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Abstract

Short fiber reinforcement is a key for improving the mechanical properties of
thermoplastic composites produced by 3D printing. However, the strengthening
potential of fibers is often under-utilized due to sub-optimal processing condi-
tions. This meta-analysis review systematically evaluates the microstructural and
mechanical properties of short fiber-reinforced composites, identifying key trends
related to fiber fragmentation, fiber-matrix interactions, and property optimiza-
tion. Our statistical analysis results show that fiber content and initial fiber length
have minimal effect on the average remaining fiber length in the filament, which
highlights that processing conditions are the primary control on fiber breakage.
In addition, the fiber aspect ratio does not show a direct correlation with tensile
strength, which can be due to insufficient fiber-matrix adhesion. Despite these
drawbacks, the fibers still increase the tensile modulus by an average of
2.22 times and the flexural modulus by an average of 2.69 times. Analytical
models for predicting mechanical properties are also presented, noting that while
they provide valuable insights, time-consuming experimental validation is still
required for accurate estimates. Finally, we provide insights into sustainable
waste-derived fillers as potential alternatives to conventional fibers. Although
their mechanical performance remains less predictable, surface treatment strate-
gies and advanced multi-scale modeling techniques will be essential to establish
structure—property relationships and to exploit their potential fully. Ultimately,
waste-derived fillers hold significant promise for replacing raw material from pri-

mary sources, paving the way for more sustainable composite 3D printing.

Highlights

« Waste-derived fillers are emerging in 3D-printed composites.

« Improved micromechanical models are needed to predict the effects of waste
fillers.

« Statistical analysis shows that tensile strength is independent of aspect ratio.

« Filler content does not affect fragmentation during filament manufacturing.
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1 | INTRODUCTION account for 17% of all articles processed. The least

reviewed areas are modeling and simulation (11%),
Since their introduction in 1987, 3D printing techniques  which aim to predict and optimize the mechanical perfor-
have received considerable attention and revolutionized mance of 3D-printed parts, and the structure (11%), in which
manufacturing and design. According to ISO/ASTM  the microstructural features are collected and analyzed.
52900:2015, material extrusion (MatEx), or generally = Based on the www.sciencedirect.com database, the number
referred to as Fused Filament Fabrication (FFF) is an of articles on short-fiber composites or the prediction of
additive manufacturing process in which the material is mechanical properties of 3D printed parts has increased
selectively fed through a nozzle or orifice." In this article, exponentially over the last 10 years (Figure 1B). In 2023,

the abbreviation FFF is used specifically to refer to the pro- the number of research articles on 3D printing was 10,053,
cess using a thermoplastic filament. During the printing  of which 1132 focused on short-fiber composites and 1458
process, the filament is passed through a heated nozzle, on the prediction of mechanical properties.

which melts it, and the material is deposited along a pre- The combination of material extrusion 3D printing
programmed path. The process continues layer by layer, and fiber reinforcement opens up many advantages
with each layer cooling and solidifying as the object takes and innovation opportunities, with unique properties
shape, creating complex geometries and customized mate- for a wide range of applications. The expected benefits
rial properties in a single manufacturing step.>’ of fiber-reinforced thermoplastics are the increased

In the field of FFF 3D printing, there has been a signif- mechanical properties and the unique geometric possi-
icant increase in scholarly attention, as evidenced by the bilities achieved with 3D printing. The thermoplastic
publication of more than 50 review articles over the past  polymer matrix ensures easy recyclability, and the
5 years. The primary focus areas can be categorized into technology allows for a wide range of material combi-

five main topics: mechanical properties, materials, struc- nations, opening up the possibility of using bio-based
tures, technologies, and modeling (Figure 1A). Most of  and/or recycled materials and natural fibers. Waste-
the reviews center around the materials used (38%), derived fillers are also emerging, as many materials
with more and more sustainable alternatives emerging. that cannot be recycled on their own can be recycled as
The second most frequently discussed topic is the vari- fillers when mixed into the thermoplastic matrix. There-
ety of technologies (23%), with a focus on how different = fore, FFF 3D printing of thermoplastic composites
printing methods and equipment innovations affect per- can offer a sustainable alternative in many industries.

formance. Reviews focusing on mechanical properties With the use of biocompatible materials, patient-specific
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FIGURE 1 (A) Reviews in the topic of Material Extrusion 3D printing from the past 5 years and the general scope of the reviews>™*’
(B) The number of articles found with the following keywords: 3D printing, prediction, mechanical properties, and 3D printing, short fiber,
composite based on the www.sciencedirect.com database.
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implants or surgical tools can be manufactured to fit
individual patient anatomy.**>' By using lattice or
honeycomb structures, lightweight structural elements
can be produced that are beneficial to the automotive
and aerospace industries.”>>* The use of functional
fillers such as carbon fibers, carbon nanotubes, or metal
particles allows the production of smart composite mate-
rials. Electrically conductive composites are applied for
sensors,’>>® soft robotic components®”>® or electromag-
netic interference shielding,”>*® and thermally conduc-
tive 3D-printed composites can be beneficial for custom
heat sinks or cooling systems.®"%*

Both short and continuous fibers can be used as rein-
forcement for FFF 3D printing, and these have different
advantages and different applications. Unlike continuous
fibers, short fiber composites do not require any special
equipment for 3D printing, and the filament containing
the fibers can be processed on any desktop equipment. As
a result, these materials are more accessible, and many
research projects use self-developed composites. However,
our review shows that in many cases, the reinforcing effect
of short fibers is not exploited, and predictive methods are
not well applied. Consequently, the aim of this review is to
assist the design of short fiber composites by providing an
overview of microstructural properties, statistical analysis
of expected mechanical properties, and the application of
micromechanical models.

In most cases, FFF 3D printing starts from a filament,
S0 a pre-processing step is necessary to compound and
shape the reinforcement and the matrix. Therefore, the
materials undergo at least two processing steps, during
which they are subjected to cyclic thermal stress and shear
loads. Repeated stress inevitably causes degradation,
which can appear in the decrease in the molecular weight
of the matrix or in the fragmentation of the reinforcing
fibers.®*"®> The widely acclaimed advantage of 3D printing
is the ability to create unique geometries, which is made
possible by the many freely adjustable manufacturing
parameters. However, this degree of freedom also means
that the microstructural properties of 3D printed products
vary greatly depending on the parameters. Knowledge of
microstructural features is important for the prediction of
mechanical properties. Many predictive methods used for
thermoplastic composites are empirical, relying on experi-
mentally derived data and relationships to forecast mate-
rial behavior. The empirical or semi-empirical methods
(e.g., Halpin-Tsai, Cox, and Mori-Tanaka, etc.) involve cre-
ating mathematical models based on observed trends in
composite behavior under various conditions, such as fiber
orientation and fiber length. This systematic review aims
to collect observed trends in the literature and identify
further trends through meta-analysis. We analyze the rela-
tionship between the processing parameters and the
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microstructure and between the microstructure and the
mechanical properties. We discuss and identify the use of
microstructural features in mechanical modeling, and
overall, the analysis provides general conclusions on the
current advantages and limitations of 3D-printed short
fiber-reinforced thermoplastic composites.

2 | STATISTICAL METHODOLOGY

We used the Minitab 21.1.0 statistical software (Minitab
LLC, State College, PA) and the Statistics and Machine
Learning Toolbox of Matlab R2022a (Mathworks,
Natick, MA) for statistical analysis. Before performing
each test, we checked whether the assumption required
for that test was met, for example, we used the
Ryan-Joiner normality test and Levene's test for equality
of variances to examine the normality and equal vari-
ance of the data. We carried out a Wilcoxon signed-rank
test to compare the initial and residual fiber lengths. We
performed a Kruskal-Wallis test to analyze the effect of
fiber content on the residual fiber lengths. We used a
two-way analysis of variance (ANOVA) with a post-hoc
Tukey HSD (Honestly Significant Difference) test to
analyze the effect of the fiber aspect ratio (L/D) and the
fiber content on tensile strength. We carried out a
Kruskal-Wallis test with a post-hoc Dunn's test to
analyze the effect of fiber content on the tensile modu-
lus. Then, we also analyzed the effect of the fiber
aspect ratio (L/D) on the tensile modulus using the
Mann-Whitney test. To test whether the error of the
estimated tensile strength and modulus values obtained
with the rule of mixture model depends on the fiber
content, we carried out a Kruskal-Wallis test. In
the case of tensile strength, we also performed a post-
hoc Dunn’s test. We carried out four separate Mann-
Whitney tests to analyze the effect of fiber content and
the fiber aspect ratio (L/D) on flexural strength and the
flexural modulus. To analyze the effect of printing ori-
entation on the tensile strength of 3D-printed materials,
we carried out one-way analysis of variance (ANOVA)
with a post-hoc Tukey HSD (Honestly Significant Differ-
ence) test. To analyze the effect of printing orientation
on the tensile modulus of 3D-printed materials, we per-
formed a Kruskal-Wallis test with a post-hoc Dunn's
test. To compare the in-plane and interlayer tensile
strength of the neat and fiber-reinforced materials, we
performed a Wilcoxon signed-rank test and a paired
T-test, respectively. Then, we carried out a Mann-
Whitney test to determine whether there is a difference
between the tensile strength anisotropy of neat and
fiber-reinforced 3D-printed materials. For all analyses, a
significance level of @ = 0.05 was used.
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3 | FILAMENT PREPARATION
AND FIBER BREAKAGE

The first step in 3D printing short fiber-reinforced
composites is to prepare the fiber-reinforced filament. In
general, the two main requirements aim to ensure a
homogeneous distribution of fibers along the filament
and to maintain a uniform filament diameter. Both are
key to consistent print quality. Figure 2 summarizes the
processing steps of filament preparation. Starting from a
dry mixture of raw materials, the first step is to disperse
the fibers in the thermoplastic matrix (compounding). This
is mostly done by melting the polymer. The commonly
used methods for melt mixing are internal mixing or twin-
screw extrusion. In single-step processes, the filament and
matrix are compounded to form a filament that can be
used directly for 3D printing. Nasirov et al.®® prepared
short carbon fiber-reinforced poly(lactic acid) (PLA) com-
posites with a single extrusion step. The initial fiber length
was 100 pm and the authors prepared composites with 5%,
7.5%, and 10% fiber volume fractions. Fiber distribution
was uniform. Yu et al.%” used chopped basalt fibers with
an initial length of 3 mm and fabricated composite fila-
ments with a co-rotating intermeshing twin-screw
extruder. They used a special screw configuration opti-
mized for filament production. It included a dispersive
and a distributive mixing zone, and the fibers were fed in
6%—-7% volume fraction through a second feeder. Lu
et al.%® presented a custom-made in-line mixing technique,

Materials

Thermoplastic polymer a) Internal mixer

Short fibers

b)Twin-screw extruder
¢) Online mixing

O, 2N\
Ko A=

w==3p Compounding ====3p

which was implemented straight on the 3D-printing head.
With the method, it was possible to produce composites
with up to 50% wt% fiber content. Carbon fibers with an
initial length of 100-300 pm and polyetheretherketone
(PEEK) powder were used for the experiments. Overall,
single-step methods are not widespread for filament pro-
duction, as it is difficult to optimize the manufacturing
parameters for standard processes in a single step.

In two-step processes, the first step is compounding
(first melt mixing), which is followed by cutting. Then,
the second step is filament preparation via extrusion
(second melt mixing), during which the material is
remelted. The purpose of the first melt mixing is to ensure
a homogeneous distribution of fibers, and the second is to
ensure a constant filament diameter. Therefore, in the first
step, high-shear methods are preferred, which inevitably
cause fragmentation of the fibers. Cutting may also slightly
decrease the average fiber diameters.

