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ABSTRACT

Short carbon fiber-reinforced polymer composites are widely employed in additive manufacturing
(AM) techniques, including Large Area Additive Manufacturing (LAAM) polymer extursion-deposition,
due to their superior mechanical properties compared to neat polymers. The mechanical and thermal
properties of these composites are significantly influenced by factors such as fiber volume fraction,
orientation, length, and distribution, and void distribution and volume fraction within the microstructure of
the printed beads. This paper presents an experimental study that aims to quantitatively assess the
relationship between void volume fraction and fiber orientation within the microstructure of both single
freely extruded strands and single deposited beads of Short Carbon Fiber reinforced Acrylonitrile Butadiene
Styrene (SCF/ABS) manufactured via a LAAM system. The study employs high-resolution 3D micro-
computed tomography (LCT) to evaluate the fiber orientation, fiber volume fraction, and void volume
fraction within the microstructure of the SCF/ABS composite parts. The findings demonstrate that the print
direction A,, component of the fiber orientation tensor in the regions near the edges of the single freely
extruded strand is higher than those near the center, likely due to increased nozzle shear rate near the wall.
Furthermore, within a single deposited bead on the print bed, the A,, component varies throughout the
microstructure. Measurements also show that regions with relatively higher void volume fraction have a
corresponding lower fiber 4,, and fiber volume fraction for both the single freely extruded strand and the
single deposited bead.

1 INTRODUCTION

Among several types of Additive Manufacturing (AM) methods, polymer composite extrusion-
deposition is the most popular due to the availability of numerous neat thermoplastics and thermoplastic
composite materials [1,2]. Polymer extrusion-deposition AM is performed on the small scale Fused
Filament Fabrication (FFF) and on the large scale as Large Area Additive Manufacturing (LAAM), where
the latter is the focus of this study. Short carbon fiber reinforced polymers are often employed in AM
techniques due to their enhanced mechanical properties as compared with neat polymers. In these materials,
the mechanical properties of the final part are highly dependent on properties fof the fiber suspension (i.e.,
fiber volume fraction, length, and orientation), as well as inter-bead voids and microstructural voids within
the printed beads [3,4].

Inter-bead voids occur as a result of insufficient interlayer bonding during the FFF or LAAM
fabrication process [4,5]. In addition, microstructural intra-bead voids develop within FFF and LAAM beads
near the fibers due to the pressure distribution experienced by carbon fibers [6-8]. Furthermore,
microstructural voids can also originate within the beads due to the entrapment of air during the
manufacturing process or may stem from pre-existing voids present within the filaments or pellets prior to
their use in the additive manufacturing process [5,9].
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In polymer composites, the properties of the final product are influenced not only by the presence
of voids within the microstructure but also by the orientation of fibers within the manufactured parts. To
assess fiber orientation, Bay and Tucker calculated A;; components of the fiber orientation tensor for a short
fiber polymer composite, which commonly employed for evaluating the fiber orientation and alignment
within the microstructure of polymer composites [10]. Additionally, previous research has focused on
optimizing the printing process to control fiber alignment within the composite microstructure [3,11,12].
The majority of the investigations in the field have relied on two dimensional (2D) imaging techniques, such
as electron microscopy, to assess the void content and fiber orientation within polymer composites.
However, it is important to note that this technique introduces a potential bias due to its sectional nature,
which can lead to errors in the analysis results. [13,14].

In recent years, pCT has garnered significant attention for its ability to provide high-resolution and
high-quality three dimensional (3D) structural information. As a result, this technique has seen increased
application in assessing fiber orientation and void volume fraction within additively manufactured polymer
composites [13, 15, 16].

Unfortunately, there is still a lack of an established relationship between fiber orientation, fiber
volume fraction, and void volume fraction within the microstructure of additively manufactured beads. This
paper presents an experimental study with the objective of quantifying the relationship between key
microstructural features, specifically fiber volume fraction, fiber orientation, and void volume fraction,
utilizing uCT evaluation. The study focuses on investigating and reporting these relationships within both
the single freely extruded strand and the single deposited bead manufactured via the LAAM system.

