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Abstract: To improve the properties of additively manufactured parts to be used in high-end applica-
tions, intrinsic defects occurring during the printing process need to be minimized. Defects such as
void can significantly degrade the mechanical properties of the resulted parts. The presence of void
is more evident in composite printed parts due to the inhomogeneity of the specimen. In this study,
composite rectangular coupons printed with a Markforged Mark Two printer were manufactured
with different fiber orientations and stacking sequences. A void content reduction/consolidation
process, consisting of applying pressure at different temperature levels, was developed and imple-
mented to remove the voids in form of air bubbles trapped in the specimen. A two-part mold with
female and male components with the same dimensions as the rectangular specimen was designed
and machined to be used in a hot press process. The success of the approach was evaluated by
calculating the density of the specimen pre- and post-consolidation. The void content reduction
results were highly dependent on fiber orientation; however, the density increased for all tested
specimens, confirming the reduction in porosity.
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1. Introduction

Additive manufacturing (AM) processes produce three-dimensional (3D) complex
geometries from computer-aided design (CAD) files. The resulting geometries from AM
are usually near shape and do not require post-processing. AM is an umbrella term that
includes: Fused Deposition Modeling (FDM) from polymer filaments, Selective Laser
Sintering (SLS) from metal or polymer powders, Laminated Object Manufacturing (LOM)
from polymer laminations, and Stereolithography (SLA) of a photopolymer liquid [1-4].
To produce 3D geometries, FDM deposits successive layers of thermoplastic filament via
extrusion [5]. FDM is commonly used because it results in low waste, is easy to use, and is
relatively cheap [5-7]. FDM printed parts lack the needed strength for these parts to be used
in industrial applications. Combining the advantages of AM with directional properties of
composites has large untapped potentials [8-11]. Thus, reinforcement materials such as
nanomaterials, particles, and fibers are usually added to enhance the mechanical properties,
and improve the performance and functionality of the 3D printed parts [12-17]. The
current research studies have been focused on evaluating the mechanical properties of
the AM composite parts [13,18-20]. Moreover, other studies have been investigating
the modification and optimization of the 3D printing process parameters to improve the
properties of the composite parts [5,21-25]; however, few studies have attempted to enhance
the properties after the 3D printing process (post-processing).

Composite properties are highly function of their microstructures [26,27]. AM parts
have several intrinsic shortcomings in their underlying microstructures compared to their
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compression-molded counterparts, such as waviness of fibers due to lack of tension, poor
interlaminar adhesion due to the additive nature of manufacturing, and porosity also
referred to as void content [9,16,17,22,28]. The presence of void is not unique to AM
parts and it is a well-studied defect in conventional composite material which has been
shown to significantly degrade the mechanical properties of the produced parts [29-31].
Research suggests that void formation is induced by the 3D printing process [10,32,33]. For
example, voids have been associated with thermal stresses and improper impregnation [34],
and they have been found in distinctive internal areas of the 3D-printed parts [35,36].
The impact of voids on additively manufactured composite parts is more pronounced
compared to additively manufactured polymers because they tend to form between the
fiber filamentsVoids can appear within and between layers from submicron level to macro-
scale. The following types of voids contribute to lowering the structural integrity of the
AM parts: (a) micro voids, which form within fiber and matrix filament before printing,
(b) meso voids, which form between fiber bundles after printing within a layer as fiber
bundles are not circular after deposition, and (c) macro voids, which form between adjacent
layers. Several studies have investigated the mechanical and structural properties, such
as tensile, bending, and impact properties, of continuous fiber-reinforced thermoplastic
composites printed by FDM [12,13,15-18,37]. Others have studied the impact of void
content characteristics, quantity, and distribution using 2D imaging and 3D visualization
techniques such as scanning electron microscopy and X-ray micro-computed tomography
(micro-CT) [38-48]. Moreover, the effect of nozzle geometry on void formation is studied
in [22], and Ning et al. have shown the presence of void in the form of gas bubbles,
interbead voids, and fiber pull out [49]. In addition to degrading the mechanical properties
of AM composite parts, porosity facilitates moisture absorption during service, hence
further degrading the structural integrity of the part.