In the case of two-step methods, internal mixers
and twin-screw extruders’>”’® are similarly common solu-
tions for making composite compounds. After cutting the
compounds, the filaments are almost always produced
with a single-screw filament extruder. Tekinalp et al.”!
used a plunger-type batch extruder to form the filaments
with a diameter of 1.75 mm and reported a residual
length of 200-380 pm for 10-40 wt% carbon fiber com-
posites. Abderrafai et al.”® also prepared the filament
with the twin-screw extruder used for compounding,
with the same processing parameters. In their case, the

69-72

Extrusion

1) Single-screw extruder
2) Twin-screw extruder

Dry mixture Composite granules / filament Composite filament
Single-step processes
Q Post-processing ﬁ Material Extrusion
(optional) 3D printing
Cooling
Winding, spooling
. — FIGURE 2 General

Filament spool

manufacturing steps of filament
production (single-step and two-
step processes).
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remaining length of the carbon fibers was 144 pm.
The literature suggests that longer fibers can be produced
with carefully chosen processing parameters. Sang et al.”
achieved an average fiber length of 480 pm for basalt
fiber-reinforced PLA composites using internal mixing
followed by single-screw filament extrusion. Giani et al.”
show that the use of recycled fibers does not necessarily
lead to a higher degree of breakage. The authors reported
the same processability for recycled carbon fibers as for
virgin fibers, and achieved remaining lengths of 170 pm
and 200 pm for 5 wt% and 10 wt%, respectively.

For obtained fiber lengths below 100 pm, it is typical
that the initial length was also very small (below 300 pm).
However, for values above 100 pm, there is no correlation
with initial fiber length. Sang et al.”” prepared basalt fiber—
reinforced PLA-PCL composites by twin-screw extrusion.
The continuous basalt fiber tow was fed through the fiber
feeding port by the rotation of the screw. Then, the
authors prepared a composite filament with a desktop
single-screw extruder. The two-step method resulted in a
mean length of 225-230 pm. Despite the fact that the ini-
tial length was infinite, the remaining fiber length is only
slightly longer than the average. Similarly, Téth et al.””

N seinins olymer 5
w:lﬁ%sgsl(s:glowu ZCI));\APOSITES_WI LEYJ_
prepared basalt fiber-reinforced PLA composites with the
two-step method (twin-screw extrusion compounding fol-
lowed by single-screw extrusion) using fibers with an ini-
tial length of 10 mm. On average, the reduction in fiber
length was 97%, the second highest of the data presented.
Figure 3A,B shows the fiber length (L) reduction for
different materials and processing methods. For the analy-
sis we made, 69 data points were taken from 17 research
articles containing both single and two-step methods.
The cumulative distribution function (CDF) of fiber length
(F(L)) shows that the fiber length is reduced by at least
one order of magnitude due to processing (Figure 3C). The
CDF also shows that the residual fiber length does not
depend on the initial length. The box plots show that the
fibers have undergone significant fragmentation during
processing (Figure 3D). This statement was also supported
by a Wilcoxon signed-rank test (p < 0.001). The median
(Qy) of the initial mean length is 3200 pm, while the
median of the remaining mean length is 196 pm. There is
a large variance in the mean fiber length data (large inter-
quartile range, IQR = 7750 pm) for the initial length,
while for the remaining length, there is a relatively narrow
range (IQR = 208 pm). The maximum remaining length
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TABLE 1
estimate fiber breakage during twin-screw extrusion.

Modeling methods and the parameters used to
81-84

No. Model Parameters

Remaining fiber
length (L)
Ultimate fiber
length (L)
Kinetic
constant (k)
Time (t)

Equation 1 A — k(L —Le)

Time-dependent
weight average
fiber length (L)
Time (t)
Breaking rate
constant (K)
Specific
mechanical
energy (SME)
Ultimate fiber
length (Lyeo)

Fiber breakage
probability
(P(Bw))
Buckling
parameter (Bu)

Equation 2 ddL_lw = —K'SME(Ly, — Lo

Equation 3 P(Bu) = i:zﬁgg; ifBu<1

Gamma
I(a) function (I')

Equation 4

was 700 um reported by Yu et al.,°” who applied a single-

step process. To examine the dependence of the remaining
fiber length on fiber content, we divided the collected
remaining mean fiber length (Lyean) literature data into five
groups based on fiber content (5,10,15,20 and 20+ wt%)
(Figure 3E). Then, using the Kruskal-Wallis test, we found
that the median values of each group were equal
(p = 0.946), that is, fiber content does not affect the remain-
ing mean fiber length.

Fiber breakage in an extruder is primarily caused by
shear and compressive forces exerted by the screw. Ini-
tially, the rate of breakage tends to be high but decreases
over time as fibers shorten and become less susceptible to
further damage. The rate of breakage also varies depend-
ing on fiber type; brittle fibers such as glass tend to break
more easily than more ductile fibers. Thinner-diameter
fibers are more flexible than thicker ones. Table 1 shows
modeling methods used in the literature to estimate
fiber breakage during twin-screw extrusion. Shon et al.*
proposed a kinetic model to describe the deterioration of
fiber length during compounding (Equation 1). Based on
their study, Inceoglu et al.** introduced the specific
mechanical energy (SME), an energetic parameter that
accounts for the load on the fibers due to the viscosity of

the matrix material (Equation 2). Durin et al.** refined
the model to consider the statistical nature of fiber break-
age with the Weibull distribution function and verified
the model with experimental data on glass fibers. They
assumed that the fiber breakage takes place exclusively
due to the buckling of the fibers induced by the flow,
which causes huge local deformations. Equation 3 gives
the probability of fiber breakage, where ‘Bu’ is the buck-
ling parameter. The buckling parameter is the ratio of the
stress induced by the flow on the fiber (o) and the maxi-
mum stress before buckling (¢¢,), and is typically related
to the critical load at which a fiber becomes unstable
and undergoes buckling. Their model was then adapted
by Malatyali et al.** who described the fragmentation
with a beta probability density function (Equation 4).
Their model was verified for carbon fibers.

The type of thermoplastic polymer used as a matrix
can also significantly influence fiber breakage due to dif-
ferences in their rheological behavior. Amorphous poly-
mers, such as ABS or polycarbonate, typically exhibit
more gradual softening and higher melt viscosity, which
can lead to higher shear stresses on the fibers in the
extruder.® This increased shear can contribute to fiber
breakage. In contrast, semi-crystalline polymers, such as
PLA or PEEK, exhibit a more pronounced melting transi-
tion and generally have a lower viscosity above their
melting point, which can reduce the direct shear stress
but can create compressive forces due to changes in flow
behavior.*® In addition, semi-crystalline polymers are
more sensitive to repeated thermal cycling, potentially
altering their viscosity and crystallization kinetics. Over-
all, in the case of FFF 3D printing, more research has
focused on the effects of manufacturing parameters on
fiber breakage, and the effects of the rheological proper-
ties of different matrix materials are less explored. This is
a research gap that may be worth exploring further.

Fiber fragmentation also occurs in the nozzle dur-
ing material extrusion. Yang et al.*” showed that a nar-
rower nozzle and/or lower layer height induces
greater shear, resulting in higher levels of fiber break-
age. They showed that lower tensile strength and mod-
ulus are a consequence of higher rates of breakage.
The authors found that more fiber breakage occurs
during deposition. Hu et al.*® also showed that the
deposition phase is damaging to the fibers due to the
forces that are generated when the melt makes a 90°
turn and is pressed against the print bed. Overall, the
degree of fracturing in the nozzle is orders of magni-
tude lower than that during filament production.
However, it has a detectable effect on the mechanical
properties of the product, so the use of gentle printing
parameters is recommended where higher mechanical
strength is required.
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FIGURE 4 Basic FFF 3D

printing configuration, and the Stability

manufacturing parameters.

Nozzle temperature

Nozzle diameter "

Layer height

TABLE 2
level of a 3D-printed short fiber-reinforced composite structure.

Category Bead

Hardware « Nozzle diameter
« Nozzle length
« Motor torque
« Bed surface

Printing parameters » Nozzle temperature
» Layer height
» Bed temperature
» Feed rate

Material properties « Fiber content
» Fiber-matrix adhesion
« (Viscosity)

In summary, fiber breakage occurs during the filament
manufacturing process, regardless of the nature of the pro-
cess, and to a lesser extent in the nozzle as well during
deposition. Our results, based on statistical analysis, show
that the rate of fragmentation is independent of both the
fiber content and the initial fiber length. Thus, reducing
fiber breakage is a manufacturing optimization issue. An
optimization solution could be to use a screw configura-
tion with fewer shear elements and a lower compression
ratio. Such a configuration can reduce the amount of shear
on the fibers, but can also reduce the efficiency of the fiber
distribution.

4 | MULTI-SCALE STRUCTURE

3D-printed parts are multiscale structures, where distinct
levels can be identified based on the characteristic inter-
faces that define the macroscale properties.*’ With the
use of this approach, three levels can be distinguished:
bead, lamina, and laminate. Each level can be associated
with key requirements, the fulfillment of which ensures

Printing speed \D @

.
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Motor torque Gap size
Feed rate Degree of infill
Infill pattern
Ambient temperature =
Layer order
Cooling rate
Part build orientation
: f’// Bed surface
— — Bed temperature

Material properties, the properties of the 3D printing hardware, and the printing parameters that are deterministic at each

Lamina Laminate

« Stability (vibration damping)

» Gap size « Ambient temperature
» Degree of infill » Cooling rate

» Printing orientation « Printing speed

« Infill pattern « Part build orientation

» Layer order
+ (Sublayer temperature)

« Thermal expansion coefficient
« Heat transfer coefficient
« Heat capacity

the quality of the printed product. Figure 4 shows a basic
FFF 3D printing configuration. Table 2 shows the mate-
rial properties, the properties of the 3D printing hard-
ware, and the printing parameters that are deterministic
at each stage. Figure 5 shows the multiscale structure
and the main requirements and microstructural charac-
teristics associated with each level. The parameters affect-
ing the properties of these four levels are introduced in
the following sub-chapters.

4.1 | The properties of the composite
material in the nozzle

Before deposition, the composite melt is in the nozzle and
the main requirement is printability. The characteristic
interface is at the nozzle wall, where the shear forces
impede the flow of the fluid and cause the orientation of
the fibers. Printability means that the system pressure is
equal to or greater than the pressure needed to overcome
clogging. The mechanism of nozzle clogging is the packing
and bridging of fibers in the internal cross-section of the
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FIGURE 5

nozzle. In a simplified approach, the pressure drop can be
approximated based on the Hagen-Poiseuille relationship
(Equation 5 in Figure 5), where Aps is the pressure drop
(MPa), n is the viscosity as a function of shear rate at the
temperature of the melt (Pas), Q is the volumetric flow
rate (mm?>/s), 1 is the length of the capillary (mm), R is the
radius of the orifice (mm) and V; is the fiber volume frac-
tion (—).°° However, to optimize the printing parameters,
it is essential to understand the rheological behavior of the
composite melt.”"** For example, it is recommended to
perform capillary rheometer measurements and apply
the Bagley correction to account for the inlet and outlet
pressure drops, as well as the Rabinowitsch correction
to calculate the true shear rate by taking into account
the shear-thinning behavior of the polymer melt with a
suitable power law exponent.”>** Zhang et al.””> found
that fiber clogging is dependent on fiber length. The

Multiscale structure of 3D-printed short fiber-reinforced composites and its main characteristic features.

authors showed that clogging can be avoided with
shorter fibers at higher fiber contents, as fiber bridging
occurs less for shorter fibers.

