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Abstract:

Fused deposition modelling (FDM) is a promising additive manufacturing technology for the
fabrication of continuous fibre reinforced thermoplastic composites. However, a major concern is the
performances of the interfacial bonding in these composites. The aim of this study is to evaluate the
interface quality of a 3D printed carbon/PA6 composite at two scales: the filament/matrix scale and the
interlaminar one. Two different types of samples were made: monofilament composites for performing
fragmentation tests, and double cantilever beam (DCB) samples for realising mode I interlaminar
fracture tests. After measuring the strength of the individual carbon filament, the fragment lengths
were observed by micro-CT and measured in monofilament composites in order to calculate the
interfacial shear strength (/F'SS). The DCB tests allowed the determination of the interlaminar fracture
toughness (Gy.) for 0°//0° and +45°//-45° interfaces. The obtained results are promising for such 3D

printed composites.
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1. Introduction

Continuous fibre reinforced polymer (FRP) composites are widely used in aerospace, marine and
automotive industries owing to their high performance to weight ratio. They are traditionally
manufactured by manual lay-up, resin transfer moulding, pultrusion or filament winding. However
these methods imply long production time, elevated costs and frequently the need for moulds [1].
Therefore, there is a growing interest in the new processes based on additive manufacturing, as the
fused deposition modelling (FDM) technology. This method has several advantages: (i) it allows the
printing of complex geometric patterns without the need of secondary machining operation, (ii) its
flexibility allows rapid prototyping and opens the way to customized parts, (iii) it reduces material
wastage and it is relatively low cost [2]. FDM technology allows creating 3D geometries depositing
layer by layer extruded filament. The most frequently used filaments are thermoplastic ones, as PLA
(polylactide) [3], ABS (acrylonitrile butadiene styrene) [4] or nylon [5]. In order to improve
mechanical performance of 3D printed parts, fibres have been added in polymers. Development of
short fibre reinforced polymer composites made by additive manufacturing has been on-going for
about a decade [6]. For example, the addition of short glass or carbon fibres allows the enhancement of
pure polymer strength [7-10]. However, the load-bearing capacity of short fibre reinforced polymer
composites is still limited. Recent research trends are thus in the direction of developing new 3D
printed composites including continuous fibres. Fabrication of composites with continuous carbon,
glass, Kevlar or natural fibres have been performed [11-13]. Some authors have evaluated the
mechanical properties of 3D printed continuous fibre composites, such as tensile and compressive
properties [14,15], tensile and flexural properties [1,11,16], impact properties [17], fatigue and creep
properties [ 18]. It is important to notice that, during the printing procedure, no pressure is applied after
a layer is laid up. Therefore, there are unfilled spaces in the material. These voids and pores, inherently
present in the matrix, affect the mechanical properties of the 3D printed composites [13,19].
Moreover, the additive manufacturing may lead to poorer interfacial properties as compared to the
ones of conventional composites [20]. Indeed, the deposition of side-by-side filaments and the layer-

by-layer method may have a detrimental impact on the adhesion quality at filament/matrix interface



and may be responsible for degradation of interlaminar fracture toughness [21,22]. Although interface
quality at the two scales, filament/matrix and interlaminar scales, is a key-parameter for mechanical
performance of 3D printed continuous fibre composites, there is little data available on these aspects.
Barile et al. have performed delamination tests using 3D printed double cantilever beam (DCB)
specimens, made with bulk polymer (ABS) [23]. Garcia-Guzman et al. [24] have studied resistance of
adhesive joints in glass/nylon DCB specimens with structured interface. Concerning 3D printed
carbon/nylon composites, He et al. [19] have compared the Mode I interlaminar fracture toughness
(Gre) values at 0°//0° interface using DCB samples with or without a post compression moulding
process. Nevertheless, to the best of authors’ knowledge, there are no published results concerning the
adhesion quality at filament/matrix interface and at multidirectional interlaminar interface in 3D
printed continuous fibre composites. The aim of the current study is to bridge this gap.

