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Abstract: Short carbon fiber-reinforced polymer composites are widely used in polymer extrusion
additive manufacturing (AM), including large-area additive manufacturing (LAAM), due to their
enhanced mechanical properties as compared to neat polymers. However, the mechanical properties
of these composites depend on microstructural characteristics, including fibers and micro-voids,
which are determined during processing. In this work, the correlation between fibers and micro-
voids within the microstructure of LAAM polymer composites throughout various processing stages
of short carbon fiber-reinforced acrylonitrile butadiene styrene (SCF/ABS) is investigated. The
processing stages considered here include the incoming pellets, a single freely extruded strand, a
single regularly deposited bead, and a single regularly deposited bead pressed by a mechanical roller.
A high-resolution X-ray micro-computed tomography ( CT) system is employed to characterize the
microstructural features in terms of the fibers (volume fraction, fiber orientation tensor) and micro-
voids (volume fraction, sphericity) in the SCF/ABS samples. The results indicate that micro-voids
exist within the microstructure of the SCF/ABS composite in all four stages considered here and that
the micro-void volume fraction and micro-void sphericity vary among the test samples. Moreover,
the results show a considerable variation in fiber orientation and fiber volume fraction within the
microstructure throughout all the stages considered; however, all the samples show the highest
alignment in the extrusion/print direction. Furthermore, a correlation is identified between the fiber
orientation and the micro-void volume fraction within samples from all four stages considered here.
This finding suggests that fibers tend to align more in the extrusion/print direction in regions with

less micro-void content.

Keywords: polymer composite extrusion deposition; large-area additive manufacturing (LAAM);
fiber orientation; microstructural voids; void sphericity; X-ray micro-computed tomography ( CT)

1. Introduction

Additive manufacturing in the form of polymer material extrusion (MatEx) is a com-
monly used AM method due to the availability of a wide variety of neat polymers, including
acrylonitrile butadiene styrene (ABS), polycarbonate (PC), and polylactide (PLA), as well
as carbon fiber-reinforced polymer composites [1-4]. MatEx is performed on a small scale
as fused filament fabrication (FFF) and on a large scale as large-area additive manufac-
turing (LAAM). Unlike FFF, which uses a filament as the feed stock, LAAM employs a
single screw extruder to melt polymeric pellets and deliver the molten polymer to the
nozzle for 3D-printed part manufacturing [5,6]. Short carbon fibers are added to the ther-
moplastic polymer as reinforcement to enhance the strength and stiffness of 3D-printed
parts [7]. Adding short carbon fiber to the polymer matrix increases the elastic moduli
and thermal conductivity while reducing the thermal expansion, resulting in stronger and
stiffer parts with less warpage and more dimensional accuracy [8]. However, adding short
carbon fibers to the polymer has been shown to result in anisotropic behavior, effecting
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the thermal conductivity, thermal expansion coefficient, and elastic modulus within the
MatEx-manufactured polymer composite, which must be addressed when defining the
print path [5]. Moreover, Goh, et al. [9] reported that crack formation and propagation in
polymer composites result from fiber crushing under high compressive stress, which is
attributed to carbon fibers’ poor compressive strength.

The orientation of carbon fibers within the microstructure is a critical factor influencing
their effectiveness as polymer matrix reinforcement [10]. The fiber orientation tensor first
introduced by Advani and Tucker is commonly used to evaluate the orientation of fibers
within the polymer composite microstructure [11]. Prior experimental investigations
have shown that the orientation of fibers within the 3D-printed part’s microstructure is
highly dependent on the manufacturing process parameters [12-16]. Studies have also
indicated there is a difference between the fiber orientation within the polymer composites
manufactured via large-scale and small-scale AM. Due to the fully developed laminar
shear-dominated flow field, fibers become highly aligned along the flow direction within
the composite manufactured via small-scale AM [17]. However, in large-scale AM, the
extrusion screw introduces a rotational component to the flow, which results in increased
variation in the fiber orientation within the 3D LAAM-printed beads [18,19]. The fiber
volume fraction within short fiber polymer composites is also an essential factor affecting
the microstructure and performance of the 3D-printed parts [20].

One disadvantage of using short fiber composites in MatEx is that micro-voids
tend to form near the fibers within the bead microstructure. Micro-voids within Ma-
tEx beads have a significant effect on the microstructure composition and bead mechanical
performance [17,21]. MatEx-produced structures have been shown to contain voids that
can be categorized into two distinct types within the short carbon fiber-reinforced AM parts
as shown in Figure 1: (i) inter-bead voids and (ii) microstructural voids or micro-voids
(often called porosity), where the latter is the focus of this study.

Inter-bead void

Print direction

Figure 1. Voids within the short carbon fiber-reinforced polymer composite AM beads.

