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ARTICLE INFO ABSTRACT

Handling Editor: P.Y. Chen Fused filament fabrication (FFF) of polymer composites with continuous fibers could enable the manufacture of
complex structures with exceptionally high specific strength and stiffness. Although filaments with continuous
fiber reinforcement are “printable”, the fibers undergo damage during printing, leading to reductions in strength
and reliability. Of further concern, the printed material generally exhibits low interlaminar tensile strength. In
this study, a novel prototype filament for FFF with continuous carbon fibers and polyphenylene sulfide matrix
was evaluated for its potential to resist process-related fiber damage introduced during printing and to increase
the interlaminar tensile strength. The filament design enrolls a circumferential matrix coating around a fiber
reinforced core. According to the measures of strength, the new filament design improved the reliability in axial
strength as well as increased the interlaminar tensile strength by over 80 %. While the new coated filament
exhibited superior performance overall in the printed condition, it was more sensitive to temperature changes
and underwent a substantial decrease in axial tensile strength at T > 330 °C due to the decrease in matrix
viscosity and consequent reduction in fiber protection. The printability of the new filament design is reported as a
function of nozzle temperature, and the mechanisms that cause void formation and fiber damage are discussed.
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1. Introduction

There is constant demand for materials that will enable the design
and manufacture of engineering structures with improved performance.
But the opportunity for fabricating structures from these “advanced”
materials depends largely on the availability of manufacturing processes
that can accommodate their physical and mechanical properties.

Additive manufacturing (AM) processes, which involve a layer-by-
layer approach for the development of components directly from a
computer aided model, are often sought for manufacturing structures
with new materials. Indeed, AM technologies are now being imple-
mented for near-net-shape manufacturing in industries ranging from
aerospace to medicine, as well as in the production of consumer and
sporting goods [1-5]. There are many advantages to AM processes,
including the ability to minimize material waste, nearly unlimited
geometric complexity, as well as design customization [4,6,7]. In
addition, components produced by AM can achieve weight saving

through custom infill patterns and spatial modulation of the fill density
[8,9]. The ability to achieve weight savings without loss of strength or
stiffness is a primary goal in the application of fiber reinforced polymers
[10]. AM could provide synergistic benefits in the development of
structures with composite materials. However, AM of composites has
advanced less rapidly than for metal and polymers due to complications
in the printing process mechanics, especially for feedstock materials
with continuous fiber reinforcements [11-13].

Fused filament fabrication (FFF) is arguably the leading approach for
AM of fiber composites [14]. Common matrix materials in this space
include polylactic acid (PLA), nylon (PA), and polyethylene tere-
phthalate glycol (PETG); but they potentially suffer from low glass
transition and melting temperatures [15]. Semi-crystalline thermoplas-
tics can provide improved thermal and chemical stability, in addition to
mechanical properties [15,16]. Polyphenylene sulfide (PPS) is one such
candidate with high crystallinity that exhibits superior heat, chemical,
and wear resistance [17-19]. Nearly independent of the feedstock
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selected, there are several printing parameters that universally
contribute to final structural properties, including nozzle temperature,
environment temperature, print speed, and layer height, among others
[20]. These parameters are especially important to the interlayer bond
strength, as they contribute to the interfacial adhesion with preceding
layers [21-23]. The interlayer (i.e. interlaminar) strength “transverse”
to the infill direction is often inferior due to layer-line anomalies and the
alignment of defects [24,25]. As the material is extruded and deposited
during FFF, pores are generated between the infill lines and contribute
to both mechanical anisotropy and inferior transverse mechanical
properties [26,27]. However, recent work has shown that the interlayer
strength can be improved in FFF by increasing the nozzle temperature,
which decreases the interlayer porosity and facilitates more extensive
intermingling of polymer chains and entanglement at the layer in-
terfaces [28].

Composite filaments of thermoplastic polymers with fiber re-
inforcements have been developed for FFF to increase the axial prop-
erties [29-32]. While filaments with short fiber reinforcements provide
moderate increase in stiffness and strength [33], the largest increase is
achieved with continuous fibers. Common reinforcement materials in
FFF of composites include carbon fibers (CF), Kevlar, fiberglass, as well
as natural fibers such as hemp or jute [34]. A 2019 study investigated
the mechanical properties achieved in printing of short and continuous
carbon fiber reinforced PA and reported that both fiber loading and infill
type/percentage influenced tensile strength [35]. Whereas the addition
of short fibers nearly doubled the tensile strength relative to the unre-
inforced PA, continuous fibers resulted in an order of magnitude
increase.

