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Bending load is often encountered in engineering applications, but it is less studied for 3D-printed continuous
fibre-reinforced composites (CFRC). We present the flexural properties of 3D-printed composites as a function of
layer order and matrix fill ratio. We applied Classic Laminate Theory to estimate the flexural modulus and
showed that the Kerner-Hashin model is suitable for taking voids into account when calculating the elastic
properties of the matrix layer. Using optical microscopic analysis, we identified the main defect sources of 3D-

printed CFRC structures, such as voids, fibre waviness, fragmentation and poor bonding between laminas. By
performing failure analysis based on the Fibre Bundle Cell method, we found that the use of top/bottom-type
reinforcement instead of alternating layering will increase the reliability of the 3D-printed composites under
bending load. Furthermore, the failure process will be more gradual and cover higher load levels, which increases

safety.

1. Introduction

With the growing demand for customised industrial products, addi-
tive manufacturing of composites with a polymer matrix has made great
progress in recent years [1-3]. This is mainly due to the increasing range
of materials that can be used, and also the fact that 3D printing involves
fewer steps to produce the final parts compared to traditional
manufacturing processes. With the use of continuous reinforcing fibres,
the mechanical properties of the product can be significantly improved,
and high-performance parts can be produced with complex geometries
[4-6]. Special path planning options also facilitate the design of shape
morphing and self-monitoring lightweight structures [7].

To make 3D-printed composite parts suitable for certain applica-
tions, it is necessary to estimate the mechanical properties of the
structure. Bending load often occurs in engineering applications, and the
response of composites to these stresses is highly dependent on their
structure. 3D-printed continuous fibre-reinforced composites (CFRCs)
have a multi-level structure, with the smallest unit being a single printed
bead, multiple printed beads forming a single layer, and multiple layers
forming the laminate [8]. The structure is influenced by several
manufacturing parameters such as the printing direction or the order of

layers. Araya-Calvo et al. [9] investigated the effects of reinforcement
pattern, reinforcement distribution, fibre orientation, and fibre content.
The authors applied the design of experiments as a statistical method,
and they determined a configuration that maximises flexural properties.
Since methods based on large numbers of tests are often inefficient in
terms of material use and cost, analytical and numerical methods are
gaining ground to estimate the load-bearing of 3D-printed structures.
Studies mostly focus on tensile load [10-14], calculations for flexural
load are less common. Rajpurohit et al. [15] applied the Classical
Laminate Theory (CLT) to predict flexural strength as a function of infill
orientation, for neat polylactic acid (PLA) specimens. The authors found
good agreement between the measured and estimated flexural strength.
Torre and Brischetto [16] also reported that CLT-based calculations give
reliable predictions for flexural properties, also for neat PLA specimens.
The authors estimated the flexural modulus with a maximum error of
7.6 %. Somireddy and Czekanski [17] investigated short carbon
fibre-reinforced 3D-printed composites. They reported that the CLT can
predict flexural stiffness for thicker layers as well, but only for parts
printed with flat build orientation.

The failure behaviour and the damage modes of 3D-printed CFRCs
are less investigated under bending stress. In addition to laminates, 3D
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printing also allows the manufacture of special composite structures,
such as sandwich structures with lattice cores or hybrid composites with
different fibre reinforcements. These show promising mechanical
properties [18]. Li and Wang [19] designed sandwich structures with
truss cores optimised for bending. The authors showed that the com-
posites with truss cores exhibited the highest flexural strength and
stiffness among the investigated specimens, and energy absorption can
be also increased. Montazeri et al. [20] showed that the enhanced
bending performance of auxetic structures is due to their special
deformation, and it can be further increased with foam filling. Zahed
et al. [21] found that flexural modulus and energy absorption increases
with increasing the support thickness of honeycomb structures. Mon-
tazeri et al. [22] also found that hybrid lattice geometries can effectively
increase the load-bearing capacity and energy absorption under bending
load. Hybrid lattices, which are created by combining hexagonal and
re-entrant unit cells, exhibit stiffness-changing and Poisson’s
ratio-changing behaviour [23]. Heterogeneous re-entrant honeycombs
with designed geometric defects showed better stability and different
buckling mode, which increased the energy absorption capability [24].
Regarding hybrid composites, Huang and Joosten [25] found that car-
bon and glass fibre hybrids show gradient (pseudo-ductile) failure under
tensile load, which can promote safer applications. With the advent of
multi-axis 3D printing, there are even more design possibilities for
creating special composites. Shang et al. [26] prepared carbon
fibre-reinforced PLA composites with out-of-plane fibre arrangement
using a 7-axis 3D printing system. They reported increase in interlayer
shear strength and flexural modulus, and the energy absorption capa-
bility was also improved.

