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Abstract

Additive Layer Manufacturing (ALM) process is used in the present investiga-
tion to manufacture long fibre reinforced composite parts using the MarkOne®
3D-printer. In ALM, a continuous filament (including a tow of fibres) of com-
posite material is injected by the printer, at high temperature, over a plain tool,
forming the part while the material is cooled down. The used composite filament
is formed by a PA (Nylon™) matrix and carbon or glass fibre reinforcements.
Previous works have shown an improvement on the mechanical properties of
a part, when some zones include a nylon based composite reinforcement using
ALM. Nevertheless, the characterization of fully made nylon-based ALM com-
posite material parts has not been reported. Thus, the aim of this investigation is
the experimental characterization of composite nylon-based coupons. The plane
strength and stiffness properties of the composites are obtained, both for ten-
sile and compression load states. Results showed that the obtained mechanical
properties for ALM composites are not yet comparable to those obtained by tra-
ditional methods (pre-pregs). This fact may be explained by the high porosity
found in ALM coupons as well as a low fibre volume obtained. Nevertheless, the

mechanical properties improvement in comparison to non-reinforced nylon parts
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is remarkable.

Keywords: ALM, FDM, long fibre composites, mechanical characterization

1. Introduction

The large number of complex processes involved in the manufacturing of com-
posite materials regarding the traditional manufacturing techniques entail long
production times and elevated costs. Furthermore, these techniques, due to the
kind of raw materials used, imply the generation of scraps. New processes are
explored to circumvent these problems. The very best way to do, it is to imple-
ment and automate all the steps in a single process. One alternative is the use
of Additive Layer Manufacturing (ALM), usually named 3D printing, in which
the material is laid up, compacted and cured at the same time. On the way the
material is laid-up, it is cooled and solidified, achieving 3D geometries without
using complex moulds. ALM technologies are experiencing an important rise in
the production of aeronautical parts. In the past, its use has been dedicated
to very low structural responsibility parts. In the last decade, there has been
an increasing interest in introducing these technologies in the manufacturing of
structural parts [1, 2]. In fact, the use of ALM technologies in nanostructures
was also studied, see [3]. Some of the advantages of ALM technologies compared
to the traditional manufacturing procedures are: (i) the manufacturing of the
parts does not require the use of moulds; (ii) there are almost no scraps after
manufacturing; (iii) the manufactured parts require less post treatments(or even
nothing); (iv) after the design of the part, all the process is automated,avoiding
human mistakes.

Two kinds of materials are mostly used in ALM processes: metallics and
plastics. The metallic materials offer high mechanical properties, capable to
compete with metallic parts manufactured by casting or machining [4]. In the
case of the plastic parts, its properties are very poor and they are not capable to

directly substitute other materials for structural parts. In order to improve the



properties of these parts, the introduction of fibre reinforcements was studied by
several authors.

A review on different ALM techniques, applications and actual needs can be
found in [5, 6, 7, 8], while different techniques, specifically for fibre reinforced plas-
tics, are summarized in [2, 9, 10, 11, 12]. The evolution on composites may start
with one of the first attempts to improve the mechanical properties of 3D printed
polymers (including continuous glass fibres and a photopolymer) presented in
[13]. The technique used was 3D photolithography, able to include around a 6%
of fibre volume. Later on, using the same technique, carbon fibres were included
and also the fibre volume was increased to approximately 30% in [14]. The ef-
fect of a dual (photo and thermal) curing for carbon reinforced photo polymer is
studied in [15]. Glass (short) fibres were also used to reinforce a photopolymer in
[16, 17]. Moreover, a comprehensive study on the obtained mechanical properties
using this kind of reinforcement can be found in [18, 19].

Another ALM technique used to manufacture polymer composites is the so-
called Laminated Object Manufacturing (LOM). In [20], LOM is used with glass
fibre/epoxy matrix pre-pregs, a study on the different interfaces appearing in the
composite being also included in that investigation.

Nowadays, the Fused Deposition Modelling (FDM) is the ALM plastic tech-
nology considered adequate to combine the fibre reinforcements and a polymeric
matrix. In the FDM technology, a thermoplastic filament is extruded through
an injector, heated to the fusion temperature of the plastic, and placed over a
plain mould. As the material is cooled down once placed, it turns into a solid
and reaches its final shape. The final 3D geometries are manufactured from 2D
layers [21].