As interest in printing filaments with high strength continuous fiber
reinforcement grows, many groups have adopted in-situ nozzle
impregnation methods using conventional 3D printers to accelerate
materials development. Notably, Matsuzaki et al. improved the tensile
strength of PLA by over 400 % with addition of only 6.6 % volume
fraction (V) of carbon fibers (~42 MPa to 185.2 MPa) [36]. In PEEK
(polyetheretherketone), the addition of continuous carbon fiber rein-
forcement (V¢ ~ 40 %) increased strength to over 1100 MPa. However,
hot isostatic pressing (HIP) treatments were required to overcome the
detrimental layerwise porosity and maximize strength, which exceeded
1300 MPa after the consolidation step [37]. As defects in FFF of com-
posites such as fiber clustering and void generation appear problematic
[29,35,38] post-printing compaction pressure could serve an important
role in improving the integrity of the layer interfaces.

While the axial tensile strength of structures printed by FFF increases
with the fiber volume fraction, the reduction in matrix at the intersec-
tion of adjacent infill contours poses a challenge to the interlayer bond
strength [33,39]. Furthermore, the reduction in matrix that accom-
panies increasing fiber volume fraction exposes the fibers and raises the
potential for fiber damage. Fiber defects resulting from printing of
composite filaments with continuous fibers include breakage, wrinkling,
twisting, and misalignment from the printing mechanics [40].
Process-related fiber damage reduces the tensile strength and increases
property variability [41,42]. These undesired by-products of printing
are a fundamental challenge that cannot be reversed in post-processing
like polymer defects (such as voids/porosity). Fiber defects appear to be
inevitable with current printing technologies and underscore the need
for modifications in hardware or feedstock.

Post-processing can be adopted to consolidate the microstructure
generated by FFF, but additional post-processing steps are undesirable.
Some recent efforts have pursued the development of modified printing
systems to overcome fiber damage, and other printing-related defects,
including changes in deposition angle and others to alleviate process
related stresses [43-45]. Non-planar printing arms and rotating nozzle
systems have also been devised for FFF of composite filaments [46,47].

Apart from modifications in printing hardware, other research
groups have pursued improvements in microstructure and reduction of
printing defects through material selection or parameter optimization.
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Shuto et al. describe the beneficial changes to deposition shape, void
content, and crystallinity in FFF of carbon fiber reinforced PPS that can
be achieved via adjustments of nozzle temperature [48]. But it is not
clear that temperature alone can improve the interlayer tensile strength
sufficiently and reduce printing-related fiber damage.

This investigation explores the potential benefits of a novel filament
design for printing continuous fiber composites by FFF, which utilizes a
thin circumferential coating of matrix surrounding a core composite
filament with continuous carbon fibers. The primary objective of this
work was to evaluate the improvements in the printed axial and inter-
laminar tensile strength achieved by the new prototype design with
respect to a conventional composite filament design. Given the impor-
tance of printing parameters on shaping the material [49], the micro-
structure as well as the uniaxial and interlaminar tensile strength were
evaluated over a range of nozzle temperatures. Results achieved with
the conventional and new composite filament design were compared,
and improvements in the printed products discussed.

2. Materials and methods
2.1. Filament

Two generations of continuous carbon fiber reinforced poly-
phenylene sulfide (CF/PPS) filament designs were evaluated in this
investigation. The filaments were developed by Toray Industries, Inc.
(Tokyo, Japan) and both utilized Toray T80O0OH-6K-40B carbon fibers
and a proprietary PPS matrix. The first-generation filament, which fol-
lows a conventional design, contains a 6k CF tow and a nominal fiber
volume fraction (V¢) of 40 %, which is denoted CF/PPS. The newly
designed second-generation filament applies a secondary pultrusion
process to the first-generation filament to deposit an exterior coating (i.
e. shell) of the PPS matrix and is referred to as CF/PPS-C (Fig. 1). By
virtue of this complimentary process, there is an increase in the filament
diameter and decrease in V¢ for the CF/PPS-C relative to the conven-
tional filament as outlined in Table 1.

To evaluate the microstructure of the filaments, representative por-
tions of as-received (AR = not-printed) and printed filaments were cross-
sectioned, mounted in epoxy (Epofix, Struers, OH, USA) and then pol-
ished sequentially with a series of abrasive mesh papers (#800 to
#4000). The final steps involved using a cloth pad with alumina pol-
ishing slurries of 1 pm and then 0.1 pm particle sizes. Two optical mi-
croscopes were used to image the microstructures, including an
Olympus BX51M (Olympus Corporation, Center Valley, PA, USA)
equipped with a digital camera (1024 x 768 resolution, Olympus SC30),
as well as a Keyence digital microscope (VHX-6000, Osaka, Japan). A
commercial software (ImageJ, National Institutes of Health, USA) was
utilized for image analysis to estimate the void fraction and fiber volume
fraction (V¢) through color thresholding, as shown in Fig. 2.

