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ABSTRACT 

 Additive manufacturing (AM), also known as 3D printing, is an emerging and potentially 

revolutionary technology aimed at small volume manufacturing for highly customized applications, e.g. 

aerospace, medical devices, and replacement parts. However, the processing technology still requires 

development before it can be used to manufacture final parts beyond mere prototypes. The AM of 

continuous fibre reinforced thermoplastic composites, in particular, presents its own set of challenges 

compared to processes that work with neat polymers, metals, and ceramics due to the anisotropy of the 

material. Existing state of the art technologies do not adequately address the issues of material quality 

and three-dimensionality (fibre orientation out of plane), and as a result, the great potential of these 

materials to produce high load bearing structures has not been fully realized. 

 

Continuous lattice fabrication (CLF) – a novel additive manufacturing technique invented for the cost 

efficient deposition of fiber-reinforced thermoplastic composites – exploits the anisotropic material 

properties while digitally fabricating structures. In contrast to the layer-by-layer approaches employed 

in most AM processes, CLF enables the directed orientation of the fibers in all spatial coordinates, that 

is, in the x-, y-, and z-directions.  

 

As part of ongoing efforts to improve the mechanical properties of the materials produced by CLF, this 

study presents novel experimental results from investigations into the void growth observed during 

extrusion of thermoplastic fiber composite rods previously consolidated by pultrusion. Investigations 

showed that the void content of the extrudate was highly sensitive to the processing conditions and the 

geometrical dimensions of the extrusion die. Depending on the processing settings, void contents 

between 0.3% and 7.4% were measured. Understanding of the mechanisms that occur at the extrusion 

outlet which lead to increased void content is essential for developing processing strategies that 

minimize voids and improve mechanical properties. 

 

1 INTRODUCTION 

The emergence of additive manufacturing (AM) techniques, such as fused deposition modelling 

(FDM), selective laser sintering (SLS), and continuous liquid interface production (CLIP), enables new 

ways in lightweight design due to their ability to manufacture geometrically complex parts by selectively 

depositing material where it is needed, e.g. to support specific load distributions [1-3]. State-of-the-art 

AM techniques, like those mentioned above, are able to achieve complex three-dimensional structures 

by depositing successive layers of material to gradually build thickness in the third dimension. While 

layer-by-layer processes may be suitable for creating complex structures from isotropic materials, such 

as polymers, ceramics, metals, and biomaterials [4,5], whose properties are not dependent on 

directionality, these approaches lack the ability to control the orientation of materials in the third 

dimension, i.e. z-direction, and are thus inappropriate for harnessing the full potential of anisotropic 

materials, in particular continuous fiber-reinforced plastics (FRP), in engineering structures. The ability 

to apply layer-by-layer deposition techniques to continuous fiber reinforced polymers by integrating 

fibers into FDM processes has been demonstrated by several groups [6-10]. However, the ability to 
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strategically orient the fibers along load paths in all spatial directions is essential to fully exploit the 

excellent, but anisotropic, mechanical properties of continuous FRPs in lightweight designs [11-14].  

 

In contrast to the layer-by-layer approaches employed in most AM processes, Continuous lattice 

fabrication (CLF) – a novel and patented additive manufacturing (AM) technique invented for the cost 

efficient deposition of continuous fiber-reinforced thermoplastic composites [15] – enables the directed 

orientation of the fibers in all spatial coordinates, that is in the x-, y-, and z-directions. The proof-of-

concept of the technology was first demonstrated and presented at the ICCM20 conference in 

Copenhagen by the contribution titled “Analysis of processing conditions for a novel 3D-composite 

production technique” [16]; further details about the CLF process have been reported in a manuscript 

titled “Continuous Lattice Fabrication of Ultra-Lightweight Composite Structures” which is currently 

under review for publication by Additive Manufacturing, Elsevier. As part of ongoing efforts to improve 

the mechanical properties of the materials produced by CLF, this study presents novel experimental 

results from investigations into the void growth observed in consolidated pultruded rods obtained upon 

reheating in the extrusion nozzle. 

 

Understanding of the mechanisms at the extrusion outlet that lead to increased porosity is essential 

for developing processing strategies that minimize voids and improve mechanical properties. In 

thermoplastic composite materials, residual stresses are primarily caused by shear alignment of the 

viscoelastic polymer matrix [17,18], thermal expansion [19,20], fiber compaction [21,22], 

crystallization [23,24] and pressurization of gas-filled bubbles [25,26], and represent energy, which is 

stored inside the solidified polymer matrix. In most conventional thermoplastic composite processes, 

e.g. pultrusion, stamp forming, etc. [27], the residual stresses are stored in the composite in the form of 

elastic energy by consolidation and instant cooling. However, when the material is remelted upon 

reheating, the stored energy is released resulting in void growth [19,20,28]. Therefore, the understanding 

of processing conditions while reheating a consolidated FRP material is essential to preserve the 

extrudate quality, this is particularly important for the AM of thermoplastic FRP materials. The aim of 

the following investigation is to identify processing effects due to reheating of the consolidated 

thermoplastic rod in the extrusion module. 

