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A B S T R A C T   

A variety of methods have emerged to tailor the mechanical properties of 3D-printed continuous fiber-reinforced 
thermoplastic composites (CFRTCs) through geometry design or manufacturing parameters. However, the po-
tential to achieve customized failure behavior is not exploited. In this study, the effect of different layer orders on 
load bearing and failure of 3D-printed CFRTCs is investigated. Carbon fiber-reinforced polyamide composites 
with six layer orders were prepared and the mechanical response in 4-point bending was investigated. We show 
that the failure behavior ranges from catastrophic to pseudo-ductile, and we distinguished four typical stress- 
strain responses. We found that the location and the thickness of matrix-only layers strongly influence the 
failure. For the latter, we present a linear relationship to the ductility index which shows that toughness can be 
increased with thicker matrix layers. Our results facilitate the design of CFRTCs with customizable failure 
behavior, thus contributing to safer applications.   

1. Introduction 

There has been a second boom in material extrusion–based additive 
manufacturing technologies since the advent of continuous fiber com-
posite methods [1]. Given the recent research efforts, the additive 
manufacturing of continuous fiber–reinforced thermoplastic composites 
(CFRTCs) is expected to have a notable part in the production of future 
structural components. The advantages of the technology are design 
flexibility, relatively low weight, and recyclability [2–4]. 

3D printed composites are multi-phase structures, in which beads 
(extruded filaments), lamina (one layer), and laminate (multiple layers) 
levels can be distinguished [5]. Voids are also regularly present at all 
levels [6–8]. As each level can be tailored, there are numerous design 
possibilities for 3D-printed composites. The fiber orientation, the fiber 
volume fraction [9], and even the fiber type can vary layer-by-layer [10] 
and stress-driven path planning algorithms are also emerging [11,12]. 
Due to the many design possibilities, and also the stochastic nature of 
defects [13,14], the response of 3D-printed CFRTCs to a given me-
chanical stress is not well predictable. Catastrophic failure is a major 
issue for composites [15–17], and it has also been experienced for 
3D-printed CFRTCs [18]. Several different methods have been applied to 

overcome catastrophic failure. El Essawi et al. [19] studied the effects of 
manufacturing parameters and found the optimal settings to maximise 
tensile strength and energy absorption. Magyar et al. achieved increased 
ductility and gradual failure for epoxy-matrix carbon fiber-reinforced 
composites by using 3D-printed thermoplastic layers as adhesion mod-
ifier [20,21]. Huang and Joosten [22] prepared carbon/glass hybrids by 
3D printing and reported their gradual failure process under tension. 
Vemuganti et al. [23] found that ductility can be increased by controlled 
fiber orientation, also under tensile load. Li et al. [24] found that the 
layer order design can delay delamination and failure. Fekete et al. [25] 
found that the failure modes are also altered by the addition of additives 
to the matrix material. 

The design of the printed structure can also influence the failure 
mode under bending stress. Peng et al. [26] studied the energy ab-
sorption capacity and the failure behavior, and they found that crack 
propagation could be delayed by separating the fiber-reinforced layers. 
Their results were shown on continuous fiber-reinforced polyamide 
samples under 3-point bending. Dou et al. [27] prepared heterogeneous 
continuous carbon-fiber reinforced 3D-printed composites with different 
fiber volume fraction gradients and subjected them to 3-point bending 
load. The authors identified the main types of failure modes, namely: 
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surface fiber crush; fiber-matrix separation and fiber pullout caused by 
poor impregnation; fracture; interlayer separation caused by inadequate 
interlayer bonding. Zeng et al. [28] investigated the effects of 
manufacturing parameters (extruder temperature, printing speed, 
extrusion width and infill angle) on bending performance. They found 
that fiber pull-out is more likely to occur when the sample is prepared 
with higher printing speed, as the speed affects fiber-matrix bonding. 
Similarly, fiber pull-out was also observed with higher extrusion widths. 
As the extrusion width is reduced, the contact pressure increases, 
resulting in better fiber-matrix adhesion. Korkees et al. [29] investigated 
the effect of the position of the fiber-reinforced layers in the specimen on 
the bending properties. The authors identified tensile fracture of the 
outer layer and delamination as the main failure modes. Wan A Hamid 
et al. [30] found that under 3-point bending, 3D-printed continuous 
fiber-reinforced composites behave as a single structure until delami-
nation occurs. Then, the composites can be considered as two individual 
beams. Their findings were supported by experimental tests and finite 
element simulations. 