2.2. Printing

A desktop printer (Prusa, Model I3 MK3S, Prague, Czech Republic)
for FFF was modified to enable printing of the composite filaments.
Specifically, the high melting temperature of the PPS required the use of
a high temperature thermocouple and temperature controller as
described in Parker et al. [49]. Printing of the filaments was conducted
using a range of nozzle temperatures, with all other parameters held
constant. Specimens for uniaxial tensile tests were printed with a bed
temperature of 90 °C, print speed of 220 mm/min, and a layer height of
0.2 mm. A standard brass nozzle with internal diameter of 1.2 mm was
used for all printing.

A 400 mm length of filament was printed onto an elongated steel
print bed, partially motorized by a secondary 3D printer to achieve the
larger printed lengths required for tensile testing. To aid in adhesion of
the printed material to the build plate, a generic hairspray was sprayed
directly onto the bed just prior to printing. Five specimens were printed
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Fig. 1. Schematic representation of the filaments developed for this investigation.

Table 1
Details of the CF/PPS and CF/PPS-C filament properties, including nominal
volume fraction and diameter.

CF/PPS CF/PPS-C
Vi [%] 40 32
Filament diameter [mm] 0.60 0.64

at each nozzle temperature of 310, 320, 330, and 340 °C for both the CF/
PPS and CF/PPS-C filaments. An additional ten specimens were printed
at 330 °C and 340 °C of both filament types and compared, for a total of
N = 15 at these two temperatures. A corresponding number of AR
specimens were cut directly from the spool in 400 mm lengths. The
larger number of samples for the two higher temperatures were neces-
sary to support an evaluation of the strength variability.

To evaluate the interlaminar tensile strength of the printed material,
rectangular specimens of approximately 3 x 4 cm and consisting of 4
layers were printed according to the print path defined in Fig. 3a. Both
the CF/PPS and CF/PPS-C specimens were printed with a layer height of
approximately 0.2 mm, for a total thickness of just under 1 mm, and with
the entire printed path consisting of continuous deposition of the fila-
ment as shown in Fig. 3b. The specimens were printed on a steel bed set
to 115 °C (to facilitate improved bed adhesion with longer print times)
with a print speed of 220 mm/min. The conventional and coated fila-
ments were printed with a pitch width of 0.8 mm and 0.9 mm, respec-
tively; the difference was necessary to accommodate the difference in
filament diameters. For a more detailed investigation, printing of these
specimens was performed at nozzle temperatures from 310 to 330 °C, at
intervals of 5 °C. The reduced range in temperatures was guided by
results of the axial testing, which suggested that printing at 340 °C was
less desirable. Printing was performed to obtain multiple CF/PPS (N = 5)
and CF/PPS-C (N = 3) specimens for each temperature. A smaller
number of specimens were produced with the coated filament due to
limitations posed by the total volume of material available.

2.3. Mechanical testing

Uniaxial tensile testing of the as-received and printed filament sec-
tions was performed using an Instron testing frame (Model E1000,
Norwood, MA, USA) equipped with a 2.5 kN load cell and custom fix-
tures as shown in Fig. 4a [49]. Both ends of the specimen were sand-
wiched between a layer of sandpaper and a small aluminum plate

secured with clamps. The gauge length was roughly 90 mm for each
sample, and a loading rate of 1 mm/min was used, for an effective strain
rate of ~0.01 s™!. Acquisition of the load and displacement was per-
formed at a rate of 1 Hz. Three measurements of diameter or width and
thickness were taken around the center of the gage length to estimate the
average diameter and cross-sectional area. The load responses were
recorded and used to determine the engineering stress and calculate the
ultimate tensile strength (UTS).

In addition to the deterministic approach to strength assessment, the
two-parameter Weibull distribution was used to further evaluate and
compare the ultimate strength measurements resulting from axial
testing of the filaments to failure. The statistical distribution in the ul-
timate load to failure was also assessed using this approach. For
strength, the probability distributions for failure are described according
to

rer-enl-6))

where P¢ represents the probability of failure at the axial stress (¢), m is
the Weibull modulus, and o, is the characteristic strength. The proba-
bility function for failure (Py) was defined according to median rank
estimate according to

@

Stress Rank — 0.3

~ Number of Samples — 0.4 )

In evaluation of the ultimate load to failure distributions, equation (1)
was defined in terms of the load at failure (L), the characteristic critical
load (L,) and the Weibull modulus (m). Fifteen tensile samples of each
printed configuration were evaluated and used in constructing the
Weibull diagrams describing the probability of failure distributions for
stress and load.

