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HIGHLIGHTS

« Fused filament fabrication was
performed on commercial and
experimental filaments with
continuous fibers.

« The strength of printed carbon fiber
filament decreased from 10% to over
60%, with no correlation to fiber
volume fraction.

« For the commercial filaments, those
reinforced with Kevlar fibers
underwent less degradation than
with carbon fibers.

« Fibers near the filament surface
incurred damage during printing that
facilitates fiber fracture at extrusion.

« Damage to the filament and the
reduction in reliability depends on
material selection, process settings
and hardware.
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ABSTRACT

Additive manufacturing (AM) of polymer composites with continuous fibers could play a major role in
the future of aerospace and beyond but will require printed materials to achieve new levels of reliability.
This study characterized the strength distribution of selected thermoplastic matrix composites as a func-
tion of printing via fused filament fabrication (FFF). Experimental and commercial composite filaments of
continuous carbon or Kevlar fibers were printed with volume fraction (V) ranging from approximately 28
to 56 %. The strength was evaluated under uniaxial tension after specific stages of printing and Weibull
statistics were applied to characterize the strength distribution. There was a significant reduction in
strength of the printed material with respect to the unprinted condition, regardless of reinforcement
type, fiber volume fraction or printer used. Damage introduced by feed extrusion of the filament, and
fiber failures induced at material deposition were most detrimental. For carbon fiber filaments, the reduc-
tion ranged from approximately 10 % for an experimental material to over 60 % for a commercial filament.
There was no correlation in the strength degradation or variability with Vi The prevention of

Abbreviations: AM, Additive manufacturing; CCF, Continuous carbon fiber; FFF, Fused filament fabrication; PA, Polyamide; PPS, Polyphenylene sulfide; UTS, Ultimate

tensile strength.
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process-related fiber damage is key to advancing AM for continuous fiber composite and application to
designs intended for stress-critical applications.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Additive manufacturing (AM) of composite materials is an area
of incredible opportunity. The high strength-to-weight ratio of
composites, combined with the various advantages of AM includ-
ing light-weighting, nearly unlimited complexity, and low materi-
als waste makes the prospects for advancing the design and
performance of structures almost unlimited. Applications for AM
of composites are envisioned from sea to sky, as well as in space
exploration [1,2].

In comparison to the rapid advancements in AM of monolithic
polymers and metals, the growth in 3D printing methods for fiber
reinforced composites has been slow. In fact, a unique or “dedi-
cated” method for printing composite materials is not available.
Rather, techniques developed for specific classes of monolithic
materials are typically adapted to accommodate materials with
reinforcement. For instance, fused filament fabrication (FFF), a
method traditionally used for printing of monolithic thermoplas-
tics, is now commonly used for AM of composites [3]. The FFF pro-
cess has become widespread and sought for the development of
prototypes as well as the production of near-net and net-shape
polymer components. Applied to composites, FFF can manufacture
components without tooling and reduces the need for significant
post-mold-processing, thereby overcoming drawbacks associated
with thermoset matrices [4-6]. Admittedly, the FFF process is cur-
rently limited by speed and the size of printable structure. Never-
theless, it fulfills a particular niche in size and materials that other
AM processes are unable to compete with.

In FFF, filaments with a thermoplastic matrix are heated above
the melting temperature of the polymer, extruded through a noz-
zle, and deposited in a layer-by-layer process according to a com-
puter aided design of the part geometry [4,7-9]. There are some
challenges in FFF that are ubiquitous across materials, including
the interior interlayer strength, the presence of voids in the printed
components and the complications to developing new reliable fil-
aments [4,10,11]. Regarding FFF with composite filaments, Bren-
ken et al. [3] reviewed studies that explore printing materials
with discontinuous and continuous fibers. One advantage of FFF
with respect to other AM methods [12] is that short discontinuous
fibers are aligned via extrusion, which enhances the material
strength and stiffness [13,14]. FFF of composites with continuous
fibers could yield superior strength to those with short fiber rein-
forcement due to the greater degree of shear coupling and load-
carrying borne by the reinforcement.

Tian et al. [15], recently reviewed the developments in 3D print-
ing of continuous fiber composites and highlighted innovations in
materials and structural designs. There are special challenges to
FFF of continuous fiber composites including the need for intelli-
gent tool path design, intrinsic limitations in the process capabili-
ties [15], and unique printing-related defects [16]. Commercial
printers have been developed for printing continuous fiber com-
posites by FFF [9,11,13,17]. However, damage introduced during
the printing process is concerning. Hu et al. [ 18] were first to quan-
tify the strength degradation in FFF of a commercial filament of
polyamide (PA) reinforced with continuous carbon fibers (CCF).
They reported that the tensile strength of the printed filament
was 60 % lower than that of the unprinted condition. Based on a
methodical evaluation, the largest degree of damage was identified

in the final stage of printing, i.e., as the filament is deposited onto
the printer bed or previous layer. While highly novel, this study
was limited to one filament system and one commercial printer.
Meanwhile, Zhang et al. [19] examined the forces acting on the fil-
ament in printing of a CCF composite (V¢ = 27 %) in matrix of poly-
lactic acid. They found that void formation, strength, surface
quality and dimensional accuracy depended on a competition
between the ironing and traction forces.