For the FDM case, several possibilities for introducing the filament into the

plastic have been considered [22, 23]:

(i) Embbeding the fibre directly in the component: In this case, two injectors



are needed, one for the resin and another for the fibre. The fibre and the
matrix are mixed at the part, once injected.

(ii) Embedding the fibre in the injector: In this case, the fibre and the resin are
mixed in the injector, just before the injection process.

(iii) Embedding the fibre previously to the injection: In this case, a pre-impregnated
filament containing both the fibre and the resin is used. It is interesting to
notice that this kind of filament can be used in a traditional FDM machine,

just with a modification of the injectors.

It is noticeable that FDM on composites has several common characteristics
to well-established procedures as automated fibre placement [24] and filament
winding. The latter has been used with carbon, glass and Kevlar fibres pre-
impregnated with thermoplastic resins such as PEEK and polypropylene [25, 26,
27]. The main difference between those procedures and FDM, is that FDM does
not need the use of a mould which follows the final shape of the part, as support
columns (if needed) can be printed together with the desired part.

In [28], carbon fibre is included in ABS using a FDM technique, while PLA
is used in [29, 30]. Mechanical tests were performed to characterize the obtained
composites. Finally, the effect of including glass fibres on some zones of nylon
(NYL-AB-1K supplied by MarkForged®, Somerville, MA) coupons is studied in
[31].

In the present investigation, fully reinforced coupons made of glass and car-
bon fibre filaments (supplied by MarkForged®, Somerville, MA), manufactured
using FDM, will be characterized. The filaments include a tow of fibres which
are embedded (previously to the injection) in nylon. First, some details of the
3D commercial printer MarkOne® [32] and the mechanical tests carried out are

presented. Then, the results of the characterization tests are discussed.



2. Printer description

A MarkOne® 3D printer, manufactured by Markforged [32] has been the
ALM/FDM system used in the present investigation. A picture of the printer can
be seen in Figure 1(a). The system can print two kind of materials independently
and, for this reason, it has two extruders and two injectors, see Figure 1(b). One
of the injectors is used to print nylon (as the traditional 3D plastic printers can
do) and the other one is used to print fibre reinforced thermoplastics. The nylon
injector can be also used, in addition to print parts, to print supports when
needed. The supports are material plies used to hold the printing in zones of the
parts that have a cantilever configuration. Once the part is manufactured, the

supports are discarded.

Figure 1: (a) General view of the 3D printer. (b) Detail view of the two printer injectors.

MarkOne® was considered as the first printer able to print composite parts.
It was released by the end of 2014. Later, on February 2016 MarkTwo® printer
was released and MarkOne® was discontinued. Nevertheless, both printers share
similar technical characteristics. It should also be mentioned that updates are
available for every printer model. MarkOne® uses its own software called Eigen®.
3'4 party software cannot be used with the printer but the software allows to

import .STL and .OBJ models. The orientation of the fibres can be controlled



through the software. It allows to specify the fibre orientation on a layer-by-
layer basis. The build size allows to print parts with the maximum following
dimensions 320 mm x 132 mm x 160 mm.

MarkOne® printer is able to manufacture carbon, glass and arimidic (Kevlar™)
fibre reinforced nylon parts. The used filaments are supplied by Markforged.
These filaments consist on a mixture of a bundle of long fibres and resin, form-
ing a preimpregnated-like material. A view of the glass fibre/nylon and carbon
fibre /nylon filaments is shown in figure 2. The same filaments, after a calcination
(where the resin has been removed), are also shown in the figure. Notice that
the bundle of fibres can be clearly observed once the calcination is done. The
aim of the calcination was to check the amount of fibres and resin present in
the filament. Results showed an approximated 40% fibre weight for the carbon
fibre filament and almost a 50% for the glass fibre case. Fibre volume fractions
will be presented once the micrographs of the printed material are studied in the
Discussion Section. In the following, the way the printer works with the fibre

reinforced filament is described:

The injector is heated up to the fusion temperature of the matrix.
e The fibre reinforcement filament is pushed through the injector.

e The resin is fused and the composite is placed over the printing bed, fol-

lowing a programmed pattern.

e The resin is cooled down just after having been laid up, obtaining the

composite’s final shape.

e Once the whole layer has been laid-up, the printing bed is moved down,

allowing a new layer to be printed.