To determine the interlaminar tensile strength (ILTS), tensile tests
were performed on planar specimens of printed laminate using a Shi-
madzu universal testing machine (Autograph AGS-J, 10 kN, Kyoto,
Japan) according to the arrangement shown in Fig. 4b. The printed 4-
layer laminate specimens were bonded to aluminum tabs with di-
mensions of 15 x 20 mm with a small amount of epoxy resin adhesive
(Cemedine Hi-Super 30, Tokyo, Japan). Once the adhesive set, excess
portions of the composite specimens that exceeded the dimensions of the
tabs were removed, which were largely the edges of the printed 4-layer
laminates, including the turning points. The aluminum blocks were
introduced within the pin fixtures in the load frame (Fig. 4b) such that
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Fig. 2. Cross-sectional views of the a) CF/PPS and b) CF/PPS-C filaments with overlay of digital fiber detection. Note that the exterior matrix shell thickness in (b) is
not symmetric, which is a representative image of the worst-case distribution. The coating ranged from being completely uniform to unsymmetric.

Print Direction

a) Start

!

Pitch Width

“rerier

End

b) CF/PPS-C

1 C  e—

Fig. 3. Details of the interlaminar tensile strength specimens. a) The contin-
uous print path for a layer, and b) representative multi-layer specimens of CF/
PPS and CF/PPS-C.
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the layers were oriented perpendicular to the axis of applied force; the
specimens were loaded to failure with a loading rate of 1.0 mm/min. The
interlaminar tensile strength was calculated in terms of the ratio of
maximum force to the cross-section area of the specimens.

A one-way ANOVA was used to compare axial load and stress mea-
surements for the samples printed with the conventional and coated
filaments. The same analysis was also employed for the interlaminar
tensile strength. Significant differences were identified by a value of p <
0.05.

2.4. Microstructural analysis

Scanning electron microscopy (SEM) was performed on sacrificial
printed specimens that were prepared for uniaxial tension experiments
using a Phillips Model XL30 (Philips/FEI Company, Lausanne,
Switzerland). For both the CF/PPS and CF/PPS-C filaments, the speci-
mens were printed, and a 1 cm section was cut from approximately the
center of the strand. The extracted specimens were sputter coated with a
4 nm layer of platinum and imaged at a beam accelerating voltage of 5
kV over a range of magnifications.

For the multi-layer printed specimens of CF/PPS and CF/PPS-C, five
cross sections were prepared from randomly selected specimens and a
collection of images were acquired. Area measurements were made
through color thresholding in ImageJ, which revealed the discrete fi-
bers, voids, and overall filament according to their grayscale values. Due
to potential variations in the image analysis related to user methodology
and subjectivity, a single individual performed all the image analysis for
repeatability. The void percentage was estimated from these images
according to the ratio of the void area to the region of interest area and is
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Fig. 4. Experimental arrangements for a) uniaxial tensile testing, and b) interlaminar tensile strength testing of the printed specimens (Not to scale).

expressed according to

Void area [ym?]

Void fraction (%] = g ion area um?]

x 100 4

A method for evaluating the filament area fraction (Af) of the printed
filaments was applied to account for the deviation of the cross-section
from an ideal rectangle. The filament area fraction was then estimated
according to the ratio of the filament area to the area of an ideal rect-
angle according to

Filament area

Filament area fraction=—————
Rectangular area

()

Measurements were taken at five random sections taken from the
first layer of the CF/PPS and CF/PPS-C specimens at each nozzle
temperature.

3. Results and discussion

A prototype filament design was conceived to overcome two chal-
lenges in FFF of continuous fiber reinforced polymers, namely: i) the
process-related fiber damage that is incurred during printing filaments
with continuous fibers [41,42], and ii) the traditionally low interlaminar
tensile strength of composites with thermoplastic matrix [33,34]. Pre-
vious reported work has shown that the CF/PPS with high V¢ has higher
strength, as well as lower variability in axial strength than commercial
filaments with continuous fibers [42].

3.1. Uniaxial tensile strength

Representative stress-strain curves are presented for each filament
design in Fig. 5 for the AR condition, i.e., prior to printing, and after
being printed at 330 °C. The filaments exhibited linear-elastic behavior
to failure with strain at fracture below 1.5 %. Failure of the filaments
reflected brittle fiber-dominated behavior, as expected. The reduction in
strength due to printing is clearly apparent with respect to the AR
condition in Fig. 5.

The average ultimate tensile strength (UTS) of the CF/PPS and CF/
PPS-C filaments are presented in Table 2. Results are presented for the
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Fig. 5. Axial stress-strain responses of selected filaments in the as-received and
printed condition at 330 °C. Note the reduction in strength after printing
relative to the AR condition.
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Table 2
Average ultimate tensile strength (UTS) and ultimate load (UL) of the CF/PPS
and CF/PPS-C filaments.

