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ARTICLE INFO ABSTRACT

Continuous fibre reinforced thermoplastic composites (CFRTPCs) are becoming more significant in industrial
applications due to their inherit advantages such as excellent mechanical performance, potential use in light-
weight structures and being recyclable. Fused deposition modelling (FDM) is a promising additive manu-
facturing technology and an alternative to conventional processes for the fabrication of CFRTPCs due to its
ability to build functional parts having complex geometries. However, a major concern affecting the efficient use
of 3D printed composites is their weak interlaminar bonding performance compared to conventional pre-preg
composites. The aim of this study is to evaluate the effect of layer thickness and fibre volume content on the
interlaminar bonding performance of 3D printed continuous carbon, glass and Kevlar® fibre reinforced nylon
composites manufactured by FDM technique. Short beam shear tests were carried out to determine interlaminar
shear strength (ILSS). SEM images and cross-sectional micrographs were examined to assess failure mechanics of
the different configurations.

It was observed that the effect of layer thickness of nylon samples on the interlaminar shear performance was
marginally significance. ILSS values decrease as layer thickness increase due to higher porosity. In addition,
continuous fibre reinforced samples show higher ILSS values than unreinforced ones but, conversely, the level of
increase in ILSS is moderate with continued increase in fibre content, particularly in the case of Kevlar” fibre.
Carbon fibre reinforced composites exhibit the best interlaminar shear performance with higher stiffness. On the
other hand, Kevlar® fibre reinforced composites have the lowest interlaminar shear performance due to poor
wettability of Kevlar® fibre bundles by the nylon, leading to extensive delamination. Finally, the results obtained
demonstrate that it is still a challenge to increase shear performance of 3D printed composites with respect to
common pre-preg materials. Nevertheless, ILSS values exhibited by 3D printed composites are significantly
higher than the usual 3D printed thermoplastics.
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1. Introduction

Additive manufacturing (AM) technologies have found potential
applications for creating complex lightweight structures in aerospace
industries, architectural industries for structural models, art fields,
education or medical fields for printing tissues and organs [1-6]. These
technologies are able to accurately manufacture a large range of pro-
totypes or functional components with complex geometries, such as
those obtained from a topology optimization process [7,8] or generated
from a fitting process in Computer-Aided Design [9], which are diffi-
cult, if not impossible, to manufacture using conventional methods
[10-12]. Compared to these methods, AM technologies can shorten the
design-manufacturing cycle, reduce production costs and increase
competitiveness [4-6]. AM technology is a very broad term
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encompassing numerous methods such as Stereolithography (STL) of a
photopolymer liquid, Fused Deposition Modelling (FDM) from polymer
filaments, Laminated Object Manufacturing (LOM) from plastic lami-
nations, and Selective Laser Sintering (SLS) from plastic or metal
powders [2,13]. However, the FDM technique is of particular interest
due to its relative low cost, low material wastage and ease of use [1].
FDM forms a 3D geometry through the deposition of successive layers
of extruded thermoplastic filament, such as acrylonitrile butadiene
styrene (ABS), polylactic acid (PLA), polypropylene (PP) or poly-
ethylene (PE). Engineering thermoplastics with improved mechanical
performance, such as polyamide (PA or Nylon), polycarbonate (PC),
polyetheretherketone (PEEK), polyetherimide (PEI), polyethersulfone
(PES) or polyphenylene sulfide (PPS) are also available [14]. Due to this
process, delamination of the component layers can occur resulting in
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premature failure. Additionally, FDM printed parts typically have lower
elastic properties than injection moulded components of the same
thermoplastic [2].

FDM has started to move beyond its initial role as prototyping
technology to a process that can build finished parts. However, most of
3D printed polymer products are still used as conceptual prototypes
rather than functional components, since pure polymer products built
by FDM lack strength and functionality [15-17]. Furthermore, me-
chanical properties of parts fabricated by conventional FDM 3D
printing are inherently poor because of the thermoplastic resin used,
although the optimization of processing parameters, such as build or-
ientation, layer thickness or feed rate, has been investigated for im-
proving the mechanical properties of thermoplastic parts [1,3,18,19].
Furthermore, enhanced thermoplastic matrix, such as PEEK or PEI,
have been analysed to improve the mechanical performance and
thermal applicability of FDM structures [20-23]. Such drawbacks re-
strict the wide industrial application of 3D printed thermoplastic
polymers, leaving prototyping as the primary application [15].