A limitation to most studies involving FFF of filaments with con-
tinuous fibers is their low fiber volume fraction (V¢ < 30 %). How-
ever, a recent study reported success in FFF of experimental
filaments consisting of continuous carbon fibers with higher V¢
(30 to 50 %) [20]. Another effort involving pultrusion of a commin-
gled carbon fiber/nylon fiber tow achieved volume fractions of 44—
47 % [21]. These new composites for FFF with higher V¢ could
achieve superior levels of performance, provided that printing-
related fiber damage can be overcome. Understanding the vari-
ables contributing to printing damage is key.

In this investigation, FFF of continuous fiber composites was
conducted with both commercial and experimental filaments to
evaluate process damage and degradation in the mechanical prop-
erties with respect to the filament structure and specific stages of
the printing process. The primary objectives were to: i) character-
ize the strength and its variability in FFF of composite filaments
with continuous fibers over an extended range of Vi, ii) compare
results for printing commercial filaments with continuous fibers
of carbon and Kevlar, and iii) identify the mechanisms of degrada-
tion contributing to the reduction in strength and reliability of
these materials printed by FFF. With respect to previous studies
in this area, the present investigation makes a fundamental contri-
bution to understanding FFF of continuous fiber composites. It is
the first to report on the mechanical properties achieved in print-
ing filaments reaching 50 % V¢, to consider the importance of fiber
type on printing-related damage and strength distribution, and to
address whether the damage incurred during printing is printer-
and hardware-dependent. The results support an identification of
the changes needed to reduce damage and increase material relia-
bility, which will be key to optimizing the process and to enable
scaling to produce composite structures with confidence.

2. Materials and methods

The principal material system used in this investigation con-
sisted of prototype filaments for FFF produced by Toray (Toray
Industries, Inc, Japan). These filaments contain a tow of aerospace
grade continuous carbon fibers (CCF) embedded within a matrix of
polyphenylene sulfide (PPS). Additional details regarding the fiber
type and the grade of PPS are proprietary. Two different CCF/PPS
filaments were included in this effort, which are denoted here as
T-40 and T-50, according to their nominal V¢ of 40 % and 50 %,
respectively; their exact volume fractions estimated using image
analysis are 43.5 % and 48.7 %. Both filaments consisted of a single
tow of 6 k fibers and the same fiber type. The diameters of the T-40
and T-50filaments are 0.58 mm and 0.56 mm, respectively.

Two additional commercial material systems were also evalu-
ated, including filaments of CCF and continuous Kevlar fibers, each
within a PA matrix. The two systems were acquired from Mark-
forged (Markforged, Inc, Watertown, MA, USA), and are referred
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to here as MF-CF and MF-K, respectively. The MF-CF possesses a
diameter of 0.4 mm and V¢ of approximately 28 %, whereas the
MF-K has a diameter equal to 0.34 mm and an estimated V¢ of
56 %. These materials were utilized as a source of comparison to
the experimental filaments produced by Toray and to provide
broader understanding of relationships between the reinforcement
and printing damage that ensues. Results obtained for the MF-CF
served as a source of comparison with those in Hu et al. [18].

Two different printer systems were used for FFF. The first sys-
tem consisted of a modified desktop printer (Prusa, Model I3
MK3S, Prague, Czech Republic). Specific modifications include
replacement of the metal rollers of the extruder assembly with a
polyurethane drive roller, a secondary rubber roller and installa-
tion of polytetrafluoroethylene (PTFE) tubing to guide the filament
from the extruder rollers to the nozzle assembly (Bowden assem-
bly). A brass nozzle with a 1.2 mm diameter was implemented.
The appropriate conditions for printing of the experimental CCF/
PPS were described in previous work [20], along with a detailed
description of the printer modifications. The Prusa printer was
used to print all four filaments, including the T-40, T-50, MF-CF
and MF-K. Printing of the CCF/PPS was conducted using a nozzle
temp of 340 °C and with a layer height of 0.2 mm. The MF-CF
and MF-K filaments were printed with the Prusa system at
250 °C and 270 °C, respectively, and with a layer height of
0.2 mm to maintain consistency. All filaments were extruded at a
rate equal to the feed rate to preclude clogging or breakage of
the filament. In addition to the modified Prusa printer, a commer-
cial Mark Two 3D printer was used (Markforged, Inc, Watertown,
MA, USA). The latter was used for printing the MF-CF and MF-K fil-
aments only due to restrictions of the warranty. The system is sup-
plied with a 0.9 mm diameter brass nozzle for continuous fiber
extrusion. The layer height used for printing with the Mark Two
printer was adjusted as necessary for the individual filaments.

Damage to the filament that resulted from printing was of pri-
mary interest in this investigation, as well as the reduction in
strength with respect to the unprinted, or “as-received” condition.
To understand the progression of filament damage as it undergoes
printing, the material flow within the Prusa printer was divided
into four stages including: i) the as-received condition (Stage 1);
ii) after passing through the extruder rollers but prior to heating
(Stage 2); iii) after passing through the extruder rollers and the
heated nozzle (Stage 3); after completing the previous stages and
being deposited onto the heated print bed (Stage 4). These stages
were adopted from the recent investigation of Hu et al. [18] in
printing MF-CF via FFF and are applied here for consistency. Due
to restrictions of the Markforged warranty, it was not possible to
intervene during printing and extract portions of the filament from
Stage 2 and Stage 3. Therefore, printing with the Mark Two was
restricted to Stage 1 and Stage 4. The printers and a breakdown
of the individual stages of printing are depicted in Fig. 1.