4.2 | The properties and structure at
bead level

When the composite melt is deposited on the print bed
through the nozzle, it forms the first level of the 3D-printed
structures, a single bead. One fundamental requirement is
the proper adhesion to the print bed to ensure the geomet-
rical accuracy of the product. Textured print beads, heated
bed, and adhesive glues and sprays are often used to
improve adhesion.”® The second requirement is sufficient
melt strength to maintain layer height and bead geometry.
The viscosity of the exiting melt is determined primarily by
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the temperature of the nozzle, and the rate of solidification
is influenced by the ambient temperature and cooling rate.
Das et al.”” found that shear-thinning behavior is important
to ensure successful material deposition and interdiffu-
sion at later levels. The authors showed that in the case
of carbon fiber-reinforced polyamide composites, higher
zero shear viscosity ensured better geometrical stability
of the bead.

At the bead level, the microstructural properties that
influence the macroscale are fiber orientation, fiber-matrix
adhesion, and the micro-voids. Fiber orientation is
reported to be generally parallel to the printing direction.
Yu et al.”® presented a high degree of fiber alignment in
the case of basalt fiber-reinforced PLA composites via
micro-CT measurements (Figure 6A). Consul et al.”® and
Yan et al.'® found that the nozzle diameter has the stron-
gest effect on orientation, so narrower diameters cause a
higher degree of fiber alignment (Figure 6B). This is to be
expected, as the narrower the space into which the same
flow of material is forced, the greater the shear stresses
and the velocity gradient in the radial direction become,
and the fibers will tend to arrange themselves in the
direction of flow better. Shulga et al.”® found that layer
height has the same effect; that is, a smaller layer thickness
causes a higher degree of orientation. Yan et al.'’’ also
showed that the increase in extrusion width and layer
height led to a decrease in fiber alignment. At fiber intersec-
tions and corners, fiber orientation was lower (Figure 6C).
Based on the results of carbon fiber-reinforced ABS and
PLA, the authors showed that their findings are applicable
for different matrix materials. Yang et al.'* presented that
the internal geometry of the nozzle also influences fiber
orientation. The authors found fiber misalignment due to
disruption in the flow field of the composite melt.

The fiber-matrix adhesion refers to the adhesive
bonding strength between the fibers and the surrounding
matrix. Strong adhesion ensures effective load transfer
from the matrix to the fiber, and it determines critical
fiber length. Critical fiber length is the minimum length
a fiber must have to effectively bear the transferred stress.
The Kelly-Tyson equation (Equation 6 in Figure 5)
describes the critical length (L.) where the product of the
strength of the single fibers (67) and the fiber diameter
(dy) is divided by interfacial shear stress (7). If the actual
fiber length is higher than the critical fiber length, then
the stress is properly transferred; thus, the fiber breaks in
the composite. If the fibers' residual length is smaller

than the critical value, the fibers lose their connection
with the matrix at a smaller load, that is, they get pulled
out of the matrix, and the reinforcing effect becomes
incomplete. In the case of 3D-printed composites, there
are only a few research articles on the subject of fiber-
matrix adhesion. Yu et al.'® found that 3D-printed
composites show distinctive mechanical behavior under
different fiber-matrix adhesion conditions. In the case
of strong adhesion, the authors reported an increase in
tensile strength, and in toughness as well. In their study,
the strong interfacial adhesion between the fibers and
the matrix and the weak interfacial adhesion between the
beads and the voids resulted in a tough behavior. Papon
et al.'” applied oxidation treatment on carbon fibers to
increase bonding with a polylactic acid matrix. The better
bonding reduced micro-voids at the fiber interface.
Without contact between the fiber and the matrix,
micro-voids form along the fiber surface and at the fiber
ends. Micro-voids can form near the fibers if the matrix
does not fully impregnate the fibers, typically in the case
of poor dispersion and high fiber content. Air entrapment
voids can also form during compounding, and the pres-
ence of short fibers can increase the likelihood of air
entrapment, especially in high viscosity thermoplastic
melts. Fu et al.'® reported an increase in micro-voids
with increasing fiber content in carbon fiber-reinforced
polyetheretherketone (PEEK) composites. They found
that the micro-voids are one of the causes of the decrease
in macro-scale tensile strength at higher fiber content.
Shrinkage at the surface of the fibers may also initiate the
formation of voids, as the fibers inhibit shrinkage of
the surrounding matrix. At the fiber ends, voids form due
to fiber pull-out during processing or due to fiber break-
age. Yang et al.'”” found that at the bead level, most voids
are formed when the material is extruded from the nozzle
(in mid-air) as the polymer melt deforms and pulls away
from the fibers (Figure 7A). In general, higher fiber con-
tent is generally associated with an increase in micro-
voids, as the number of fiber ends and the total surface
area of fiber-matrix interfaces increases. Using a design
of experiments, Konig et al.'® analyzed the effects of
parameter combinations on void formation. The printing
temperature, speed, bead width, layer height, and the air
gap were included. The authors identified combinations
of printing parameters that can be used to achieve higher
(and lower interfacial void content). Pei et al.'"> showed
that printing speed also influenced void formation,

FIGURE 6

(A) Visualization of fiber orientation distribution in the case of different printing orientations and layer orders. The

directional arrows represent the local orientation distribution while the spherical coordinate systems show the polar and azimuth angles in
the case of [90°], [0°], [0°/90°], and [45°/135°] type specimens,”® (B) Shows that as the extrusion width increases, the number of fibers

oriented in the printing direction decreases,'*

and (C) presents that the degree of fiber orientation is lower at intersections and corners.'**
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FIGURE 7 Different types of void formations in short fiber-reinforced 3D-printed composites (A) Voids form in mid-air as the polymer
melt deforms and pulls away from the fibers'% (B) Lower layer height reduces the number of voids within the bead'® (C) Increasing the
extrusion rate decreases the voids between the beads: Effects of extrusion multiplier of 0.9, 1, and 1.1 (left to right) on the void content'®
(D) 3D microtomography image showing voids between the beads with color segmentation,® (E) 3D visualization of void distribution in a
bead showing void content and size profiles.'®’
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as samples printed at lower speeds had fewer voids. More-
over, the authors found that applying a lower layer height
reduced the number of voids within the bead due to the
higher applied pressure (Figure 7B). Tikhani et al.'” inves-
tigated the effects of printing temperature, extrusion rate,
and fiber content on void content in the case of carbon
fiber-reinforced PC composites. The authors showed that
increasing the extrusion rate decreases the porosity between
the beads (Figure 7C). However, porosity in the beads was
not significantly affected, as the authors attributed its extent
to the moisture content of the matrix. Sommacal et al.'”’
presented 3D visualization of void distribution along a 3D-
printed bead. They found that the average void content is
higher toward the center, and its distribution is more homo-
geneous along the z direction (Figure 7E).

4.3 | The properties and structure
of the lamina

The second level is when the beads are extruded next to
each other to form a lamina. The pattern and the number
of beads in a lamina are highly customizable. The new
interface is at the connection of the beads where the poly-
mer matrix bonds. Bond strength influences macroscale
properties. The requirement for bonding is the proximity
of beads and sufficient heat to melt the polymer. The
pattern and the number of beads in a lamina are customiz-
able. Based on the methodology proposed by Bellehumeur
et al.'® and adapted by others,'*'° the bonding mecha-
nism is best described as polymer sintering. The bond
develops from surface contact to neck growth and molecu-
lar diffusion with chain randomization. The viscosity of
the polymer melt should be low enough for complete
coalescence, because partial bonding leads to the forma-
tion of voids.'”'"" At the surface contact stage, the
deposited material wets and reheats the previous beads.
Sintering is driven by surface tension, and it is affected
by viscosity and the mobility of polymeric chains; there-
fore, it depends on temperature besides material proper-
ties. The temperature profile is a function of several
manufacturing parameters, of which nozzle temperature,
ambient temperature, and the cooling rate are reported to
be the dominant features for bonding quality. Besides
these input parameters, the temperature profile is also a
function of heat transfer mechanisms. Bond formation
depends on the conductive heat transfer between the
beads, as the previous beads have already started to solid-
ify after deposition. As the structure solidifies, internal
stresses form due to constraints caused by the previous
bonds and shrinking; therefore, bond strength is greatly
affected by the cooling rate as well. Predictive methods for
bond strength are studied extensively to this day, but

models that incorporate fibers as well are scarce. As the
thermal conductivity of different types of fibers varies, it is
expected that the bond formation of different fiber-filled
composites will vary as well. The effects of fiber content
should also be considered.

4.4 | The properties and structure of the
laminate

At the third level, laminas are stacked on each other,
thus forming a laminate. The new interfaces are created
between the laminas. Lower layers must withstand the
compression stress caused by the combined weight of
the top layers.” In the case of fiber-reinforced materials,
this is not a crucial issue. As shown in Figure 5, the beads
placed side by side are basically circular in cross-section,
flattening out slightly as they are laid down. Depending
on the gap size used between the beads, the lamina sur-
face is not expected to be flat. Thus, characteristic voids
will appear in the laminate between the stacked laminas.
The geometry and the number of voids in the laminate
also depend on the printing orientation and the layering
of the single laminas. Kubota et al.'*? found that larger
gaps are generated between the beads when a layer order
of +45° is applied. In the case of short fiber-reinforced
composites, Tekinalp et al.”’ reported that in the lami-
nate, void formation is dependent on fiber content. With
more fibers, the number of micro-voids increased while
interlayer voids decreased. This was also confirmed by
Yu et al.*° via X-ray microscopy (Figure 7D).

For molecular bonding, heat and pressure are required.
Coogan and Kazmer'" described interlayer diffusion with
Equation 9 (in Figure 5). The quality of the interlayer
bonding greatly influences the macroscale characteristics,
yet the effect of fibers on the bonding process is a less
researched area. It can be expected that the fiber content
influences the bonding process, as more fibers at the layer
interface can hinder polymer diffusion. The rate of inter-
layer diffusion is strongly influenced by the amount of
heat and the time of thermal exposure. Different types of
fibers have different thermal properties, and the heat
transfer coefficient between the fiber and the matrix also
varies. Therefore, the effects of fibers on the interlayer
bonding should be incorporated into future studies.

5 | MICROSTRUCTURE AND
MECHANICAL PROPERTIES

The multi-level structure of the printed parts that was
introduced in the previous chapter leads to unique struc-
tural and mechanical characteristics. The development of
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macro-level mechanical properties is governed by the
complex effects of manufacturing parameters and mate-
rial properties. We carried out a statistical analysis to
reveal the effects of the microstructure on mechanical
properties. The analysis seeks answers for the current
limitations of short fiber-reinforced 3D-printed compos-
ites. Fiber content, fiber aspect ratio, and fiber orienta-
tion were considered in the analysis of tensile and
flexural strength and modulus. We also investigated the
anisotropic nature of 3D-printed composites by analyzing
the effect of different printing directions in-plane and by
examining the differences between in-plane and inter-
layer properties.

5.1 | Effect of fiber aspect ratio and fiber
content on tensile properties

The fiber aspect ratio (L/D, i.e., length over diameter)
was used in analyzing the effect of fiber geometry. In gen-
eral, fibers are usually considered to have an aspect ratio
of greater than 10, while particles or fillers typically have
aspect ratios below 10. A high aspect ratio typically
means that the fiber is long and thin, which, in the case
of good fiber-matrix adhesion, is expected to significantly
enhance the mechanical properties of the composite.