The studied material is a continuous carbon/nylon composite, elaborated by additive manufacturing
based on fused deposition modelling method. Carbon reinforcement was chosen, rather than glass or
Kevlar ones, because of its high mechanical properties [25,26]. In order to analyse the carbon/nylon
interface, specific 3D printed monofilament composites are manufactured. Fragmentation tests are
performed and micro-CT observations are realised. The interfacial shear strength (/F'SS) value is
determined for characterising the interface between the carbon filament (CF) and the PA6 matrix.
Delamination behaviour at 0°//0° and +45°//-45° interfaces is characterised by testing 3D printed DCB
samples. The effect of the stacking sequence on mode I delamination resistance is investigated and R-

curves are analysed.

2. Materials and methods

2.1 3D printer and materials

All specimens used in this study were fabricated using a desktop 3D printer: the MarkTwo® developed
by Markforged®. It uses its own software designated Eiger®. It can print two kinds of material
independently and, hence, it has two extruders and two print heads. One of the print head is used to

print the matrix and the other one to print fibre reinforcement. The design of the 3D printer allows



continuous fibre reinforcement to be placed as required through the layer-by-layer deposition process.
All samples were printed with a nylon filament and a carbon filament (CF) supplied by Markforged®.
Nylon and carbon fibre (reinforcement) layers were printed with hot end temperatures of 265°C, on a
non-heated print bed. The pre-set layer height was chosen equal to 125um. The matrix-only filament,
constituted by bulk PA6, was 1.75mm in diameter. The carbon filament comes in spools and is
composed of multiple strands of carbon fibres coated with a thermoplastic polymer. The carbon
filament diameter was measured to be 375+18um (Fig. 1). The carbon fibre weight fraction of this
filament is about 40% [14,19]. Table 1 gives the tensile characteristics of single carbon fibres [27, 28]

and PA6 polymer [29].

Carbon fibres

Thermoplastic matrix

Fig. 1. Micro-CT 3D view of the as-received carbon filament (CF).

Table 1. Average tensile characteristics of single carbon fibres [27,28] and PA6 polymer [29].

Tensile strength  Tensile modulus

(MPa) (GPa)
Single carbon fibre
[27.28] 4000 238
PAG6 [29] 51 1.7

The fibre reinforcement fill type is configured in the Eiger® software, which can have an isotropic or
concentric fibre-laydown pattern. The term “isotropic” does not define the mechanical properties of
the specimen. Isotropic reinforcement allows a unidirectional pattern that can be rotated at each layer.
The concentric reinforcement allows a concentric ring pattern of the carbon filament and deposits a
free number of rings depending on the specimen geometry. Each type of reinforcement fill has to be

chosen according to the desired geometry [20,21].



2.2 Monofilament composites

Fragmentation tests on monofilament composites allow investigating the interface quality between the
reinforcement and the matrix. When applying a tensile loading to monofilament composites, the load
is transferred through the matrix into the filament by means of shear stress at the interface. Filament
failure occurs when this transferred stress reached the tensile strength of the filament. The filament
will continue to fracture into shorter length fragments as the load increases, until the filament
fragments are so small that the tensile stresses induced in the filament can no longer reach the filament
tensile strength. At this point, a state of saturation is reached and the fragmentation process ceases.
Fragmentation tests have been widely used at the scale of single fibre [30-35], or at the scale of yarn
[36,37]. For 3D printed composites, the interesting scale is the carbon filament one. Therefore, 3D
printed carbon/nylon samples with only one filament of carbon aligned in the loading direction and
centered in the specimens were manufactured. The concentric fill type was used in order to produce
required parts, with a central rectangular hole (Fig. 2). At first, eight layers of nylon were deposited
(Fig. 2a), then a layer with a central ring of carbon filament was laid down (Fig. 2b), and finally eight

other nylon layers were deposited.

VLX 3mm Polyamide 6 = Carbon filament

Fig. 2. The 3D printed layer fill configurations a) for the nylon layers, b) for the layer with the carbon

filament (the grey line represents the nylon filament and the blue line is for the carbon filament).