To understand contributions of processing to damage, the
microstructure of the filaments was evaluated in the as-received (un-
printed) and printed condition. Sections of each filament were
mounted in a two-part epoxy and polished according to a traditional
process involving silicon carbide abrasive papers from mesh number
#800 to #4000, followed by final polishing accomplished with felt
pad and alumina particle suspensions with particle size from 3 to
0.3 pm. Optical microscopy was performed with an Olympus Model
BX51M (Olympus Corporation, Center Valley, PA, USA) and an Olym-
pus SC30 camera (1024 x 768 resolution). Scanning electron micro-
scopy (SEM) of selected samples was conducted before and after
mechanical testing using a Phillips Model XL30 (Philips/FEI Company,
Lausanne, Switzerland). The samples were sputtered with a 4 nm
layer of platinum and imaged at a beam accelerating voltage of 5 kV.

Sections of filaments were printed with length of approximately
400 mm using the Markforged and Prusa printers to enable
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mechanical testing. While the Mark Two is capable of printing sec-
tions of that length, the Prusa printer is limited to approximately
250 mm. To print longer lengths, two Prusa printers were placed
in series, and a steel print bed spanned the total distance of the
two printers. The second printer allowed for longer controlled
movements of the new print bed, which extended past its original
position and enabled uniaxial testing of printed samples to be
directly compared to the other printing stages.

Tensile testing was performed on axial sections of each filament
for the four different stages. For Stage 1, samples were cut directly
from the spool. Stage 2 and 3 samples were only prepared using
the Prusa printer. For Stage 2, the filaments were run through
the extruder rollers and then cut to length. For Stage 3, the base
of the print bed was removed to enable the filament to be extruded
in continuous vertical sections from the nozzle. In Stage 4, all sam-
ples on the Prusa printer were printed on a steel bed. On the Mark
Two, Stage 4 samples were printed at conditions prescribed by the
Eiger software settings for the respective filaments (i.e., MF-CF:
255 °C and 0.125 mm layer height; MF-K: 260 °C and 0.1 mm layer
height). The Eiger software of the Markforged printer requires that
the printing of the filament with continuous fibers is performed on
top of a previous layer of Onyx or neat polyamide. To achieve a sec-
tion of printed CCF that is isolated from other layers, a rectangular
base layer of onyx was printed, and then a layer of masking tape
was placed over the top. A single contour of the chosen reinforced
filament was then printed on top of the masking tape. That process
enabled the printed filament with continuous fibers to be lifted
from the tape with ease and ensured that testing of the printed fil-
ament did not involve extra material or damage introduced by
separation.

Tensile testing of the filaments was performed using a commer-
cial universal testing frame (Model E1000, Instron Corporation,
Norwood, MA, USA) that was equipped with a set of specialized fix-
tures for axial testing of filaments [20]. The sample ends were
sandwiched between sandpaper and an aluminum plate, which
was clamped to the fixtures via a small metal C-clamp. Loading
was conducted in displacement control at a rate of 1 mm/min,
resulting in a strain rate of approximately 0.01 s~!. The instanta-
neous load and displacement were acquired continuously at a rate
of 5 kHz. The engineering stress was estimated according to the
cross-sectional area, which was calculated from an average of 3
measurements taken within the gauge section over approximately
a 90 mm length. The measurements consisted of diameters for
Stages 1 through 3 and width and thickness for Stage 4. The ulti-
mate tensile strength (UTS) was obtained from the maximum load
and average cross-section area. Only samples that failed within the
gauge length were considered valid and results from other failures
were discarded. There was no correlation in specimen failure char-
acteristics based on specimen or printer type. A total of n = 15 sam-
ples were successfully tested for each stage of printing with each of
the printer systems, resulting in 270 samples in total. The average
and standard deviation of the UTS for each stage and material were
obtained. Furthermore, a repeated measures t-test was utilized to
compare the strength of the samples across the printing stages.
Significance was defined by p < 0.05. A two-parameter Weibull
analysis was performed with the strengths according to:

P(a) =1 —exp<—<£>>m (1)

where P(c) represents the probability of failure at the axial stress
(o), m is the Weibull modulus, and o, is the characteristic strength.
The probability function for failure (Pf) was defined according to:

Py = In(in( ) @

where P was defined using the median rank according to
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Fig. 1. Overview of utilized desktop printers. (a) Diagram of isolated printing stages for (b) altered Prusa I3 MK3S+ (top) with mounted rubber-wheeled extruder (bottom)
and (c) commercial Markforged Mark Two printer (top) with dual metal extruders (bottom).

. Stress Rank — 0.3
Median Rank = P = Number of Samples — 0.4 (3)

The Weibull parameters were obtained for each material and
printer, and for each of the individual stages of material advance-
ment (1 to 4) that were explored. A comparison of the Weibull
parameters was performed to better understand the distribution
in strength and contributions to its variability.