However, in the last decade, there has been an increasing interest in
introducing these technologies in the manufacturing of primary struc-
tural parts. 3D printing of polymer composites with enhanced me-
chanical properties solves the previous limitations by combining the
matrix and reinforcements to achieve a system with more useful
structural or functional properties non-attainable by any of the con-
stituent alone [6,24]. Incorporation of particle, fibre or nanomaterial
reinforcements into polymers permits the fabrication of polymer matrix
composites that are characterized by high performance and excellent
functionality [4,6,24]. Various reinforcement, such as short fibres, in-
cluding chopped carbon fibres, carbon nanotubes or glass fibres have
been used [5,10,23,26-29]. In most studies, the additives were mixed
into thermoplastic filaments prior to being loaded into the printer.
However, these composites show poor mechanical properties compared
to composites manufactured by conventional methods because com-
posites reinforced with short fibres or particles are mechanically lower
than composites reinforced with continuous fibres. The possibility of
employing continuous reinforced fibres, such as carbon, aramid or
glass, may lead to product with much higher mechanical performance
which are potentially useful for advanced applications [30]. CFRTPCs
are becoming alternative materials to replace the conventional ther-
mosetting polymers and metals due to excellent mechanical perfor-
mance, recycling and potential lightweight structures. FDM is a pro-
mising alternative of conventional processes for the fabrication of
CFRTPCs, such as vacuum forming, filament winding, pultrusion,
bladder-assisted moulding or compression, that require expensive fa-
cilities and equipment, such as autoclaves or complex rigid moulds for
out-of-autoclave processes, hindering the wide application of compo-
sites [14,31,32].

To date, continuous fibre reinforced 3D printed thermoplastic fila-
ments, as the feedstock of FDM process, have not been extensively in-
vestigated in literature [5,6,25]. For the FDM case, two possibilities for
embedding the continuous reinforced fibres into thermoplastic filament
have been considered in the literature: embedding the continuous fibre
directly in the component with a dual extrusion method [2,15,17,24],
or embedding the continuous fibre in the injector in a “co-extrusion”
process [16,25,32,33]. The previous studies have highlighted the im-
pact of different process parameters, such as layer thickness, fibre vo-
lume fraction, fibre placement or fibre orientation on the mechanical
performance of FDM parts under tensile and flexural loading. Different
combinations of fibre reinforcements and thermoplastic matrix have
been analysed: continuous carbon, glass or Kevlar® fibre reinforcements
embedded in PLA, ABS or Nylon thermoplastic matrix [4-6]. The results
of the previous studies have shown an increase in mechanical strength
of continuous fibre reinforced 3D printed composite structures com-
pared to pure thermoplastic 3D printed structures. However, the level
of increase in strength was moderated with continued increase in fibre
content due to weak bonding between the fibre/matrix layers, as well as
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the presence of increased levels of air voids (porosity) with fibre con-
tent [5,15]. Remarkable improvement in mechanical performances of
3D printed composites are claimed by the MarkForged” Company [34],
which employs a method involving the dual extrusion of a continuous
fibre reinforced composite filament; in this case, specific filaments in
the form of tow of fibres for the manufacturing of nylon composites are
deposited with a specially designed printer [2,15,17,24,30].

Hence, using FDM to fabricate CFRTPCs components with much
higher mechanical performance has become a cutting-edge and inter-
disciplinary research topic in the last few years. Among the existing
literature on mechanical properties of 3D printed composite polymers,
there is a lack of study on the interlaminar bonding behaviour [32,35].
Interlaminar matrix regions between the reinforced fibres layers are
critical regions that are highly susceptible to delamination under me-
chanical loading. Delamination may be a result of weak matrix, bad lay-
up or mechanical loading type, and it often introduces internal damage
in composites which could potentially result in the global failure of a
component with reduced strength and stiffness [36]. Furthermore,
porosity and weak interface bonding between fibres and matrix have
been cited as a major concern for 3D printed fibre reinforced polymer
composites [37]. The interface bonding quality between layers and
wires significantly influences the microstructure and mechanical
properties of the resulting parts.

