 
local toolpath directions are assigned in the FEA elements. The directionality information is 
transferred to the next step simulation. 
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Table 2: Coefficients used in the thermal simulation 

Constitutive 
Relation Coefficient Value Unit 

Conduction 
κ1 1.472 W/(m·K) 
κ2 1.287 W/(m·K) 
κ3 0.4528 W/(m·K) 

Convection h 5.0 W/(m2·K) 
Radiation ϵ 0.9 dimensionless 

 
The second step is a service loading simulation. The printed mold will be placed on a heated platen 
of a hydraulic compression press at ORNL. The temperature of the mold will gradually increase 
and reach a steady state. The goal of the service loading simulation is to predict the surface 
temperature of the mold at a steady state. The prediction was performed via a thermal FEA 
simulation with the following three constitutive relations: thermal conduction, thermal convection, 
thermal radiation. For thermal conduction, the three-dimensional Fourier's law was used with the 
orthotropic conductivity coefficients (𝜅𝜅1, 𝜅𝜅2, 𝜅𝜅3). For thermal convection, Newton's law of cooling 
was used with the convection coefficient (ℎ). For thermal radiation, the Stefan-Boltzmann law was 
used with the emissivity coefficient (𝜖𝜖). The coefficients are listed in Table 2. 

 

Figure 3: Boundary conditions for service load simulation (thermal simulation) 

The boundary conditions are shown in Figure 3. The environment temperature was set to 30 °C, 
and the mold initially had a uniform temperature of 30 °C. The bottom surface temperature was 
set to 160 °C throughout the simulation. The convection and radiation were applied to the surface 
of the mold except for the bottom surface. The convection and radiation from the bottom surface 
were not considered. As the simulation proceeded, the temperature increased from the bottom of 
the mold, and the heat gradually propagated to the top surface of the mold. 
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Figure 4: (a) Temperature field of the top surface at t = 600 minutes for the mold with 0°/90° 

infill lines and 3 perimeter lines, (b) Temperature history of the three locations indicated in Fig. 
(a). The temperature reached a steady state at t = 300 minutes. 

Because of the heat loss via convection and radiation from the surface of the mold, the increase of 
the temperature slowed down and reached a steady state. Figure 4(a) shows the temperature field 
of the top surface at t = 600 minutes for the mold with 0°/90° infill lines and 3 perimeter lines. 
Three locations along the center vertical line were picked: (1) Center of the dome indicated in red 
‘△’, (2) A concave point at the interface line between the dome surface and the flat surface which 
is indicated in purple ‘◯’, (3) A point further away from the center which is indicated in blue ‘✱’. 
Figure 4(b) shows the temperature history of these three locations. The temperature increased 
rapidly up to t = 150 ~ 200 minutes and reached a steady-state at t = 300 minutes. 

The high temperature near the circular interface line between the dome surface and top flat surface 
may be attributed to the following reasons: (1) The center area has high temperature because of 
the heat loss on the surfaces at the four sides of the mold. The dome surface is further from the 
bottom surface (heat source) when compared to the top flat surface. Hence the conduction to the 
dome surface is less effective when compared to the conduction to the top flat surface. Therefore, 
a large area near the center has a high temperature except for the dome surface. (2) The concave 
surface has high temperature as compared to the convex surface because the ratio of surface area 
to the volume on a concave area is smaller than the ratio on a convex area. 

We have performed the thermal simulations for the three molds, as shown in Figure 2, and the 
temperature fields of the top surfaces from the three molds are shown in Figure 5. 
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Figure 5: Temperature field of the top surface of the three molds. (a) Mold with 0° infill, (b) 

Mold with 90° infill, (c) Mold with 0°/90° infill. 

At the interface line between the dome surface and the top flat surface, the mold with 0° infill has 
the highest temperature (83.9 °C), and the mold with 90° infill has the lowest temperature (82.2°C). 
The temperature of the mold with 0°/90° infill is in between the temperatures (82.8 °C) of 0° infill 
mold and 90° infill mold. Overall, the temperature of the three molds has similar profiles. The 
average temperatures on the surface of the interest are 79.3 °C, 77.7 °C, and 78.4 °C for 0° infill, 
90° infill, and 0°/90° infill molds, respectively. The location of the peak temperature and the 
surface of interest is shown in Figure 6(a). Figure 6(b) shows the average temperatures of the 
surface of interest and the peak temperatures for the three molds with 0° infill, 90° infill, and 0/90° 
infill. The temperature difference between the three molds is attributed to the infill directions. An 
extruded material has highly aligned fibers along the deposition direction, and therefore, the 
conductivity along the deposition direction is higher than the conductivity in other directions. Heat 
transfer in the mold is mainly in the direction from the bottom surface of the mold to the top surface 
of the mold. If the infill direction is parallel to the heat transfer direction (0° infill), then due to the 
high conductivity along the heat transfer direction, the top surface holds high temperature. If the 
infill direction is perpendicular to the heat transfer (i.e 90° infill), then due to the low conductivity 
along the heat transfer direction, the top surface has low temperature. 
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Figure 6: (a) Surface of interest (shaded area) and the location of peak temperature (purple 

circle) (b) Average temperatures of the surface of interest and the peak temperatures of the three 
molds with 0° infill, 90° infill, and 0/90° infill. 

It should be noted that the current simulations have the following limitations. First, the simulation 
considers only the heat transfer behavior in the mold and ignores the mechanical deformation. 
Because the bottom surface of the mold has a high temperature (T = 160 °C) than the top surface 
(T = 65 - 85 °C), the thermal expansion at the bottom surface will be more significant than the 
thermal expansion at the top surface, which will result in warpage of the mold. The warpage of the 
mold will create a gap between the heated platen and the bottom surface of the mold, and the 
amount of the gap will be different among the three molds. Due to the gap, the bottom surface of 
the mold will have a non-uniform temperature distribution. Second, the simulation assumes an 
ideal case of infill printing in which the deposited beads have a perfect bonding. In actual large-
scale printing, the deposited beads with high temperatures (extrusion temperature of 337°C), which 
were initially bonded to each other, might get separated as they shrink during cooling. The 
shrinkage of the printed beads can create a gap between infill lines, which can decrease the 
conductivity across the infill lines. The limitations addressed above should be considered in the 
simulation when we print actual molds in BAAM. 

 
5. SUMMARY 

The effect of infill pattern in AM produced molds is studied by considering the effect of CF 
orientation and its thermal expansion at higher temperature. The thermal conduction of the 50CF-
PPS EDF-AM sample was higher in X-direction when compared with other directions (Y – and Z 
– direction). It was observed that the conductivity has a linear direct co-relation with temperature. 
FEA model was developed to understand the effect of infill pattern (0°, 90°, and 0°/90°) on the 
heat conduction when EDF-AM fabricated mold was placed on the heated platen. The average 
surface temperature of the mold was highest in 0° (79.3 °C) > 0°/90° (78.4 °C) > 90° (77.7 °C) 
because CFs were highly aligned along the deposition direction. The model was developed with 
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some limitations/assumptions; therefore, the experimental validation of the model is under 
development. 
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