3. Results

The microstructure of the filaments in the as-received condition
(i.e., Stage 1) is shown in Fig. 2. As evident from this figure, the
fibers in the MF-CF and MF-K filaments shown in Fig. 2a and 2b,
respectively, are less uniformly distributed than those in the T-40
and T-50 filaments in Fig. 2c and 2d. The filament with the most
uniform fiber distribution and volume fraction is the T-50 filament.
In general, the filaments with lower nominal fiber volume fraction
(i.e., MF-CF and T-40) exhibit isolated regions that are matrix rich.

The microstructure of selected filaments after printing (i.e.,
Stage 4) is shown in Fig. 3. Due to ironing of the heated filament
by the nozzle onto the print bed, printing transforms the filament
from a circular cross section in the as-received condition to roughly
a rectangular cross-section. Based on the microstructure analysis,
both systems have a void content less than 2 %. Furthermore, there
was no damage evident in the individual fibers from this perspec-
tive of the analysis. Of the two printed filaments shown in Fig. 3,
the T-50 (Fig. 3b) exhibits the most uniform distribution of carbon
fibers after printing. Nevertheless, it is important to note that it
does have a rougher top surface as a result of peripheral fibers.

Results for the average UTS of the four filament systems are
shown in Fig. 4 and correspond to the stages of material advance-
ment through the printer. Specifically, Fig. 4a presents results for
the T-40 and T-50 filaments printed on the Prusa printer. These
two filaments exhibited an average UTS in Stage 1 (unprinted) of
1845 + 175 MPa and 2035 + 70 MPa, respectively. There is a
decrease in strength that occurs to both filaments from Stage 1
to 4 as evident from the distributions. The T-50 underwent a signif-
icant decrease in strength in Stages 3 and 4 with respect to Stage 1.
The T-40 also underwent a reduction in UTS, with significant

reduction at all stages with respect to Stage 1. However, the incre-
mental reductions in strength for the T-40 from Stages 2 to 4 were
not significantly different. For the T-50 filament, the incremental
reduction in strength was only significant from Stage 2 to 3. A
detailed analysis of the statistical measures can be found in
Table S1-S4 of the Supplemental Information (SI).

Results for the MF-CF and MF-K filaments are presented in
Fig. 4b and 4c, respectively. The average UTS of the MF-CF and
MF-K filaments in Stage 1 (unprinted) are 1410 + 150 MPa and
875 + 40 MPa, respectively. Consistent with the responses in
Fig. 4a, there is a degradation in strength with progressive stages
of the printing process. Most notable for the MF-CF filament, there
is a significant reduction in the UTS for each incremental stage of
material advancement. For the MF-K filament the incremental
reduction in strength is only significant for Stages 2 to 3 and 3 to
4, Also evident in Fig. 4, the UTS was significantly lower for the fil-
aments processed using the Markforged printer relative to the
Prusa system. Hence, there are contributions from the hardware
to the degree of degradation and reduction in strength.

A summary of the strength measurements for each stage is pre-
sented in Table 1, along with estimates for the total degradation
that accumulated from Stage 1 to Stage 4. These results are catego-
rized in terms of the material, printer, and the individual stages of
the process. A comparison of the values in this manner shows that
all filaments underwent a reduction in strength over the four
stages of printing and that the overall degradation in strength from
Stage 1 to Stage 4 ranged from ~10 % to over 60 %. For instance, the
T-50 underwent a 5 % and 20 % loss after Stages 2 and 3 with
respect to the unprinted condition (Stage 1), and a total reduction
of 21 % after Stage 4. In contrast, the T-40 filament underwent an
8 % reduction in strength from Stage 1 to Stage 2 but did not
undergo further degradation through Stage 3 and Stage 4; the total
reduction in strength of the T-40 filament after Stage 4 was 8 %. As
evident from the summary of degradation estimates in Table 1, the
experimental CCF/PPS filaments underwent less degradation in
strength with respect to the unprinted condition than the commer-
cial filaments.

Analogous to the T-40 and T-50, the MF-CF and MF-K filaments
underwent a decrease in strength after each stage of printing with
the Prusa printer (Table 1). The largest reduction occurred to the
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Fig. 2. As-received microstructure for (a) MF-CF, (b) MF-K, (c) T-40, (d) T-50, noting the higher void percentage in MF-CF and the differing individual fiber radii between
Markforged and Toray.

Fig. 3. Printed microstructure for (a) MF-CF and (b) T-50 where the bottom of the micrograph was the surface in contact with the heated print bed.
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Fig. 4. Comparison of uniaxial ultimate tensile strength between filaments as a function of the isolated printing steps for a) T-40 and T-50 tested on the Prusa MK3S+, b) MF-
CF, and ¢) MF-K. 4-P and 4-M denote if the samples were printed on the Prusa or Markforged printers, respectively. * Denotes significance (p-value less than 0.05) from as-
received condition.