Inter-bead voids form due to insufficient interlayer bonding during the FFF or LAAM
fabrication process. They usually appear in prismatic shapes and typically have a negative
effect on the AM parts” mechanical properties. Researchers have attempted to eliminate the
inter-bead voids to enhance the properties of the 3D-printed parts [22,23]. Inter-bead voids
appear in both carbon fiber-reinforced polymer composite and neat polymer manufactured
parts. Conversely, micro-voids are commonly found within carbon fiber-reinforced polymer
composite beads, but typically do not occur in the neat polymer microstructure under the
same manufacturing conditions [17,24]. Voids are closed volumes of air within carbon
fiber-reinforced polymer composites that are not filled with matrix or fiber [23]. They occur
due to air entrapment during the manufacturing process and are known to be caused by
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the difference between the coefficient of thermal expansion between the carbon fiber and
the polymer matrix [25], and uneven shrinkage related to the temperature gradient within
the deposited part during the solidification step [26]. Several factors have been found
to contribute to the formation of micro-voids. For example, the melt pressure reduction
near the fiber ends within a shear flow may lead to void formation [27]. Voids within
filament and pellets prior to their use in the additive-manufacturing process has also been
investigated [28,29]. The presence of voids within the pellet feedstock is expected to impact
the void characteristics through the stages of LAAM processing. Studies have shown
that micro-voids, even at minimal levels, reduce the composite’s toughness, strength, and
stiffness [30-33].

Investigation of the polymer composite microstructure has been performed using
two-dimensional imaging techniques such as scanning electron microscopy (SEM) [34].
However, projecting 2D information to 3D is known to introduce a potential bias, which
can lead to errors in the analysis results [35,36]. More recently, X-ray CT has attracted
significant attention as a non-destructive inspection technique due to its ability to provide
high-resolution three-dimensional (3D) structural information. Micro-CT has been em-
ployed to characterize and quantify the microstructural features and defects within the
polymer composites [37-41].

Despite the extensive research in the field, an understanding of the relationship be-
tween micro-voids and fibers within the microstructure of the polymer composites through
various stages of the AM process is lacking. This paper aims to present an experimental
study that addresses the existing gap in the field by quantifying the key microstructural
features, including the fiber volume fraction, fiber orientation, void volume fraction, and
void sphericity. Our goal is also to establish the relationships between these microstructural
features, where they exist, within 13 wt% SCF/ABS composite through various stages of
the LAAM described above.

2. Materials and Methods
2.1. Sample Preparation

The custom-built LAAM system at Baylor University was used to 3D print all the sam-
ples in this study [42]. The Baylor LAAM system is comprised of a Strangpresse Model-19
single screw extruder (Strangpresse, Youngstown, OH, USA), which has three heating
zones along the length of the barrel and one on the nozzle (nozzle diameter = 3.172 mm).
Thirteen (13 wt%) SCF/ABS pellets with a carbon fiber diameter of seven microns were
obtained from PolyOne (Avient Corporation, Avon Lake, OH, USA), which served as the
LAAM feedstock for producing the samples in our study. The SCF/ABS pellets were dried
in a convection oven at 80 C for twelve hours before producing the samples though the
extrusion/deposition process. The extruder was operated at 90 revolutions per minute, pro-
viding a nominal extrusion rate of 860 mm?3 /s, and the material beads were deposited onto
a painter’s tape-covered aluminum print bed. To study the variation in the microstructure
of SCF/ABS through different processing stages, four sample types were prepared, includ-
ing those at three different stages of LAAM (pre-process, in-process, and post-process),
namely:

(i) SCEF/ABS pellet as received to assess our incoming feedstock

(if) Single freely extruded strand to assess the effect of the LAAM extrusion process

(iii) Regularly extrusion/deposited single bead to assess the effect of the LAAM extru-
sion/deposition process

(iv) Single bead with roller compression following extrusion/deposition to assess the
effect of a post-extrusion/deposition forming process

The stage (i) sample was taken from the input feedstock as received from the vendor.
To manufacture the single freely extruded strand in stage (ii), the nozzle height, defined as
the distance between the nozzle tip and the aluminum print bed, was increased to 155 mm,
where the strand was extracted during free extrusion in the air without any stretch or
compression of the strand. Conversely, to manufacture the regular deposited single bead
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(stage (iii)) and the roller-printed single bead (stage (iv)), the extruder’s nozzle height was
set 1.2 mm above the print surface with the nozzle translation speed of 240 cm/min. To
produce the stage (iv) roller-printed beads, a plastic roller with a diameter of 3 cm was
placed behind the nozzle tip at a height of 1.1 mm above the print surface to partially
compress the printed bead onto the tape-covered print surface. Note that the roller was
sufficiently wide to cover the entire width of the bead and the extrusion/deposition pa-
rameters were the same as those used to print the stage (iii) samples. The printing process
parameters employed in this study appear in Table 1. Different stages of the LAAM 3D-
printing process, along with typical 2D CT cross-sections of all four samples in this study,
appear in Figure 2. Note that in all samples, the extrusion/print direction is defined as the
z-direction, and for the regular and roller-printed beads, the y-direction is normal to the
print surface. The dimensions of the samples in each coordinate direction are presented in
Table 2.

Table 1. LAAM processing parameters.

Printing Process Parameters Value
Temperature 200 C
Screw speed 90 rpm
Nozzle translation speed 240 cm/min
Mass flow rate 1.04¢g/s
Shear rate 397.7s 1
Nozzle diameter 3.17 mm
Nozzle height 1.2 mm
Roller height 1.1 mm

(b)

Figure 2. (a) Different stages of the LAAM 3D-printing process; and (b) 2D CT cross-section of
four samples selected from different stages of the LAAM processing.

Table 2. Dimensions of the samples in each coordinate direction.