In this study, interlaminar bonding performance of 3D printed
continuous fibre reinforced composites manufactured by FDM tech-
nique was evaluated by means the short beam shear (SBS) test [38] to
obtain the interlaminar shear strength (ILSS). The MarkForged®
MarkTwo [34] system was used for the manufacture of nylon ILSS
composite samples with carbon, glass and Kevlar® fibres as reinforce-
ments. The effects of two process parameters, namely, layer thickness
and fibre volume fraction are particularly analysed. A comparison of
the interlaminar bonding performance between virgin and reinforced
printed samples was conducted. Finally, optical micrographs and SEM
images of the failure surfaces of ILSS samples were evaluated to de-
termine the effects of process parameters on the interlaminar bonding
quality.

The rest of the paper is organized as follows. First, the experimental
methodology used is briefly summarized with particular emphasis on
specimen preparation, 3D printing process and the experimental set-up.
Thereafter, the key results of the investigation are summarized and the
effects of the different process parameters are highlighted. Finally,
conclusions and extensions of this work are outlined.

2. Experimental methodology
2.1. Materials, 3D printer and specimen preparation

The goal of this study is to analyse the interlaminar bonding
strength of 3D printed CFRTPCs samples using two different process
parameters: layer thickness and fibre volume fraction. Nylon filament
(matrix) was supplied by Markforged” with a diameter of 1.75mm.
Prior to use, this thermoplastic polymer was stored in a Pelican” 1430
modified dry box to minimize moisture absorption in the same way as
the manufactured test specimens prior to testing [1]. The fibres, glass,
carbon and Kevlar” fibre were also supplied by Markforged®. The fibres
were composed of bundles infused with a sizing agent. Fibre bundles of
carbon were 0.35 mm in diameter and Kevlar” and glass were 0.3 mm.
The basic stiffness and strength properties of nylon and continuous fi-
bres used in this study are depicted in Table 1. In addition, the main
mechanical properties of PLA and ABS materials manufactured by FDM
technology [1,11,13], are included for comparative purposes.

3D printed CFRTPCs samples were manufactured using a
MarkForged” MarkTwo desktop 3D printer. The printing process con-
sists of two stages, each of which is performed by a separate print head.
This system can print two kinds of material independently and, hence, it
has two extruders and two print heads (Fig. 1). One of the print heads is
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Table 1

Stiffness and Strength properties of the nylon matrix and continuous fibres.
Typical ranges of mechanical properties of PLA and ABS materials fabricated by
FDM technology are also included for comparative purposes.

Properties Nylon Carbon Glass Kevlar” PLA ABS

Tensile Strength 31 700 590 610 15.5-72.2 36-71.6
(MPa)

Tensile Modulus 940 54000 21000 27000 2020-3550 99.8-2413
(MPa)

Elongation at 54 1.5 3.8 2.7 0.5-9.2 3-20
Break (%)

Flexural Strength 32 470 210 190 52-115.1 48-110
(MPa)

Flexural Modulus 840 51000 22000 26000 2392-4930 1917-2507
(MPa)

used to print nylon (matrix) and the other is used to print fibre re-
inforcement. Nylon and fibre layers were printed with hot end tem-
peratures of 273 °C and 232 °C, respectively, on a non-heated print bed.
Carbon fibre was printed in layers of 0.125 mm, while Kevlar” and glass
fibres were printed in layers of 0.1 mm. The design of the 3D printer
allows continuous fibre reinforcement to be placed as required. It al-
lows specifying the fibre orientation on the layer-by-layer deposition
process. MarkTwo uses its own software designated Eiger’. This soft-
ware allows importing .STL and .OBJ models.