It led to rectangular parts 91.2mm long, 9.1mm wide and 2.25mm thick, in which four monofilament
composite samples could be cut (Fig.3a). Three rectangular parts were printed, resulting in twelve
monofilament composite samples. Each monofilament composite sample used for fragmentation test

had dimensions of 45mmx3mmx2.25mm, with a gauge length of 15mm (Fig. 3b).
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Fig. 3. a) Geometry of the printed rectangular part, b) a monofilament composite sample.
2.3 DCB specimens
The Mode I interlaminar behaviour of the 3D printed CF/nylon composites has been investigated by
testing DCB specimens. The design of the stacking sequence of DCB coupons has to be carefully
chosen. First of all, the two sublaminates on either side of the delaminated interface should have
identical stiftness, so that the delamination propagates in pure mode I conditions [38]. For this reason,
the pre-crack is positioned in the midplane of the laminate. Standard test methods for mode I concern
only delamination initiation for unidirectional composites, while laminates widely used in industrial
applications are multidirectional [39,40]. Therefore, two different stacking sequences have been
studied in this work, in order to analyse two interfaces: the 0°//0° interface and the +45°//-45°
interface. Four layers with carbon filament were deposited in each specimen, i.e. two composite layers
on each side of the delamination plane. The other twenty layers were made with pure nylon filament.
The fibre orientation and layer arrangement were specified using Eiger® software, based on the
isotropic fill type. The additive manufacturing process was interrupted in order to place the 45um

thick nonadhesive insert at the midplane of the coupon (Fig. 4).
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Fig. 4. 3D printing of DCB samples, with the addition of the nonadhesive insert.
For the 0°//0° specimens, the fibre layers were placed at 0° with respect to the axial direction, and for
the +45°//-45° ones, the carbon layers had +45° and -45° with respect to the axial direction. Nylon and
fibre layers were laid down horizontally, layer by layer, to complete the specimens (Fig. 5). Final
geometry of the 3D printed DCB samples was 125mm long, 25mm wide and 3mm thick. Piano hinge
tabs were then adhesively bonded to specimens following EN6033 standard [41]. The length a, of the
initial crack was 40=1mm. Both edges of the DCB coupons were polished using fine sandpaper and

white paint was applied to the sides of the specimens in order to help the visual detection of the crack

tip.

10 Nylon layers

Two carbon layers

Nonadhesive insert

¥~Two carbon layers

10 Nylon layers

L.

Fig. 5. Scheme of DCB samples with the different layers (sketch not to scale).
2.4 Mechanical tests
All the samples were tested at room temperature using an INSTRON 1195 machine with a load cell of
2000N. The testing machine was equipped with manual screw action grips. During each test, the time,

the load and the crosshead displacement were recorded through the acquisition system of the machine.



2.4.1 Filament tensile testing

A tensile characterisation of the as-received carbon filaments was carried out by performing tests at a
crosshead speed of Smm/min. The gauge length of the tested carbon filaments was 20mm. 80 grit sand
papers were used in the jaws to improve clamping.

2.4.2 Fragmentation tests

The fragmentation tests were performed on monofilament composite samples at a rather high loading
rate (75mm/min) in order to reach the fragmentation saturation level despite the PA6 ductility. For

these samples, sand papers were also used in the jaws (Fig. 6).

Fragentation

Fig. 6. Fragmentation test on a monofilament carbon/PA6 sample.

2.4.3 DCB tests

DCB specimens were loaded at a constant displacement rate of Smm/min. The extremities of piano
hinge tabs were tightened into the grips of the testing machine. An incremental test method was
applied [42]. Each DCB specimen was loaded until the propagation of the delamination was of about
Smm. The cross-head was then stopped, the specimen was unloaded and loaded again. The
delamination extension process was then repeated until the final delamination length reached
approximately 85mm. The minimum force at unloading was chosen to be equal to 0.5N in order to
avoid compression of the specimen. The position of the crack was measured using a graduated scale
drawn directly on the specimen itself. The crack tip propagation was recorded in situ during tests with

a digital camera (Fig. 7).



Fig. 7. Experimental set-up for interlaminar tests, with a digital camera for delamination tip recording.

2.5 Micro-CT

Micro-CT observations were performed using an UltraTom CT scanner manufactured by RX
Solution (France). The system consists in a Hamamatsu micro focus sealed X-ray tube
operating at 20-150kV/0-500 pA, within a maximum power of 75W. X-rays, generated by the
source, diverge at an angle providing a cone-beam. Various geometric magnifications can
thus be obtained by moving the sample close to the source to provide high resolution mode or
close to the detector to provide low resolution measurements. The generator and the detector
are also mobile to cover a large range of magnification. A Sum resolution was used in this
work. The 3D reconstruction was performed using an algorithm based on the filtered back-

projection procedure for Feldkamp cone beam geometry.