Sample x-Direction (mm) y-Direction (mm) z-Direction (mm)
Pellet 3.98 3.40 1.50
Single strand 3.45 3.42 1.50
Regular bead 8.08 3.15 1.50
Roller-printed bead 8.26 2.36 1.50

2.2. uCT Image Acquisition Technique

The NSI X3000, X-ray CT system (North Star Imaging, Rogers, MN, USA) was em-
ployed as a non-destructive inspection technique to obtain comprehensive 3D microstruc-
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tural information on the SCF/ABS LAAM samples. A resolution (voxel size) of 1.7 microns
was set to detect the seven-micron diameter carbon fibers within the microstructure. Scans
were performed using an X-ray source at 60 kV and 900 A to provide adequate contrast
between the microstructural features in the final images. Each sample was rotated 360 de-
grees with 1-degree increments, and 2400 projections were used for all scans. The detector
captured the transmitted X-ray signals, obtaining 2D attenuation distribution data.

2.3. uCT Image Processing

The acquired CT scan data were then reconstructed using efX 2.4 software (North
Star Imaging, Rogers, MN, USA). During reconstruction, a preprocessing technique that
included an outlier median filter was used to reduce the noise and improve the boundary
detection between microstructural features such as micro-voids and fibers within the
ABS matrix. Subsequently, the reconstructed data were imported into VGStudio Max 3.4
software (Volume Graphics GmbH, Heidelberg, Germany) for analysis of the micro-void
volume fraction, micro-void sphericity, fiber orientation, and fiber volume fraction within
the microstructure of each SCF/ABS sample. The VGDefX algorithm, integrated within
the VGStudio Max Porosity Analysis Module, was used for the void analysis [43-45]. The
algorithm was used to evaluate each voxel’s gray value (intensity value) and compare
it to the predetermined void gray threshold value of 5.13. If the intensity matched this
threshold, the voxel was labeled as void and highlighted (segmented) in yellow, as shown
in Figure 3. It is important to note that the gray value threshold must be chosen carefully,
as the threshold value directly effects the measured void volume fraction. If the threshold
is chosen too high, other features within the part might be mistakenly identified as voids,
leading to overestimation of the void volume fraction. Conversely, setting the threshold to
low will underestimate the void content.

SO AT O 2 R N T, (A Sl R R R
Vans gl e gt DR XY= L/ NS e 84T IR Nt
Y L Rl R S O N O RN AN
'!.\. F: )“.9‘.&";3 > ;ﬂi:“'a-;‘\-\; -d A :.,’}&l'l ,“\3‘ ’l;g:.-"'r;*\ ;\:’_!"‘Q / 1...:“&1,!
MY et s Y RN R T 50

1 mm 1 mm

(a) (b)

Figure 3. Void detection within the microstructure of SCF/ABS using the VGStudio Max porosity
analysis module: (a) CT image before void segmentation; and (b) void segmented in yellow using
VGStudio Max 3.4 software.

The VGStudio Max fiber Composite Material Analysis Module was used to evaluate
the orientation tensor components and fiber volume fraction within the microstructure of
each scanned part [46]. Similar to the VGStudio Max Porosity Analysis Module, the Fiber
Composite Material Analysis Module evaluates each voxel’s gray value and compares
these values to a specified carbon fiber gray threshold value of 28.77 to segment the carbon
fibers within the SCF/ABS composite. Following segmentation, the fiber orientation tensor
for each fiber is calculated using the fiber’s direction vector. In this calculation, each single
fiber is assigned a vector p in a spherical coordinate system using two angles ( , ) in
which is the angle between the fiber and the z-coordinate direction and is the angle
between the projection of fiber on the x-y plane and the x-coordinate direction [44,47], as
shown in Figure 4.
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X
Figure 4. Single-fiber coordinate system.

The components of the unit vector p defined as (px, py,pz), where pyx = sinfcos ¢,

py = sinfsin ¢, and p; = cos 6, were used to calculate the dyadic products of vector p,
which results in a symmetric second-order orientation tensor Ppij for a single fiber as

PxPx  PxPy PxPz
PpPij  |PyPx PyPy PyPz 1)
PzPx  PzPy PzPz

It follows that the orientation tensor A;; for a collection of fibers is defined as

1 Axx Axy Axz
Aj L L PP (A Ay Ap (2)
" Azx Azy Azz

This paper reports the fiber orientation along the coordinate directions of all the
scanned parts using the diagonal component of orientation tensor (Ayy, Ayy, Azz), where
x defines the cross direction, y is normal to the print surface and z represents the ex-
trusion/print direction (cf. Figure 2b). The values of the orientation tensor diagonal
components are commonly used to assess the degree of alignment of suspended fibers in
the composite, where the values lie between 0 and 1, all inclusive. For example, A, =1
indicates the perfect alignment of fibers in the z-direction and A;, = 0 indicates that all
the fibers would lie in the x-y plane. The normalization condition of the fiber orientation
probability density function requires that the trace of A;; = 1.

3. Results

This study aims to provide detailed information related to the microstructure of the
SCF/ABS through different stages of the LAAM processing. The void volume fraction,
void sphericity, fiber orientation, and fiber volume fraction are evaluated, and the average
property is reported for each sample considered here. Moreover, the correlations between
the microstructural features mentioned above are calculated within the sub-regions of each
sample, and detailed information is provided in the following section.