The matrix material of the composites collected from
the literature varies. The fiber types are carbon (43), basalt
(31), and glass (8), and the matrix materials are PLA (47),

)] INSPIRING Polymer 13
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PEEK (13), PA (12), ABS (7), PP (3), PETG (2). Therefore,
to compare the results measured on different materials,
we calculated relative tensile strength (o, = 100
(Ot .comp/Otneat)) and relative tensile modulus (E e = 100
(Etcomp/Etneat)) as the ratio of the tensile strength/
modulus of the composite to that of the neat material,
expressed as a percentage. Relative strength and relative
modulus (Figure 8A,B) show the percentage increase/
decrease in tensile strength and modulus when fibers are
added. We collected 82 and 73 data points for tensile
strength and Young's modulus, respectively. In Figure 8,
the relative tensile properties are plotted as a function of
fiber content (1-50 wt%) and fiber length (19-715 pm).

The tensile strength data were analyzed with respect to
fiber content (wy) and fiber aspect ratio (L/D). First, based
on fiber content, the data were divided into five groups
(5, 10, 15, 20, 20+ wWt%); after that, each group was subdi-
vided according to the L/D values (L/D < 10, L/D > 10)
(Figure 8C). Then, we carried out a two-way ANOVA.

The analysis showed that the fiber aspect ratio (L/D)
has no significant effect on tensile strength (p = 0.782).
This is unexpected, as a close relationship between
strength and fiber length is expected when there is good
adhesion between the fibers and the matrix. Longer fibers
are likely to have a greater strength-enhancing effect.
Therefore, the lack of strengthening effect suggests that
fiber-matrix adhesion was insufficient in most studies.
Regarding fiber content, considering only the mean values,
an increase in the fiber content leads to a trend-wise
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TABLE 3
Grouping column of the tables are considered statistically identical.

Relative tensile strength

Results of the statistical analysis for relative tensile strength and relative tensile modulus. Cases with the same letter in the

Relative tensile modulus

Number of Mean of relative

W (Wt%) data points tensile strength (%)
5 14 83
10 23 105
15 22 130
20 11 148
20+ 12 155

increase in strength (Table 3). The maximum increase in
tensile strength achieved by fiber reinforcement was
2.7 times. Note that in the majority of the wy=5wt%
cases, the addition of fibers reduced tensile strength
(Figure 8A). With a fiber content of 20+ wt%, the mean
increase in tensile strength is 55% (Table 3). When the var-
iance of the data is taken into account, we can say that a
fiber content of 15wt% and above had a significantly
stronger effect than 5 wt% and below (Table 3). However,
based on a one-way ANOVA test, no significant difference
can be found between the 10, 15, 20, and 20+ wt% fiber
content groups (p = 0.109).

In the case of the tensile modulus, the data were
divided into five groups based on fiber content (5, 10,
15, 20, 20+ wt%) (Figure 8D). Considering the median
values only, we can say that an increase in fiber content
leads to a trend-wise increase in the tensile modulus
(Table 3). In many cases, the addition of fibers resulted in
more than a twofold increase in tensile modulus, but
in some cases five-to sevenfold increases were achieved.
In contrast to tensile strength, tensile modulus can be
increased in most cases with as little as 5 wt% fiber con-
tent. We performed a Kruskal-Wallis test with a post-hoc
Dunn's test to show the effect of fiber content on the rela-
tive tensile modulus (Table 4). Pairwise comparisons of
each group showed a significant difference only between
5 and 20+ wt% fiber content. 20+ wt% had a significantly
stronger effect on tensile modulus than 5 wt% and below
(p = 0.003). However, the analysis also showed no signif-
icant difference between the relative tensile modulus of
composites with 5, 10, 15, and 20 wt% fiber contents.
Higher modulus at higher fiber content is expected, as
fibers generally have a modulus at least an order of mag-
nitude larger than the matrix, so a larger fraction will
result in an increase. The embedded fibers can also
restrict the deformation of the matrix under load at room
temperature, making the composite stiffer. The increase
between low and high fiber contents suggests that the

G

> > >

Number of Median of relative

rouping data points tensile modulus (%)
12 124
18 167
- 18 195
= 13 215
- 12 283
TABLE 4 Post-hoc pairwise comparisons of the relative tensile

modulus of groups with different fiber contents using Dunn's Test
(Qcrit = 2.7996).

Compared Decision on
groups Q value null hypothesis
20+ —5 3.6849 Reject Hy

20+ — 10 2.7965 Fail to reject Hy
20+ —15 No comparison made Accept Hy

20+ — 20 No comparison made Accept Hy
20—5 2.5533 Fail to reject Hy
20— 10 No comparison made Accept H

20 — 15 No comparison made Accept Hy
15—5 1.7390 Fail to reject Hy

effect of fiber content can be described by models based
on the rule of mixtures. However, the statistical analysis
showed that modulus does not correlate with fiber con-
tent. Therefore, modeling likely requires the application
of correction factors to express the increment rate. We
analyzed the effect of the fiber aspect ratio (I/D) on the
tensile modulus using the Mann-Whitney test. The rela-
tive tensile modulus data was divided into two groups
based on the L/D ratio (L/D < 10 and L/D > 10). We
found that the L/D ratio does not influence the relative
tensile modulus (p = 0.868). In the analysis of the rela-
tionship between the tensile strength data and the L/D
ratio, we found that the parameters are independent, so a
weak fiber-matrix relationship can be assumed. For the
tensile modulus, there is no major impact of the fiber-
matrix relationship. The effect of the fiber-matrix rela-
tionship is most pronounced during failure and thus
affects the strength of the composite.

The data points show that an average increase of
2.22 + 1.41 times in tensile modulus can be achieved by using
short fiber reinforcement. In the case of tensile strength, only
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a moderate average increase of 1.25 + 0.5 times can be
expected. The statistical analysis results suggest that
increasing fiber content cannot guarantee an improvement
in tensile properties.

Analysis was also carried out by comparing the theo-
retically achievable tensile strength and modulus esti-
mated from the literature data using the simple rule of
mixtures (RoM). The estimates given by the RoM take into
account the fiber type and the fiber volume or weight
ratio. However, they ignore any structural characteristics
and defects that may occur in the composite. The compari-
son thus shows the effect of microstructural characteristics
of short fiber composites on mechanical properties. The
modeling of microstructural features such as fiber length
distribution, fiber orientation, or void content is the sub-
ject of later chapters.

We calculated the percent error (§) between the RoM-
estimated and the measured values for tensile strength
and Young's modulus as 8; = (|oyrom — O¢|/6)*100 and
8g = (|[Etrom E|/E)*100, respectively. Figure 9A,B
shows the percent error for tensile strength and modulus
as a function of fiber content, respectively. In both cases,
even the smallest median value of percent error was more
than 300% (at 5 wt% fiber content). The RoM gives the
theoretical tensile strength and modulus for a given fiber
content, assuming continuous fibers. The magnitude of
the deviation demonstrates that structural features other
than ideal, such as shorter fibers, non-unidirectional fiber
orientation, and voids, need to be taken into account to a
large extent in predictive calculations.

Using a Kruskal-Wallis test with a post-hoc Dunn's test
we showed that there is no correlation between percentage
errors for tensile strength and fiber content (Table 5). In
the case of Young's modulus, a Kruskal-Wallis test also
showed that the percent error does not depend on fiber
content (p = 0.218). However, percent errors for tensile
strength are significantly larger at 20+ wt% than at 5 wt%
cases (p < 0.001), and the median values show a trend
increase as a function of fiber content. A smaller increase
can also be observed for the modulus medians as a

TABLE 5
percent error for tensile strength of groups with different fiber

Post-hoc pairwise comparisons of the relative

contents using Dunn's Test (Qcit = 2.7996).

Compared Decision on

groups Q value null hypothesis

204+ —5 4.5902 Reject Hy

20+ —10 4.0677 Reject Hy

20+ — 20 1.6648 Fail to reject Hy

20+ —15 No comparison Accept Hy
made

15—5 3.7702 Reject Hy

15— 10 3.1243 Reject Hy

15—20 0.4278 Fail to reject Hy

20—5 2.9580 Reject Hy

20 — 10 2.2539 Fail to reject Hy

10— 5 1.0539 Fail to reject Hy

function of fiber content. This suggests that the degree of
deviation from the theoretical mechanical properties
increases with higher fiber content. The dominant micro-
structural features, fiber length and orientation, are not
discrete values but follow a distribution. As the ratio of
fibers increases, the proportion of fibers in non-ideal con-
ditions and the number of defects in the composite also
increases. As a result, the macro-scale properties of the
composite become less and less comparable to the theoret-
ically achievable properties, and the accuracy of prediction
methods is expected to decrease for higher fiber contents.
Lastly, in the case of Young's modulus, the percent
errors at 15 wt% and higher fiber contents are signifi-
cantly smaller than those for tensile strength. The
Young's modulus is calculated from the initial, linear
phase of the stress-strain curve. This region typically rep-
resents elastic deformation, where fiber-reinforced com-
posites behave in a more predictable, linear manner. In
contrast, tensile strength is the result of failure processes
that often involve complex damage mechanisms beyond

85U80|7 SUOWILWIOD BAIIER.D 8|qed![dde 8Ly Aq pausencb ae S9jolie YO SN JO Sa|NJ 10} Akeid1 78Ul UO A8]1M UO (SUOTIPUOO-PUB-SWLBY /W0 A8 | IMARIq U UO//:SANY) SUOIIPUOD pue SWie 1 843 89S ' [5202/70/90] Uo Akeiqiauliuo A8|1m ‘AreBunH aLeiyo0D Aq 05862°9d/Z00T 0T/10p/L00 A8 1M ARe.d 1 jeul U0 Suo edljgndedsty//:Sdny oy pepeojumoa ‘0 ‘69508YST



TOTH ET AL.

16 =Y INSPIRING olymer

_LWI L Ey_w PROFESSIONALS (F;CI)YMPOSITES

the elastic region. This includes fiber breakage, fiber pull-
out, matrix cracking, and debonding at the fiber-matrix
interface. Therefore, the tensile strength is expected to
deviate more from the theoretical value than the Young's
modulus. This also means that analytical models are
expected to be less precise when used for tensile strength,
as many analytical models assume idealized conditions
such as perfect fiber-matrix adhesion or uniform fiber
length.

5.2 | The effect of the fiber aspect ratio
and fiber content on flexural properties

In Figure 10A,B the 22 data points for relative flexural
strength and 16 points for flexural modulus are plotted as
a function of fiber content (1-50 wt%) and fiber length
(52-271 pm). The material of the composites collected
from the literature varies. The fiber types are carbon (15),
basalt (4) and glass (3), the matrix materials are PEEK
(16), ABS (4) and PLA (2). To analyze the flexural proper-
ties measured on different materials, we calculated rela-
tive flexural strength (6grei =100 (Gfcomp/Ofneat)) and
relative flexural modulus (Egre = 100 (Egcomp/Efneat)) as
the ratio of that of the composite to that of the neat mate-
rial expressed as a percentage.