3D printing technology allows the preparation of corrugated struc-
tures by varying the infill density and the infill pattern. In this way, 
composite sandwich structures with a lattice core can be produced, 
which can have a positive effect when subjected to bending loads [31]. 
Li and Wang [32] showed that with different lattice geometries, 
different bending behavior can be achieved, and the failure mechanism 
can also be tailored. The truss core resulted in the highest flexural 
strength and stiffness, while the re-entrant honeycomb core increased 
the energy absorption capacity. Mat Daud et al. [33] showed that the 
energy absorption capacity can be further increased by introducing 
shear thickening fluids into the core. Zeng et al. [34] prepared failure 
maps for different corrugated sandwich structures fabricated with poly 
(lactic acid) matrix and continuous carbon fiber reinforcement. They 
revealed the failure mechanisms (face buckling, face yielding, core 
buckling and core yielding) as a function of the geometric parameters of 
the corrugated core. Pan et al. [35] investigated the flexural damage 
behavior, using micro-CT and acoustic emission technology. They pre-
pared 3D-printed composites with continuous fiber-reinforced top and 
bottom layers and a triangular core with relative low infill density (37 
%). The dominant damage modes were delamination and matrix buck-
ling, and fiber fracture was also present when subjected to 3-point 
bending tests. Glass and Kevlar fibers were used as reinforcement and 
short carbon-fiber reinforced polyamide was used as matrix. In contrast, 
Maqsood and Rimasauskas [36] investigated continuous carbon 
fiber-reinforced poly (lactic acid) composites and found that the main 
damage modes were fiber breakage and pull-out under 3-point bending. 

Overall, a growing number of methods have recently emerged to 
control the mechanical properties of 3D printed composites through 
layup design, or the printing parameters. However, achieving tailorable 
failure behavior is not being exploited. In addition, bending is frequently 
encountered in applications, but most studies focus on tensile load. In 
this paper, we investigate the effects of different layer orders on the load 
bearing and the failure behavior of 3D-printed CFRTCs, under bending 
load. Carbon fiber-reinforced unidirectional (UD) composites were 
prepared with different layer orders and two fiber volume fractions, and 
their mechanical response was monitored during 4-point bending tests. 
We identified the main damage modes, and we established a relationship 
between the failure process and the thickness of the unreinforced (ma-
trix-only) layers. Our results provide new insights into the failure pro-
cess of 3D printed composites and contribute to the safer application of 
these structures. 

2. Materials and methods 

2.1. Sample preparation and microstructure analysis 

First, we designed four types of layer orders and investigated their 
response to bending. Two different types of layers were used: reinforced, 

and matrix-only (Fig. 1/b). The reinforced layers consist of PA matrix 
and carbon fibers, with the fibers laid in a concentric pattern (along the 
sides). Consequently, the fiber orientation remains parallel to the length 
of the specimen, resulting in quasi-unidirectional composites for all 
cases. There are also fibers perpendicular to the length at the ends of the 
specimens, but this is beyond the support and does not affect the mea-
surement. Three fiber loops were laid in one layer, resulting in a 60 % 
fiber content. The matrix-only layers contain PA only, printed with a 
linear toolpath at 45◦ orientation (100 % infill density). 

The fiber content and the specimen geometry were fixed (the ge-
ometry is shown in Fig. 1/a). The layer orders have been designed to 
progress from the most homogeneous (alt. 1) to the most heterogeneous 
possible (Top/bottom). Thus, the following four types were produced: 
alt. 1, alt. 3, alt. 5, and Top/bottom (Fig. 1/c) with 26.3 % fiber content. 
Based on the experimental results, we tested two additional layer orders 
with 15.0 % fiber content. With this reduced fiber content, we investi-
gated the most homogeneous (alt. 1*) and the most heterogeneous (Top/ 
bottom*) arrangements possible, which can be seen in Fig. 1/c. 

All samples were manufactured with the Mark Two 3D printer from 
Markforged (USA). This system uses two nozzles, one for the PA matrix 
only, and one for the continuous fibers, which are also coated with PA. 
The nozzle temperature was 275 ◦C. We used solid infill pattern with 
100 % infill density for the PA matrix. The layer height was 0.125 mm 
for the PA matrix only and the reinforced layers both. 1 wall contour was 
applied with a fixed thickness of 0.4 mm. Preparation of the 3D models 
for printing was done in the company’s slicing software called Eiger. The 
specimens were produced with the NylonWhite type neat PA matrix 
supplied by Markforged with a diameter of 1.75 mm. The filament was 
stored in a drybox during printing to minimise moisture absorption. As 
reinforcement, a continuous carbon fiber filament was chosen also 
supplied by Markforged with a diameter of 350 μm. The carbon fiber 
filament consists of ~1000 single fibers [37]. According to the manu-
facturer, the tensile strength and tensile modulus of the continuous 
carbon fiber filament are 800 MPa and 60 GPa, and the flexural strength 
and flexural modulus are 540 MPa and 51 GPa, respectively. The tensile 
stress at yield and the tensile modulus of the PA matrix are 51 MPa and 
1.7 GPa, respectively, and the flexural strength and flexural modulus are 
50 MPa and 1.4 GPa, respectively [38]. 