2 MATERIALS AND METHODS
2.1 3D Printing Process Parameters

Figure 1 shows the custom-built Baylor LAAM system used in this study that employs the
Strangpresse Model 19 extruder (Strangpresse, Youngstown, OH, USA) [17], and includes a print volume
of 48" x 48" x 6" [18]. The Model 19 single screw AM extruder has three temperature zones and a 3.172
mm diameter extrusion nozzle. PolyOne SCF/ABS pellets with 13% carbon fiber weight fraction (Avient
Corporation, Avon Lake, OH, USA) were used as the LAAM feedstock. Prior to the 3D printing process,
the pellets were dried in a convection oven and were left exposed to ambient room conditions which is
expected to have increased the composite’s moisture content prior to extrusion-deposition, leading to a
higher than expected intra-bead void content (see results section below). This study includes LAAM
extruder output as a freely extruded strand and a single deposited bead.

Figure 1. Baylor’s custom Large Area Additive Manufacturing (LAAM) system [9]
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To manufacture the single freely extruded strand, the nozzle height, defined as the distance between
the nozzle tip and the aluminum print bed, was increased to 155 mm. Test samples were obtained by
matching print speed to extrusion rate to prevent any elongation of the strand. Conversely, to create the
single deposited bead, the extruder's nozzle height was set at 1.2 mm above the print surface. All 3D printing
process parameters that were used to manufacture the single freely extruded strand and single deposited
bead are shown in Table 1.

Printing Parameter Value
Temperature 220 °C

Bead Nozzle Height 1.2 mm
Screw Speed 90 rpm

Table 1. LAAM SCF/ABS extrusion and deposition parameters
2.2 pnCT Image Acquisition Technique

Micro-CT is a non-destructive technique utilized in this study to acquire comprehensive 3D
microstructural information for our short fiber polymer composites, including details about the polymer
matrix and carbon fiber reinforcements. An NSI X3000, X-RAY pCT system (North Star Imaging, Rogers,
MN, USA) was employed to analyze the microstructure of both single freely extruded strands and single
deposited beads. A resolution of 1.4 microns was set to detect the seven-micron diameter carbon fibers
within the microstructure. pCT scans were then performed using an X-ray source at 60 kV and 900 pA.
Each sample underwent a 360-degree rotation in 1-degree increments, resulting in 2400 projections. The
detector captured the transmitted X-ray signals, obtaining 2D attenuation distribution data. The acquired
UCT scan data was reconstructed using efX-CT software (North Star Imaging, Minnesota, USA).
Subsequently, the reconstructed data was imported into VGStudio Max 3.4 software (Volume Graphics
GmbH, Heidelberg, Germany) for analysis of void volume fraction, fiber orientation, and fiber volume
fraction within the microstructure of each sample. The VGDefX algorithm, integrated within the VGStudio
Max porosity analysis module, was utilized for void analysis [9,19]. Additionally, fiber composite material
analysis module was used to report the orientation tensor components and fiber volume fraction within the
microstructure of each scanned part [20].

3 RESULTS AND DISCUSSIONS

A typical 2D cross-section obtained from pCT scanning of the single freely extruded strand appears
in Figure 2. The scan 3D dataset was divided into the five distinct regions of interest, as illustrated in Figure
2 to assess the spatial variability throughout the bead. VGStudio Max 3.4 was used to assess the diagonal
components of the 2" order fiber orientation tensor Ay, Ayy, Ay, (see e.g., Bay and Tucker [10]), void
volume fraction, and fiber volume fraction within each respective 3D region. The primary objective here is
to conduct quantitative analysis to establish the relationship between these microstructural characteristics.