3.1. Sample-Average Properties
3.1.1. Void Volume Fraction and Distribution
The sample-average void volume fraction was evaluated for each sample. The results

for each appear in Table 3, where the micro-void volume fraction is defined as the ratio of
the total volume of all the detected micro-voids to the sample’s total volume.
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Table 3. Void volume fraction within the samples.
Stage Sample Void Volume Fraction (%)
(1) Pellet 7.8
(ii) Single strand 14.0
(iii) Regular bead 11.7
(iv) Roller-printed bead 10.0

The results indicate that the micro-void volume fraction varies among the stages of the
LAAM process considered here. For example, the presence of micro-voids is 7.76% in the
SCF/ABS pellet as received prior to LAAM printing. The presences of pellet micro-voids
at this level clearly indicates that the LAAM-printing process is not the only factor that
leads to micro-void formation within the 3D-printed samples. The same behavior (a large
amount of void within the CF/ABS pellets) was also reported in a previous study [48].
Moreover, the results appearing in Table 2 also show that the micro-void volume fraction
is 14.29% within the single strand freely extruded in the air, indicating that the extrusion
process causes a notable increase in micro-voids within the SCF/ABS composite. The die
swell just outside the exit of the LAAM nozzle is expected to be a region where micro-
voids may grow and/or nucleate due to the stress reduction within the molten polymer
as it exits into a region of low external pressure, leading to radial expansion [48-51].This
sudden reduction in the applied external pressure on the molten polymer after exiting the
nozzle is known to enlarge micro-voids, which is expected to be occurring in our strand
sample [52]. Other studies have also reported increased micro-void volume fractions in
extrudate polymer composites manufactured via FFF as compared to the filaments before
the printing process [26,47,53].

The regularly deposited single bead had a micro-void volume fraction of 11.68%,
which is lower when compared with the single strand reported above. The reduced micro-
void volume fraction in the extrusion/deposition bead suggests that the deposition process
reduces the micro-void volume fraction, which is likely caused by the increased pressure
experienced by the bead at the nozzle exit as it is squeezed against the build plate. The
results also show that using the roller during printing further reduces the micro-void
volume fraction within the printed bead to 10.0%. Pressure from the roller is expected to
cause a reduction in the bead micro-void volume fraction since the net effect is to place a
compressive stress on the bead near the extrusion nozzle where the polymer melt is still in
a molten phase.

Identifying specific mechanisms that nucleate and /or grow micro-voids during LAAM
processing is beyond the scope of this work. However, our strand (stage (ii)) is formed by
an extrusion process with a circular die, which is similar to the extrusion process used in a
typical cylindrical pellet forming process. As processing conditions differ, so would micro-
void volume content as we see in our results. In addition, bead extrusion/deposition and
roller printing (stages (iii) and (iv), respectively) provide additional mechanical forming of
the extruded polymer, which, in these cases, reduces the micro-void volume fraction. These
results suggest that the micro-void volume fraction responds to mechanical forming of
the extrudate and that the final micro-void volume fraction that is measured is that which
exists in the bead as it solidifies.

3.1.2. Void Sphericity

To better understand the effect of processing on the micro-void shape, the sphericity
¢ is evaluated for each sample. When computing sphericity, the surface area of a sphere
having the same volume V as the micro-void is compared with the measured micro-void
surface area as follows:

Asphere

Sphericity ¢ 1
void

)



J. Compos. Sci. 2024, 8, 246

8 of 23

Note that a micro-void with the shape of a perfect sphere has a sphericity value of
unity. Alternatively, micro-voids with a more irregular shape will have a sphericity value
that ranges between zero and one. Figure 5 provides a comparison between a sphere with
@ =1 and a detected micro-void having the same volume as the ideal sphere with ¢ 0.35
to better illustrate sphericity.

@ =0.35
V=13.17 mm3

2 mm

Figure 5. Comparison between a sphere with ¢ =1 (left) and a detected micro-void with the same
volume as the ideal sphere with ¢ 0.35 right .

Table 4 presents four typical micro-voids extracted from each of the four samples
appearing in Figure 2b. Each micro-void in Table 4 appears along with its measured
sphericity and volume. The four micro-voids from each sample are chosen to illustrate
the minimum and maximum sphericity examples, in addition to the micro-voids with a
sphericity of 0.35 and 0.55. The examples in Table 4 show that micro-voids with lower
sphericity tend to have larger volumes than those with higher sphericity through all the
samples. An inverse relation between void sphericity and void volume was observed for
most of the detected micro-voids within our samples, as shown here. Previous studies also
reported that the void sphericity is inversely proportional to the void volume [25,54,55].
Comparison of the void sphericity between the samples yields that voids with the same
sphericity may exhibit variations in volume and shape.

Table 4. Examples of the void sphericity and void volume of detected micro-voids within the samples
(volume in mm?).