The data were analyzed by fiber content (10 wt% or
lower, and above) and fiber aspect ratio (L/D < 10,
L/D > 10) (Figure 10C,D). The median values of relative
flexural strength and relative flexural modulus for each

group are shown in Table 6. Using two separate Mann-
Whitney tests, we showed that fiber content has no sig-
nificant effect either on flexural strength (p = 0.891) or
modulus (p = 0.143). However, the fiber aspect ratio has
a significant effect on both. Two separate Mann-Whitney
tests showed that L/D < 10 resulted in a significantly
higher increase in flexural strength (p = 0.005) and mod-
ulus (p = 0.008) than L/D > 10. This is the opposite of
what one would expect. With proper fiber-matrix adhe-
sion, longer fibers have a larger surface area; therefore,
they can provide better load distribution. Thus, longer
fibers are expected to enhance both properties. Consistent
with the analysis of tensile properties, the results suggest
that fiber-matrix adhesion was insufficient in the pre-
sented studies. The maximum increase in flexural strength
and modulus achieved by the addition of short fibers is 3.5
and 5.7 times, respectively. Overall, fiber reinforcement is
expected to significantly increase the flexural modulus by
an average of 2.69 + 1.35times, but only a moderate
increase in strength of 1.34 + 0.69 can be expected.

5.3 | Analysis of anisotropy
5.3.1 | In-plane direction-dependent tensile
properties

3D-printed structures are anisotropic, meaning there can
be a large difference between the in-plane (x, y) mechani-
cal properties and those perpendicular to it (in z direction)
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TABLE 6 Median flexural strength and modulus values for the different groups.
Relative flexural strength Relative flexural modulus
Group Number of data points Median value (%) Number of data points Median value (%)
wr < 10 wt% 14 111 10 170
we > 10 wt% 8 115 6 326
L/D <10 10 161 10 352
L/D > 10 12 98 6 159
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(Figure 11A). Numerous studies have investigated inter-
layer bonding in the case of neat polymers, and it has been
shown that fillers and reinforcements affect the anisotropy
of mechanical,"**'* functional'® and tribological'*’
properties.

Figure 11B-E shows the effect of printing orientation
on tensile properties (67 and 59 data points for tensile
strength and modulus, respectively). Since 3D printing
has been shown to align the fibers mostly in the direction
of the toolpath, our study indirectly reveals the effect of
fiber orientation. The main directions are distinguished
in respect to the load direction: parallel to it (0°), perpen-
dicular to it (90°), and at an angle of 45°. (Samples

printed at 45° often have alternating layering, so in some
instances the orientation in the laminate is +45°). To
compare the results measured on different materials, we
calculated relative tensile strength (6 re; = 100 (G comp/Oy,
neat)) and modulus (Et,rel =100 (Et,comp/Et,neat)) as the
ratio of the tensile strength/modulus of the composite to
that of the neat polymer expressed in percentage.

To statistically analyze the effect of printing orienta-
tion on the tensile strength of 3D-printed materials, we
performed a one-way ANOVA with a post-hoc Tukey
HSD test (Table 7). The results show that relative tensile
strength in the 0° printing direction is significantly
higher than that in the 45° printing direction. Also, in
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TABLE 7

the Grouping column of the tables are considered statistically identical.

Printing Number of Mean value of relative
orientation (°) data points tensile strength (%)

0 25 138

45 33 101

90 9 63

the 45° direction, strength is significantly higher than
in the 90° direction (p < 0.001). This means that printing
orientation is statistically proven to have a trend-like
effect on the tensile strength of 3D-printed short fiber-
reinforced composites. Overall, the data points show that
the strength enhancement effect with the addition of
fibers is on average 1.38 + 0.42 times when the orientation
is 0°. This is 1.01 + 0.3 times when the orientation is 45°, so
it is practically unchanged. Lastly, strength decreases by
0.63 + 0.34 times due to the addition of fibers when the ori-
entation is 90°. The maximum increase in tensile strength
was 3% for the 90° orientation. This is in agreement with
the phenomenon established in the literature that fibers are
largely oriented in the printing direction, as fibers parallel
to the load perform the most efficient reinforcement.

For tensile modulus, the median values show that the
larger the deviation of the printing angle from 0°, the
smaller the increment (Table 7). To statistically analyze
the data points, we performed a Kruskal-Wallis test with
a post-hoc Dunn's test (Table 8). A pairwise comparison
of each group shows that there is a significant difference
between the relative tensile modulus of the 0° and 90°
orientations (p < 0.001). There is no difference between
0° and 45° and between 45° and 90°. Based on the data, the
addition of fibers is expected to increase the tensile modulus
by an average of 3.00 + 1.75 and 1.72 + 0.56 times in the
0° and 45° printing directions, respectively. In the 90°
printing direction, the tensile modulus remains approxi-
mately unchanged (1.11 + 0.38 times increase). However,
the directional dependence of the tensile modulus is statis-
tically confirmed only between the extremes (0° and 90°),
so it is not sensitive to small changes in fiber orientation
on average.

In the analysis, unidirectional (0°, 90°, 45°) and occa-
sionally bidirectional (+45°) composites were investi-
gated. However, 3D printing also allows for additional
layering and quasi-isotropic orientations. Tavara et al.'*’
investigated the tensile properties of bidirectional carbon
fiber-reinforced PA composites. The authors found that
better properties can be achieved with a layer order of
0°/90° than with +45°. However, the latter showed more
favorable fracture properties. According to the literature,
print orientation has the most effect on tensile properties;

Results of the statistical analysis for relative tensile strength and relative tensile modulus values. Cases with the same letter in

Number of Median value of relative
Grouping data points tensile modulus (%)
A - - 25 276
= B = 25 170
- - C 9 112
TABLE 8 Post-hoc pairwise comparisons of the relative tensile

modulus of groups with different printing orientations using
Dunn's Test (Qcyi¢ = 2.3877).

Compared Decision on
groups Q value null hypothesis
0—90 3.7679 Reject Hy
0—45 2.3138 Fail to reject Hy
45 —90 2.0843 Fail to reject Hy

for other types of loads, it is less dominant or its effect is
less obvious. Iyer and Keles'*® showed that flexural prop-
erties are less dependent on the printing orientation.

5.3.2 | Interlayer tensile properties

3D-printed composites with short fiber reinforcement
exhibit higher tensile strength due to the alignment of the
fibers along the printing direction. However, this directional
alignment results in reduced strength when subjected to
loads in other directions. In addition, it is also established
in the literature that 3D-printed parts are generally weaker
between layers. Interlayer properties are often determined
with the use of single-layer, vertically built specimens, as
shown in Figure 12A."* We analyzed the in-plane and
interlayer tensile strength of short fiber-reinforced compos-
ites using 57 data points (Figure 12). The highest tensile
strength found in the literature was achieved by Allum
et al.,”*° who state that poor interlayer properties are not
due to insufficient polymer bonding but due to geometric
features. However, their claim contradicts other sources
and may require further verification. Kénig et al.'* investi-
gated the effects of process parameters on the interlayer
bonding of carbon fiber-reinforced PA composites. The
authors found that the carbon fibers decrease interlayer
bonding strength, probably due to weak fiber-matrix adhe-
sion. Bhandari et al."*! found that carbon fibers reduce inter-
layer tensile strength by 66% and 50% for an amorphous and
a semi-crystalline polymer, respectively. Post-processing
increases strength but also increases production time and
can deform 3D-printed products. The authors reported that
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TABLE 9 Median tensile strength and modulus values for the neat and composite 3D-printed materials.
Neat Composite
Median value of Median value of
Group Number of data points tensile strength (MPa) Number of data points tensile strength (MPa)
In-plane 37 53 20 62
Interlayer 37 31 20 14

increased melt viscosity and crystallization inhibit diffusion
between layers and can therefore result in poor interlayer
bond strength.

To compare the in-plane and interlayer tensile strength
of the neat and fiber-reinforced materials (Figure 12B,D,
E), we performed a Wilcoxon signed-rank test and a paired
T-test, respectively. The median values of each group
can be seen in Table 9. The statistical analysis showed that
in-plane tensile strength was significantly higher than
interlayer tensile strength for both the neat materials
(p < 0.001) and the composites (p < 0.001). This confirms
that the poor interlayer properties of 3D-printed structures

also occur in 3D-printed fiber-reinforced composites. To
rate the difference between the in-plane and interlayer
tensile strength of the 3D printed parts, we introduce
the anisotropy ratio of tensile strength (v,) which is the
ratio of the in-plane and interlayer tensile strength
(Vo = Gin-plane/Cinterlayer) (Figure 12C). A Mann-Whitney
test shows that v, for the composites is significantly higher
than for the neat parts (p < 0.001). In terms of median
values, the anisotropy ratio for composites and neat mate-
rials is 573% and 164%, respectively, that is, the addition of
short fibers more than triples the anisotropy of the 3D
printed parts. This type of anisotropy can be disadvantageous
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because it limits the mechanical performance of the printed
parts to one direction and makes the components vulnerable
to stress in the out-of-plane direction. This can lead to
reduced structural integrity, unpredictability in load-bearing
applications, and potentially premature failure. To overcome
anisotropy, advanced 3D-printing strategies are utilized, such
as multi-axis printing'** or the “z-pinning” approach.'*
These processes are based on the use of out-of-plane tool-
paths, which allow for the continuous deposition of material
in the building direction (z direction). Another solution to
anisotropy could be to incorporate additional reinforcing
materials between the layers."**

6 | MECHANICAL MODELS AND
APPLICATIONS

Analytical models are widely used to predict the mechani-
cal properties of 3D-printed short fiber-reinforced thermo-
plastic composites. The fibers are mostly applied to enhance
the tensile, flexural, and other mechanical properties. The
development of functional materials with conductive prop-
erties, shape memory capabilities, or biocompatibility is also
gaining ground.

Fiber properties such as fiber length, fiber orientation,
and fiber-matrix adhesion determine the mechanical prop-
erties and, therefore, need to be incorporated into predictive
calculations. In analytical modeling, homogenization
methods are usually used to treat composite materials as a
single medium rather than analyzing the interaction of indi-
vidual fibers and the matrix separately. These methods aver-
age the properties of the composite constituents (fiber and
matrix) to give an overall estimate of mechanical behavior.
By simplifying the complex microstructure of the compos-
ite, homogenization methods facilitate the prediction of
overall material behavior, although they may not fully cap-
ture local variations in properties. However, microstructural
properties have little predictability.'*>

Accurate modeling requires sufficient quantitative data
on fiber properties, which can be time-consuming and prone
to error. Analytical models are particularly useful when com-
putational resources are limited or when fast, approximate
predictions are needed at an early stage of design. Therefore,
predicting the evolution of microstructural features as a func-
tion of manufacturing parameters and material properties
could be an important future research direction.

6.1 | Microstructure and correction

factors

There are many ways to quantify microstructural fea-
tures, and the method chosen can greatly affect the

accuracy of the predictions. Table 10 summarizes the
main microstructural features of short fiber-reinforced
composites, and the quantitative measures of the features
and their common calculation methods. Figure 13 shows
schematics of the features. Average fiber length can be
expressed as a numerical (Equation 10) or a length-
weighted average (Equation 11) of the length of the indi-
vidual fibers. Fiber length can also be characterized by a
distribution function, for which a Weibull distribution is
most often used (Equation 12). Similarly, the orientation
of each fiber can be averaged and is given by the principal
diagonal values of the second-order orientation tensor in
the 3 main directions (Equation 13). A more precise way
of specifying this can be the fiber orientation distribution
function (FOD). Many specific probability density func-
tions are used in the literature to describe orientation.'*!
Equation 14 shows a single-parameter exponential func-
tion presented by Chin et al'** regarding orientation.

Fiber length distribution (FLD) can be determined as
follows. After burning off the matrix or chemically dissol-
ving it, the remaining fibers are dispersed and placed under
an optical microscope. Images of the fibers are captured,
and image analysis software is used to measure the length
of individual fibers. The method is direct but can be time-
consuming. In some cases, researchers have found that the
use of length averages in mechanical modeling procedures
can provide a sufficiently accurate estimate, which can
reduce the computational capacity required.'**'** To mea-
sure the FOD, often a polished surface is prepared, and the
orientation is determined based on the geometry of the fiber
cross-sections (Figure 14C). The directional arrangement of
the fibers might also be detected indirectly, based on their
functional properties.'** If the electrical conductivity'** or
the thermal conductivity’*> of the composite is higher in
one direction, this indicates a higher degree of fiber orienta-
tion in that direction.