There is no standard test method for determine the interlaminar
shear strength (ILSS) properties of parts manufactured using FDM. In
this work, the ISO 14130 [38] method was applied for the analysis of
the interlaminar shear performance. The geometry of the 3D printed
specimens was modelled using SolidWorks software, exported as an STL
file and imported to the 3D printing software. Two types of fibre pattern
can be selected in the MarkForged” MarkTwo desktop 3D printer:
concentric and isotropic. In this study, isotropic fibre patterns were
analysed. The isotropic fibre pattern consists of parallel lines, with
areas without fibre filled by nylon, before the subsequent layer is
printed. The term isotropic does not define the mechanical properties of
the test specimens. Isotropic fill is in this case resulted in unidirectional
anisotropic specimens. Furthermore, the isotropic pattern was observed

1. Nylon extruder
2. Fibre extruder
3. Print bed

4. Fibre print head
5. Nylon print head
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to yield higher tensile strength and stiffness than concentric pattern
[15]. ILSS samples were obtained from a 3D printed panel (Fig. 2a) and
cut later to avoid edge effects due to low fibre content areas filled by
nylon. The main dimensions of the 3D printed panel and the ILSS
specimens are shown in Fig. 2a.

2.2. Process parameters

The mechanical properties of parts fabricated using FDM technol-
ogies depend on the selection of process parameters [1] [6], [39].
Table 2 outlines the FDM printing parameters of the Markforged”
MarkTwo 3D printer analysed in this study. Two types of specimens
were considered: unreinforced and continuous reinforced nylon speci-
mens. Three different layer thickness were assessed for the unreinforced
nylon specimens: L, = {0.1, 0.125, 0.2} mm, and two different layer
thickness were used for continuous reinforced specimens:
L, = 0.125 mm for carbon fibres and L, = 0.1 mm for glass and Kevlar’
fibres. The usual minimum layer thickness found in the literature was
L,=0.1mm [1].

In addition, two different fibre volume fractions were considered:
partially reinforced and fully reinforced ILSS specimens. For ease of
reference purposes, partially and fully reinforced ILSS specimens are
labelled as “A” and “B”, respectively (Fig. 2b). Fibre volume fraction
was estimated from averaged volume data reported by Eiger” software
(Table 2). At least two nylon layers must be added in each specimen
(roof and floor layers). The averaged fibre volume fraction of type A
was 27.2% and type B was 73.2%. Furthermore, type A layered se-
quence was selected to maximize the mechanical performance of the
ILSS specimens. These fibre volume fraction types helped to assess the
effect of the fibre content (fibre layers) on the interlaminar shear
strength and gained an insight into the interface bonding response of
fibre layer-matrix layer contact (type A) and fibre layer-fibre layer
contact (type B). Fig. 2c depicts SEM images showing details of the
interfaces between fibre bundles and matrix (nylon) and the individual
fibres (carbon fibre, glass fibre and Kevlar® fibre) within these bundles
(~1000 fibres in each bundle).

Certain parameters, such temperature, feed rate, fill density and
pattern of the thermoplastic matrix (nylon) and fibre angle or fibre fill

b

Fig. 1. Mark Two composite 3D printer system. (a) General view of the MarkForged” Mark Two desktop 3D printer. (b) Details of the printing process. The system has
two separate extruders and print heads, one for the continuous fibre and one for the nylon (matrix), allowing the manufacture of continuous fibre composites using

the FDM technique.
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Layer thickness

Unreinforced Reinforced Reinforced
Type A Type B

0.125 mm (Carbon)

L, ={0.1, 0.125, 0.2}mm L{ =10.1 mm (Glass)
0.1 mm (Kevlar®)

Fig. 2. Standard specimen for ILSS testing and process parameters. (a) Dimensions of the 3D printed reinforced panel (left) used to extract the ILSS samples (right).
(b) Layer thickness (L) and fibre volume content (Type A and Type B). (c) SEM images showing details of the fibre bundles and individual fibres (carbon fibre, glass

fibre and Kevlar® fibre).

Table 2 Table 3
Printing parameters and their levels used in this work. Fixed parameters.
Parameter Value Print parameters Value
Layer thickness of unreinforced L, = {0.1(60), 0.125(48), 0.2(30)} Unreinforced samples
samples (mm) (Number of layers) Fill density (%) 100
Layer thickness of fibre reinforced LCARBON — 9 125, [,CLASS — [ KEVIAR _ (1 Fill pattern Rectangular
samples (mm) Reinforced samples
Fibre volume fraction (%) Fibre volume type Fibre fill type Isotropic
(Number of fibre layers/Number of ~ Type A Type B Fibre angle 0°
layers) Carbon fibre
26.8 (18/48) 72.4 (46/48)
Kevlar” fibre
27.5 (22/60) 73.8 (58/60)
Glass fibre
27.2 (22/60) 73.4 (58/60)
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type (isotropic) were fixed for all the samples to focus on the influence
of the previous parameters (Table 3).