Failure behaviour is typically analysed during the mechanical test
with additional optical or acoustic analysis. Ma et al. [27] used acoustic
emission and micro-computed tomography to investigate failure
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behaviour during 3-point bending and revealed the critical damage and
delamination mechanisms. Hou et al. [28] analysed the failure process
with a simulation model, in which the Hashin failure criterion was
adopted. The proposed optimisation method and printing strategy
improved the load-bearing capacity of the composites by 115 %
compared to the reference. A less widespread, phenomenological
method available for analysing the failure process is the so-called Fibre
Bundle Cell (FBC) method. The FBC method was found to be suitable for
analysing the failure of hybrid composites under tension [29] and uni-
directional (UD) composites under flexural load [30,31].

In this paper, we present the analytical prediction of flexural
modulus based on the Classical Laminate Theory (CLT) for different
types of 3D-printed CFRCs. Three different layer orders were designed
with three different matrix fill ratios, so a total of nine types of test
specimens were investigated. Flexural properties were evaluated with 3-
point bending and 4-point bending, which is rarely reported in the
literature for 3D-printed composites. A phenomenological analysis of
the experimental results was also carried out based on the FBC method,
which provides a deeper understanding of failure.

2. Materials and methods
2.1. Specimen design

We designed three different of layer orders, and used three matrix fill
rates for each. Polyamide (PA) matrix and carbon fibre (CF) reinforce-
ment was used. The specimens consisted of two types of layers: matrix-
only (PA lamina) and carbon fibre-reinforced layers (PA/CF lamina)
(Fig. 1/a). The fibres were laid down in a concentric pattern (3 loops),
thus creating UD composites with 0° fibre orientation. This configura-
tion has the best flexural properties according to the literature [32,33].
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Fig. 1. Specimen design a) lamina types in the composites b) layer orders c) lamina types and the interpretation of the matrix fill ratio within a PA/CF lamina d)

definition of layer height and e) geometry of the specimens.
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The fill ratio of the matrix refers to the area between the contours of the
reinforcing fibres (Fig. 1/c). At a fill ratio of 100 %, the matrix is
deposited compactly at a 45° angle. At lower fill ratios (55 % and 28 %),
the matrix is placed in a triangle grid pattern between the fibre contours.
Triangular infill pattern can be preferable for bending load. Cojocaru
et al. [34] showed that triangular infill has low variation in displace-
ment, and Aloyaydi et al. [35] showed that it also has good energy ab-
sorption capabilities. However, as the infill density decreases (at 28 %)
the spacing between Z-direction support elements increase, potentially
weakening the structure. The fill rate of the PA laminas is always con-
stant at 100 % (it is fixed in the slicing software). The layer orders were
formed by stacking the PA and PA/CF layers in different sequences.
Three types have been designed: the layers alternate one by one (alt. 1);
triple alternating layers (alt. 3); the specimen has two thicker reinforced
groups of layers placed in the upper and lower parts of the specimen in
the bending configuration (Top/bottom). The layer orders are shown in
Fig. 1/b. Each layer order is symmetrical and consists of 14 PA/CF
laminas and 18 PA laminas. Sample height and layer height are fixed
(Fig. 1/d). To investigate the effects of the amount of PA in the com-
posites, we used 100 %, 55 %, and 28 % matrix fill ratios for each layer
order. Thus, a total of 9 types of samples were printed. Table 1 shows the
composition of each type.