 

  

 

2 MATERIALS 

Seven commingled yarns (CDC 41815, Schappe Technologies, France) consisting of 52% v/v 

stretch broken carbon fibers (STS40, Toho Tenax, Japan) and 48% v/v melt spun polyamide 12 

(PA12, EMS Chemie, Switzerland) polymer fibers with a tex number of 313 were consolidated into a 

thermoplastic rod of 1.40mm diameter by the CLF pultrusion module. This rod was consequently used 

as preconsolidated intermediate material for the CLF extrusion module. The relevant material 

properties are provided in Tab. 1. 
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Table 1: Material properties of unconsolidated feedstock material and the consolidated 

thermoplastic rod. 

 

3 EXPERIMENTAL 

 

3.1 Process description and conditions 

As described by Eichenhofer et al. in the manuscript titled “Continuous Lattice Fabrication of 

Ultra-Lightweight Composite Structures” (currently under review at the Additive Manufacturing 

Journal, Elsevier), Continuous lattice fabrication (CLF) consists of a serial pultrusion and extrusion 

system (see Fig. 1A) allowing for the in situ consolidation of low-priced unconsolidated intermediate 

materials, e.g. commingled yarns, and an in situ deposition of the fully consolidated extrudate. Incoming 

feedstock material is pulled through a pre-heating module where the material is partially melted in 

preparation for consolidation. Impregnation, consolidation and cooling occurs in the pultrusion module, 

which contains a temperature-controlled tapered die, forming a solid thermoplastic rod. The fully 

consolidated material is then fed into a temperature-controlled extrusion module similar to those used 

in FDM, where it is reheated and discharged from the processing head in the form of a consolidated, yet 

pliable, extrudate. In this way, the fiber-reinforced thermoplastic extrudate can be continuously shaped 

as it exits the nozzle through the relative movement of the extrusion head with respect to a fixed point, 

e.g. substrate. This relative displacement may be achieved by moving the extruder head, by repositioning 

the substrate, or a combination of both (see Fig. 1B). In CLF, a robotic arm is used to move the extruder 

head over a stationary substrate. Upon contact with the ambient air, the extruded material cools and 

eventually solidifies. 

 

In this study, thermoplastic fiber composite rods were processed solely by the CLF pultrusion module 

at a constant pultrusion speed of 105 mm/min and at 250°C to create a consolidated thermoplastic rod. 

Those initially fabricated rods were used in this study as feedstock material for the investigation on void 

growth in the extrusion module. This ensures the isolation of processing effects originating from the 

pultrusion module from those of the extrusion module. The temperature of the extrusion stage was set 

to 230°C and the extrusion speeds were varied from 0-300mm/min, where 0mm/min represents the 

stationary condition, i.e. extrusion process was stopped while the extrudate still remains in the extrusion 

nozzle. Cooling of the discharged extrudate is mainly achieved by convective cooling with the ambient 
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air which has a temperature of approximately 23°C.  

 

 
 

Figure 1: CLF provides an in situ consolidation of cost efficient intermediate materials for 

thermoplastic composites. (A) Schematic of the CLF modular processing head. (B) Extrudate shape 

is determined by the relative movement between the CLF processing head and the base substrate in 

three-dimensional space. 

 
 

3.2 Material characterization  

A differential scanning calorimetry (DSC) machine (DSC 1, STAR System, Mettler Toledo) 

was used to determine the thermal response of the material. The reversing curve of an alternating 

differential scanning calorimetry (ADSC) measurement was used to determine the specific heat 

capacity. A temperature sweep from 25°C to 190°C with a total of 16 steps at a heating rate of 5K/min 

and a stepwise inclination of 20K positive and 10K negative was performed to determine the heat flow 

rate. The effects of the sample holder were removed by subtracting the curve of a blank (empty) 

specimen. The specific heat capacity was derived by dividing the heat flow rate by the mass of the 

sample and the heating rate. 

 

The transverse thermal conductivity was measured on a 50mm x 50mm x 12mm specimen using 

a custom developed guarded hot plate device designed for low thermal conductivity materials.   