2.3. Experimental set-up

Each sample set consisted of five specimens for a given group of
process parameters. Average interlaminar shear strength values of the
mechanical test were taken as the results. Since the physical properties
of many materials (especially thermoplastics) can vary depending on
ambient temperature, tests were carried out at room temperature.

Dimensions of the SBS specimens were selected such that the span
length = thickness x 4 and width = thickness x 2. A 50 kN universal
electro-mechanical testing machine with a 5kN load cell at a fixed
loading rate of 1 mm/min was used for the SBS tests. The experimental
data were processed following the recommendations of the standard for
the determination of the interlaminar shear strength as

Bn
bxh

Tiss = 0.75 X

where 755 is the interlaminar shear strength (ILSS), P,, is the maximum
load observed during and the test, b is the width of the specimen and h
the thickness of the specimen.

3. Results and discussion

Average and standard deviation of the test results of the maximum
interlaminar shear strength (7ss)are tabulated for the unreinforced
nylon ILSS samples in Table 4 and for reinforced nylon ILSS samples in
Table 5.

In order to clarify the results for a better understanding of the
correlation between the different ranges of process parameters on in-
terlaminar bonding performance, a graphical representation of these
results is shown in Fig. 3.

This figure shows the average interlaminar shear strength as a
function of the layer thickness and fibre volume fraction (Fig. 3a and b).
In addition, the bonding performance in terms of interlaminar shear
strength of continuous reinforced nylon composites have been com-
pared with other common 3D printed thermoplastic and pre-preg
composites (thermoset-matrix composite) manufactured with vacuum
bag and autoclave (Fig. 3c). Finally, Fig. 4 reports some representative
interlaminar shear strength-displacement curves and failure modes for
the ILSS samples with different process parameters to characterise and
assess different types of damage observed. The main effects of the
process parameters on the interlaminar bonding performance of 3D
printed samples are summarized in the following sections.

3.1. Effect of layer thickness on the interlaminar bonding performance of
unreinforced nylon specimens

Layer thickness is directly related to the number of layers needed to
print a part and hence to printing time. Thus, manufacturing costs de-
crease as layer thickness increases. The effect of layer thickness on
bonding performance of unreinforced nylon samples is illustrated in
Figs. 3a and 4a. A first glance at these results reveal that the effect of
layer thickness on the ILSS values of nylon samples was marginally

Table 4
Average ILSS test results of unreinforced nylon samples and layer thickness
ranges. Standard deviation is depicted in brackets.

Interlaminar shear strength of nylon samples zj.ss (MPa)

L; = 0.1 mm L, = 0.125mm L, = 0.2mm

10.19(0.25) 9.79(0.39) 9.33(0.38)
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Table 5
Average ILSS test results of reinforced nylon samples and process parameters
ranges. Standard deviation is depicted in brackets.

Interlaminar shear strength of reinforced nylon samples 71,55 (MPa)

Fibre volume fraction

Type A Type B
Carbon fibre

22.19(1.04) 31.94(1.89)
Kevlar” fibre

13.65(0.57) 14.28(1.21)
Glass fibre

13.87(1.42) 20.99(1.18)

significance (Table 4). Nevertheless, the results showed a slight de-
creasing trend of ILSS as the layer thickness increased, which it is in
good agreement with the trends observed for tensile and flexural be-
haviour found in previous works [1,10,11]. Fig. 3a depicts SEM images
of unreinforced ILSS samples showing details of the layer bonding
(nylon-nylon layer contact) for different layer thickness. The thinner
layers were found to facilitate overlap resulting in the filling of air voids
by extra material extrusion and, hence, lower porosity and higher ILSS
values. These results have confirmed the observations of previous stu-
dies [15,17,32[15,17,32]. In addition, Fig. 4a depicts ILSS-displace-
ment curves and optical micrographs for the unreinforced nylon sam-
ples. The results highlighted ductile behaviour, with significant plastic
deformation and high toughness.