Based on data from Eiger slicer software, the fibre content of the PA/
CF lamina was 0.85 cm® in all cases. We also measured the fibre content
in a lamina after extracting the fibres from the PA matrix manually. The
fibre volume fraction (v¢), the matrix volume fraction (vy,), and the void
volume fractions (vy) were calculated with Egs. (1)-(3), respectively.
The fibre content determined by measurement and the fibre content
determined from the slicing software (nominal) were 27 % and 26 %,
respectively. The nominal values were used for further calculations.

my

Vs o
Vi 1
vy )

v (18h[WL) + ((14thL) — Vf)rm
'm = V.

(2)

Vy=1—v— vy 3

where V¢ is fibre volume, V. is total volume, mf and m,, are the mass of
fibre and matrix, respectively. pf = 1.4 g/cm® and py, = 1.1 g/cm® are the
densities of fibre and matrix, respectively [36]. In Eq. (2), h; is the layer
height, w is the width, L is the length of the specimen, and ry, is the
matrix fill ratio. Specimen geometry is shown in Fig. 1/e.

2.2. Materials and 3D printing

The composites were manufactured with a Mark Two 3D printer
from Markforged (USA). Specimen manufacturing is shown in Fig. 2.
The Markforged printer features two nozzles on the print head, one for
the matrix and one for the continuous fibre filament with a diameter of
1.75 mm and 0.35 mm, respectively (Fig. 2/b). The NylonWhite PA
matrix and the PA/CF filament were supplied by Markforged. Zhang
et al. [37] reported that the carbon fibres forming the PA/CF filament
are coated with polyamide 6 (PA6) and are unevenly distributed in the
filament. Due to incomplete impregnation, the PA/CF filament contains

Table 1
Matrix, fibre, and void volume fractions of the specimens (nominal values used
in further calculations).

100 % 55 % 28 %
Matrix fill ratio m (—) 1 0.55 0.28
Matrix volume fraction Vm (=) 0.74 0.66 0.61
Fibre volume fraction ve (—) 0.26 0.26 0.26
Void volume fraction vy (—) 0.00 0.08 0.13
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voids, and the average void content is 0.7 %. The PA6 coating provides
good adhesion between the PA/CF filament and the PA matrix, however,
porosity within the filament can lead to weak mechanical properties.
The PA/CF filament consists of 1000 fibers, and the fibre volume content
was calculated as 21.3-34.5 % [37-39].

We used the Eiger slicing software to prepare the models for 3D
printing. The PA filament was kept in a dry-box during production to
avoid moisture absorption. In one manufacturing cycle, 5 specimens per
type were placed on the build platform with the wider sides flat.

2.3. Analytical methods

We applied the Classical Laminate Theory (CLT) to predict the
bending stiffness for all laminates. Equivalent layer theories treat a
heterogeneous laminate as a mechanically equivalent single layer with
complex constitutive behaviour, thus reducing the 3D continuum
problem to a 2D problem. The elastic properties of the PA and the PA/CF
laminas were determined (Table 2 — detailed calculation is shown in the
Appendix). In the case of the specimens with 55 % and 28 % matrix fill
ratio, the effects of voids on the elastic properties were calculated with
the Kerner-Hashin model [40]. Using Eq. (4), we calculated the effective
tensile modulus of the matrix with void content (Epe). Then, we calcu-
lated the effective tensile modulus of the PA/CF laminas (Epa,cr) with
the Rule of Mixtures (Eq. (7)).

gKmeGme

Ene=gr——F—
3Kme + Gre (4)

where Gy, is the effective shear modulus and Ky, is the effective bulk
modulus, given by Egs. (5) and (6).
(7-=5vn)(1-V,)

Gie = G’"(7 —5Vm) + (8 — 10vm)V, ®)

 4GnKn(1 - V)

Kie = 6
" 4G, + 3V, K, ©®

where G, = 0.8 GPa is the calculated shear modulus of the matrix, K, =
1.7 GPa is the bulk modulus provided by the Markforged NylonWhite
datasheet, Vy is the calculated void volume content and v, = 0.39 (—) is
the Poisson’s ratio of the matrix [41]. The effective tensile modulus was
calculated as:

Epajcr = VmEme + VeEcr @

where E is the effective matrix modulus and Ecg is the modulus of the
carbon fibres.