To analyze porosity, we cut the samples, embedded them in epoxy, 
then polished the cross-sections using a Labopol-5 polishing machine 
from Struers (Denmark). Images were taken with a VHX-5000 optical 
microscope from Keyence (Japan) at eighty times magnification. The 
void area was determined by color segmentation using ImageJ software. 

We also took Scanning Electron Microscope (SEM) images of the 
fracture surfaces. The samples were sputtered with gold to avoid static 
charging. The images were made with a JSM 6380LA scanning electron 
microscope from Jeol Ltd. (Japan). 

2.2. Flexural properties 

4-point bending tests were carried out on five specimens of each type 
on a Zwick Z020 universal testing machine (Germany) according to EN 
ISO 14125. In 4-point bending, the bending moment is constant between 
the upper compression heads and no out-of-plane shear occurs, so the 
loading is pure bending. In contrast, during 3-point bending, the 
bending moment increases towards the loading nose, resulting in 
increased shear and a concentrated force at the head that can cause the 
top layers to crack [39]. The cross-head speed was 10 mm/min. Fig. 2 
shows the testing arrangement. The support span (Ls) is 66 mm, and the 
thickness (h) is 4 mm. Flexural strength (σf ) is calculated based on EN 
ISO 14125 with Eq. (1). 

σf =
FLs

wh2
(1)  

Where F (N) is the load, Ls (mm) is the span, w (mm) is the width of the 
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specimen, and h (mm) is the height of the sample. 
The area under the flexural curves correlates with the absorbed en-

ergy, therefore it can be used to determine the ductility index [40]. The 
amount of energy absorbed until maximum stress is the crack initiation 
energy (ECI), and the rest is the crack propagation energy (ECP). Total 
absorbed energy (ET) is given as the sum of ECI and ECP. The ductility 
index (DI) can be calculated with Eq. (2) [20]. 
DI =ECI/ET (2)  

3. Results and discussion 

3.1. Bending test results 

We investigated the stress-strain curves and made video recordings 
of the samples during the tests (Fig. 3). The highest strength and 
modulus were measured for the Top/bottom type, in which the rein-
forcement is placed where the maximum stress is expected. For the other 
three types with 26 % fiber content, the differences in the flexural 
properties are small (the flexural modulus ranges from 16.4 to 16.9 GPa, 
and the flexural strength is between 238 and 254 MPa). In the case of the 
Top/bottom* type (15 % fiber content), the strength decreased to a 
maximum of 173 MPa, and the modulus decreased to a maximum of 
12.4 GPa. 

However, the layer orders showed differences in their failure 
behavior. For the alt. 1 and alt. 3 types, the failure is preceded by a non- 
linear curve phase, indicating a pseudo-ductile failure mode. For the alt. 
1, failure was immediate, with no visible signs of damage (Fig. 3/a). The 
SEM image of the cross-section (Fig. 4/a) shows that damage modes are 
different in the upper and lower parts of the specimen. In the com-
pressed zone (upper) fibers broke (Fig. 4/b), and toward the tensile 
region (lower) delamination increased (Fig. 4/c). In case of the samples 
with lower fiber content (alt.1* type), delamination was observed in the 