Unlike conventional composite manufacturing processes, the AM process does not
involve applying considerable pressure during the printing process, thus voids are more
likely to occur. Post-processing operations such as applying pressure at elevated tempera-
tures could be used to remove the air pockets that formed during AM. Investigating the
impact of post-processing void removal could potentially eliminate a common problem
in 3D printing processes. In this work, a novel post-processing void content reduction
process in 3D printed glass fiber-reinforced polymer composites using pressure at elevated
temperatures is developed and investigated. To perform the process, a two-part mold
was designed, machined, and used in a hot press. The bottom part of the mold consists
of a rectangular slot that is slightly larger than the specimen. The top part of the mold
represents the male piece that is used to apply the pressure in the hot press. The void re-
duction/consolidation process consists of a combination of pressure/temperature profiles.
The consolidation procedure is developed and optimized to minimize the flashing and
burning of the specimen while achieving the desirable flow of material to remove voids.
The success of the consolidation process is evaluated by calculating the specimen’s density
pre- and post-processing. The impact fiber direction and intralayer adhesion, different
fiber orientation, and stacking sequence are studied. The results show that post-processing
reduces the void content; this is evident from the reduction of the specimen density for all
the tested configurations.

This paper is organized as follows: Section 2 describes the post-processing procedure,
material, and the specimens used in the experiment. Section 3 presents the results of
porosity measurement, and discusses and interprets the experiment results. Section 4
provides the main conclusions achieved along with the suggested future work.

2. Specimen Manufacturing
2.1. Printing Process and Materials

The raw materials used in manufacturing the specimens were a matrix material
filament and a fiber reinforcement filament. The matrix material used in the study was
chopped carbon fiber-reinforced Nylon referred to as Onyx. This material is proprietary
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to Markforged, Inc., thus the detail of the type of Nylon used and the discontinuous
fiber reinforcement are unknown except what the company provided including basic
material properties [50]. The reinforcement material could be either carbon fiber, Kevlar,
fiberglass, or high-strength high-temperature (HSHT) fiberglass. This study used fiberglass
reinforcement due to the material’s cost-effectiveness given the high tensile strength. The
fiber reinforcement filament was comprised of multiple individual continuous fibers held
together via a binder agent. The composition of the binder agent and the specific type of
fiberglass are also unknown due to the materials being proprietary. The general printing
process of the Markforged® Mark Two printer is similar to the generic FDM printing
process. The printer uses a dual nozzle print head; one nozzle for the matrix material and
one for the fiber reinforcement. The matrix material was printed using the same process as
FDM. The fiber reinforcement nozzle had a large flat end for ironing fiber filaments after
printing. The fiber was extruded through a heated nozzle that melted the binder agent
holding the fiber strands in the fiber filament. Fiber reinforcement was continuous in each
layer, but fibers were cut moving from one layer to another. Due to the lack of tension in
the process, waviness was observed in the resulted specimens.

2.2. Specimen and Fiber Orientation

A total of 32 rectangular tensile specimens were printed for seven different configura-
tions. The dimensions of the specimen are shown in Figure 1. For this study, four specimens
were printed for each configuration. Fiber volume fraction, the number of layers, and print
parameters were identical for all specimens while the configuration of fiber orientation and
stacking sequences were altered. In the Eiger slicing software (Markforged® Mark Two soft-
ware), the orientation of the fiber reinforcement can be varied with 0.01-degree resolution.
Fibers can be printed either in unidirectional or concentric patterns. An example of fiber
orientations can be seen in Figure 2. In this work, two stacking sequences were studied, i.e.,
consolidated and alternating. The consolidated stacking sequence does not have any matrix
layers between the fiber layers. The alternating stacking sequence alternates a matrix layer
between the fiber layers. Overall, the fiber orientation configurations were five concentric
rings, 90°, and £45°. The unidirectional 0° orientation was not used because it was closely
similar to the five concentric rings configuration. There were consolidated and alternating
stacking sequences for each fiber orientation configuration.

0.51in
[13.00 mm]
[:| i
1
- 6.50 in - - =12in
[165.00 mm)] '[3.00 mm]

Figure 1. Rectangular coupon dimensions.