UTS [MPa] UL [N]
Filament AR 310°C 340°C AR 310°C 340 °C
CF/PPS 2036 + 1851 + 1946 + 543 + 506 + 564 +
71 100 61 17 20 20
CF/PPS- 1681 + 1411 + 1300 &+ 538 + 494 + 453 +
C 40 194 179 15 74 52
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as-received (AR) condition and in the printed conditions corresponding
to the minimum and maximum nozzle temperature. In the AR condition,
the CF/PPS and CF/PPS-C filaments achieved an UTS of 2036 + 71 MPa
and 1681 + 40 MPa, respectively, which exceeds reported values for
comparable commercial composites [33,50]. The strength of both the
CF/PPS and CF/PPS-C filaments was reduced by printing, with overall
average reductions ranging from 4 to 22 %, depending on printing
temperature. The reduction in printed strength of the CF/PPS-C filament
was lower than that for the CF/PPS over the range in printing temper-
atures, with an exception at 340 °C. At that temperature there was a
marked reduction in axial strength of the CF/PPS-C, which requires
further discussion.

The distribution in UTS of the printed filaments is shown as a func-
tion of nozzle temperatures in Fig. 6a. Of note, the UTS of the printed
materials was lower than the AR state, whereas the range in UTS was
greater. The differences in UTS between the CF/PPS and CF/PPS-C were
significant at all temperatures (p < 0.05), which is expected from the
lower V¢ of the CF/PPS-C. While the UTS of the CF/PPS remained largely
constant over the range in nozzle temperature, the highest UTS (1946 +
61 MPa) resulted from printing at 340 °C. Interestingly, the highest UTS
(1579 + 35 MPa) of the CF/PPS-C resulted from printing at 330 °C, with
notable reduction in strength and greater variability with increase to
340 °C.

The lower UTS of the CF/PPS-C relative to the uncoated filament in
the unprinted condition results from the lower global fiber V¢ of the
coated filament (Table 1) and larger cross-sectional area. Due to the
consistency in number of fibers of the two filament designs, the ultimate
tensile load (UL) at failure serves as an alternate and more objective
means of comparing the material performance. The distribution in the
UL of the printed filaments is shown as a function of nozzle temperatures
in Fig. 6b. The average UL to failure of the CF/PPS and CF/PPS-C fila-
ments in the AR condition were 543 + 17 and 538 + 15 N, respectively,
which were not significantly different (p > 0.05). This consistency in the
as-received UL responses (Table 2), which depends primarily on the
carbon fiber tow, indicates that the additional processing required to
apply the matrix coating of the CF/PPS-C did not induce fiber damage.

Journal of Materials Research and Technology 37 (2025) 231-241

As evident in Fig. 6b, the UL responses for the two filament designs were
not significantly different (p > 0.05), except at 340 °C. For instance, at
330 °C the ULs were 538 N and 539 N for the CF/PPS and CF/PPS-C,
respectively, which are consistent with the values prior to printing
(Table 2). Therefore, the exterior matrix coating offers some protection
to the fibers during printing and did not decrease the strength or load to
failure.

To further understand the influence of coating and printing tem-
perature, the Weibull distribution for both the UTS and UL responses
were obtained for the CF/PPS and CF/PPS-C filaments and are presented
for printing at 330 °C and 340 °C in Fig. 6¢—d; results for the AR con-
dition are also presented for comparison. The sample size was increased
from N = 5 to N = 15 to support the Weibull statistics. Regarding
strength, there is a clear decrease in UTS and increase in its variability
for both filaments after printing. The latter is reflected by a reduction in
the Weibull modulus (i.e., the slope of the distributions) after printing.
For the CF/PPS, the Weibull modulus for the UTS in the AR condition is
32, which decreases to 11 at printing temperatures 330 and 340 °C.
Conversely, for the CF/PPS-C the modulus for the AR condition is 47,
and decreases to 35 at 330 °C and then further to 11 at 340 °C. While the
CE/PPS has a higher characteristic strength at 330 °C, the CF/PPS-C has
higher Weibull modulus indicating greater consistency and reliability.
The substantial reduction in Weibull modulus of the CF/PPS-C with
increase to 340 °C highlights its sensitivity to changes in the printing
mechanics that result from elevated temperatures.