The variation of the diagonal components of the orientation tensor, void volume fraction, and fiber
volume fraction within each sub-region is presented in Table 2. Note that the z-direction is the print direction
which is normal to the plane of the image in Figure 2 such that A,, represents the degree of alignment in
the direction of the strand as it emerges from the nozzle. Table 2 shows that across all sub-regions in Figure
2, the A,, component consistently exhibits the highest magnitude among the components of the orientation
tensor. This observation shows that fibers align in the printing direction, as expected. Additionally, it is
noteworthy that the A,, components in regions near the edges (Regions 1 and 5, in Figure 2) are higher
compared to regions near the center which is likely due to the higher nozzle shear rate near the wall.
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X
Figure 2. Typical pCT 2D view of single freely extruded strand divided into various regions of interest

Region Ayx Ay A,, Void Volume Fraction (%)  Fiber Volume Fraction (%)
1 0.14 0.16 0.70 16.52% 10.12%
2 0.21 0.22 0.57 25.13% 7.37%
3 0.19 0.22 0.59 19.07% 9.89%
4 0.20 0.24 0.56 23.28% 8.13%
5 0.13 0.15 0.72 14.41% 10.26%

Table 2. Values of diagonal components of the orientation tensor, void volume fraction
and fiber volume fraction within each sub-region within the single freely extruded strand

Figure 3 presents the relationship between the void volume fraction and the A,, component of the
orientation tensor for each sub-region in Figure 2. The results demonstrate that regions exhibiting a higher
A,, component, (indicating greater fiber alignment along the print direction), tend to have a reduced
presence of micro voids. Furthermore, Figure 4. depicts the correlation between the fiber volume fraction
and the A,, component of the orientation tensor in different regions of the single freely extruded strand. The
results reveal that regions characterized by a higher degree of fiber alignment along the print direction also
exhibit a correspondingly higher void volume fraction. Note that void volume fraction is higher than
expected here and in the single bead results below which is likely due to moisture content within the polymer
feedstock. While this increase would likely not be as significant in production parts that followed a
regimented drying process, its presence here provides a broader range of void volume fraction which aids
in our understanding of the relationship between intra-bead voids and carbon fiber orientation and volume
fraction.

Figure 5 illustrates the relationship between the void volume fraction and fiber volume fraction in
the distinct sub-regions. The results demonstrate that an increase in the void volume fraction corresponds to
a decrease in the fiber volume fraction within the various regions of interest. This finding highlights the
inverse correlation between the void volume fraction and the presence of fibers within the analyzed regions.
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Figure 5. Fiber volume fraction-vs- Void volume fraction
within the single freely extruded strand (subregion label shown)

A typical 2D cross-section obtained from pCT scanning of the single deposited bead appears in
Figure 6. The 3D scanned sample was divided into nine distinct sub-regions of interest as shown in Figure
6 to provide a quantitative analysis and establish correlations between various microstructural features
throughout the bead. Similar to the single freely extruded strand, the diagonal components of the 2™ order
fiber orientation tensor (Ayy, 4y, A;;), void volume fraction, and fiber volume fraction were evaluated
within each of the nine regions of interest. Values of these diagonal components, in addition to void volume
fraction, and fiber volume fraction within each sub-region appear in Table 3. Note that the A,, component
indicates the degree of carbon fiber alignment along the print direction, while A,,, indicates the amount of
carbon fiber alignment normal to the print surface.

As shown in Table 3, a variation in microstructural features including fiber volume fraction and
void volume fraction exist within different represented sub regions. Table 3 also presents compelling
findings, indicating that the A,, component is consistently highest among the various components of the
orientation tensor across all sub-regions, as expected. This notable trend suggests the alignment tendency
of the fibers along the printing process direction. Moreover, the results demonstrate a clear correlation
between the increase in void volume fraction within a sub-region and a corresponding reduction in the A,
component. Additionally, an increase in the void volume fraction is associated with a decrease in the fiber
volume fraction within the microstructure.
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Moreover, as indicated in Table 3, regions of interest near the center of the single deposited bead
(regions 2 and 3 of Figure 6) have lower A,, components than regions of interest near the edges (regions 7
and 9 of Figure. 6) which shows that higher degrees of fiber alignment near the edges is likely due to the
higher nozzle shear rate near the nozzle wall.