We characterised the accuracy of the modulus predictions with the
error given by Eq. (8).

|XCLT - (Xm.avg + Xm.SD) ‘
XCLT

‘XCLT - (Xm.avg - Xm.SD) |
XCLT

<6(%) < ®

where X stands for strength or modulus, CLT, “m,avg” and “m,SD” are
subscripts for the calculated strength and modulus using the CLT method
and the measured means and standard deviations, respectively.
Phenomenological analysis of the experimental results was per-
formed with the Fibre Bundle Cell (FBC) method [31]. FBC is a
decomposing and curve-fitting method based on iteration, which can be
used to approximate the curves resulting from simple mechanical tests
(e.g. flexural or tensile tests) with a closed formula, allowing the treat-
ment of curves obtained from mechanical tests as functions. The for-
mulas can be used for the analysis and comparison of measurement
results and can be used in simulation software. The FBC is, in principle, a
set of mechanical elements with predefined properties called fibre
bundle cells, which can be connected in series and/or in parallel to build
a network. For the fitting, we used E-bundles with linear mechanical
characteristics in parallel connection. The stress-strain curve of each
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Fig. 2. Specimen production a) schematics of the 3D printing setup, b) arrangement of specimens on the build platform (top view), ¢) Markforged Mark Two 3D

printer (top view), d) print head featuring two nozzles (top view).

Table 2
Calculated lamina properties.

Elastic properties PA PA/CF lamina
lamina
100 % 100 55% 28%
%
Effective modulus of the Eme 1.7 1.7 0.91 0.42
matrix (GPa)
Effective modulus with carbon E; (GPa) - 51.3 26.6 26.2
fibres
Transverse modulus E, (GPa) 1.5 45.5 23.6 23.3
Shear modulus G (GPa) 0.8 24.4 12.7 12.5

E-bundle (6§ pundie(€)) can be obtained as the product of two curves (Eq.

(9

OE—bundle (8) = k(E)R(S) (9)
where ¢ is the strain of the bundle, k(g) is the mechanical characteristic
function, which describes the intact (damage-free) operation, and R(¢) is
the reliability function, which is a complementary cumulative distri-
bution function that describes the expected failure process. This simple
multiplication-based treatment gives information about the failure
behaviour with the use of the reliability function.

In this paper, we used Eq. (10) and Eq. (11) for the mechanical
characteristic curve and reliability function, respectively:

k(e)=ce (10)
where ¢ (MPa) is a fitted stiffness parameter, and
R(E) =1 - Q) = 1 / e an
g)=1- e)=1-— e
’ 27D

where Q,, is the normal distribution function of the strain at break of the
bundle (eg), and M (—) and D (—) are the mean and standard deviation of
€p, respectively.

A curve from a mechanical test can be very complex (e.g. containing
many local maximum points). Therefore, using multiple bundles con-
nected in parallel is recommended for greater accuracy. The number of
bundles and the desired accuracy can be chosen arbitrarily. In this case,
the approximating stress—strain curve is constructed as the sum of

weighted stress-strain curves of multiple fibre bundles (Eq. (12)-(14)):

O-meusured(g) ~ O-model(e) = kz (8)RZ (8) (12)

kz (e)= i:ipicie =ce 13)
n n ¢ 1 7(f;g’2i)2d

RZ(S) = ;PiRi(S) = ;Pi 1- 7/ @Die rodt a4

where ky-(¢) is the total mechanical characteristic curve, Ry-(e) is the
total reliability function and p; is the weight of the ith model component
(i =1, ...,n). In this case, we defined the weight of the ith model
component as p; = ¢;/ > ¢ ¢; (therefore > 1p; = 1).