Sample Detected Void Shapes
Pellet
10pm
¢=0.35 ¢=0.35 ¢ =0.55 ¢=0.79
vV 830 10 ° vV 830 10 ° V 02 10 © vV 059 107
Single Strand

%

10pm 10um 10um 10pm

¢ =0.16 =035 ¢ =055 ¢ =075
2538 10 ¢ vV 1317 10 ° vV 622 10 6 vV 044 107
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Table 4. Cont.
Sample Detected Void Shapes
R - -
p=013 =035 =055 p=075
V = 2046 x 104 V =13.00 = 10-5 V=811x10"5 V=044 %107
FRoller Printed Bead
Illum
=017 p=035 =055 p=079
V =1657 x 107% V =049 x 10°° V =091 x 106 V =059 %10~
Increasing void sphericity (¢)
—

Decreasing void volume (V)

To better illustrate the variation in micro-void sphericity within the four samples
shown in Figure 2, a two-parameter Weibull distribution was fitted to the measured
sphericity data. The Weibull distribution along with the values of the fitted Weibull
distribution parameters for the micro-void sphericity appear in Appendix A, Table Al, and
the fitted Weibull distributions of the sphericity for all the samples in this study appear in
Figure A2,

3.1.3. Fiber Onentation

The fiber orientation tensor components were evaluated using the Fiber Composite Ma-
terial Analysis module of VG Studio Max for each of the samples in Figure 2b. Here, we only
report the diagonal components of the orientation tensor (ie, Ay, Ay, and Azz] since val-
ues of Aj; in the coordinate directions provide insight into the degree of alignment of fibers
in the extrusion/ print direction (A;:) direction normal to the print surface (Ayy), and the
cross-bead direction (A ). In all cases, the off-diagonal components in our samples were
small compared to the diagonal components reported here. The measured sample-averaged
values of the orientation tensor components appear in Table 5.

Table 5. Diagonal components of the orientation tensor.

Sample Ay Ayy Az

Pellet (i) 0.10 0.07 0.83

Single strand (ji) 017 017 0.66
Regular bead (iii) 0.18 010 072
Roller-printed bead (iv) 0.32 010 0.58

The values in Table 5 show that the sample-average diagonal components of the
measured fiber orientation tensors vary among the samples in this study and that the
highest A;; diagonal component is A.. The relatively large values of A;; indicate that
fibers tend to be aligned in the Ext‘rusim"t,-"pnnt direction, which is expected given the high
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shear stresses in the extrusion nozzle (see, e.g., simulation studies by Heller et al. [56] and
Wang et al. [57]).

Within the pellet microstructure, fibers are aligned along the longitudinal (extrusion)
direction with a measured A, = 0.83, which indicates a very high degree of alignment. The
measured values of A, in the strand show that that fibers are also oriented in the extrusion
direction (i.e., Az, = 0.66); however, the LAAM extrusion process appears to reduce the
fiber alignment when compared to that in the pellet, which is consistent with the results
of Yang et al. [47], who showed a reduced fiber alignment in the FFF process. The results
also indicate that A, is higher within the regular bead (i.e., A,  0.72) as compared to the
single strand due to the material deposition onto the print surface. Moreover, applying the
roller during printing reduces the fiber alignment along the print direction (i.e., A;; = 0.58)
as compared with the regular bead. The roller-printed bead experiences a squeeze-type
flow, which flattens and widens the bead. As a result, a brief elongational flow is formed
during rolling, which is directed outward from the center of the bead, causing fibers to
change orientation from that which is more aligned along the print direction to that which
has an increased alignment transverse to the bead axis.

In addition to the variation in the sample-average micro-void volume fraction, void
sphericity, and fiber orientation seen among the four samples in this study, each individual
sample showed considerable spatial variation over their cross-sections. For example, within
the pellet cross-section, fibers appear more highly aligned along the extrusion direction
(z-direction) near the outer edge and more randomly oriented near the center of the pellet.
Similarly, within the single strand, the fibers appear more highly aligned along the extrusion
direction (z-direction) at the edge of the cross-section due to the higher shear rate at the
nozzle wall as compared to those in areas near the center of the single strand. Within
regions near the center of the strand, the fibers showed a wavy-like orientation pattern (a
low degree of alignment along the extrusion direction), likely due to the effect of the single
screw during the extrusion process. The same behavior was also reported by Tagscherer
et al. [58]. In addition, further investigation of the regular bead indicates that the fibers
are more aligned along the print direction (z-direction) in the areas near the print bed, top
surface, and outer edges, and they show a more random orientation in the central regions
of the bead. Pibulchinda et al. [6] also reported similar behavior, which was identified
as a “core-shell” effect within the extrudate. As in other samples, the roller-printed bead
exhibited higher fiber alignment along the print direction (z-direction) near the print bed,
top surface, and outer edges of the cross-section. Although the bead was compressed by the
roller during the printing process, the core-shell pattern of the fiber orientation was retained
within the roller-printed bead. However, in the central regions of the roller-printed bead,
the fibers show a higher degree of orientation toward the x-direction and less orientation
along the z-direction due to the brief elongational flow is formed during rolling, which is
directed outward from the center of the bead, causing fibers to be more aligned along the
x-direction.