3. Results and discussion
3.1 Tensile properties of the carbon filament

The as-received carbon filament was tested in tension before using it for the composite 3D printing.
The examples of tensile curves obtained for three samples are plotted in Fig. 8. The measured

characteristics are given in Table 2.
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Fig. 8. Tensile curves for three samples of the as-received carbon filament.

Table 2. Tensile characteristics of the as-received carbon filament.

Gauge length Strength Apparent Strain at
(mm) (MPa) modulus (GPa) failure (%)
Carbon 201 399 = 54 31.8+2.5 1.320.07
filament (CF) ' ' ' '

The strength of the carbon filament was determined equal to 399+54MPa. This value is much lower
than the strength values of single carbon fibres, which are about 4000MPa [27,28]. This is due to the
fact that the carbon filament is a strand made of about 1000 individual fibres and impregnated with a
thermoplastic polymer [43]. The values of the modulus and the strain at failure given in Table 2 were
determined from the machine crosshead displacement. They must therefore be considered with
caution. Nevertheless, the modulus of the carbon filament is also much lower than the single carbon
fibre one, which is about 238GPa, while the strain at failure is of the same order [28]. The tensile
strength value measured for the as-received carbon filament was used for the calculation of the

interfacial shear strength (/F'SS) values.

3.2 Characterisation of the filament/matrix interface

Fragmentation tests were performed on monofilament CF/PA6 composites. Then, micro-CT

observations were realised on tested samples. Fig. 9 shows for example three different micro-CT views
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of a fragmented sample. The longitudinal view (Fig. 9a) allows to see a part of the sample gauge length,
with the carbon filament located in the middle of the nylon matrix. An entire filament fragment can be

observed, and the fragment length lrcan be measured between the two fragmentations.

a) Longitudinal view

pores

Nylon
matrix

b) Cross section view

Nylon matrix Carbon filament

on filament c) Fragmentation view

Carbon
filament
breakage

Carbon filament

Fig. 9. Micro-CT observation of a fragmented monofilament carbon/PA6 sample: a) longitudinal
view, b) cross section view, and c) fragmentation view.

The cross section view (Fig. 9b) shows the section of the carbon filament, made of several fibres,
embedded in the nylon matrix. It can be seen that the carbon filament is no more circular. Indeed,
during the manufacturing, the filament is heated, enabling it to pass through the extruder orifice. On
the way it is laid up, it is cooled and progressively solidified. The filament is thus subjected to its own
weight, and to the weight of next layers. Therefore, its initial circular section becomes a flattened
section (Fig. 9b). Moreover, some pores with a characteristic triangular shape can be seen in Fig. 9b.
These triangular voids have already been observed in 3D printed materials and are commonly found
between adjacent filaments [6]. Fig. 9c focuses on a fragmentation of the carbon filament. It clearly
shows that the CF breakage is made of successive failures of individual carbon fibres, describing a sort

of staircase.
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Measurements of the length of all the obtained CF fragments were performed. Then, the critical

fragment length was calculated using equation 1 [44]:

where l; is the average value of the fragment length. The critical fragment length value reflects the
stress transfer efficiency between the filament and the matrix at the interface. According to Kelly and

Tyson [45], the interfacial shear strength value (/FSS) may be estimated using equation 2:

O'f(lc)'d
21

IFSS = )

where d is the filament diameter, /. is the critical fragment length and oy(/.) is the filament strength for
a length equal to the critical filament length. Due to the impossibility to determine directly the tensile
strength of a carbon filament with a length equal to the critical fragment length, an extrapolation of
strength at critical length /. can be done by using the Weibull cumulative distribution function. Using
the two-parameter Weibull distribution, the strength value for critical length can be determined by
equation 3 [46,47]:

1

o) = ap(Lo) ()" ()

where m is the shape parameter of Weibull distribution, /. is the critical fragment length and oy (L) is
the strength value for the gauge length Ly. In our case, Ly and oy (L) are given in Table 2. Concerning
the parameter m, we made the assumption that its value is similar for carbon filament and for carbon

fibre. All the values are reported in Table 3.
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Table 3. Critical fragment length, shape parameter of Weibull distribution for carbon fibres (*: from
[48]), strength value of the filament for critical length, and /FSS value for single filament carbon/PA6

samples.