upper half of the specimens. Complete failure was preceded by the 
breakage of the bottom layers. In the case of the alt. 3 specimens, Fig. 3/ 
b shows a small buckling at the top side, where the specimen is com-
pressed, right before the samples break. The SEM image (Fig. 4/d) 
showed that the compression caused the top fiber layer to buckle up and 
separate from the matrix layers. In the case of the lower fibrous layer, 
the fiber bundles were pulled out together by the tensile force. The 
matrix layers also showed brittle fractures. The failure process of the alt. 
5 type was multi-stage. It also showed non-linear (quasi-ductile) sections 
before failure. Fiber buckling was detected as the reinforced group of 
layers broke at the top (Fig. 3/c). After that, the samples either failed 
catastrophically or broke in two stages. The SEM image of the cross- 
section (Fig. 4/f) revealed a transition in failure mode from the upper 
half to the lower half. In the top fibrous layer, fiber breakage was 
dominant (Fig. 4/g); in the middle, a mixed failure mode with fiber 
breakage and pull-out was observed. The fiber pull-out may be visible 
because the composite did not break along a single plane, the fiber break 
occurred at a point in the layer that is not visible and then pulled out. 
The lower reinforced layers showed fiber pull-out and delamination. It 
can also be seen that occasionally the elementary matrix filaments 
separate from each other, indicating inadequate polymer bonding. The 
failure behavior of the Top/bottom type can also be divided into sepa-
rate steps. The upper group of fibers broke first, with visible buckling 
(Fig. 3/d). However, complete failure was delayed. As the upper fibers 
broke, the elongation of the PA core was not inhibited any longer, and a 
plateau-like section appeared on the curves. The tests ended with the 
failure of the bottom fibers. In case of lower fiber content (Top/bottom* 
type) the buckling and delamination of the top fiber layers were more 
prominent, which can be due to adhesion between the layers. The SEM 
images in Fig. 4/h-i show that the upper fiber layers have been disrupted 
by clean breakage. In the lower half, the fiber bundles separated from 
the matrix, and the fibers slipped out (Fig. 4/j). Clear separation can be 
seen between the filaments and the surrounding matrix. This gradual 
failure process has resulted in a delay of the complete fracture and a rise 
in elongation. Similar damage modes were reported by Li et al. [41] for 
3-point bending, where fiber breakage was identified in the compressive 
region, and fiber pull-out in the tensile region. Pan et al. [35] also re-
ported debonding and delamination in the upper and lower layers dur-
ing flexural failure of 3D printed continuous fiber-reinforced 
composites. 

Based on the experimental results we can conclude that the layer 
order design greatly affects the failure behavior. The differences can also 
be seen in Fig. 5/a, where a representative stress-strain curve from each 
type was plotted. We also calculated the ductility indices (DI) for all 
layer orders and plotted them against the maximum thickness of the 
matrix-only layers in a sample (wmatrix) (Fig. 5/b). The DI is a dimen-
sionless parameter between 0 and 1, where 1 means completely brittle 

Fig. 1. Specimen properties: a) geometry and dimensions, b) layer types, c) schematics and description of the layer sequences.  

Fig. 2. 4-point bending arrangement (Ls = 66 mm, h = 4 mm).  
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Fig. 3. Flexural stress–strain curves and images of the specimens during the tests for 26 % fiber content a) alt. 1, b) alt. 3, c) alt. 5, d) Top/bottom, and for 15 % fiber 
content e) alt. 1*, f) Top/bottom*. 
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behavior. As the thickness of the matrix layers increases, the DI de-
creases, which means the composites exhibit tougher behavior. We 
found that the linear relationship between DI and wmatrix is given by Eq. 
(3) (R2 

= 0.9873). With more PA-only layers between the reinforced 
ones, more reinforcement was placed in the heavily loaded parts of the 
test specimens (tension and compression side), therefore the flexural 
strength also increased. These findings apply to both fiber contents. In 
general, the two extremes of the layer orders are the 1 alt. type (most 
homogeneous layer order) and the Top/bottom type, which is a sand-
wich structure. In the case of the 1 alt. type failure was sudden and 
catastrophic in nature. As we increased the thickness of the matrix-only 
layers we moved towards more heterogeneous layer orders, the failure 
process changed, and delamination and matrix debonding became more 
prominent damage modes. The other extreme, which is the Top/bottom 
type (sandwich structure) inclined to produce the most ductile behavior 
with a multi-stage damage process. The results can be used to produce 
3D-printed composite parts with predictable failure under bending load. 
DI = − 0.409wmatrix + 1; 0 < DI ≤ 1 (3)  

where wmatrix (mm) is the thickness of the matrix-only layers. 
Since the presence of voids is typical in 3D printed composites, the 

void content of the samples was also determined. Voids can promote 
crack propagation; therefore, they can influence the failure behavior 
too. We determined the total void content (Fig. 6/e) and the distribution 
of voids along the thickness of the specimen (distance) for a cross-section 

(Fig. 6/a-d). The void content was calculated as the ratio of voids to the 
total cross-section area. Total void content was the highest for the alt. 5, 
and the lowest for the Top/bottom type. The voids are present mostly in 
the reinforced layers, therefore the void distribution is analogous to the 
distribution of the reinforced layers in the specimens. The cross- 
sectional distribution of the voids may also explain the different fail-
ure behavior. In the case of a homogeneous distribution, crack propa-
gation may be faster and thus elongation may be lower (alt. 1 and alt. 3 
types). For more heterogeneous layer orders (alt. 5 and Top/bottom), 
crack propagation between the reinforced layers can be inhibited by the 
thicker matrix-only layers, which contain no voids. 