3.2. Effects of type of fibre reinforcement and fibre volume fraction on the
interlaminar bonding performance of reinforced nylon specimens

The bonding performance of the interface between fibres and matrix
is a main factor for the mechanical strength of 3D printed composite
parts. The maximum achievable strength of 3D printed fibre reinforced
composites is limited by the fibre-matrix interaction in porous areas
[6,15,32]. The role of the type of fibre reinforcement (carbon, glass or
Kevlar) and fibre volume fraction on the interlaminar bonding strength
of 3D printed ILSS composite samples is analysed in this section. It is
important to note that, during the printing procedure, no pressure was
applied after a layer was laid up. It is well known that pressure plays a
fundamental role on the manufacturing of laminated parts from both
thermoset and thermoplastic-based composites. The absence of pressure
in highly viscous matrices is directly related to the presence of defects
(pores or matrix-dominated areas) [15,17]. Table 5 and Fig. 3b depict
the average and standard deviation of the maximum ILSS values for the
3D printed reinforced nylon samples. Note that the scatter of the result
is small, validating the obtained values. Two different fibre volume
fractions were considered to study interface bonding between fibre/
nylon layers: type A (27.2%, partially reinforced) and type B (73.2%,
fully reinforced). The results reveal that the type of fibre reinforcement
and fibre content significantly affected the interlaminar bonding per-
formance of the 3D printed composite samples.

As demonstrated in Fig. 3b, an increase in ILSS was observed from
unreinforced samples to 27,2% fibre volume fraction (type A) for the
three reinforcements, with ILSS values increasing by 117% for carbon
fibre samples (L, = 0.125 mm) and 36% and 34% for glass and Kevlar’
fibre samples (L, = 0.1 mm), respectively. Fig. 4b shows the average
ILSS-displacement behaviour and optical micrographs for the type A
reinforced samples. In general, the results highlighted interlaminar
shear failure due to delamination of the thermoplastic matrix as well as
exfoliation between the reinforced fibres and the matrix (fibre-nylon
bonding). In addition, the first interlaminar shear failure for the three
reinforced samples occurred at a similar displacement level. However,
carbon fibre reinforced samples depicted a more brittle behaviour due
to higher stiffness (Table 1). Finally, SEM examination of the cross-
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Fig. 3. Graphical comparison of average maximum interlaminar shear strength of ILSS specimens. (a) The effect of layer thickness in unreinforced ILSS samples. (b)
The effect of fibre volume content. (¢) Comparison of different 3D printed thermoplastic materials (unreinforced and reinforced) and pre-preg M21/IMA thermoset-

matrix composite [40-42].

sectional ILSS samples was performed to obtain information on inter-
laminar shear failure mechanisms (Fig. 5). Fig. 5a depicts SEM images
showing details of the interlaminar shear failure modes of type A
samples. It is worth noting that carbon fibre reinforced samples ex-
hibited fibre breakage and delamination, leading to higher ILSS values
compared to glass and Kevlar® fibre reinforced samples.

Furthermore, increasing fibre content to 73.2% average fibre vo-
lume fraction (type B) resulted in a further increase to 213% for carbon
fibre samples and 106% and 40% for glass fibre and Kevlar® fibre
samples, respectively (Fig. 3b). These results indicated that this further
increase in fibre content was not leading to a proportional increase in
ILSS, except in the case of glass fibre samples. The likely explanation is
air inclusions, that were observed to become larger and more frequent
in the composite as the fibre content increased. This ingress of air is
attributed to the atmospheric pressure environment in which the sam-
ples were fabricated. Conventional composites are typically manu-
factured at high pressures to remove major air inclusions. This porosity
is a significant limitation for 3D printed composites and will clearly
lead to significant strength loss compared to composites manufactured
using conventional lay-up techniques. These results were in accordance
with the observations reported in previous works [15,24,29]. Fig. 4c
shows the average ILSS-displacement behaviour and optical micro-
graphs for the type B reinforced samples. Carbon fibre reinforced
samples depicted the best performance in terms of interlaminar shear
strength and higher stiffness, with limited delamination due to inter-
laminar shear failure (Fig. 5b). However, glass and Kevlar® fibre re-
inforced samples showed more extensive delamination, particularly
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Kevlar® reinforced samples. The reasons of these different may be ex-
plained by the fibre/nylon interface bonding performance. Fig. 5c
shows the poor wettability of Kevlar” fibre bundles by the nylon, the
internal fibres were hardly infiltrated by the thermoplastic matrix and a
limited number of external fibres could adhere to the matrix (nylon),
suggesting a weaker bond to the nylon when compared to carbon and
glass fibre bundles. This conclusion is supported by the occurrence of
extensive shear failure, indicating that fibres are not consistently
bonded to the matrix.