Critical m or (L) IFSS

fragment (MPa) (MPa)
length (mm)

4.75+0.25 7.4% 485+70 199+5.2

The obtained interfacial shear strength value (/F'SS) for the CF/PAG6 interface is 19.9+5.2MPa (Table
3). This value cannot be compared with literature ones, because, to the best of authors’ knowledge,
there is no paper yet dealing with fragmentation tests for 3D printed composites. Nevertheless, it is
possible to compare it with the /F'SS value obtained for carbon/PA6 samples manufactured by molding
process. Zhu et al. [49] prepared single fibre composites made of carbon fibre embedded in PA6
matrix. Thanks to fragmentation tests, they determined an /F'SS value of 18.53+4MPa. It is thus
possible to deduce that the adhesion quality of the carbon/PA6 interface is very similar for 3D printed
composites in comparison with classical molded composites. Therefore, the presence of pores does not
seem to deteriorate the overall quality of adhesion at the interface between the carbon filament and the

nylon matrix. This result is very promising for this new type of process.

3.3 Interlaminar properties

DCB specimens with two different stacking sequences were tested in order to determine the
interlaminar fracture toughness values for 3D printed carbon/PA6 composites. Fig. 10 shows crack tip
views for the two types of DCB specimens: with 0°//0° interface and with +45°//-45° interface. Some
fibre bridging can be observed, as it has been reported for example for glass/polyester [42] or
carbon/epoxy [50] laminates. When it is of high intensity, the fibre bridging can substantially elevate
the measured fracture resistance. But for the tested samples, fibre bridging was not very significant

(Fig. 10).
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Fig. 10. Crack tip view during interlaminar tests: a) for 0°//0° interface, and b) for +45°//-45° interface.

The load-displacement curves obtained for one sample of each configuration are plotted in Fig. 11. It
can be noticed that the shape of the curves for the two orientations is quite different. This is due to the
large permanent deformation remaining after unloading in the case of the +45°//-45° interface. It
indicates that significant plastic deformation has occurred for this orientation. This phenomenon has
already been observed for conventional composites [42]. The interlaminar fracture toughness values

(Gr) were determined according to the EN6033 standard [41] by using equation 4:

(4)

where AE is the energy to achieve the propagated crack length, w is the width of the specimen and 4a
is the propagated crack length. For each load drop, 4F was obtained by computing the area of the loop,

and 4a was calculated by subtracting the position of the crack tip after and before the drop [38].
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Fig. 11. Load-displacement curves of DCB specimens: a) for 0°//0° interface, and b) for +45°//-45°

interface.

The obtained R-curves are plotted in Fig. 12. R-curves show the evolution of the resistance to

delamination propagation as a function of the delamination length. For the 0°//0° interface, it can be

seen that the G- value remains relatively constant, around 1228J/m? (Fig. 12a). For the +45°//-45°

interface, R-curves show a significant increase in the values, occurring for a delamination length of

10mm for one sample (sample 1), and for a length of 20mm for the other one (sample 2) (Fig. 12b).
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Fig. 12. R-curves for Mode I interlaminar fracture toughness of 3D printed carbon/PA6 composites: a)

for 0°//0° interface, and b) for +45°//-45° interface.

The observation of the fracture surfaces for samples with +45°//-45° interface (Fig. 13) has shown that

a migration of the delamination from one layer to the other occurred after a few loading-unloading
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cycles. This phenomenon of migration during delamination propagation is well-known and only Gy,

values measured before the migration must be taken into account [50].

Fig. 13. Fracture surface of a DCB sample with +45°//-45° interface: observation of the delamination

migration from one layer to the other.

Finally, the G values determined for the two tested configurations are given in Table 4. For the 0°//0°
interface, the obtained value can be compared with the one determined by He et al. [19] for a 3D
printed carbon/PA6 composite. They determined a Gi. value equal to 1467+20J/m?. Our value is quite
similar - slightly lower - despite the very different methodology used (different 3D printer parameters,
different lay-ups, different DCB tests, different calculation of Gy). Concerning the +45°//-45°
interface, there is no published data for 3D printed composites. But it can be noted that for a
carbon/epoxy made from prepregs, the Gy value determined for the +45°//-45° interface was also
significantly higher than the one for the 0°//0° interface [38]. It tends to validate the Gy results
obtained for the carbon/nylon composite. However, other tests with other stacking sequences are

necessary to better understand the interlaminar behaviour of the 3D printed composites.