Table 1

Average ultimate tensile strength along with standard deviation for each filament, including total strength reduction from the as-received condition.
Material/ Printer MF - Carbon Fiber MF - Kevlar Fiber Toray - Carbon Fiber

Prusa MF Prusa MF T40 T50
Stage 1 1410 £ 150 1410 £ 150 875+ 40 875 + 40 1845 £ 175 2035 +70
Stage 2 1215+ 70 - 855 + 60 - 1690 + 220 1940 + 250
Stage 3 960 + 120 - 710 £ 65 - 1685 + 120 1630 = 260
Stage 4 & 725 + 240 540 + 55 600 + 55 510 + 45 1700 * 165 1600 + 125
Strength Reduction 48 % | 62% | 31% | 42°% | 8% | 21% |

filament with carbon reinforcement and after Stage 4, for a total in printed strength was lower but exceeded 30 %. Interestingly,
reduction of nearly 50 %. For the Kevlar filament the degradation the degradation in strength of the MF-CF and MF-K materials
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Fig. 5. 2-parameter Weibull analysis for the printing stages investigated of each filament system where a higher slope with a closely linear fit denotes a higher material

reliability with single failure mode.

was more extensive when printed with the Mark Two printer, by
approximately 100-200 MPa, or roughly 10 %. Indeed, the MF-CF
and MF-K fiber filaments underwent total reductions (from Stage
1to4)of 62 % and 42 %, respectively, after printing on the commer-
cial printer. Although the lowest standard deviation in strength of
the two commercial filaments was exhibited by the Kevlar fiber fil-
ament, regardless of the printer used, the coefficient of variation in
strength for the Carbon and Kevlar fiber filaments were approxi-
mately equal, with average of approximately 10 %.

The Weibull distributions for the estimated UTS are presented
in Fig. 5 as a function of the stage and printer utilized. The corre-
sponding Weibull moduli associated with the strength distribu-
tions are presented in Table 2. Fig. 5a and 5b show the Weibull
distributions for the T-40 and T-50 filaments, respectively. Both fil-
aments undergo a large reduction in Weibull modulus and charac-
teristic strength in Stage 2 with respect to the unprinted condition,
which signifies a reduction in strength and an increase in its vari-
ability. Comparing the T-40 and T-50 responses, the reduction in
strength with advancement through the stages is greater for the
T-50 material, which is evident from the greater translation left-
ward in the distributions in Fig. 5b. The degree of variability asso-
ciated with each stage is comparable apart from T-50 in the as-
received condition. That filament exhibited the highest Weibull
modulus (32.1) in Stage 1 but underwent a substantial decrease
after passing through the extruder and nozzle in subsequent
stages.

Table 2

Reported Weibull modulus for each filament grouping.
materials MF-CF MF-K T-40 T-50
Stage 1 9.4 26.1 114 321
Stage 2 194 16 7.8 7.9
Stage 3 8.9 115 15.5 5.8
Stage 4-P 3.1 12.6 11.5 145
Stage 4-M 10.8 124

Fig. 5c and 5d present the results corresponding to the four
stages of printing with the Prusa printer, as well as for Stage 4 with
the MF printer, for the MK-CF and MK-K, respectively. There is a
clear reduction in strength and increase in variability that results
from advancement of the filament through the various stages of
printing. In general, the largest modulus occurs in the as-
received condition, signifying the least variability, and decreases
with advancement of the filament through the stages of printing,
excluding Stage 2 (extruder only). Although the samples printed
with the Prusa system have a larger degree of variability in UTS,
the average strength exceeds that obtained for material printed
with the Mark 2. Interestingly, the strength distribution for the
MF-K filament exhibits the highest modulus (m = 26.1) of the com-
mercial filaments in the unprinted condition. Nevertheless, there is
a consistent decrease in Weibull modulus to roughly 12 for the
printed MF-K samples obtained from both the Prusa and Mark 2
systems, which signifies an increase in the variability of printed
strength.

A combination of optical microcopy and scanning electron
microscopy (SEM) were used to inspect the filaments for damage
introduced during the various stages of printing. Fig. 6 shows
images obtained from optical microscopy of the T-50. Similar
images for the MF-CF can be seen in Fig S1 in the SI. In general,
there was no difference in the characteristics of these two fila-
ments as they passed through the various stages of printing. In
the as-received condition, the filaments exhibited smooth surfaces
with no apparent defects. After Stage 2 and 3 some broken fibers
and/or bundles of fibers are evident on the surface of the filament,
as highlighted for the T-50 in Fig. 6b and 6c¢. Fiber waviness is evi-
dent on the macroscale in Fig. 6d, resulting in several bundles of
fibers that have been separated from the main body. There are also
areas on the surface with less matrix coverage or where it has been
completely removed.

Fig. 7 presents SEM images of the T-50 filament taken at various
stages of material advancement and with concentration on the
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T-50
Filament

Individual
CF

Fig. 7. SEM Images of T-50 at (a,b) Stage 1 showing fibers completely covered in PPS matrix, (c,d) Stage 3 where the matrix has been sheared off exposing fibers, and (e,f)

Stage 4 where individual and fiber bundles are fully broken and exposed.

peripheral fibers. In Stage 1 (Fig. 7a-b) there is no evidence of sur-
face damage, and the PPS matrix appears intact. At Stage 3 (Fig. 7c-
d) there is evidence that the matrix has been disrupted, exposing
carbon fibers near the surface. Damage becomes more evident at
Stage 4 (Fig. 7e-f) where fibers are uncovered and have undergone
fracture. An isolated broken carbon fiber is shown in Fig. 7f, which
is still secured to the filament by the PPS matrix. The PPS appears
to have encased the fractured fiber while the matrix was heated.
These observations highlight fiber damage within the printed fila-
ment, that undoubtedly contribute to the reduction in tensile
strength.