When printing nylon or glass fibre reinforced nylon, the geometry can be

obtained following several printing patterns (rectangular and circular) making
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Figure 2: Glass and carbon fibre filaments (a) before and (b) after calcination.

it possible to give orientations to the fibre in each layer (using the rectangular
pattern). In the case of the carbon fibre reinforced nylon, due to the stiffness of
the fibre, to print following a circular pattern is only allowed.

Notice that the printing system only allows the reinforcement to be placed
in the plane of the parts. Thus, it is a 2.5D printing system, as usual in all the
ALM systems that can be found in the market nowadays.

It is important to notice that, during the printing procedure, no pressure is ap-
plied after a layer is laid up. It is well known that pressure plays a fundamental
role on the manufacturing of laminated parts for both thermoset and thermo-
plastic based composites. The absence of pressure in highly viscous matrices
is directly related to the presence of large defects (pores and matrix-dominated
zones). Moreover, the use of an injector during the printing procedure may lead to
some waviness effect on the fibres. Both aspects will be studied on the Discussion

section.

3. Tests and coupons description

The characterization of the in-plane material properties was done by means
of tensile and compression tests, following the corresponding standards. In-plane

shear properties, obtained using a +45° laminate, were only obtained for the glass
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fibre. As stated before, the way the carbon fibre reinforced nylon is allowed to be
printed (following closed elliptical patterns in a plane, see figures 3(a) and 3(b))
difficults a +45° carbon laminate to be manufactured. The tests done and their

corresponding coupons are described in the following.

3.1. Tensile test

The tests were carried out following ASTM D3039 standard [33], to charac-
terize both glass fibre and carbon fibre composites in the direction of the fibres.
The glass fibre coupons were printed one at a time. In the case of the carbon
fibre coupons in the direction of the fibres, they were obtained manufacturing a

panel, as the one shown in figure 3(c), and cutting them later on.

Area to extract the coupons

Area to extract the coupons

Figure 3: (a) Schme of the carbon fibre composite printing process.(b) Carbon fibre composite
printing process. (¢) Zones of the carbon fibre panel used to extract the coupons, dimensions

included are in mm.

Glass fibre and carbon fibre tensile test coupons in the direction of the fibre



were manufactured with the following dimensions: height 250 mm, width 12.5
mm and thickness 1 mm. For the glass fibre, also tensile tests were carried out in
the direction perpendicular to the fibres. Coupons dimensions are height 175 mm,
width 25 mm and thickness 2 mm. In the case of carbon fibre composites, tensile
properties perpendicular to the fibre were not obtained, due to the impossibility
to obtain this kind of coupons due to the printing process of carbon fibres already
commented.

According to the standard, the coupons must include some tabs at their end-
ing zones in order to avoid any damage that many be produced by the gripping
system. Thus, for the case of the glass fibre, the coupons tabs were initially
thought to be printed at the same time of the coupons (following a £45° stacking
sequence). It is important to remark that, in order to include the space between
the printing bed and the coupon itself (a cantilever configuration appears due to
the presence of the tabs) support material was added during the manufacturing
and then removed. Nevertheless, it was seen that this way of printing was inef-
ficient, requiring long printing times and lots of material just for obtaining the
tabs. Finally, 45° pre-preg glass fibre tabs were manufactured (in a traditional

way) and bonded to the coupons.

3.2. Compression test

The tests were carried out following ASTM D695-02a standard [34]. The tests
were done both in the direction of the fibres and in the direction perpendicular to
the fibres. Note that, following the standard, two different sets of coupons had to
be manufactured and tested for each type of material, one for the determination
of the elastic modulus and one for the determination of the strength. Coupons
dimensions (being the same for both sets) are height 80 mm, width 12.5 mm and
thickness 2 mm. The only difference is that modulus coupons does not need the
use of tabs. As in the previous case, glass fibre coupons were obtained printing

them individually and the carbon fibre ones were obtained from a panel.



It should be remarked that the compression fixtures used (according to the
standard) requires a minimum coupon length. Then, due to the limitations (on
size) of the printer, carbon fibre coupons oriented perpendicular to the fibre
required an added supplement, with height 14 mm. The supplement is added in
one of the extremes of the coupon, in order to get to the needed 80 mm in total
height. Results presented in the Test results section showed that the use of the
supplements do not affect the compression failure, as they are located far from

the failure zone of the coupons.