Figure 2. Fiber orientation configuration: Five concentric rings (Top), 90° (Middle), and 45° (Bottom).
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2.3. Measurements

The consolidation process involved measuring the mass and volume of all specimens
pre- and post-processing. The mass of the specimen was measured via an analytical balance
with 0.0001 g accuracy. The width, thickness, and length of the specimen were measured
using a digital caliper with 0.001 mm accuracy. Due to the nature of the consolidation
process, there is bound to be flashing to some degree. Before the post-processing measure-
ments were taken, the flashing was trimmed off with a razor knife. Extreme care was taken
to ensure that only the flashing material was trimmed off and that the specimen was left
intact. The volume of the specimen was calculated using the width, thickness, and length
measurements. To achieve accurate measurements of the thickness and the width over
the length of the specimen, the thickness and width of the specimen were determined by
calculating the mean of five measurements across the length of the specimen.

The theoretical and actual density values were used to calculate the void content pre-
and post-processing. The theoretical density was obtained by the Eiger software. The
software returned the matrix and fiber volume, and the total mass of the final part. The
actual density was calculated by dividing the measured mass by the measured volume.
The actual density was measured both pre- and post-processing to observe the change in
void content. Finally, the void content was measured by taking the absolute difference
between the theoretical and actual density values then dividing by the theoretical density
adopted from ASTM D2734.

2.4. Consolidation Processing

The consolidation process consisted of three stages: Heating stage, consolidation stage,
and cooling stage. All three stages were conducted under pressure and various temperature
levels. For the consolidation process to be completed, a mold was designed and machined
as shown in Figure 3, and a hot press, shown in Figure 4, was used to apply the heat and
pressure required for post-processing. An electrical fan was utilized to help maintain a
constant temperature as well as cool the mold while still under pressure.

To calibrate the consolidation process, the pressure and temperature levels were varied
to achieve an optimized procedure. Initially, a temperature of 250 °C was used and the
pressure levels were varied (27 psi, 189 psi, and 189 psi). The heating stage did not need
much adjustment, and the temperature did not fluctuate around the set point. However, as
the pressure was controlled manually, the pressure fluctuated between 27 psi to 37 psi for
the lower pressure set point.

Figure 3. Mold used in the consolidation process (capable of holding two specimens simultaneously).
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Figure 4. Hot press with electric fan setup used in consolidation process of laminates.

The pressure and temperature levels were higher than needed for the consolidation
stage, therefore they both were lowered. The appropriate temperature was determined by
starting at 150 °C and gradually increased by 25 °C increments until flashing was reduced
to a minimal amount. A temperature of 200 °C was determined as appropriate and then the
pressure levels were varied. The pressure range initially used was 150 psi to 180 psi but the
visible voids on the bottom of the specimens did not disappear. Thus, the second pressure
range used was 210 psi to 230 psi. This pressure range eliminated the visible voids on the
bottom of the specimen, however, the increased pressure also resulted in increased flashing.
The temperature was reduced slightly to 195 °C. The final temperature and pressure that
was used for the consolidation stage was 195 °C with a pressure range of 210 psi to 230 psi.
This pressure and temperature were held for 10 min to provide the consolidation stage
enough time to sufficiently remove the voids. It must be noted that during the printing
process, the fiber nozzle temperature was 252 °C and the plastic nozzle temperature was
set to 277 °C. During the consolidation process, the temperature of 200 °C was applied.
This temperature was determined after evaluating several temperature-pressure profiles.

Finally, the hot press was cooled to 150 °C and the holding pressure was kept at the
consolidation pressure range. The temperature was selected to be 150 °C to make the
material flexible enough without reaching the glass transition temperature range. The mold
was removed from the press at 150 °C and then allowed to cool to 50 °C under no pressure.
The specimens were then removed from the mold to cool at room temperature.