4. Discussion
The tensile strength of the experimental filaments with contin-

uous carbon fibers exceeds the values previously reported for fila-
ments with discontinuous and continuous fibers [3,4]. Specifically,

the average UTS of the experimental T-50 filament in the Stage 1
condition surpassed 2 GPa, which is significantly greater than that
for other printable materials with high specific strength, including
aerospace grade aluminum alloys (e.g. [22,23]) and even some tita-
nium alloys (e.g. [24,25]). This is an exciting opportunity for AM of
fiber reinforced composites and could set the stage for numerous
applications - provided that the strength after printing is compara-
ble to that before printing and with limited variation.

The UTS of the MF-CF filament for the four stages of printing
were presented in Table 1. Comparing these results to those
recently reported by Hu et al. [18] shows that the measured
strengths of the filaments are in very good agreement across the
four stages. For the MF-CF processed using the Markforged printer,
the average UTS estimated for Stage 1 and 4 from the present study
are 1410 MPa and 540 MPa, respectively (Table 1). For the same
material and printer, Hu et al. [18] reported strengths for Stages
1 and 4 of roughly 1490 and 600 MPa, respectively. Both studies
observed a reduction in the UTS from Stage 1 to Stage 4 of approx-
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imately 60 %. The best stage of printing to compare results across
these two studies is Stage 1 as it excludes potential printer-
specific contributions to the UTS. Indeed, these values are within
5 %, which provides confidence in the reported strengths and
methodology. In comparing the results for Stage 4, the strengths
are within 10 %, which is an acceptable degree of variation consid-
ering that the differences can be printer dependent. Although
printer-specific variability in mechanical properties is a topic of
substantial industrial relevance, it has not been explored in AM
of composites to date.

Results obtained for printing of the MF-CF on the Prusa printer
exhibit a similar trend, with reduction in UTS from Stage 1 to Stage
4 0of 1410 to 725 MPa. Although the decrease in UTS reached nearly
50 %, it is at least 10 % lower than that resulting from the same fil-
ament printed with the Markforged printer. There are three poten-
tial sources for the lower degradation, namely the differences in
extruder hardware, nozzle diameter and layer offset. The extruder
in the Prusa printer was modified to a Bowden configuration with
rubber roller replacing the cogged steel drive roller. That modifica-
tion reduced damage to the peripheral fibers of the filament and
tempered the reduction in UTS at Stage 2 in comparison to that
in Huet al. [18] (14 % vs 20 %). Minimizing damage to the filament
in extrusion is essential to reduce degradation and variability in
subsequent stages. As the filament advanced, the reduction in
UTS increased to 32 %, and then 48 % for Stage 3 and 4. Of note,
a larger nozzle was used in the Prusa printer (1.2 vs 0.9 mm diam-
eter), which could decrease the degree of restraint to fiber move-
ment in the nozzle and fiber abrasion (i.e. components of
damage). The difference in nozzle size was necessary to accommo-
date the larger filament diameter of the T-40 and T-50. In addition,
a larger layer offset (0.2 mm) was used with the Prusa compared to
the Markforged printer (0.15 mm). An offset of 0.15 mm is the set
height for MF printers and cannot be changed. The larger offset
used with the Prusa would reduce the ironing force and is expected
to decrease scraping and damage of the near-surface fibers in Stage
4, Clearly, the printer hardware and process parameters can con-
tribute to filament damage. Here, their effects appear to be con-
founding and further systematic study is necessary to understand
the specific conditions necessary for minimizing damage.

Across the four different filaments printed, the reduction in
strength in Stage 2 with respect to the unprinted condition ranged
between 2 and 14 %. Indeed, the fibers are subject to concentrated
contact induced via the pinch force of the extruder rollers. In print-
ing with the Mark Two system, Hu et al. hypothesized that elon-
gated abrasions during this stage are caused by the teeth of the
metal extrusion rollers that bite into the matrix [18]. Indeed,
replacing the metal rollers in the Prusa with more compliant poly-
mers appeared to reduce the damage and degree of strength reduc-
tion (Table 1). In fact, there was no significant reduction in strength
(P > 0.05) between Stage 1 and 2 for the T-50 and MF-K materials
printed with the Prusa system. Admittedly, the T-40 did exhibit a
reduction in strength at Stage 2, despite the roller upgrades. That
variability could be attributed to disparities in quality associated
with production of small batches of the experimental material
(for the T-40 and T-50) or a reflection of inconsistencies in samples
extrusion. Also of note, the T-40 filament was slightly more irreg-
ularly shaped (Fig. 2), which could manifest into a higher degree of
variation in Stage 2 printing damage and subsequent mechanical
behavior.