Regarding the UL distributions for the CF/PPS and CF/PPS-C fila-
ments in Fig. 6d, prior to printing they are essentially identical, as ex-
pected, with a Weibull modulus of 33 and 36, respectively. After
printing at 330 °C, there is a reduction in the Weibull modulus with
respect to the as-received condition, decreasing to 18 and 27, respec-
tively without and with the coating. Hence, akin to the strength mea-
surements, the CF/PPS-C exhibits greater consistency in the UL to
failure. However, at 340 °C the moduli decrease further to 12 and 18,
respectively. This sharp reduction suggests that at 340 °C there is a
change in the printing mechanics that facilitated fiber damage. Addi-
tionally, by evaluating the Weibull distribution for load of the CF/PPS-C

T T 3 3 700 T T T T
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2000 s s 600
. Meemeacs i _____ {_ _____ } _____ f ___A_R. e o ke e foerrund = ::::i:::él:i'
& 1500} * * = 1 _s00f 7§ AR
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d =
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Fig. 6. Comparison of the a) UTS and b) UL as a function of nozzle temperature for the CF/PPS and CF/PPS-C filaments in the printed condition (temperature values
are slightly offset at each condition for the sake of visual clarity). Dashed lines in (a,b) represent the average property of the as-received (AR) filament (not printed).
Comparisons of the Weibull distributions for filaments in the AR and printed conditions for the ¢) UTS and d) UL.
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at 340 °C (Fig. 6d), there are substantial outliers at both ends of the
distribution, thereby suggesting multiple root causes of failure. It is
hypothesized that the increase to 340 °C decreased the PPS viscosity
such that it reduced its ability to protect the surface fibers. Damage then
occurred to the peripheral fibers and the UTS and UL were reduced
accordingly due to fiber breakage. It is also important to highlight that
the coating increased the diameter of the filaments by nearly 10 %. Since
the same nozzle diameter was used for printing both filaments, the
contact forces between the nozzle body and the CF/PPS-C filament un-
doubtedly increased, which increases the potential for damage.

3.2. Interlaminar tensile strength

Based on the marked reduction in axial strength at 340 °C, the ILTS
was evaluated over the range in printing temperature from 310 °C to
330 °C. The ILTS test format, a modified form of the Japanese Industrial
Standard K6849 and ISO 6922:1987, was key to assessing the contri-
bution of the peripheral matrix coating of the CF/PPS-C filament in a
multi-layer printed structure. The ILTS distributions for the two gener-
ations of filaments are shown over this temperature range in Fig. 7.
Overall, the maximum average ILTS was 1.55 MPa + 0.6 and resulted
from the CF/PPS-C printed at the highest temperature. The ILTS of the
coated filament increased to nearly twice that achieved by the CF/PPS
filament and represented a significant increase. Nevertheless, the overall
ILTS was modest; low interlaminar strength is a ubiquitous problem in
FFF of thermoplastics [51]. As filaments with continuous fiber re-
inforcements have even less matrix for interlayer bonding, they are
incredibly susceptible to this phenomenon. It is important to highlight
that the ILTS values obtained here are comparable with those reported
for other continuous fiber composites produced by FFF [33,52]. Despite
the increase achieved with matrix coating, the ILTS is only a fraction of
the PPS tensile strength, which is roughly 61 MPa as obtained through
printing of tensile bars (N = 4).

The ILTS responses for both the CF/PPS and CF/PPS-C filaments
exhibited convex distributions over the printed temperature range; the
highest values were obtained at the maximum temperature. The dif-
ferences between CF/PPS and CF/PPS-C are statistically significant
across the entire temperature range. The variability in ILTS, especially,
in CF/PPS-C, reflects that filament printability is sensitive to small

I 1 I

® CF/PPS
W CF/PPS-C

2.5

20

1.5

10 1

¢

1
310 320 330
Nozzle Temp (°C)

ILTS (MPa)

0.5

300 340

Fig. 7. Interlaminar tensile strength (ILTS) of the CF/PPS and CF/PPS-C fila-
ments after printing as a function of nozzle temperature.
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changes in temperature, which was also observed in the uniaxial results
in Fig. 6a-b. The comparatively large deviation in the CF/PPS-C at
325-330 °C could be due to the removal of excess matrix from the
trailing edge of the filament through contact with the nozzle interior
edge, which reduces the matrix available for interlayer bonding. Of note,
Seon et al. applied this method of interlaminar testing and commented
that while valuable, there are challenges related to its sensitivity to
manufacturing defects such as voids/porosity, etc. [51]. Clearly the
matrix coating applied to the CF/PPS-C was helpful. However, the
additional matrix was not sufficient to produce a fully contiguous and
well-integrated interface that is resistant to defects, and continued ef-
forts to increase interlaminar bonding are needed.