We used the reliability functions for further analysis. We performed
the FBC method for each test to approximate the stress-strain curves
using Microsoft Excel. In each case, we used a sufficient number of
bundles (1-3) that allowed the accurately handling of the relevant
sections of the curves. The fitting parameters (c;, M;, D;) were optimised
by iteration. The iteration was run until the normalised root mean
squared error (NRMSE, Eq. (15)) was less than 5 %. The total reliability
function of each flexural test was obtained as a result of the FBC method.

N
% Z] (O'measw‘ed (ej) — Omodel (gj))z
j=

NRMSE = (15)

{gjiz(vo-measured (6 j )
Fig. 3/a shows an approximation of a flexural curve with three E-
bundles. This method is very useful for describing the measured flexural
curve. In this case, the NRMSE was 3.4 %. Based on the FBC method, the
resulting approximation curve can be interpreted as the product of two
curves: the total mechanical characteristic function (kZ) and the total
reliability function (Ry>) (Fig. 3/b). The resulting Ry~ was used to
compare and analyse the failure processes.

2.4. Flexural tests

As part of the study, a comparison was made between the mechanical
properties acquired from 3-point bending (3 PB) and 4-point bending (4
PB). We performed both tests on the specimens prepared with a 100 %
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Fig. 3. a) Approximation of the tensile curve with three E-bundles, b) Flexural curve as the product of the total mechanical characteristic and the total reli-

ability function.

matrix fill ratio, for all layer orders. In all other cases, 3-point bending
was used. 3-point bending tests were carried out on a Zwick Z005 uni-
versal testing machine (Germany) (Fig. 4/a) according to EN ISO 14125
using a Zwick 3-point flexure test kit (Fig. 4/b) and a 5 kN load cell with
a resolution of 0.1 N. 4-point bending tests were carried out on a Zwick
Z020 universal testing machine (Germany) according to EN ISO 14125
using a Zwick 4-point flexure test kit (Fig. 4/c) and a 20 kN load cell with
a resolution of 0.1 N. The cross-head speed was 10 mm/min for all tests,
and 5 specimens were tested in each case. Fig. 4/d-e shows the testing
arrangements and the moment distributions in case of 3 PB and 4 PB.

2.5. Measuring void content

The specimens were cut in half with a circular saw in the direction
perpendicular to their length, and the resulting samples were embedded
in epoxy resin. The cross-sections were polished with a LaboPol-5
polisher from Struers (Denmark) with a multi-fine grinding wheel and
water cooling. Images of the surfaces were produced with a VHX-5000
optical microscope from Keyence Corporation (Belgium). The voids
were identified by colour segmentation in the Keyence software, and the
void fraction per cross-section was measured.

3. Results and discussion
3.1. CLT-based modelling and flexural test results

The results of the 3 PB and the 4 PB tests and the predicted modulus
values can be seen in Fig. 5. Flexural strength is plotted as a function of
matrix fill ratio (Fig. 5/a), and the three types of layer orders (alt. 1, alt.
3, and top/bottom) are also distinguished. Flexural strength increased
slightly with increasing matrix infill rate. However, there was no sig-
nificant difference between the 28 % and 55 % rates. In the case of the
100 % matrix fill ratio, flexural strength is the highest for the top/bot-
tom layer order. This is expected since in this type of specimen, the
reinforcement is placed where the load is highest.

In the case of the specimens with 55 % and 28 % matrix fill ratios,
there is no significant change in strength as a function of layer order. For
the 100 % fill ratio, we performed 4-point bending tests (4 PB) as well.
The flexural strength and moduli were 40 % higher on average than
those measured with 3 PB. This can be due to the distribution of bending
moment along the length of the specimen, and the additional
compressive and shear stresses that occur with 3 PB.