 

Optical microscopy was used to determine the void contents of the CLF extrudates. To prepare 

the samples for characterization, test specimens were embedded in resin (SpeciFix 20, Struers, USA) 

and polished (Abramin, Struers, Denmark) using coarse and fine grained grinding discs (MD Piano 120 

to MD Nap, Struers, Denmark) in the presence of polishing suspensions (DiaPro Allegro/Largo 9 μm to 

Diapro Nap R 1 μm) to obtain smooth cross-sectional areas. Digital images of the polished specimens 

were taken using an optical microscope (DM RXA, Leica, Germany). These digital images were then 

analyzed by using a software package (Leica QWin, Leica, Germany) to differentiate and calculate the 

fractional area occupied by voids. A total of at least 5 individual images for each processing 

configuration were analyzed to quantify the void content values presented in this study. 
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3.3 Thermal simulation of extrusion process 

A conjugated heat transfer simulation was created in Comsol Multiphysics, in order to quantify the 

net energy intake, i.e. energy flow into the rod while passing through the extrusion nozzle. The model 

consists of a rigid body extrusion nozzle made of brass and a boundary representation in which a fluid 

body may undergo laminar flow. The nozzle dimensions and the implemented material characteristics 

are provided in Tab. 2, where the interaction length represents the contact area between extrudate and 

nozzle. 

 

 
 

Table 2: Nozzle dimensions and implemented material characterisitcs for conjugated heat transfer 

model in Comsol Multiphysics. 

 

 

4 RESULTS AND DISCUSSION 

 

4.1 Measured heat capacity of extrudate 

A melting temperature Tm of 176.56°C was measured from the heating cycle of the DSC recording. 

No clear glass transition temperature was found. The specific heat capacity measured from the reversing 

curve of the ADSC test is depicted in Fig. 2 and provided the input values for the specific heat capacity 

of the composite materials in the numerical simulations. 

 

 
 

Figure 2: Recorded specific heat capacity of PA12/STS40 fiber composite material. 

 



 Martin Eichenhofer, Joanna. C. H. Wong, Paolo Ermanni 

 

4.2 Measured thermal conductivity of extrudate 

 The thermal conductivity measurement yielded a thermal conductivity transverse to the fiber 

direction of 𝝀𝒓𝒐𝒅,𝒕𝒓𝒂𝒏𝒔 = 𝟎. 𝟓𝟖 ± 𝟎. 𝟎𝟔
𝑾

𝒎𝑲
 at T=22.5°C. Further considerations for the thermal 

conductivity along the fiber direction led to a calculated value of 𝟖. 𝟗𝟓𝟑𝟗
𝑾

𝒎𝑲
  by applying the rule of 

mixture and reported values for the PA12 (𝟎. 𝟐𝟐
𝑾

𝒎𝑲
) and the STS40 carbon fibers (𝟏𝟕

𝑾

𝒎𝑲
) [30]. 

Thomann et al. [30] showed an empirical approach to calculate the temperature dependency of the 

thermal conductivity for a unidirectional plate using an Eshelby tensor. The calculated temperature 

deviation is significantly lower than the measured 10% deviation for the transverse thermal 

conductivity and hence, the conductivities are kept constant for all further investigations within this 

work. 

4.3 Initial void content of consolidated feedstock material 

 The initial void content of the consolidated thermoplastic rods after pultrusion was measured to 

be 0.65% v/v under fixed processing conditions. This value was taken to be the baseline void content 

against which the extruded material was compared. 

 

4.4 Influence of extrusion speed on void growth 

The experimental investigation to determine the influence of extrusion speed on void growth in 

pultruded thermoplastic composite rods showed a significant increase in void content upon reheating. 

Multiple pultruded thermoplastic composite rods were processed through the CLF extrusion nozzle at 

different extrusion speeds to measure the void growth upon reheating. Fig. 3 shows the results of the 

experimental void growth characterization and compares the findings to the baseline void content of the 

pultruded intermediate material. At low extrusion speeds, high void contents (> 7%) were measured. A 

sharp drop in void growth was observed between extrusion speeds 50 mm/min and 100 mm/min. No 

significant deviation from the baseline was detected for extrusion speeds exceeding 100mm/min.  

 

Evaluations of cross sectional images showed that void sizes were significantly greater in samples 

extruded at lower speeds. This is explained by the higher total thermal energy transfer that takes place 

during the extended interaction period between the heated nozzle and the pultruded rods. In the remelted 

material, pressurized air entrapments are able to expand at elevated temperatures and reduced pressure 

of the extrusion nozzle. A correlation between extrusion speed and measured void content was found, 

which can be explained by the amount of heat conveyed by heat conduction at the contact area of the 

extrusion nozzle. 
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Figure 3: Results of experimental characterization on void growth in the CLF extrusion module. 

Nozzle diameter 1.45mm, composite rod diameter 1.40mm. 