3.3. Printed filament characteristics

Results for the axial and interlaminar strength measurements
exhibited an undesirable degree of variation. Hence, the printed fila-
ments were evaluated using both optical and scanning electron micro-
scopy to assess potential contributions to the variations. A comparison of
the printed CF/PPS and CF/PPS-C filaments is shown in Fig. 8 from two
perspectives. Specifically, representative segments of the top and bot-
tom faces of the filaments are shown in Fig. 8a and c, and Fig. 8b and d,
respectively. The full width of the printed filament is shown in these
frames and the bottom surface refers to that contacting the build plate or
previously printed layer. In each filament, a portion of carbon fibers is
fully exposed on the top surface, whereas the bottom surface is largely
covered with a thin layer of PPS matrix, albeit some fibers are still
visible. A few fractured fibers are exposed and visible at the sides of the
specimens. Akin to features of the uncoated filament, the top surface of
the printed CF/PPS-C exhibits exposed fibers with limited matrix
(Fig. 8c). In comparison, the extent of matrix on the bottom surface of
the coated filament appears thicker (Fig. 8d) than for the uncoated
filament (Fig. 8b). There is also a larger deposit of PPS on the sides of the
specimens, which is most apparent on the top surface of the CF/PPS-C in
Fig. 8c. Regardless of these observations, an evaluation of the printed
CF/PPS-C showed no evidence of an interface between the filament core
and shell; the filament appeared as a single cohesive unit, with no
cracking or interfacial voids.

It appears that concentrated shear contact between the filament and
nozzle removed matrix from the top surface (i.e. the trailing edge),
which exposed fibers to damage. This can also be seen in Fig. 3b, where
the added matrix is inconsistently spread on the surface and pooled at
the turning points. Regardless of printing temperature, exposed carbon
fibers are evident on the printed surface of both CF/PPS and CF/PPS-C
that are not aligned with the filament and exhibit some degree of
waviness.

3.4. Voids and area faction in multi-layer printing

To further understand the ILTS results, the void and fiber area frac-
tions were evaluated from sectioned multi-layer specimens. Visible de-
fects in the microstructure are believed to arise from: i) the high stiffness
of the reinforced filament with limited matrix that does not readily
conform well to the previous layer, ii) the stochastic nature of rein-
forcement distribution at deposition, and iii) the limited matrix to fill
gaps. A representative cross-section of a specimen printed with CF/PPS
filament at 315 °C is shown in Fig. 9a. The cross-section reveals multiple
large voids along the layer interfaces as highlighted, in addition to many
small voids. Based on the overall shape of the individual layers there are
substantial irregularities that are apparent over the range in tempera-
tures. In some cases, small bundles of carbon fibers are dislodged from
the main print body, as seen at the top of the sample in Fig. 9b. At
330 °C, voids of similar size and shape are evident in the printed spec-
imens of both filaments (Fig. 9c—-d). While large voids are observed in
the CF/PPS-C specimens at all temperatures, they appear to be less
irregular in shape than those produced in printing the CF/PPS filament.



M. Parker et al.

Exposed fibers

Journal of Materials Research and Technology 37 (2025) 231-241

Bottom

Printing direction
—p

Fig. 8. SEM views of the top surface and bottom surface of CF/PPS and CF/PPS-C filaments printed at 320 °C. a,b) top and bottom surfaces of the printed CF/PPS
filament, respectively. c,d) Top and bottom surfaces of the printed CF/PPS-C filament, respectively. The bottom surface contacts the print bed after exiting the nozzle

and the top surface is exposed for the next layer.

C@33

v o

Fig. 9. Evaluation of the void characteristics and their distribution in CF/PPS at a) 315 °C and c) 330 °C and for the CF/PPS-C at b) 310 °C and d) 330 °C.

Overall, the CF/PPS printed materials appear to have more interlayer
defects relative to the CF/PPS-C. The PPS crystallinity is sensitive to rate
of heating and cooling [53,54], which could contribute to bonding be-
tween the layers and resulting mechanical properties. Therefore, iden-
tifying the ideal print temperature should be performed and take into
consideration the thermal behavior of both the matrix and reinforce-
ment, to maximize interlayer adhesion. Nevertheless, the major contri-
bution to the weak interlaminar strength is the large voids present at the
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layer interface (Fig. 9).

The relationship between nozzle temperature and void characteris-
tics are shown in Fig. 10. As shown in Fig. 10a, the average void area
fraction ranged from roughly 5-8 % for both filaments. There is no
distinct trend between the void content and nozzle temperature. Sur-
prisingly, there was no significant difference between the CF/PPS and -C
filaments (p > 0.05). Yet, the lowest void content overall was achieved
by the CF/PPS-C filament printed at the intermediate temperatures. The
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Fig. 10. Detailed measures of the a) void ratio and b) transverse void length in the CF/PPS and CF/PPS-C materials, as a function of nozzle temperature.

average void length measurements at the interface range from roughly
250 to over 600 pm (Fig. 10b) and are significantly different (p < 0.05)
at all temperatures. In comparing void lengths, the laminates printed
with the CF/PPS-C filaments had shorter lengths overall, with range
from 250 to 350 pm. Clearly, the additional coating of the CF/PPS-C
provided more interfacial contact and reduced void length as seen in
Fig. 10a. Nevertheless, the matrix coating was insufficient to overcome
the stochastic aspect of reinforcement and laminate layer surface
topography. Further improvements of the interlaminar strength in
printing of continuous fiber composites will require control of this
aspect of the microstructure. Adding more matrix coating could be a
solution, but at the cost of lower V¢ and apparent axial strength.