Experimental and predicted flexural moduli are shown in Fig. 5/b.
For the 100 % matrix fill ratio, the highest modulus was obtained with
the top/bottom and the lowest with the alt. 1 type. In the case of the
samples with lower matrix fill ratios, the flexural modulus was also the
highest for the top/bottom layer order. As with strength, there was no

4 mm

M

F F

2 2)

’ ’ lh =4 mm

-
Ls
3
Ls = 66 mm
M

Fig. 4. a) test setup, b) 3-point bending (3 PB), c) 4-point bending (4 PB) test arrangement; moment distribution in case of the d) 3 PB and e) 4 PB tests. F and M

denote the applied force and the generated bending moment, respectively.
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Fig. 5. Flexural test results obtained with 3-point bending and 4-point bending
a) flexural strength and b) flexural modulus as a function of matrix fill ratio; c)
calculated error (8) between predicted and the measured moduli.

significant difference in modulus between the fill ratios of 28 % and 55
%. This means that the same mechanical properties can be achieved with
less matrix material, thus reducing weight and costs, which is of great
importance in engineering applications.

Fig. 5/c shows the error between the estimated and the measured
flexural moduli. For the 100 % fill ratio, a compact, void-free structure
was assumed for the calculations. In the case of the specimens with 55 %
and 28 % matrix fill ratios, we calculated the elastic properties of the PA
laminas that contain voids using the Kerner-Hashin model. It should be
noted that these voids are controlled by the fill ratio and are not due to
defects. The error averages 63-95 % when compared to the 3 PB test
results, and 4-55 % compared to the 4 PB test results. This is because
during 4 PB tests, the stress distribution is more homogeneous along the
length of the specimen and fewer additional stresses occur, so the stress
state is closer to pure bending. For the sample types with a reduced
matrix fill ratio, the error ranges from 28 to 31 %, and for the 100 %
matrix fill ratio, it is 63-95 % (all compared to 3 PB test results). This
shows that the Kerner-Hashin model is suitable to take voids into ac-
count when the elastic properties of the matrix layer are calculated.
Overall, the CLT-based methods presented are only suitable as a rough
approximation due to the high error rates.

3.2. Phenomenology-based analysis

We carried out a phenomenological analysis to compare the damage
processes. Our goal was to identify differences between the layer orders
and demonstrate the differences between the 3 PB and the 4 PB tests.
The analysis was performed for the 100 % matrix fill ratio based on the
FBC method. Fig. 6/a and Fig. 6/c shows the reliability functions
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obtained with the use of the curve-fitting method described in Section
2.3. The reliability functions show the probability that ultimate failure
will occur above the given strain. Using this statistical data, we plotted
the failure probabilities as a colour map on the experimental curves.

The colour maps show the probability of failure of the composites
under bending load (Fig. 6/b and d). In 3 PB results, the 50 % probability
of failure for the alt.1 type occurs at an elongation of 0.025, while for the
top/bottom type it occurs at an elongation of 0.035 on average. In the
case of the 4 PB results, a similar trend can be noticed. Samples fail
sooner if the layer order is more homogeneous (alt. 1 type). A more
gradual failure process can be seen for the top/bottom type, which is
preferable for the safe operation of composite structures [42].

Also, the reliability functions of the 3 PB results show a larger vari-
ance, while the reliability functions from 4 PB show a similar nature and
a smaller variance. This is because during 3 PB tests, compressive and
shear stresses are applied in addition to bending, while during 4 PB tests
the stress is closer to pure bending. The additional stresses in 3 PB can
cause multiple damage processes in the composites, leading to prema-
ture failure.