3.2. Gradual failure behavior 

The failure process shown in this study is very similar to the pseudo- 
ductile failure of resin matrix hybrid composites under tensile load 
[42–44]. Idarraga et al. [45] reported similar results for bending, and 
Huang and Joosten [22] achieved pseudo-ductile failure with 
3D-printed hybrids. The novelty of our results is that 3D-printed com-
posites can exhibit pseudo-ductile-like failure behavior under bending 
load, without hybridization, by the design of the layer order. Fig. 7 
shows the 4 characteristic failure processes we found in the case of 
different layer orders. Table 1 summarises the corresponding mechani-
cal responses. The quasi-linear stress-strain response (first and second 
cases) was observed for the alt. 1, alt. 1*, alt. 5, and the top/bottom 
types. The third case shows a more desirable, gradual failure, which was 

Fig. 4. SEM images of the fracture surfaces in case of the a) alt. 1, d) alt. 3, f) alt. 5, and h) Top/bottom types; signs of fiber breakage are shown on b), g) and i); c) 
shows signs of delamination, e) shows the matrix crack and j) shows fiber-matrix debonding. 
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observed for the alt. 3 and the alt 1 types. The fourth case exhibits the 
maximum pseudo-ductile strain achievable for a given composite and, 
therefore can be considered ideal. This failure was specific to the top/-
bottom* type. The first and the fourth mechanical responses were 

achieved only with lower (15 %) fiber content. 

Fig. 5. a) Representative stress-strain curves for all layer orders, b) DI and the flexural strength as a function of the matrix layer thickness c) interpretation of the 
matrix layer thickness for all layer orders. 

Fig. 6. Distribution of voids in a cross-section for the a) alt. 1, b) alt. 3, c) alt. 5, and d) Top/bottom types; g) the total void contents and f) shows the color legend for 
a)-d). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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4. Conclusion 

This research focuses on the flexural properties of 3D-printed 
continuous fiber–reinforced composites. Samples were prepared with a 
polyamide (PA) matrix and continuous carbon fiber (CF) reinforcement, 
and altogether six types of layer sequences were investigated, with two 
fiber volume fractions. The mechanical response for the flexural load 
was tested with 4-point bending experiments. We found that the layer 
order design greatly affects the failure behavior of the 3D-printed 
composites. We mapped the void distribution on the cross-sections 
and found that voids are mostly present in the reinforced layers. The 
void content ranged from 7.4 to 9.9 %. Samples with more homogeneous 
void distribution have lower toughness, which may be a consequence of 
faster crack propagation. The failure behavior ranges from catastrophic 
to pseudo-ductile, and four typical stress-strain responses can be 
distinguished. We found that a linear relationship can describe the effect 
of the thickness of unreinforced (matrix-only) layers on the ductility 
index, and toughness can be increased with increasing the thickness. In 
case of the most homogeneous layer order (for 26.3 % fiber content) the 
flexural strength and the ductility index were 238 ± 20 MPa and 0.96 
(where 1 means completely brittle behavior), respectively. For the most 
heterogeneous layer order (sandwich structure) the flexural strength 
increased by 13.4 % while the ductility index decreased by 47.7 %, 
which corresponds to tougher behavior. Overall, our results show the 
failure process of 3D printed composites as a function of layer order, 
contributing to a more purposeful design and safer application. 
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[20] B. Magyar, T. Czigany, G. Szebényi, Metal-alike polymer composites: the effect of 
inter-layer content on the pseudo-ductile behaviour of carbon fibre/epoxy resin 
materials, Compos. Sci. Technol. 215 (2021), https://doi.org/10.1016/j. 
compscitech.2021.109002. 
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high performance, pseudo-ductile all-carbon/epoxy unidirectional hybrid 
composites, Compos. B Eng. 111 (2017) 348–356, https://doi.org/10.1016/j. 
compositesb.2016.11.049. 

[44] S.B. Sapozhnikov, Y. Swolfs, S.V. Lomov, Pseudo-ductile unidirectional high 
modulus/high strength carbon fibre hybrids using conventional ply thickness 
prepregs, Compos. B Eng. 198 (2020), https://doi.org/10.1016/j. 
compositesb.2020.108213. 

[45] G. Idarraga, M. Jalalvand, M. Fotouhi, J. Meza, M.R. Wisnom, Gradual failure in 
high-performance unidirectional thin-ply carbon/glass hybrid composites under 
bending, Compos. Struct. 271 (2021), https://doi.org/10.1016/j. 
compstruct.2021.114128. 
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