Table 4. Mode I interlaminar fracture toughness values determined from DCB tests on 3D printed

CF/PA6 composites.
Interface Interface
0°//0° +45°//-45°
GIc
1228 £ 114 2150 &+ 525
(J/m?)
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4. Conclusion

The interface bonding performances of 3D printed continuous carbon fibre reinforced nylon
composites were evaluated in this study. Interfacial properties were investigated at two different
scales: at the filament/matrix scale and at the interlaminar one. Preliminary tensile tests were
performed on the as-received carbon filament, in order to determine its mechanical characteristics.
Then, monofilament composites were manufactured by using the concentric fill type, with only one
filament of carbon aligned in the loading direction. Fragmentation tests were realised on these
monofilament composites and micro-CT observations were made after failure. Thanks to the
measurement of fragment lengths, the interfacial shear strength value (/FSS) was determined. Results
show that the obtained value is quite similar to that of classical molded carbon/PA6 composites. DCB
samples were also manufactured by FDM technique. Two stacking sequences were studied, in order to
analyse two different interfaces: 0°//0° and +45°//-45°. For the latter, a migration phenomenon was
observed and only the first points of the corresponding R-curves were used. Finally, the obtained
results are quite promising. Future work is necessary to analyse the interface bonding quality of these
composites in different configurations. Nevertheless, these results give a database that can be useful
for further industrial developments of 3D printed continuous composites, in particular to enrich finite

element models for designing optimised structures.
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Figure captions:

Fig. 1. Micro-CT 3D view of the as-received carbon filament (CF).

Fig. 2. The 3D printed layer fill configurations a) for the nylon layers, b) for the layer with the carbon
filament (the grey line represents the nylon filament and the blue line is for the carbon filament).

Fig. 3. a) Geometry of the printed rectangular part, b) a monofilament composite sample.

Fig. 4. 3D printing of DCB samples, with the addition of the nonadhesive insert.

Fig. 5. Scheme of DCB samples with the different layers (sketch not to scale).

Fig. 6. Fragmentation test on a monofilament carbon/PA6 sample.

Fig. 7. Experimental set-up for interlaminar tests, with a digital camera for delamination tip recording.
Fig. 8. Tensile curves for three samples of the as-received carbon filament.

Fig. 9. Micro-CT observation of a fragmented monofilament carbon/PA6 sample: a) longitudinal view,
b) cross section view, and c¢) fragmentation view.

Fig. 10. Crack tip view during interlaminar tests: a) for 0°//0° interface, and b) for +45°//-45°
interface.

Fig. 11. Load-displacement curves of DCB specimens: a) for 0°//0° interface, and b) for +45°//-45°
interface.

Fig. 12. R-curves for Mode I interlaminar fracture toughness of 3D printed carbon/PA6 composites: a)
for 0°//0° interface, and b) for +45°//-45° interface.

Fig. 13. Fracture surface of a DCB sample with +45°//-45° interface: observation of the delamination

migration from one layer to the other.
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Tables:

Table 1. Average tensile characteristics of single carbon fibres [27,28] and PA6 polymer [29].

Tensile strength

Tensile modulus

(MPa) (GPa)
Single carbon fibre
[27.28] 4000 238
PAG6 [29] 51 1.7
Table 2. Tensile characteristics of the as-received carbon filament.
Gauge length Strength Apparent Strain at
(mm) (MPa) modulus (GPa) failure (%)
Carbon 201 399 + 54 318425 1324007
filament (CF) ’ ) ' '

Table 3. Critical fragment length, shape parameter of Weibull distribution for carbon fibres (*: from

[44]), strength value of the filament for critical length, and /F'SS value for single filament carbon/PA6

samples.
Critical m or (L) IFSS
fragment (MPa) (MPa)
length (mm)
4.75+0.25 7.4% 485 +£70 199+5.2

Table 4. Mode I interlaminar fracture toughness values determined from DCB tests on 3D printed

CF/PA6 composites.
Interface Interface
0°//0° +45°//-45°
Glc
1228 £ 114 2150 £ 525
(J/m?)
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