It is helpful to consider the regular bead sample to illustrate the significant spatial vari-
ation in microstructure across a bead. Six distinct areas of interest within the microstructure
of the single regular bead (stage (iii)) identified as slices 1 through 6 appear in Figure 6.
Images taking in the x-z plane are shown for each slice, which illustrate the significant
variability in microstructural features, including the fiber orientation and distribution, and
micro-void distribution across the printed bead. Inside the nozzle, high shear rates are
known to align the fibers in the flow direction near the nozzle wall. In contrast, within
the central region of the nozzle, where the shear rate is lower, a more random distribution
of fiber is expected. As shown in Figure 6, after deposition on the print surface, the fiber
alignment within the regularly deposited bead reflects the same behavior, with a higher
degree of alignment along the print direction in the bead’s surface regions (regions 1 and 6)
and a more random distribution of fibers in the core or central regions of the bead (regions
2,3,4 and 5). As indicated in Figure 6, the void content also varies within different regions
due to different cooling rates. The outer surface of the bead cools faster, resulting in a
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rapid solidification where voids are less likely to be enlarged (regions 1 and 6). The surface
regions’ rapid solidification and subsequent shrinkage may result in void entrapment in
the central area, resulting in a higher void content within these regions (2, 3, 4, and 5).

Figure 6. Two-dimensional CT images of six different regions within the regular bead microstructure.

3.2. Microstructural Characteristics Correlation

Each sample in Figure 2 was divided into equal 3D mesh cells by extending a rectan-
gular grid formed in the xy-plane through each sample along the extrusion/print direction.
These analysis cells appear in Figure 7, along with a 3D view of an individual mesh cell
generated via a fiber and void analysis (fibers appear in white while voids are shown in
different colors based on their volume, and the ABS matrix is made transparent). The
mesh size for each sample appears in Table 6. Our goal here is to maintain a uniform
mesh cell size for all the samples; however, slight variations occurred due to differences
in the dimensions of the samples. The microstructural characteristics were analyzed for
each cell to provide a comprehensive understanding of the variations across each sample
and relationships between the microstructural characteristics. Each cell in all four samples
appearing in Figure 7 was evaluated using VGStudio Max 3.4 software to obtain the values
of the void volume fraction, fiber volume fraction, fiber orientation (here we only consider
Az), and void sphericity. Table 7 summarizes the calculated microstructural characteristics
across all the cells within each sample. The fiber volume fraction, void volume fraction,
void sphericity, and A, distributions within the samples at different stages of LAAM
processing are also provided in Appendix B and appear in Figure A2.
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Increasing void volume

1 mm

Figure 7. A 2D view of the mesh cells for each individual sample, showing the analysis grid (left),
along with the 3D view of a single mesh cell within the regular bead after void and fiber
analysis (right).

Table 6. The dimensions of the mesh cells for all the samples.

Sample x-Direction (mm) y-Direction (mm) z-Direction (mm)
Pellet 0.66 0.57 1.50
Single strand 0.59 0.57 1.50
Regular bead 0.71 0.63 1.50
Roller-printed bead 0.68 0.50 1.50

Table 7. Microstructural characteristics across all the cells within each sample.

Microstructural .. . Standard

Sample Characteristic Minimum Maximum Mean Deviation
Void volume fraction 5.11 10.63 7.76 1.76
Pell Fiber volume fraction 7.13 8.49 8.09 0.38
ellet Void sphericity 0.53 0.68 0.61 0.04
A, 0.70 0.95 0.83 0.07
Void volume fraction 9.86 19.05 13.91 2.92
Sinele strand Fiber volume fraction 6.98 8.75 8.07 0.53
& Void sphericity 0.51 0.71 0.61 0.06
A, 0.51 0.76 0.66 0.08
Void volume fraction 6.39 16.70 11.69 2.83
Reeular bead Fiber volume fraction 6.39 8.85 8.08 0.48
& Void sphericity 0.43 0.66 0.54 0.05
A, 0.54 0.86 0.72 0.07
Void volume fraction 5.26 13.26 10.02 2.32
Roller-printed Fiber volume fraction 6.78 8.98 8.07 0.60
bead Void sphericity 0.46 0.67 0.52 0.05
A, 0.38 0.88 0.58 0.15

Azz Az Ay Az Once the microstructural characteristics were obtained for each analysis
cell in Figure 7 for all four samples, a linear fit least square was performed to obtain a
first-order relationship of each output Y to input X in the usual formof Y mX b. The
fitting process for each set of inputs and outputs was performed to obtain the slope m and



J. Compos. Sci. 2024, 8, 246

13 of 23

the y-intercept b, and the quality of the linear fit was evaluated by computing a regression
coefficient R? in the usual manner. Table 8 reports the fit parameters (m and b) and the
R? values of the fit for all four samples. Given the spread of the data overall, we consider
an R>  0.60 to indicate a potential correlation between microstructural characteristics.
Within the four samples considered here, a negative correlation was determined between
the void volume fraction and fiber orientation along the print direction (R? = 0.77, 0.81,
0.63, and 0.81 for the pellet, strand, bead, and roller-printed bead, respectively). This result
suggests that a higher number of voids within the microstructure correlates with a more
random fiber orientation. In contrast, a higher degree of fiber alignment along the print
direction occurs within areas with less voids. A positive correlation was detected between
the void sphericity and A, within the pellet (R? = 0.60) and the regular bead (R? = 0.61),
which suggests that in the regions where fibers are more aligned along the print direction,
voids are more spherical in their shapes. Further analysis of the results indicates that the
remainder of the samples (single strand and roller-printed beads) did not show a correlation
between any two pairs of microstructural characteristics. A negative correlation (R? = 0.60)
was also observed between the void volume fraction and the void sphericity within the
regular bead; however, the other three samples did not exhibit a similar relationship.