3. Porosity Measurements

As expected for an additively manufactured specimen, there is a large percentage
of porosity within the specimen both pre- and post-processing. To evaluate the void
content, the mass and geometry of the specimens were measured prior to and after the
void reduction process. To estimate the void content in the specimens, the calculated and
theoretical density values were compared. In addition to the void content of each specimen,
the coefficient of variation was calculated to evaluate the consistency of results.
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The void content reductions were calculated and are shown in Table 1. Overall, the
void removal process was successful in reducing the void content; among all specimens,
the void content was reduced 2%. Table 2 shows the coefficient of variation for the void
content of specimen prior to and after the void removal process. It can be seen that there is
larger variation after the removal process.

Table 1. Average void contents for both pre- and post-processed specimens (note that X represents

the Onyx layer).
Stacking Sequence ACV:;:flit\(]:’)/;;i %I:;ifzt‘(/;:)d Re?::t(;ﬁth(lo/z()id
Pre-Processing Post-Processing

[X]156 5.80 2.39 3.41
[90/X]_6s 6.06 3.69 2.37
[90] s 6.97 6.25 0.72
[—45/X/45/X]6s 448 2.65 1.83
[—45/45]6s 3.84 2.47 1.37
[5R/X]6s 3.17 0.74 243
[5R]6s 2.44 0.50 1.94

Mean 4.68 2.67 2

Table 2. Coefficients of variation of void content for both pre- and post-processed specimens (note
that X represents the Onyx layer).

Cf)ef.ﬁcient of. Cf)ef.ﬁcient of. Increase in
Stacking Sequence Varclitrll?:n?f(;: ;nd Varclzt:l(t):n?f(;j ;)1d Coe.fﬁc‘ienit of
Pre-Processing Post-Processing Variation (%)
[X]156 9.7 36.2 26.5
[90/X]_6s 18.6 225 3.9
[90] s 9.8 15.9 6.1
[—45/X/45/X]6s 241 15.8 —8.3
[—45/45]6s 23.3 19.8 -3.5
[5R/X]6s 494 75.5 26.1
[5R]6s 41.6 68.8 222
Mean 25.21 36.35 11.14

The void content was reduced for each specimen, although, as expected, the amount
of variation between the specimens was rather high. This can stem from a few sources.
One reason might be that high amounts of variation are intrinsic to 3D printing, one of the
many hurdles that 3D printing must overcome to become a widely used manufacturing
method. The other source could be due to the pressure being applied manually. This
fluctuation could have caused variable reduction in void from one specimen to another.
If the pressure fluctuated on the high end of the pressure range, then there would be a
higher reduction in void content. Figure 5 shows the comparison of void content between
specimens with different stacking sequence. It can be seen that the specimens with no
continuous fiber showed the largest reduction in void content. The analysis of variation
in void content result showed that not only did the consolidation process not lower the
variability, it instead increased the variability in the results due to the added process.
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Figure 5. Bar chart of void content for each specimen (pre-processed (left) and post-processed
(right)).

4. Conclusions

Additively manufactured specimens have large porosity degrading the overall me-
chanical properties. The porosity can appear between infills within a layer or between
adjacent layer. The porosity would be more pronounced in composite specimens as con-
tinuous fiber strands will not geometrically fit perfectly adjacent to each other and an
unavoidable gap will form between fiber layers; unlike conventional composites, there is
no thermoset resin to run through and fill the gaps. In this study, as there is no standard
yet established for void removal, an experimental trial and error was pursued to find the
optimized temperature and pressure for void removal of a glass fiber-reinforced Onyx
specimen. A two-part mold was designed to encompass the specimen in the female bottom
part of the mold with the male top part of the mold applying pressure. Flashing of the
material outside the mold was a dominant challenge in the consolidation process. Flashing
was minimized after the optimized pressure and temperature range was determined. Mass
and volume measurement prior to and post consolidation process returned the void content
reduction. The results showed that the process was successful in achieving its objective in
reduction of porosity in the specimens. On average, 2% porosity was removed from the
specimens. Specimens with different stacking sequences were manufactured and processed
to evaluate the effect of fiber orientation. It was shown that specimens with no continuous
fiber had the largest void content reduction after the process, confirming the hypothesis
that gaps are formed between fiber strands and they can be difficult to remove even with a
consolidation process. In addition to the density measurement evaluation presented in this
paper, mechanical testing for a pre- and post-consolidation process can serve as another
assessment tool for the success of the experiment.
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