Finally, in order to study the use of 3D printed composite materials
in functional applications, ILSS values of 3D printed continuous re-
inforced nylon composites have been compared with traditional 3D
printed PLA samples, 3D printed graphene-reinforced PLA composites
and conventional thermoset pre-preg composites manufactured with an
autoclave (Fig. 3c). The prepreg material was M21/IMA carbon fibre/
epoxy composite with 59,8% fibre volume fraction [40-42]. Note that
this is a qualitative comparison, since the polymeric matrix and the
fibres are different for 3D printing (thermoplastic) and pre-preg man-
ufactured composites (thermoset). The comparison shows that the
properties of 3D printed continuous reinforced composites are poor
compared with conventional pre-preg materials. The reasons are the
differences of the raw materials (matrix and fibres) compared with the
epoxy matrix and carbon fibres of pre-preg composites and the manu-
facturing process itself, without any compaction stage between filament
laid-up and even between layers (porosity).

Despite the poor properties of the 3D printed continuous reinforced
composite material with respect to traditional pre-pegs composites, the
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Fig. 5. SEM images showing details of the fractured surfaces of ILSS reinforced samples: (a) Failure modes of type A (x27) and (b) failure modes of type B (x27) ILSS

samples. (c) Details of the interface fibre/nylon on fractured surfaces (x140).

3D printed continuous reinforced composites greatly improves the
usual mechanical performance of traditional 3D printing parts or re-
inforced with short fibres and particles. Moreover, another advantage of
continuous fibre reinforced 3D printing compared to the unreinforced
thermoplastic printing is the stability that the fibres give to the parts,
reducing and even avoiding the shape distortions that usually appear in
3D printed parts [17].

4. Conclusions

The interlaminar bonding performance of 3D printed continuous
fibre reinforced thermoplastic composites was studied. Continuous
glass, carbon and Kevlar® fibres reinforced nylon composites were
manufactured by FDM technology. Short Beam Shear test series were
carried out to determine the interlaminar shear strength of the printed
specimens following the ISO standard recommendations. Different
ranges of two process parameters were analysed: layer thickness of
unreinforced samples (L, = {0.1,0.125,0.2} mm) and fibre volume
fraction (type A and B).

It has shown that the effect of layer thickness of unreinforced
samples on the interlaminar bonding performance of nylon specimens
was marginally significant. It was observed that ILSS decreased as layer
thickness increased due to higher porosity. Furthermore, it is worth
noting that significant plastic deformation and ductile behaviour was
observed.
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The effects of the type of reinforcement and fibre content on the
interlaminar bonding performance of reinforced nylon specimens were
of particular significance. Carbon fibre reinforced composites exhibited
the best interlaminar shear performance with higher stiffness. On the
other hand, Kevlar® fibre reinforced composites had the lowest inter-
laminar shear performance due to extensive delamination. This reduc-
tion was mainly due to poor wettability of Kevlar® fibre bundles by the
nylon (matrix). In addition, the level of increase in interlaminar shear
strength was moderate with continued increase in fibre content, parti-
cularly in the case of Kevlar® fibres. This was in part due to weak
bonding between the fibre/nylon layers as well as the presence of in-
creased levels of air voids.

The results have shown that it is still a challenge to increase inter-
laminar shear performance of 3D printed continuous reinforced com-
posite material with respect to the autoclave manufacturing of common
pre-preg materials. A compaction stage after the deposition of the fi-
lament would be desirable to reduce porosity. Nevertheless, the prop-
erties obtained by 3D printed continuous reinforced composites by FDM
are significantly higher than the usual 3D FDM thermoplastics.

In conclusion, FDM of continuous reinforced composites seems to be a
very promising technology with potential for future development. It is a
relatively new technique and there is a lack of experimental data on in-
terlaminar bonding performance of structures manufactured by this pro-
cess, underscoring the need for further research to improve our under-
standing of the mechanical behaviour of 3D printed composites [35-37].
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