3.3. In-plane shear test

The tests have been carried out following ASTM D3518 standard [35]. Due
to the stacking sequence required by these coupons and the way the equipment
prints the different filaments, the test has only been carried out for the glass
fibre case. As stated before, it is not possible to print +45° laminates with the
carbon fibre filament. These coupons were printed individually with the following

coupons dimensions: height 175 mm, width 20 mm and thickness 2 mm.

3.4. Microscopic observation

Several coupons were inspected with an optical microscope, with the purpose
to observe the internal structure of the material after the manufacturing process.
As stated previously, the absence of pressure during the printing may lead to
a large number of defects. Typical preparation for the microscope inspection
was done including: coupons cut, embed in resin and polish. The results of the
observations will be presented in the Discussion section. The image treatment
software Perfect Image® from Clara Vision™ has been used to treat the obtained

pictures.

4. Test results

The results of the mechanical tests are presented separately for each mate-

rial. For the sake of clarity, three stress/strain curves and a picture of a broken
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coupon are presented for each type of test. It should also be mentioned that
the curves that will be shown are those obtained using the moving crosshead
of the testing universal machine and they are used to get the strength parame-
ters. Nevertheless, an extensometer or strain gauges (for tensile and compressive
coupons respectively) were also used during the initial stage of the tests. The
curves obtained with the extensometer/strain gauge are not presented herein as
they just shown the initial stage of the test, but they were used to obtain the

stiffness parameters.

4.1. Test results for the carbon fibre reinforced coupons

4.1.1. Tensile test in the direction of the fibres

The obtained load-displacement curves for the tensile test can be seen in figure
4(a). After an initial adjustment between the gripping system and the coupons,
a linear evolution can be appreciated until reaching the failure load. For coupons
of this kind, an explosive failure could be expected, due to the alignment of the
fibre with the load. Neverthelesss, as can be seen in figure 4(b), the failure has
occurred with a break almost perpendicular to the loading direction. This fact
occurred in all coupons of the set and it may be explained by the presence of
internal defects in the coupons. Defects that can be found in printed parts will

be described in the Discussion section.

4.1.2. Compression test in the direction of the fibres

The load-displacement curve for the compression test can be seen in figure
5(a). It should be noticed that the test curves used to obtain the modulus are not
shown, for the sake of brevity. Moreover, the load values have turned positive,
in order to make the curves easier to read. Again, after an initial adjustment
between the compression fixture and the coupons, the apparent stiffness grows
until achieving a constant and a linear evolution of the curve to failure. The steps

(jumps) that can be appreciated in the curves are caused by the small values of
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Figure 4: (a) Carbon fibre load-displacement curves of the tensile test in the direction of the

fibres and (b) detail of the failure of a coupon. The characteristic dimension is in mm.

the applied displacement, showing the increments the machine applies. Failure
occurs in the free zone between the tabs (see figure 5(b)) and at an angle of 35°+5°

(following a V-shape evolution) measured from the longitudinal direction (figure

5(c)).

4.1.3. Compression test in the direction perpendicular to the fibres

The load-displacement curve corresponding to this test can be seen in figure
6(a). Once again the curves of the tests used to obtain the modulus are not
shown and the load values have turned positive. The tests starts with an initial
adjustment between the compression fixture and the coupons. Then, the apparent
stiffness increases until achieving a constant value and the curve follows a linear
evolution until reaching its maximum load. Finally, the stiffness decreases until
reaching a plateau, that may be attributed to plastic effects in the matrix (that
smooths the evolution of the curves during the failure). Failure occurs in the free

zone between the tabs (see figure 6(b)) and at an angle of 25° + 7°, measured
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Figure 5: (a)Carbon fibre load-displacement curves of the compression test in the direction of
the fibres, (b) detail of the failure of a coupon, the characteristic dimension is in mm and (c)

scheme of the failure angle.

from the longitudinal direction (figure 6(c)).
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Figure 6: (a) Carbon fibre load-displacement curves of the compression test in the direction
perpendicular to the fibres, (b) detail of the failure of a coupon, the characteristic dimension

is in mm and (c¢) scheme of the failure angle.
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4.2. Test results for the glass fibre reinforced coupons

4.2.1. Tensile test in the direction of the fibres

The load-displacement curves are plotted in figure 7(a). A linear evolution
can be seen until reaching the failure load. The failure mechanisms were different
for both carbon and glass 0° coupon sets. In glass, failure appeared at several
places of the specimens (at the center and close to the tabs) perpendicular to the
load, generating cracks in the direction parallel to the fibres 7(b). This type of

failure is usually known as ”green wood failure mode [36].
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Figure 7: (a) Glass fibre load-displacement curves of the tensile test in the direction of the

fibres and (b) detail of the failure of a coupon. The characteristic dimension is in mm.