Regarding porosity, the simplest way to approximate void
content is via density measurement (Equation 16). Scanning
electron microscopic or optical microscopic images are also
often used. The state-of-the-art technique to characterize the
microstructure of composites is microtomography, which
can provide the length, the 3D orientation of the fiber, and
the distribution of voids in a non-destructive way. Data is
obtained by collecting 2D projection images, from which the
3D structure can be reconstructed. The main components of
the structure (matrix, fibers and voids) can be identified by
image segmentation (Figure 14A). Tikhani et al.'® deter-
mined fiber orientation using tomography data by apply-
ing a plane and calculating the orientation of the fibers
intersecting it (Figure 14D). Nikolaou et al.'*® applied a
segmentation process based on neural network algorithms
(Figure 14B), which supported the accuracy of further
mechanical modeling.
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TABLE 10 Main microstructural features, their quantitative measures, and common calculation methods.
Feature Quantification/calculation method
Fiber length Equation 10 L — > il
Equation 11 " -
Equation 12 Ly = Zn—?‘

£(1]a.b) =2 ()

a

PROFESSIONALS  COMPOSITES

147-152

Parameters

Number average fiber length (Ln)
Length-weighted fiber length (Lw)
Number of fibers (ni)

-1, —(x)° Individual fiber lengths (li)

¢ Fiber length distribution function (f(1))

Weibull parameters (a, b)

Fiber orientation Equation 13 Oy Oy Oy Orientation tensor (A;;)
Equation 14 Aj=|ayx ay ay Fiber orientation distribution function (g(6;4))
Gz Q7 Qg

g(e,/l) _ Aexp(—lf))

1—exp (—%)

Fiber content Equation 15 v, e

r

Vi =v, T mm

PfPm

Void content Equation 16

Fiber-matrix
interfacial adhesion

Equation 17 _ordr
q T=5L

In micromechanical modeling of short fiber-reinforced
composites, correction factors are applied to account for
the microstructural effects that influence the overall
behavior of the composite. Commonly used correction fac-
tors are shown in Table 11. These factors help bridge the
gap between idealized models and real-world materials.
Fiber length correction factors account for the reduced
load transfer efficiency in short fibers compared to con-
tinuous fibers, as short fibers do not fully develop their
potential tensile strength due to insufficient bonding
length with the matrix. They are used for strength
and stiffness predictions. Since fibers in short fiber-
reinforced composites are often randomly oriented or
aligned in specific patterns, orientation factors can
adjust models to account for the actual fiber orienta-
tion distribution. The composite's properties will vary
depending on the alignment of the fibers relative to the
load direction, and this factor modifies the model to
reflect that anisotropy (Equation 18, 19).

The fiber geometry factor (Equation 20) is a parame-
ter that takes into account the shape and distribution of
fibers in the composite and is intended to describe how
stress is transferred from the matrix to the fibers. The
fiber packing parameter (Equation 21) describes how
fibers are distributed or packed within the matrix. The
parameter accounts for how closely or loosely the fibers
are arranged and how this arrangement affects the load
distribution and the effectiveness of stress transfer

v, =100— 7 (¥ - 21)

Mass of fiber and matrix (mg, m,,)
Density of fiber and matrix (o, p,,)
Fiber volume fraction (v¢)

Void volume fraction (vy)

Measured composite density (p")

Weight percentage of matrix and fiber (W, Wy)
Density of matrix and fiber (p,,, py)

’f

Interfacial shear strength (t)
Tensile strength of a single fiber (oy)
Fiber diameter (dy)

Critical fiber length (L.)

through the matrix. The geometry factor and fiber
packing parameters are usually used in shear lag models.
The fiber clustering parameter (Equation 22) accounts
for the presence of fiber agglomerations. In short fiber-
reinforced composites, fibers are often not perfectly
dispersed; instead, they may form clusters due to proces-
sing conditions, fiber-fiber interactions, or inadequate
mixing. The clusters reduce the stress transfer efficiency
and can act as localized failure points.

Voids reduce the effective load-bearing area of the
composite and can act as stress concentrators, lowering
both stiffness and strength, therefore void factors compen-
sate for the presence of voids or pores within the compos-
ite. At the lamina level, new variables are introduced that
are bead orientation, intralayer bonding strength, and
inter-bead void content. The degree of neck formation
between the adjacent beads determines the horizontal
bond width and thus controls the inter-bead void content.
For mechanical modeling, the lamina is usually consid-
ered an orthotropic bead-void compound and the inter-
bead void content can be calculated with knowledge of the
geometry of the beads and diffusion length.'>® According
to the Rodriquez formula, void content is given with
Equation 23, where the voids are calculated with the
geometry of the beads (m and n are thickness and height,
respectively) and the diffusion length between the beads (6
and A are the vertical and horizontal lengths of the neck,
respectively).'>>!>*
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FIGURE 13
orientation, and void content.

6.2 | Mechanical models used for the
prediction of tensile strength and Young's
modulus

Micromechanical models are used to predict the ten-
sile properties of short fiber-reinforced composites by
considering the contributions of the individual compo-
nents (fibers and matrix) as well as the effects of fiber
length, orientation, distribution, fiber-matrix interface,
and other microstructural factors. Commonly used models
for short fiber-reinforced 3D-printed composites are
shown in Table 12. The models typically rely on a few key
assumptions, for example, some models assume perfect
bonding between the fibers and matrix, while others intro-
duce correction factors to account for imperfections or
weak bonding. Many models assume that both the fibers
and matrix behave elastically up to failure. Generally, the
first step is determining the volume fractions of the fibers
and matrix (Equation 15). Then, the five elastic constants
can be calculated (Equations 24-28), which describe the
directional behavior of the composite.

Zou et al."*’ developed constitutive models for isotro-
pic and transversely isotropic elasticity to account for the

\/\ b
\ ¢ §

Void volume

Main microstructural features of short fiber-reinforced 3D-printed composites: Material properties, fiber length, fiber

anisotropy of neat 3D-printed polymers (Equation 29).
The authors constructed a yield model to describe tensile
strength in the case of different building orientations. If
fibers are also present, one of the simplest models to pre-
dict mechanical properties is the Rule of Mixtures (RoM,
Equation 30). The RoM assumes that properties of the
composite are weighted averages of the properties of
the fibers and the matrix. To improve accuracy, microme-
chanical models introduce various efficiency factors that
account for the reduced load transfer efficiency due to
fiber length, orientation, voids, and other imperfections.
In the Halpin-Tsai model, fiber length and fiber orienta-
tion are considered correction factors (Equation 31). The
Modified Kelly-Tyson model (Equation 32) is applied
for tensile strength prediction, and it accounts for fiber
orientation, length, and fiber-matrix adhesion. Yu et al.*
applied the Kerner-Hashin model (Equation 33) to
include the effects of voids in stiffness prediction. Cox's
model, or the shear-lag model (Equation 34, 35) proposes
that the effectiveness of load transfer in an aligned short-
fiber composite is related to the modulus of both the fiber
and the matrix. The contribution of the fiber is scaled by
a fiber geometry factor (A), which represents the load

85U80|7 SUOWILWIOD BAIIER.D 8|qed![dde 8Ly Aq pausencb ae S9jolie YO SN JO Sa|NJ 10} Akeid1 78Ul UO A8]1M UO (SUOTIPUOO-PUB-SWLBY /W0 A8 | IMARIq U UO//:SANY) SUOIIPUOD pue SWie 1 843 89S ' [5202/70/90] Uo Akeiqiauliuo A8|1m ‘AreBunH aLeiyo0D Aq 05862°9d/Z00T 0T/10p/L00 A8 1M ARe.d 1 jeul U0 Suo edljgndedsty//:Sdny oy pepeojumoa ‘0 ‘69508YST



(a) (b)
‘ @

PG Polymer _W l L E YJ_B

TOTH Er AL. w
PLASTICS

PROFESSIONALS  COMPOSITES

I
|
1
|
I
|
I
|
I
I
I
I
I
I
I
I
I
|
:
|
| + Modeling » X-ray uCT + Image visualization  « Fiber characterization « Strength prediction
I
|
I
|
I
|
I
1
1
I
I
I
I
1
I
|
|
I
I

uCT-assisted simulation

T e, s SR s =
. ™ b e
[ 1 .l.. ',://‘
+ Printing - Voids identification + Anisotropy approximation
I::__:_______'______::::::_'_':__:::::'1__:_'____::::::::__:__::::_':__‘____‘:____—':::::-_::__:::__—_:::__:__:::__::
Pre-processing Training Prediction
(B) r = \r L A

Initial Annotated YOLO Before After
images images prediction prediction

Internal region

Remaining
images

Random
selection

Fiber

CNN

*

o/

424210 ir&‘

, 2380 imy
o : * Predict
Do

* Predict

FIGURE 14 Measurement methods of microstructural properties (A) main components (matrix, fibers and voids) identified by image

segmentation from tomography data®® (B) segmentation process based on neural network algorithms'*® (C) measuring fiber orientation

using cross-section geometry”> (D) measuring fiber orientation using tomography data.

106

519017 SUOWILIOD) BATTER.D) 3o e L) A PauRAC 8.2 SILE VO ‘3N J0 S3N. 10} ARIc]1 BUIIUO AB[IA L0 (SUOIIPUOD-PUE-SULBYLIOD" A8 1M ARGl PUIJUO)//'ScL) SUOTIPUOD PUE SWLB | 8L 395 *[GZ0Z/70/90] UO AReiq 1 auluO 4B |1 ‘A2BUnH aUe1jo00) Aq 0G86Z°90/Z00T 0T/10p/W0o" |1 ATeJq1 U1 [UO'SUO Tea1jandadsty//Sdy o1 papeojumoq ‘0 ‘69G087ST



% | WILEY-T0 sz, Pomer

TOTH ET AL.

PROFEssiONALs  COMPOSITES
TABLE 11

Microstructural feature Correction factor

Fiber length, Fiber
orientation

Equation 18

Omin
Lmin

Omax
ST

Fiber orientation Equation 19

Fiber geometry Equation 20 I—1— tanh (%"
%
Fiber volume fraction Equation 21 —_— rt
(square packing) R
Fiber clustering Equation 22 a=1—y Vi
fibermax
Void content Equation 23 Vo=1-— %

transfer efficiency with the ratio of the shear lag parame-
ter () and the fiber length (1). The shear lag parameter
depends on the ratio of the Young's modulus of the fiber
(Ey) to the shear modulus (G,,) of the matrix, as well as
the fiber aspect ratio. The fiber volume fraction for square
packing takes into account the mean center-to-center sep-
aration of the fibers (Ry). The Eshelby-Mori-Tanaka model
(Equation 36) combines Eshelby's inclusion problem with
the Mori-Tanaka average stress approach to define the
effective elastic properties of a heterogeneous two-phase
material.'® As a general 3D-printed structure can be
found analogous to composite laminates, the Classical
Laminate Theory (CLT) can also be used at the laminate
level (Equation 37).