3.3. Meeting assumptions and sources of error

While the CLT is a useful tool for rough estimation for conventional
composites, it is not yet widespread for 3D-printed composites. Defects
resulting from 3D printing, such as improper interlayer bonding or the
presence of voids, reduce the performance of the composites, which is
generally not taken into account when using the CLT. The specific
geometric features of 3D printed structures, such as grid infill or free
fibre laying direction, present additional difficulties. In this section, we
identify the sources of defects and examine how the boundary condi-
tions of the classical plate theory are fulfilled. When applying the CLT,
we assume that the composite consists of linear-elastic, orthotropic and
quasi-homogeneous laminas, which are perfectly bonded together.
Lamina thickness is assumed to be much smaller than its width and the
length, and constant throughout the laminate. It is also assumed that the
structure fulfils the Kirchhoff hypothesis [43].

The thickness of the composites presented in this study is of the same
order of magnitude as the width, so they are not shell elements. How-
ever, the special structures that 3D printing can produce (e.g. sand-
wiches with grid cores) cannot be effectively exploited for thin
composites. For thicker samples, CLT has been used successfully in some
studies. Mishra and S.P [44]. predicted the in-plane tensile stiffness of
3D-printed structures of significant thickness (4 mm thickness, 6 mm
width) with good agreement. Meng et al. [45] showed that the basic
principles of CLT can be extended to 3 dimensions and can give
reasonable results for flexural properties prediction. However, in order
to apply predictive models to 3D printed composites, the sources of er-
rors and the limits of applicability need to be explored.

Fig. 7 shows the main defect sources we identified for the 3D-printed
composites. We measured the void content for the 100 % matrix fill ratio
on the polished cross-section (Fig. 7/d). The voids are mainly located
between the reinforcing fibres and at the interface of the reinforced and
matrix-only laminas. Void content was independent of layer order, it
was approximately 8 % in all cases. Voids can promote crack propaga-
tion and can cause delamination and premature failure, thus weakening
the composite. We also measured lamina thickness (Fig. 7/e). The
laminas are on average thinner than nominal layer thickness (hy, nom =
0.125 mm), which may be due to the pressure exerted by the extruder
head during deposition. The weight of the stacked layers can further
compress the lower layers. The relatively large deviation of the results
shows that lamina thickness is not constant, but we found no trend as a
function of layer order or sample height. Fibre defects can further reduce
the performance of the composite. Fig. 7/c shows the optical microscopy
image of a PA/CF layer, in which the CF bundle is wavy in some areas
and also fragmented, especially in the corners. Shiratori et al. [46] also
examined the folding mechanism and fibre breakage. Finally, we also
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reviewed the literature to verify the assumption of bonding between
laminas, as such tests are outside the scope of this research. It is reported
that interlaminar properties are often weaker than longitudinal prop-
erties. The bonding between the laminas is strongly affected by the
aforementioned 3D printing defects and manufacturing settings [47,48].

We conducted an analytical parametric study to investigate the ef-
fects of defect voids. The defect voids have irregular shapes and different
sizes. These voids are mainly located within and between the PA/CF
filaments, and between the PA matrix and the PA/CF filaments (Fig. 7).
If there is no connection between the fibre and the matrix, load transfer
is not effective. Thus, we assumed that fibres surrounded by or adjacent
to voids do not fully participate in load transfer. To consider this
negative effect in the CLT-based flexural modulus predictions, we
defined the effective fibre content as follows. We assume that the void
content is the same in all cross-sections and that the voids have a circular
shape with a dyjq diameter. We also assume that the fibres are tightly
wrapped around the voids (Fig. 8/a). In this case, the number of voids
(Nyoiq) in a representative cross-section (A¢ota)) is given as:

Atotal _ Atotal
Avaid

Nyoia = (16)

7]
Dia™

Based on Fig. 8/a the number of fibres surrounding a void (Nfiper,sur)
can be determined using the radius of the fibre (rgpre) and the radius of
the void (Ryeiq) (Eq. (17)):

2 T b4

2¢ 1 d
i fibre s -1 Lfibre
11N 11
S Tfibre +Ryoid s dfibre+dyoid

where angle ¢ depends on the diameters of both the fibres and the voids.
Then, the effective fibre content (v ), which is the amount of fibre

a7)

N; fibre,sur —

that is assumed to be fully attached to the matrix, can be given by Eq.
(18).