 

4.5 Influence of geometrical conditions on void growth 

The correlation between geometry of the extrusion nozzle, in particular the gap between the extrusion 

nozzle and the extrudate, and the void growth seen in Fig. 3 was investigated by changing the diameter 

of the extrusion die while maintaining the same pultrusion settings. A schematic of the two extrusion 

conditions is provided in Fig. 4, where the extrudate can be seen to be heated under physically 

constrained and unconstrained conditions. 

 

 
 

Figure 4: Schematic to illustrate the geometrical conditions within the extrusion die, i.e. 

geometrically constrained extrudate and geometrically unconstrained extrudate. 

The results of the void content measurements for the different configurations show a clear 

dependency on the geometrical constraints of the extrusion die, see Fig. 5. The maximum void content 

seems to relate to the free space between nozzle and extrudate (gap). Specimens fabricated under zero 
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gap conditions showed no deterioration of the extrudate quality in terms of increasing void contents.  

 

Void measurements showed that the onset of void growth can be completely suppressed by intimate 

contact between extrusion nozzle and extrudate, leading to the assumption that the discharged extrudate 

with continuous fiber strands is restrained simultaneously by geometrical containment and instant 

cooling. Solidification of the outmost polymeric material restrains the expansion of pressurized voids 

and mitigates the effects of residual stresses. 

  

 
Figure 5: Relationship between void growth and geometrical conditions of extrusion die in the 

unconstrained case (blue) and constrained case (red). 

 

4.6 Energy boundary limit for void growth 

In order to generalize the findings presented above, a simulation model of the extrusion process was 

implemented in Comsol Multiphysics to determine the net energy conveyed into the extrudate while 

passing through the extrusion die. Recordings with a thermographic camera (IR thermocamera TESTO 

885), were taken to validate the simulation. The emissivity of the camera was found at 𝜖 = 0.95 by the 

use of a heating chamber (Heraeus UT6120) under controlled conditions of 230°C. Fig. 6 shows the 

superposition of the measured and the simulated surface temperatures, starting at the extrusion outlet. A 

acceptable agreement with the measured temperatures was achieved. Recordings show lower surface 

temperatures close to the extrusion outlet due to radiation of the hot body of the extrusion nozzle [31]. 

The validated simulation model was used to calculate the net energy intake of the extrudate while 

passing through the nozzle.  

 

Fig. 7 depicts the findings of Fig. 3 as they relate to energy input as calculated from the simulation 

divided by the mass of the extrudate in the extrusion nozzle. Above an energy input of approximately 

0.26 J/mg (critical energy boundary limit) a high increase in void content was found. Void contents over 

7% were recorded above 0.38 J/mg, which corresponds to an averaged energy level of the extrudate at 

melting point of 176°C, determined for a 3.5 mm long section (contact area die) of the extrudate. 

 

The amount of energy needed for the fiber filled melt to release the residual stresses, as observed by 

high void growth, was calculated to be close to the energy level at which the extrudate has a homogenous 

temperature close to melting temperature. However, the onset of void growth is initiated at lower energy 

levels, which is reasonable, as the void growth starts in the circumferential area of the rod and propagates 

inwards following the inhomogeneous temperature distribution of the cross sectional area. Highest 
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temperatures are reached first in the surface area and evolve over time inwards. The cross sectional 

images in Fig. 3 and the simulated temperature distributions in Fig. 7 support this explanation. 

 

 
Figure 6: Infrared measurements (A) and numerical simulations (B) of extrudate surface temperature 

at a domain point probe with a 1mm distance from the extrusion outlet. 

   

 
Figure 7: Results of numerical simulation for conveyed energy during the extrusion process and the 

correlation to the experimentally characterized void growth. 
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5 CONCLUSIONS 

This paper investigated the effects of void growth in pultruded thermoplastic rods (PA12/STS40, 

52% v/v) extruded under controlled processing conditions for a new additive manufacturing process for 

continuous fiber reinforced materials (CLF, ETH Zurich). Significant void growth (>7%) was detected 

for extrusions exceeding the critical energy boundary limit of approximately 0.26 J/mg. This is the 

energy conveyed to a 3.5mm long section of the rod under processing conditions. The origin of the void 

growth was explained by the mitigation of residual stresses due to the expansion of existing pressurized 

air entrapments in the pultruded thermoplastic feedstock material. No shear rate dependency or 

polymeric swelling effects, usually observed in neat polymer extrusion, were detected. Further 

investigation showed that void growth can be suppressed by geometrical containment of the extrudate 

within the extrusion nozzle paired with sufficient convective cooling at the exit of the extrusion die.  

 

The gained understanding of the mechanisms at the extrusion outlet that lead to increased porosity 

will be used to develop processing strategies that minimize voids and improve mechanical properties in 

CLF processing. 
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