Multiscale finite element models (FEM) are also gaining
ground for short fiber-reinforced 3D-printed composites.
Estefani and T4vara'®® built a FEM model in which the
integration points correspond to the centers of Representa-
tive Volume Elements (RVEs), and equivalent homoge-
neous properties are assigned based on these RVEs at the
macro level. At the meso scale, RVEs represent the arrange-
ment of beads, accounting for their orientation, layer order,
and potential porosity, and using probability functions and
boundary conditions to derive macro-level constitutive laws
(Figure 15D). Gonabadi et al.'®' presented a multi-scale FE
analysis in which, at the micro-scale, RVEs were modeled,
taking into account volume fractions and fiber geometry. At
the mezo-scale, voids between the beads were also consid-
ered. The FEA revealed local stresses at the fiber-matrix
interface and at the bead-bead connections (Figure 15A).

Bandinelli et al.'®® presented a FE model that accounts for

Correction factors derived from microstructural features.

ke = fo f f(1

1-1(1— Aftan( ))/(zle”‘)))dlde

1= (;’/zh( )cosedaxj”/z

3,147,150,155,156

Components

FLD (f(1))

FOD (g(6))

Critical fiber length (1)
Average fiber length (L)
Snubbing friction
coefficient ()

Aonstant (Ay)

0)(1/Ly)(1/21c)e ) d1do

0)(1/Ln)(1 — Agtan(0)) x

FOD (g(8))
Poisson's ratio (v)

)(cos>0 — vsin®fcosd)) dO

Shear lag parameter (1)
Fiber length (1)

Fiber radius (rf)
Side length of the enclosing
square (R)

Fiber volume fraction (Vy)
Maximum fiber Volumetric
fraction (Vgpermax)

Bead geometry (m, n)

raster angle and building orientation. The authors showed
that the elastoplastic behavior and the failure modes are
influenced by the anisotropic nature of the 3D-printed parts.
Cai et al.'® reconstructed a simplified microscopic model
using 3D parametric finite-volume direct averaging micro-
mechanical theory based on statistical results from micro-
CT data (Figure 15B). Lei et al."® applied a void array map-
ping method using scanning electron microscopy images to
construct RVEs (Figure 15E). In this way, different void
geometries specific for 3D-printed structures were taken
into account in estimating stiffness. Yan et al.'*® presented
a Modified Random Sequential Adsorption algorithm for
the generation of RVEs. Besides the fiber properties (vol-
ume, length, orientation), the model also considers voids
and foreign matter particles, which are of great importance
for composites made with recycled fibers (Figure 15C). The
model was verified on recycled glass fiber-reinforced PLA
composites.

Table 13 shows the micromechanical models applied
for 3D-printed short fiber-reinforced composites to predict
tensile strength and Young's modulus in the literature.
Yan et al.'"™® evaluated the applicability of numerous
classic micromechanical models for short fiber-reinforced
3D-printed composites. The RoM, modified rule of
mixtures (MRoM), Kelly model, Cox shear lag model, and
modified Cox models were used to predict the longitudinal
strength and modulus. The RoM transverse model and
bridging model were applied for transverse strength, and
the RoM transverse model, Halpin-Tsai, and modified
Halpin-Tsai models were used to predict the transverse
modulus. The authors revealed that fiber orientation, fiber
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TABLE 12 Mechanical models for predicting tensile properties.

Name Model

Material properties Equation 24 Ey=Epvy+En(1—vy)

-1

)

Equation 26 X Y
Gp= {2—’/ + ‘(1G:f)}

Equation 25 1-
E,= |:}%+( E,:f

Equation 27 vi2 =vpvp +vm (1 — )

Equation 28 v =2y,
1

Transversely Equation 29 o(6) = o(0) + (0(90)70(0)

isotropic yielding %

model
Rule of Mixtures Equation 30 Gc=0fVf+0m (1 — vf)
(RoM)

PROFESSIONALS  COMPOSITES

69,147,151,158-161

Components

Volume fraction of the fiber and
the matrix (vg, viy,)

Elastic modulus of the fiber and
the matrix (Eg, Ey,)

Longitudinal elastic modulus (E,)
Transverse elastic modulus (E,)
Shear modulus (G;5)

Poisson's ratio (v;,, V21)

) %@ Building orientation angle (9)
Strength in the respective
directions (¢(0),5(90))

Strength of the composite (o.)
Fiber strength (o7)
Matrix strength (c,,,)

Halpin-Tsai Equation 31 Oc =X1X20fVf + 0m (1 —y) Tensile strength of the

composite (o)

Tensile strength of fiber and
matrix (f,0pm)

Length correction factor (y;)
Orientation correction factor (y,)

Kelly-Tyson Equation 32 6o =1, ’L/f Y | Epee (1-vy) Tensile strength of the

d

Kerner-Hashin Equation 33 By = g

Cox (shear lag) Equation 34 Ec=2E;v;+Ep (1 — vf)

Cox (shear lag) Equation 35 6c = AofVr +0m (1 — vf)

composite (o)

Fiber orientation factor (,)
Fiber length (Ly)

Fiber volume fraction (vy)
Strain of the composite (&)

Effective matrix modulus (E,.)
Effective shear modulus (G.)
Effective bulk modulus (K,.)

Young's modulus of the
composite (E.)
Geometry factor (1)

Tensile strength of the
composite (o.)

Geometry factor (1)

Fiber volume fraction (vy)
Tensile strength of fiber and
matrix (of,0m)

Eshelby-Mori- Equation 36 Dypy =Dyp{(1 = Vy)(Dy — Dyp)Sy + DUD}71 Elastic constant of voids (Dy,)
Tanaka x[(1=Vy){(Dy —Dyp)Sy +Dyp} + VyDy] Void volume fraction (V)

Classical Laminate Equation 37 Qi Q O
Theory (CLT) [QU} =|Qp Qp O
0 0 Qg

length, porosity, fiber clustering and weak fiber-matrix
interface bonding are the main sources of inaccuracy.
Yu et al.*® applied the Kerner-Hashin method for the
prediction of tensile strength and stiffness of basalt fiber—
reinforced PLA, and reported good agreement. Using the

Eshelby tensor (Sy)

Tensor components (Qy,)

Halpin-Tsai model, van de Werken et al.’> found good
agreement with experimental results measured on short
carbon fiber-reinforced ABS composites. Pei et al.'®
applied the Halpin-Tsai model with data-driven parameter
calibration, where fiber and void volume fractions were
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FIGURE 15 Representative Volume Elements (RVEs) modeled for 3D-printed short fiber-reinforced composites (A) Micro-, meso-, and
macroscale model elements'®' (B) Microscopic model reconstructed from microtomography images'®*
voids, and foreign particles from recycled fibers'®® (D) RVE considering fiber orientation and layer order'®* (E) Void array mapping method

(C) RVE containing matrix, fibers,

to prepare RVEs using scanning electron microscopy images.'®®
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considered stochastic variables. They also analyzed the
effects of process parameters on the structure. The authors
revealed a structure-property relationship between void
distribution and Young's modulus. Shirasu et al.>' applied
the Eshelby-Mori-Tanaka model to 3D-printed composites
to account for void volume fraction and reported that it
can approximate the stress-strain response well. Gupta
et al.°® applied the Mori-Tanaka approach with a two-step
homogenization framework to predict Young's modulus
and tensile strength as a function of fiber content. For
homogenization, they considered and determined fiber
length and bead size (the diameter of a single 3D-printed
extrudate) experimentally. They found that the method
reduces the error mostly for higher fiber contents, in the
case of carbon fiber-reinforced polycarbonate composites.
Abderrafai et al.”® also presented homogenization based
on the Mori-Tanaka model to predict the Young's modulus
of carbon fiber-reinforced polyamide composites. The
authors showed that their method provides a lower bound
for mechanical properties and that experimental
values below this bound indicate imperfect fiber—
matrix adhesion. The CLT is applied mostly for continu-
ous fiber-reinforced composites; for short fiber-reinforced
composites, it is less used. Somireddy et al.>® applied the
CLT and the Tsai-Hill failure criteria and found that the
voids degrade mechanical properties and reduce the accu-
racy of predictive methods. Papon et al.”* identified three
types of voids and considered their effects in a multi-level
analytical modeling framework. They found that void dis-
tribution can be obtained from stochastic void models, and
it can be used with the CLT to give accurate predictions
for the overall laminate properties.

Overall, 5 cases of tensile strength modeling and
10 cases of micromechanical modeling for modulus esti-
mation are presented, from a total of 10 literature
sources. Fiber length is almost always incorporated as an
empirical correction factor. Fiber orientation is also often
measured, but in some cases, an approximate value is
used based on the fact that fiber orientation correspond-
ing to the printing direction is well established in the lit-
erature. Fiber-matrix adhesion is rarely incorporated,
despite the fact that estimation inaccuracies are often
attributed to inadequate adhesion. This may be because
the interfacial shear strength that characterizes fiber-
matrix adhesion can only be given by time-consuming
and error-prone measurement procedures empirically.
Void content is only considered for modulus predictions.
For strength, a lower accuracy of micromechanical
methods is expected. Strength is a minimum value and a
characteristic of the failure process, which is the result of
several statistical processes and cannot be expected to be
estimated by solely analytical approaches. The methods,
however, can provide order of magnitude

approximations, which can justify further calculations
based on finite element methods coupled with failure
criteria.

7 | NON-FIBROUS, WASTE-
DERIVED REINFORCEMENTS

The conversion of waste into filler material for thermo-
plastic matrices in 3D extrusion is a novel approach that
reduces the use of primary raw materials and thus con-
tributes to sustainability. Various types of waste are used,
including agricultural by-products (e.g., rice husk, wheat
straw or biochar from biomass), industrial residues
(e.g., fly ash, slag or recycled glass) and polymer or com-
posite waste (e.g., electronic waste, ground tire rubber).
The waste is usually processed into fine granules by
grinding, pyrolysis, or chemical treatment (Figure 16).
Surface treatments or coupling agents are also often used
to improve the bonding with the thermoplastic matrix.

7.1 | Fillers derived from agricultural
byproducts

Fillers derived from agricultural waste are renewable and
biodegradable; therefore, they are attractive for sustainable
composite development. Various types have been used as
fillers for 3D-printed composites, such as tomato stem,”*
coffee grounds,'”>"”* rice husk'” or chicken feather.'”®
Agricultural byproducts are organic materials that exhibit
inconsistent mechanical properties. Due to their irregular
shape, particle size distribution, and surface characteris-
tics, these fillers often cause random changes and can even
reduce the overall mechanical properties. Pemas et al.'”*
created 3D-printed filament from PLA pellet and added
0, 5, and 10 wt% of tomato stem powder (TSP) with parti-
cles smaller than 150 pm. Their results show that increas-
ing the TSP ratio decreases the tensile and flexural
strength, as well as the elongation at break. The tensile
and flexural modulus did not increase with TSP addition.
Morales et al.'”® prepared filaments with recycled polypro-
pylene (rPP) and rice husk (RH) powder with a particle
size between 250 and 425 pm. They found that the tensile
strength, elongation at break, and Young's modulus
decreased with increasing RH content.