Table 8. Linear regression analysis for each individual sample: parameter and correlation coefficient.

Sample X Y m b R?
Void volume fraction Fiber volume fraction 0.08 8.66 0.12
Fiber volume fraction Void sphericity 0.03 0.34 0.12
Void volume fraction Void sphericity 0.02 0.73 0.59
Pellet Fiber volume fraction Ay, 0.09 0.11 0.24
Void volume fraction Az 0.03 1.10 0.77
Void sphericity Az, 143 0.04 0.60
Void volume fraction Fiber volume fraction 0.12 9.74 0.45
Fiber volume fraction Void sphericity 0.05 0.19 0.16
Single strand Void volume fraction Void sphericity 0.02 0.85 0.51
Fiber volume fraction A, 0.12 0.28 0.54
Void volume fraction Az 0.03 1.00 0.81
Void sphericity Az, 0.79 0.17 0.42
Void volume fraction Fiber volume fraction 0.06 8.80 0.14
Fiber volume fraction Void sphericity 0.04 0.20 0.14
Regular bead Void volume fraction Void sphericity 0.01 0.71 0.60
Fiber volume fraction Ay, 0.07 0.14 0.24
Void volume fraction Az 0.02 0.95 0.63
Void sphericity Az, 1.00 0.19 0.61
Void volume fraction Fiber volume fraction 0.04 8.48 0.03
Fiber volume fraction Void sphericity 0.01 0.45 0.01
. Void volume fraction Void sphericity 0.02 0.69 0.56
Roller-printed bead Fiber volume fraction Ay, 0.05 0.16 0.03
Void volume fraction Az 0.06 1.17 0.81
Void sphericity Az, 2.04 0.49 0.50

For completeness, Figure 8 provides plots of the measured microstructural characteris-
tics that exhibit a correlation based on having an R>  0.60, as listed in Table 9. To maintain
the integrity of the data interpretation, plots failing to meet this correlation threshold
are excluded.
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Figure 8. Microstructural characteristics correlation with the threshold of R? = 0.60: (a) a negative
correlation between void volume fraction and A in pellet; (b) a negative correlation between void
volume fraction and Az in single sirand; (c) a negative correlation between void volume fraction and
Az inregular bead; (d) a negative correlation between void volume fraction and Az in roller printed
bead; (e) a positive correlation between void sphericity and A= in pellet; (f) a positive correlation
between void sphericity and Az in regular bead; and (g) a negative correlation between void volume
fraction and void sphericity.

Table 9. Linear regression analysis using data from all samples: parameter and correlation coefficient.

Sample X Y m b R
Void volume fraction Fiber volume fraction —0.04 8.51 0.07
Fiber volume fraction Void sphericity 0.03 032 0.05

Void volume fraction Void spherici —0.0 0.65 017
All samples Fiber volume fraction SE,I Y 0.07 0.09 0.06
Void volume fraction A= —0.03 0.96 0.37
Void sphericity Az 1.34 —0.07 0.40

Void volume fraction Fiber volume fraction —0.04 B.55 011

Fiber volume fraction Void sphericity 0.04 022 0m
Roller-printed bead data Void volume fraction Void sphericity —0.0 0.68 0.24
is excluded Fiber volume fraction Az 0.09 0m 016
Void volume fraction A= —0.03 102 0.83
Void sphericity A= 074 —0.31 0.23

In addition to the correlation study above, which was performed for each stage indi-
vidually, the measured microstructural characteristic data were combined across samples
to identify trends that may occur across all the stages evaluated. Linear regression was
applied to the microstructural characteristic data, including the fiber volume fraction, A,
void volume fraction, and void sphericity, for datasets from all the samples for all four
stages of the LAAM processing to evaluate the occurrence of a correlation between pairs
of these features. The fitted parameters m and b, and correlation coefficient R? obtained
from the linear regression analysis including all the samples are reported in Table 5. Here,
we again use a threshold of R? = 0.60 to establish correlation. Under these criteria, it is
clear that there is no correlation between any pair of microstructural features, as shown
in Table 5. However, upon excluding the roller-printed data (i.e., only considering pellet,
strand, and as-printed bead data), a significant negative correlation (R* = 0.83) is seen to
occur between the void volume fraction and the A, as shown in Table 9 and Figure 9.
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Figure 9. Comparison of the void volume fraction— A, correlation with and without considering
roller-printed bead data.

4. Conclusions

This paper evaluates the correlation between the microstructural features formed by
fibers and micro-voids throughout four stages during LAAM processing of SCF/ABS. The
stages included (i) pre-process (SCF/ABS pellet), (ii) in-process (single freely extruded
strand falling out from the nozzle, (iii) in-process state (single, regularly deposited bead
laying on the printing bed), and (iv) post-process (single, regularly deposited bead com-
pressed by a mechanical roller. A high-resolution X-ray micro-computed tomography
( CT) system was used to obtain the microstructural features of the fibers (volume fraction,
fiber orientation tensor) and micro-voids (volume fraction, sphericity) of the SCF/ABS
samples. The results indicate that the void volume fraction and void sphericity vary within
the microstructure of the samples across all the stages of LAAM processing. Among the
samples considered here, the void volume fraction is lowest within the pellet and the
highest within the single strand. Before LAAM processing, the existence of a relatively
high void volume fraction is seen in the pellet, suggesting that the extrusion and deposition
process alone are not the cause of void formation within the extrusion/deposition polymer
composite microstructure. The results show that voids are more spherical in single strands,
and deposition on the bed appears to cause the voids to be more irregular in shape, with
a higher irregularity within the roller-printed bead. Within all the samples, the average
diagonal components of the orientation tensor also showed a significant variation; however,
in all the samples, A, is the largest orientation tensor component, which indicates that
fibers tend to be highly aligned in the extrusion/deposition direction.