The filament undergoes rolling contact in Stage 2, which is
expected to impart surface and sub-surface damage. Although
the SEM analysis of filaments from Stage 2 did not reveal surface
damage or disruption to the near-surface fibers, there was a reduc-
tion in strength (Table 1). The largest decrease in UTS for Stage 2
reached 14 % and occurred to the MF-CF filament. The least degra-
dation occurred to the MF-K filament, which is expected from the
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lower hardness and corresponding great damage tolerance of Kev-
lar fibers relative to carbon. The T-40 and T-50 filaments also
appeared more resilient to Stage 2 damage than the MF-CF. One
contribution is believed to be from the 6k fiber tow in the T-40
and T-50, in comparison to the 1k tow in the MF-CF. The higher
fiber count reduces the percentage of damaged fibers relative to
those not damaged within the core, moderating the decrease in
strength for the T-40 and T-50. Considering the percentage of load
carried by each fiber in the two filament systems, the MF filament
only requires one sixth of the extent of fiber damage to suffer the
same percentage reduction in strength as the Toray filaments. Yet,
another potential factor is the shape of the filaments. Fig. 2a
demonstrates that the MF-CF has the most irregular shape, along
with the highest percentage of fibers near the surface. This combi-
nation could lead to more aggressive abrasion of fibers and more
substantial reduction in tensile strength.

Details from the microscopic analysis in Fig. 7 showed that
Stage 3 caused significant changes to the matrix and fibers near
the surface of the filament. During this stage the matrix transitions
from solid to liquid within the nozzle and the reduction in viscosity
enables the fibers to migrate towards the surface. With advance-
ment through the nozzle, exposed fibers can undergo sliding con-
tact with the nozzle interior and accumulate damage. Indeed, by
analyzing individual fibers Hu et al. determined that flaws intro-
duced to the surface of the fibers contributed to the reduction in
printed strength [18]. According to the Weibull distribution
(Fig. 5) the filaments underwent a reduction in UTS in Stage 3
and an increase in strength variability. With exception of the T-
40 filament, the Weibull modulus decreased substantially in Stage
3 (Table 2), which suggests that damage to the fibers occurred, but
that it was inconsistent among the samples evaluated. Comparing
the commercial and experimental filament groups, the reduction in
Weibull moduli for the T-40 and T-50 are less severe. That could
suggest that the PPS matrix is more effective in preventing damage
in Stage 3 and highlights the potential material dependence in the
strength distribution.

In Stage 4 the filament exits the nozzle and undergoes deposi-
tion. By virtue of the curvature, a tensile bending stress is imposed
on peripheral fibers of the leading edge. Conversely, fibers on the
trailing edge are in contact with the nozzle rim and experience a
superposition of contact stress and compressive bending. As such,
contact damage introduced to the filament in Stage 2 or Stage 3
could serve as the root cause for a reduction in strength of printed
material in Stage 4. Of the two experimental filaments, the T-40
underwent the least degradation of strength in Stage 4. The T-50
filament with larger fiber volume fraction has fibers that are more
exposed near the surface and susceptible to damage. The cross-
sections of printed filament (Fig. 3b) show that fibers at the surface
were in contact with the nozzle during deposition. Therefore, it
appears that the higher matrix content of the T-40 improves print-
ability [20], as well as protects the fibers from damage in Stages 2
and 3, that could facilitate failures in Stage 4. That observation sug-
gests there is potential for producing filaments with fiber V¢ to
obtain optimal printed strength and minimal fiber damage. Admit-
tedly, this comment is speculative and the difference in volume
fraction of matrix in the T-40 and T-50 filaments is not large.
Clearly, additional study is necessary to confirm this interpretation.

There are many factors that can contribute to the Weibull mod-
ulus of strength distributions, such as gauge length, testing condi-
tions, etc. that complicate comparisons across studies [26,27].
Nevertheless, the Weibull parameters for the filament strength dis-
tributions can be compared with those reported for other relevant
materials. In general, a larger Weibull modulus signifies greater
consistency in the strength measurement and is reflected by higher
relative slope [20,28]. Hu et al., [18] reported a Weibull modulus
for individual carbon fibers of the MF filament in Stages 1 and 4
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of 6.8 and 2.7, respectively. Overall, the estimated Weibull moduli
for the fibers agree with those from other representative studies
concerning single carbon fibers (5 to 8) [26,29,30]. The decrease
in modulus from Stage 1 to 4 herein reflects an increase in variabil-
ity resulting from the accumulation of damage with printing and
different flaw types introduced across the four stages. A similar
finding is found in the MF-CF filament, with Weibull modulus
decreasing from 9.4 to 3.1 in printing from Stage 1 to Stage 4-P.
One interesting characteristic of the strength distribution for the
MF-CF system is the distinct bimodal quality evident for the fila-
ment in Stage 1 (Fig. 5¢). This quality in the unprinted condition
suggests that there is more than one family of flaw types and/or
sizes that contribute to failure, which is concerning from a quality
control standpoint. Intrinsic defects resulting in lower strength in
the unprinted condition could only become exacerbated during
printing.