However, agricultural waste fillers have also been
reported to increase the mechanical properties of thermo-
plastic matrices. Sotohou et al.'”’ prepared 3D printed
rPP specimens filled with 5 and 10 wt% bean pods pow-
der (BPP). They found that the BPP increased the tensile
strength and the compression strength by 10%, and it
increased the flexural strength by 20%. Research shows
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FIGURE 16 Agricultural and multicomponent waste as fillers: (A) tomato stem powder, (B) ground coffee, (C) grinded aluminum-

plastic packaging, (D) grinded waste rubber,'”"-173-188194

that in most cases, biochar increases the mechanical
properties. Biochar is a carbon-rich material derived from
biomass through pyrolysis. Its particle size typically ranges
from nano to micrometer scales. However, in most cases,
the increase is not trend-like, so it is difficult to predict
the property-modifying effect. Idrees et al.'”® prepared 3D
printed composite samples from recycled poly(ethylene tere-
phthalate) (rPET) bottles and 0, 1, 3, and 5 wt% biochar.
The latter was derived from the pyrolysis of packaging
waste. Adding biochar significantly increased (around 30%)
both tensile strength and Young's modulus in all cases, but
no trend-like changes were observed as a function of filler
content. Zaheeruddin et al.'” created 3D printed composites

from PP and biochar derived from the pyrolysis of
packaging waste. The biochar addition significantly
increased both tensile strength and Young's modulus in
all cases, while no trend-like changes in strength as a
function of filler content were observed. Vidakis et al.'®°
prepared 3D printed composites from high-density poly-
ethylene (HDPE) and biochar, which was produced by
flame-curtain pyrolysis of olive tree prunings. Biochar
doping significantly increased both tensile strength and
Young's modulus in all cases, but no trend-like changes
were observed as a function of filler content. Overall,
the many benefits of biochar as a filler have been dem-
onstrated, but further studies are needed to understand
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its effects on 3D printed structures, such as interlayer
bond strength and void formation.'®'

Agricultural waste fillers are typically hydrophilic due
to the presence of polar functional groups (e.g., hydroxyl,
carboxyl). Therefore, they are prone to moisture absorption,
which can degrade the filler-polymer interface, reduce
the mechanical properties of the composite, and affect
dimensional stability. They can also aggregate easily, which
causes stress accumulation sites in the composite. Without
chemical modifications (e.g., coupling agents or surface
treatments), these fillers have limited compatibility with
non-polar polymer matrices, leading to weak interfacial
adhesion. Carmona-Cabello et al.'®* prepared 3D printed
ABS specimens filled with corn straw waste (CSW). To facil-
itate mixing between ABS and CSW, they used 1 wt% glyc-
erol. The Young's modulus increased slightly (11% at best)
and the flexural modulus increased significantly.

7.2 | Multi-component and
industrial waste

Recycling of multi-component waste is challenging due to
the diverse composition, which may contain incompatible
polymers, additives, and contaminants. This heterogeneity
makes separation, cleaning, and recycling difficult. Grinded
multi-component waste often consists of irregularly shaped
particles with a wide size distribution. In addition, there are
several types of homogeneous industrial waste, the recycling
of which is a complex task. Crosslinked polymers such
as epoxy resins or vulcanized rubbers cannot be easily
remelted or reprocessed due to their permanent chemical
bonds. Therefore, they are often used as fillers in grinded or
powdered form. Waste tire rubber particles were found to
increase the mechanical performance of 3D-printed compos-
ites, especially the damping properties.'®*™*> However, the
property modification effects of crosslinked polymer fillers
are not always positive due to their incompatibility with the
thermoplastic matrix. Gama et al.'®® mixed polyurethane
foam residues with TPU and found that with higher filler
content, the mechanical performance decreased.

Electronic waste (e-waste) fillers are derived from
diverse materials with mixed compositions (e.g., polymers,
metals, ceramics). E-waste fillers may not disperse uni-
formly in the polymer matrix due to varying particle sizes,
shapes, and densities. Gaikwad et al.'"®” prepared polycar-
bonate (PC) specimens from electronic waste (specifically
from end-of-life printers) and compared its mechanical
properties to virgin ABS specimens. Regarding the tensile
properties, e-waste PC specimens exhibited up to 76% and
83% of the breaking and tensile strength compared to the
ABS ones. Spirio et al.'®® presented a strategy for the
recovery of a typical e-waste plastic stream consisting of

polypropylene recovered from small appliances, mainly
filled with talc particles. The recycled material was suitable
for material extrusion 3D printing. Other multi-component
wastes have also been found to be suitable as fillers, such
as wind turbine blades'®'* aluminum-plastic packaging
waste'”" and textiles.'*>'*?

7.3 | Microstructure of particle-filled
composites

Chopped fibers consist of discrete, elongated fibers with an
aspect ratio (length-to-diameter ratio) greater than 10. The
fibers, especially if not recycled, generally maintain a rela-
tively high degree of structural integrity. Compared to them,
fillers derived from waste are composed of irregular, often
fine particles with a much lower aspect ratio (typically
closer to 1), usually without a main geometric dimension.
3D-printed composites containing particulate fillers gener-
ally do not have a primary orientation in the particles,
unlike fiber-reinforced composites where the fibers are
aligned along specific directions. Instead, the distribution
of particles is rather random. Therefore, the composites
show more isotropic behavior. Since waste-derived fillers
are typically produced by grinding and/or milling, the parti-
cle size distribution depends on the material composition
and the milling parameters. Thus, besides monomodal dis-
tribution, bimodal or wide size range can also be achieved
(Figure 17).

Mechanical modeling of 3D-printed particle-reinforced
thermoplastic composites is based on the knowledge of
microstructural properties, similar to fiber-reinforced com-
posites. Homogenization methods such as the Cox or
Mori-Tanaka approach and finite element representa-
tive volume element (RVE) analysis can be used to pre-
dict the effective properties. For example, Joyee
et al.'®®> found that Young's modulus of 3D printed
particle-filled polymer composites can be modeled
with the Cox-Krenchel model using a Carman-
Reifsnider correction. Their results showed that for
printing directions of 0 and 45°, the modeling error
was less than 5.5% in all cases. The Mori-Tanaka
method is computationally efficient but assumes per-
fect interfacial bonding and uniform distribution,
which may not be representative of multicomponent
3D-printed structures. RVE analysis using finite ele-
ment models provides the highest fidelity by directly
simulating the microstructure by considering the
shape, size, and distribution of the particles. However,
this is computationally expensive and requires detailed
microstructural data. Microstructural features such as
particle size distribution, shape, and spatial arrangement
are critical for accurate modeling and are measured using
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advanced imaging techniques. Although these techniques
provide detailed input data for modeling, they can be labor
intensive and sensitive to sample preparation, which
emphasizes the importance of robust experimental proto-
cols for reliable property prediction.'*®

8 | CONCLUSION AND FUTURE
OUTLOOK

For short fiber-reinforced composites, based on the lit-
erature review, it can be concluded that the positive
property-modifying effect of fibers is often not exploited.
Moreover, in many cases, a deterioration of properties
occurs. This is because the microstructural features that
determine macroscale properties are not well designed,
or not known at all. The main microstructural proper-
ties, fiber length, orientation, and void distribution are
strongly influenced by the manufacturing conditions.
Most fiber breakage occurs during the filament manufactur-
ing process, and the rate of fragmentation is independent of
both the fiber content and the initial fiber length. Therefore,
in order to achieve longer fibers, the production method
must be optimized by using fewer high-shear steps or by
using gentler process parameters or screw configurations.

Analytical methods are emerging that incorporate these
features to predict mechanical properties. For an accu-
rate estimation, correction is performed using quantified
microstructural features, but this requires a large num-
ber of time-consuming measurements. It would there-
fore be necessary to estimate the microstructure with
the use of the manufacturing conditions and material
properties. Furthermore, interlayer properties are sur-
prisingly often neglected, even though the anisotropy of
printed structures is a strong barrier to their application
in engineering. Greater emphasis should also be placed
on increasing fiber-matrix adhesion, for example, by
using compatibilizers or by forming functional groups
on the surface by beam or plasma treatment.

In the pursuit of sustainability, the use of waste mate-
rials (e.g., rice husk, biochar or electronic waste) as fillers
is increasingly being used alongside traditional fiber rein-
forcements. The waste is usually processed into fine parti-
cles by grinding, which can result in a bimodal or wide
size range in addition to a monomodal distribution. In
terms of their microstructural characteristics, these waste
particles are generally irregular in shape and have a low
aspect ratio, with no major geometric dimension. There-
fore, 3D printed composites filled with waste particles
generally exhibit quasi-isotropic behavior.

85U80|7 SUOWILWIOD BAIIER.D 8|qed![dde 8Ly Aq pausencb ae S9jolie YO SN JO Sa|NJ 10} Akeid1 78Ul UO A8]1M UO (SUOTIPUOO-PUB-SWLBY /W0 A8 | IMARIq U UO//:SANY) SUOIIPUOD pue SWie 1 843 89S ' [5202/70/90] Uo Akeiqiauliuo A8|1m ‘AreBunH aLeiyo0D Aq 05862°9d/Z00T 0T/10p/L00 A8 1M ARe.d 1 jeul U0 Suo edljgndedsty//:Sdny oy pepeojumoa ‘0 ‘69508YST



2 | WILEY-T0 sz pomer

TOTH ET AL.

PROFEssiONALs  COMPOSITES

The statistical analysis of the data collected from the
literature revealed the following:

« At the filament preparation stage, fiber content does
not affect the remaining mean fiber length, and it is
also independent of initial fiber length. This means
that only the selection of manufacturing steps and
parameters determines the remaining fiber length.

« It was shown that the fiber aspect ratio has no effect
on tensile strength. However, based on general knowl-
edge of composites (and the Kelly-Tyson formula), a
close relationship between tensile strength and fiber
length is expected. Therefore, the lack of dependence
suggests that fiber-matrix adhesion was not sufficient
in most of the studies. This finding is also supported by
the fact that the increase in tensile strength due to the
fibers is only 1.25 + 0.5 times on average.

 Despite the presumably weak fiber-matrix adhesion, the
fibers increased the tensile modulus by a factor of 2.22
+ 1.41 and the flexural modulus by a factor of 2.69 + 1.35
on average. This is because the quality of fiber-matrix
adhesion is mostly deterministic in the failure process.
However, the change in modulus as a function of fiber
content has been statistically proven not to correlate.

+ Based on the analysis of the in-plane and interlayer
tensile strength data, it can be concluded that the addi-
tion of short fibers further increases the anisotropy of
3D-printed parts. In many applications, anisotropy is a
drawback because it results in good mechanical perfor-
mance only in the printing directions and makes the
part weak in others.

+ Microstructural properties are generally determined
experimentally. The most often considered correction
factor in micromechanical models is fiber length, fol-
lowed by fiber orientation. In fewer models, the num-
ber of voids is also taken into account, usually with the
FE method.Fiber-matrix adhesion is mostly neglected,
leading to inaccuracies.

Advanced, multi-scale modeling techniques will be
key to bridging the gap between microstructural features
and macroscopic mechanical behavior, particularly those
incorporating waste-derived fillers. However, the gap is
quite wide. The final properties are the result of several
processing parameters starting from filler preparation, so
to estimate the properties of 3D printed products, several
modeling steps are needed involving rheological and
breakage models. The unique properties of waste-derived
fillers, such as irregular shape, non-uniform distribution,
and varying material composition, add complexity to the
modeling process. With advances in computational capa-
bilities, integrating microscopic and mesoscopic models
with continuum-based methods can provide a

comprehensive picture of filler-matrix interactions that
affect mechanical performance. This also includes consider-
ation of the effects of environmental factors, such as mois-
ture uptake, degradation rate, and temperature changes, as
thermoplastic matrices can be sensitive to environmental
effects. Finally, machine learning and artificial intelligence-
based approaches represent a transformative opportunity.
Using large data sets from experimental and simulation
results, artificial intelligence (AI) algorithms can improve
the accuracy of predictive modeling, identify hidden pat-
terns in microstructural behavior, and optimize printing
parameters in real time. By combining artificial intelligence
with traditional modeling, automated systems can adap-
tively control the manufacturing process, enabling more
efficient use of waste fillers to create sustainable, high-
performance composites.
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