To provide a better understanding of the microstructural features’ correlation, each
sample was divided into a 3D mesh, and a quantitative evaluation was performed on each
mesh cell. Within the four samples considered here, a negative correlation was determined
between the void volume fraction and the fiber orientation along the print direction. This
result suggests that a higher number of voids within the microstructure correlates with a
more random fiber orientation. In contrast, a higher degree of fiber alignment along the
print direction occurs within areas with less voids. A positive correlation was detected
between void sphericity and A,, within the pellet and the regular bead, which suggests
that in the regions where the fibers are more aligned along the print direction, the voids are
more spherical in their shapes. Further analysis of the results indicates that the remainder
of the samples (single strand and roller-printed beads) did not show a correlation between
any pair of microstructural characteristics. In addition, the measured microstructural
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characteristic data were combined across samples to identify trends that may occur across
all the stages evaluated. No correlation is detected between any pair of microstructural
features when considering all the samples of this study. However, upon excluding the roller-
printed data (i.e., only considering pellet, strand, and as-printed bead data), a significant
negative correlation is seen to occur between the void volume fraction and the A-.
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Appendix A
To better illustrate the variation in micro-void sphericity within the four samples
shown in Figure 2, a two-parameter Weibull distribution written as
f(x) = (b/a)(x/a)t~Ve-/a)x > 0

was fitted to the measured sphericity data, where a and b are the Weibull scale and shape

parameters, respectively. The values of the fitted Weibull distribution parameters for micro-
void sphericity appear in Table A1 and the fitted Weibull distributions of sphericity for all
the samples in this study appear in Figure Al

Table Al. Weibull distribution parameters for micro-void sphericity within the samples.

Sample Scale Parameter (a) Shape Parameter (b)
Pellet (i) 0.63 8.98
Single strand (ii) 0.65 10.20
Regular bead (iii) 0.57 675
Roller-printed bead (iv) 0.56 5.35

As reported in Table A1, the highest shape parameter (b= 10.20) and scale parameter
(7 = 0.65) belong to the single strand, indicating that micro-voids are more spherical within
the single strand as compared with the other samples in this study. In contrast, the most
irregularity in the void shape occurs within the roller-printed bead, resulting in this sample
having the lowest shape parameter (b= 5.35) among the four. In addition, the roller-printed
bead sample showed the broadest sphericity distribution (lowest scale parameter a = 0.56)
among all the samples of this study. The results suggest that the deposition onto the print
bed reduces the micro-void sphericity, i.e.,, micro-voids become more irregular following
deposition as compared to the micro-voids within the pellet and single strand.
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Figure A1. Weibull distribution of void sphericity within the samples.

Appendix B

The fiber volume fraction, void volume fraction, void sphericity, and A,; distribution
within the samples through different stages of the LAAM processing appear in Figure Al.
As shown in Figure A2a, a variation in the fiber volume fraction is seen within the pellet,
which indicates that the fibers are not uniformly distributed within the pellet but instead
exhibit a nonhomogeneous spatial distribution. Moreover, the measured values appearing
in Figure A2a indicate that the range of the fiber volume fraction is lowest in the pellet.
The fiber volume fraction variation is seen to increase after bead deposition on the print
bed, which suggests that LAAM deposition processing causes more variation in the fiber
concentration due to shear-induced fiber migration during extrusion/deposition, which
introduces the resin and fiber rich regions within the beads. Fiber volume fraction varia-
tion also occurs in the post-process stage within the roller-printed bead due to the bead
compression caused by the roller, which appears to change the distribution of the fibers
within the polymer composite.

The measured results also indicate that the void volume fraction and void sphericity
vary among the stages of the LAAM processing and across the various regions within all
the samples, as shown in Figure A2b,c respectively. Among all the samples analyzed, the
void volume fraction and void sphericity exhibit the most variation within the samples
deposited on the printed bed (the regular and roller printed bead) as compared to the other
samples. The lowest variation is seen within the pellet, similar to other microstructural
characters, which suggests that the extrusion and deposition process also increases the
non-homogeneity of the voids within the polymer composite microstructure. The variation
in the fiber orientation along the extrusion/print direction (A;;) is also apparent within
different regions of all the samples, as indicated in Figure A2d. Among all the samples, the
highest variation in A;; is seen within the roller-printed bead due to the polymer composite
melt flow being influenced by the roller compression.
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Figure A2. Microstructural characteristics distribution within the samples through different stages
of LAAM processing: (a) fiber volume fraction distribution; (b) void volume fraction distribution;
(c) void sphericity distribution; and (d) fiber orientation along the print direction distribution.
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