Considering filaments, the low Weibull modulus of the MF-CF
filament (m = 3.1) signifies the lower consistency in strength rela-
tive to the experimental carbon fiber filaments (m,yg = 13). As such,
the experimental filaments appear capable of producing compo-
nents with greater reliability. Remarkably, the T-50 had a modulus
of 32.1 in Stage 1 but decreased to 14.5 in Stage 4. For comparison,
the Weibull modulus of dry unidirectional CF tape lies between 23
and 39 [27]. Aerospace titanium and aluminum alloys can achieve
Weibull moduli in strength of 20 and greater, which will serve as a
benchmark for FFF of continuous fiber composites in the aerospace
industry [31-33]. Although the experimental Toray filaments exhi-
bit an impressive strength and comparatively high reliability, they
are not immune to the undesirable decrease in strength and relia-
bility after printing.

Since the T-40 and T-50 could only be printed with the Prusa
printer, it is not possible to comment on the printer-dependent
strength reductions of the experimental filaments. However, the
MF-CF and MF-K filaments were printed with the two printers,
and both exhibited at least 20 % greater strength when processed
with the Prusa. The primary difference in the two systems were
the modifications made to the extruder to reduce filament damage
in Stage 2 and the slightly larger nozzle diameter (1.2 vs 0.9 mm).
While the contributions to printed strength were distinct, the
printer-dependent contributions to its variability is more difficult
to address. In general, all the printed samples exhibit a unimodal
Weibull response in Stage 4, signifying a single dominant family
of flaws. But a single origin of failure was not identified in fracto-
graphic evaluations, suggesting that failure resulted from multiple
defects accrued during printing as opposed to damage of individual
fibers. In that regard the printers were the same, as there was no
difference in the contribution of the printers to characteristics of
failure. According to the Weibull moduli, there was essentially no
difference in the degree of variability for the MF-K filament based
on printer; m ~ 12.5 for both. In contrast, the variability in strength
for the MF-CF filament was substantially greater when printed
with the Prusa printer. The difference for these two materials is
expected based on the greater flaw sensitivity of the carbon fibers
in general and less uniformity in filament damage with improve-
ments to the extruder. Both printers introduced damage to the fil-
aments that caused a reduction in strength and increase in
variability overall. Clearly, further improvements to printer hard-
ware are needed.

Fiber orientation, infill pattern, as well as void characteristics
contribute to variability in the strength of composites printed by
FFF [34-37]. In comparison, there has been relatively limited
recognition that fiber damage occurs in FFF and could cause a sig-
nificant reduction in the strength of printed components. Based on
the results for the four filaments and two printers, there is a uni-
versal reduction in the UTS of continuous fiber filaments printed
using FFF. To be utilized for stress-critical applications, the damage
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introduced to the material during FFF must be minimized. The
reduction in properties with individual stages shows that solutions
to reduce the extent of degradation and increase the reliability will
likely require improvements to the material and the printer
hardware.

Evaluating the mechanical properties of the filaments after var-
ious stages of printing provided quantitative estimates for the
reduction in strength that could be correlated with the prevalent
mechanisms. Dissecting the printing process into discrete stages
also enabled an identification of sequential contributions to the
total degradation. The novelty of the present study involved inclu-
sion of multiple filament types and printers, which was key to
understanding the material and process-dependence in the extent
of damage incurred. That is a significant contribution. Despite the
importance of this new understanding to advancing FFF of contin-
uous fiber composites, there are multiple limitations to the present
investigation that should be considered. Only single layers of the
filaments were printed and evaluated in the present study. Compo-
nents developed by AM in general can consist of hundreds of layers
that are deposited on top of one another. In continuous fiber print-
ing, the layer interfaces are parallel to the fiber direction, which
results in absence of fiber reinforcement in the transverse direc-
tion. That topic has been evaluated recently in FFF of the T-50
material [38]. There are many additional struggles with multi-
layer printing of continuous fiber filaments, including void distri-
bution, layer adhesion, controlling fiber/matrix distribution and
path planning to limit fiber bundle overlaps. Hence, further inves-
tigation concerning FFF of continuous fiber filaments is necessary
to advance the technology readiness level and capitalize on the
opportunities ahead.

5. Conclusions

Fused filament fabrication (FFF) of thermoplastic polymer com-
posites was conducted with commercial and experimental fila-
ments consisting of continuous carbon and Kevlar fibers. The
filament strength and primary contributions to its variability were
assessed through four specific stages of printing, which spanned
from the unprinted (Stage 1) to the printed (Stage 4) condition.
Overall, the reduction in strength with respect to the unprinted fil-
ament ranged from 10 to over 60 %, with the largest degradation
resulting from deposition of the filament from the nozzle onto
the print bed (i.e., Stage 4). While there was no trend in strength
degradation with fiber volume fraction, the largest reduction
occurred to the carbon fiber filament with lowest fiber count (1k
vs 6k). For the commercial materials with nylon matrix, the system
with Kevlar fibers underwent less degradation in printing than that
with carbon fibers. The experimental filaments with nominal vol-
ume fractions of 40 and 50 % achieved the lowest reduction in
printed strength overall (as low as 10 %) and exhibited higher reli-
ability according to a Weibull analysis. The carbon fiber system
with larger V¢ had a higher initial strength but lower printed
strength. To increase the strength and reliability of continuous
fiber composites printed by FFF and expand the potential for appli-
cations in fields involving safety-critical components, further
advancements in the material and printing process are necessary.
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