Figure 6. Typical ;,LC'[XZD view of single bead divided into various regions of interest

Region Ay Ayy Ay, Void Volume Fraction (%)  Fiber Volume Fraction (%)
1 0.26 0.16 0.58 19.01% 7.28%
2 0.31 0.18 0.51 22.11% 6.19%
3 0.36 0.09 0.55 19.30% 6.33%
4 0.19 0.17 0.64 15.18% 8.72%
5 0.23 0.14 0.63 17.71% 8.38%
6 0.28 0.07 0.65 15.12% 8.92%
7 0.13 0.16 0.71 9.88% 10.21%
8 0.15 0.19 0.66 14.91% 9.56%
9 0.15 0.17 0.68 11.61% 10.15%

Table 3. Measured values of diagonal components of the orientation tensor, void volume fraction
and fiber volume fraction within each sub-region within the single deposited bead

Figure 7 illustrates the correlation between the A,, component and void volume fraction in sub-
regions of the single deposited bead in Figure 6. The results reveal a consistent pattern, wherein regions
with a higher void volume fraction exhibit a lower degree of fiber alignment along the print direction (lower
A,, values). Figure 8. presents the relationship between the A,, component of the orientation tensor and
fiber volume fraction within the microstructure of the single deposited bead. The results demonstrate that
subregions with a higher fiber volume fraction exhibit a greater degree of fiber alignment along the print
direction, indicating a negative correlation between fiber alignment and void volume fraction.

Furthermore, as highlighted in Table 3, the regions closer to the center of the single deposited bead
(region 2 and region 3 in Figure 6) exhibit lower A,, components compared to the regions near the edges
(region 7 and region 9 in Figure 6). The higher degree of fiber alignment observed near the edge is likely
due to the higher shear rate near the nozzle wall.
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Figure 7. A,, -vs- Void volume fraction
within the single bead (subregion label shown)

Figure 8. A,, -vs- Fiber volume fraction
within the single bead (subregion label shown)
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Figure 9. Fiber volume fraction-vs- Void volume fraction
within the single bead (subregion label shown)

4 CONCLUSIONS

This study aims to quantitatively assess the relationship between the void volume fraction and fiber
orientation and volume fraction within the microstructure of single freely extruded strand and the single
deposited bead of SCF/ABS manufactured via the LAAM system, employing nCT measurements and
analyses. In order to gain a better understanding of the interaction between these microstructural features,
the 3D samples obtained for a single freely extruded strand and a single deposited bead were subdivided
into regions of interest. The results consistently demonstrate that the 4,, component exhibits the highest
magnitude among the components of the orientation tensor across all regions. This finding suggests a strong
tendency for the fibers to align with the extrusion direction within the single freely extruded strand as
expected. Moreover, within the microstructure of the single deposited bead, the fibers tend to be oriented
along the print direction.

Measured results obtained in this study reveal a consistent and significant pattern among the
microstructural features of interest. In regions characterized by a higher void volume fraction, there is a
corresponding decrease in the degree of fiber alignment along the extrusion and print directions, as indicated
by lower A,, values. This observation provides empirical evidence supporting a negative relationship
between A,, and void volume fraction within the respective subregions. Furthermore, the results
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demonstrate that subregions with a higher fiber volume fraction exhibit a heightened degree of fiber
alignment along the print and extrusion directions, suggesting a positive correlation between fiber alignment
and void volume fraction. Furthermore, the results indicate that within the single deposited bead, subregions
located near the center of the bead exhibit lower values of the A,, component, whereas higher values are
observed in the regions near the edge. This observation is likely attributable to the elevated shear rate existed
at the nozzle wall.
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