NvuidNﬁbre,sur (1 8)

Vidr =V Nﬁbremtal
where vy is the total fibre content in a single reinforced lamina.

Eq. (16)-(18) shows that v¢ ¢ depends only on the number of fibres
adjacent to voids. To estimate the effect of the voids on the flexural
modulus, we calculated the lamina properties using the effective fibre
content as a parameter. Results can be seen in Fig. 8/b. The parametric
study shows that, as expected, the more fibres connected to the matrix,
the higher the flexural modulus. Voids (as defects) are common in 3D
printed composites and affect the expected mechanical properties
negatively. With the estimation method proposed in this study, the
modulus predictions can be corrected, and the effect of inappropriate
fibre-matrix adhesion can be taken into account.

4. Conclusion

This research focuses on the flexural properties of 3D-printed
continuous fibre-reinforced composites. Specimens were prepared
with a polyamide (PA) matrix and continuous carbon fibre (CF) rein-
forcement with three types of layer orders and three matrix fill ratios
(28 %, 55 %, 100 %). We conducted 3-point bending (3 PB) and 4-point
bending (4 PB) tests, and evaluated flexural properties as a function of
the matrix fill ratio and layer order. We obtained the highest strength
and modulus with the top/bottom layer order. The flexural strength and
moduli measured with 4 PB were on average 40 % higher than those
measured with 3 PB, due to the distribution of bending moment along
the length of the specimen and the additional compressive and shear
stresses during 3 PB. We estimated flexural moduli using the Classical
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Fig. 8. a) Fibres surrounding a void b) effect of effective fibre content on the CLT-based estimated flexural modulus.

Laminate Theory (CLT), and showed that the Kerner-Hashin model can
be applied to estimate the elastic properties of the matrix with voids. We
examined if the boundary conditions of the model applied (CLT) are
fulfilled. We used optical microscopy to show possible defects, which
may cause differences between the estimated and measured moduli.
Defects such as a large number of voids, non-homogeneous distribution
of fibres, fibre waviness and fragmentation, and weak bonding between
the laminas were identified. We also present a phenomenological

analysis based on the Fibre Bundle Cell (FBC) method, which revealed
the probability of failure as a function of elongation. The analysis has
shown that a more gradual damage process can be achieved with the
top/bottom layer order, which is more desirable for safety.
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The elastic properties of a reinforced lamina were determined with the following equations [49]:

E1 = Efo + Em (1 — Vf)

Vig = Vfl/f + Vm(l — l/f)

2
V21 = =112
E;

(A1)

(A2)

(A3)

(A4)

(A5)

After the independent material properties are obtained, the reduced stiffness matrix of a lamina can be calculated as:

Qi Q2 O
[Q]=]{Q2 Qn O
0 0 Qe

where the terms are:

E 11lamina V12lamina E 11lamina EZZlamina

Qll =

Q12

I’ = b
1- V12laminalV/21lamina 1- V12iaminaV21lamina

2 = 1
— V12laminaV21lamina

(A6)

» Qo6 = G12lamina

The resulting strains can be expressed as the sum of the mid-plane strains and curvatures:

[ EXX ] [ g)(xo kXX
ey | =&y | +2|ky
0

7o) L7y Xy

The constitutive relation for lamina is given as follows:

Oxx [ Q1 1 Q] 2 0 Exx
Oy | =|Qiz Q2 O Eyy
L Txy d L 0 0 Q66 yxy

Force and moment per unit width can be calculated as:

£ &
Nxx xx kxx Mxx xx
Nyy:| =[A] Egy +[B]|:kyy:|§ {Myy} =[B] Egy
kyy vy /°
xy

where:

(A7)

(A8)

(A9)
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Curvatures for a symmetric laminate are given as:
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(A10)

(A11)

(A12)

(A13)

The flexural load is applied in the z-direction. If M, # 0, M,, = 0 and M,, = 0, and flexural modulus along the x direction is given as:

12(Dy1 Do, — D3,)
ng h3
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