The deposited filament was evaluated in terms of the filament area
fraction (Af) as shown in Fig. 11a, which represents a measure of ge-
ometry with respect to an ideal rectangular deposition. The area fraction
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Fig. 11. Printed filament area fraction measurements. a) Definitions of area
used in estimating the filament area fraction, and b) area fraction distribution
as a function of printing temperature in CF/PPS and CF/PPS-C.

distribution of the printed filament in terms of the printing temperature
is shown in Fig. 11b. Interestingly, both filaments exhibit the largest
values of Af at 310 °C and 330 °C, and the smallest value at the inter-
mediate temperatures. Overall, the printed CF/PPS-C filament has larger
Ag, or a more ideal deposition shape than that for the CF/PPS at all
temperatures. Furthermore, a comparison of the ILTS in Fig. 7 with the
Arin Fig. 11 show that the ILTS is highly correlated with the A¢and that
the strength increased with area fraction. The correlation coefficients
between A¢ and the ILTS are 0.96 and 0.91 for the for CF/PPS and CF/
PPS-C filaments, respectively. Thus, printing temperature controlled
the deposited shape of the filament, which contributed to the area
fraction and strength. The larger area fraction of the CF/PPS-C filament
is a principal contributor to the higher ILTS of that material. When
printing larger multilayer structures, the shape, size, and location of the
voids are all contributors. Longer void lengths are more likely to facil-
itate delamination, leading to lower strength in the direction of the plate
thickness. And while smaller interfacial voids are less likely to influence
the interlaminar strength, they can influence other properties, especially
under cyclic loading.

Results of this investigation have shown that a simple modification of
the conventional filament design could help improve the commercial
potential for FFF of continuous fiber composites. Through fundamental
mechanical testing and microstructural evaluation, an important aspect
of process mechanics related to printing temperature was elucidated,
and an optimum of 330 °C was identified. Results showed that the new
filament design with exterior coating has potential to improve the
printed material durability, but that printing temperature must be
tightly controlled. While the ILTS was improved by 2X, it remains much
lower than desired. A key question remains: how could changes to the
printer hardware or the filament design promote a higher quality and
stronger interface? Future efforts should be focused on evaluating the
printed layer topography to reveal deviations from uniformity, and
micro-computed tomography to examine and further quantify interfa-
cial voids. Additional methods of structural evaluation could be useful,
including flexural tests and interlaminar shear testing to help better
understand the influence of interfacial morphology on the microstruc-
ture and resulting mechanical properties.

There are additional limitations to the study that should be consid-
ered. For instance, the nozzle geometry was not adjusted for the larger
diameter of the CF/PPS-C filaments and could have contribute to
removal of the surface matrix during printing. Additional aspects of
nozzle geometry and printing parameters could be explored to adjust the
nozzle/filament contact and ironing pressure applied to the deposited
filament by the nozzle. Lastly, the matrix coating of the prototype CF/
PPS-C filament was not consistently symmetric (Fig. 2), and only a
single matrix coating thickness was used. The importance of these fac-
tors and potential improvements should be explored in future studies.
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4. Conclusion

An experimental investigation was performed to evaluate the print-
ability of a new filament design for Fused Filament Fabrication (FFF) of
continuous fiber composites. The new design consists of a conventional
core of carbon fibers and polyphenylene sulfide matrix (CF/PPS) with
complimentary exterior matrix coating (CF/PPS-C). This design was
conceived to reduce fiber damage and increase both the axial and
interlaminar tensile strength (ILTS) of the printed material. The
strengths were evaluated over printing temperatures that ranged from
310 to 340 °C. Results showed that the exterior matrix skirt served to
protect the fibers, as well as improve the interface bonding strength
between layers due to the increased matrix content. Weibull statistics
showed that the coating (CF/PPS-C) improved the axial properties
through reduced fiber damage, with reliability approaching that of the
as-received (unprinted) condition. The coating also nearly doubled the
ILTS. However, the new design underwent a significant decrease in
tensile strength at the highest temperature (340 °C) due to the reduction
in matrix viscosity and loss of fiber protection. Overall, the results show
that the addition of an exterior matrix skirt can increase the strength and
reliability of components produced by FFF with continuous fiber com-
posites. However, surface damage to the fibers and interfacial voids
between layers are prevailing issues in printing filaments with high
volume fraction fibers, and will require further effort to overcome.
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