4.2.2. Compression test in the direction of the fibres

Load-displacement curves are presented in figure 8(a). As for the case of the
carbon fibre, the curves of the tests made to obtain the modulus are not plotted
and the load values have turned positive. A linear evolution can be seen until
reaching the failure load. As in the case of carbon fibre coupons, steps can be

observed in the curves due to the way the displacement increments are applied.
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Failure occurs in the free zone between the tabs (see figure 8(b)) and at an angle

of 35° £5°, following a V-shape, measured from the longitudinal direction (figure
8(c))-
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Figure 8: (a) Glass fibre load-displacement curves of the compression test in the direction of
the fibres, (b) detail of the failure of a coupon, the characteristic dimension is in mm and (c)

scheme of the failure angle.

4.2.8. Tensile test in the direction perpendicular to the fibres

The load-displacement curve for the tensile test can be seen in figure 9(a).
A linear evolution can be seen at the beginning of the curves, until reaching a
25% of the final load approximately. Then, due to plastic effects related to the
matrix, a non-linear evolution can be observed until reaching the final load. The
failure, as expected, occurred at a plane parallel to the fibres and perpendicular

to the load (see figure 9(b)).

4.2.4. Compression test in the direction perpendicular to the fibres
The load-displacement curves for the compression test are presented in figure
10(a). A non-linear evolution until failure can be appreciated during the tests,

because of the role that the matrix plays in this case. The failure has occurred
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Figure 9: (a) Glass fibre load-displacement curves of the tensile test in the direction perpen-
dicular to the fibres and (b) detail of the failure of a coupon. The characteristic dimension is

in mm.

at a line perpendicular to the load (figure 10(b)), producing a posterior lateral
deviation and the buckling of the free zone of the coupons. It is noticeable the
differences on the fracture surface, with respect of those for the carbon fibre (fig-
ure 6(b)). These differences could be motivated by several aspects. One of them
may be the way the coupons were printed. The carbon fibre coupons were cut
from a panel, i.e. the fibres end at the borders of the coupon (see figure 11(a)).
On the other hand, the glass fibre coupons were printed one by one, i.e. the
fibres are continuous throughout the coupons (see figure 11(b)). Futhermore,
independently of the different way of printing the carbon and glass specimens. It
seems, looking at the broken specimens, that two different mechanisms of failure
are involved in both cases. Thus, the failure mechanism of carbon specimen is
controlled by the breakage of the fibre-matrix interface, see [37], giving rise to an
apparent plane of failure. In this case an orientation of ~ 25° was obtained (see

Figure 6). This result is in consonance with the numerical prediction obtained
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based on the failure of the interface. On the contrary, in the case of glass speci-
men, the appearance of the failure is more connected to a local lateral instability
of the specimen. Notice, to support these differences, that whereas in the case of
carbon the maximum strain at failure is under 1%, in the case of glass specimens
is clearly higher, in between 1 and 2%. This fact indicates that the failure in the
case of carbon seems to be previous to the buckling of the coupon. In the case

of glass, the measured strain may allow the local buckling of the coupon to be

developed.
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Figure 10: (a) Glass fibre load-displacement curves of the compression test in the direction
perpendicular to the fibres and (b) detail of the failure of a coupon. The characteristic dimension

is in mm.

4.2.5. In-plane shear test

The load-displacement curves for the in-plane shear are shown in figure 12(a).
In this case, two different phases can be appreciated. At the beginning a convex
curved evolution can be seen. It is motivated by the +45° orientation of the

fibres that tend to align to the load direction. This effect is usually referred to
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Figure 11: Scheme of the fibres in the case of the (a) carbon fibre compression coupons and (b)

glass fibre compression coupons in the direction perpendicular to the fibres.

as the scissor effect. Then, a concave curved evolution can be appreciated until
reaching the final load. This effect is motivated by the tendency of the fibres to
be pulled out of the matrix. Notice that this effect is also associated to large
strain/displacements values during the test. The failure occurred following 45°
lines, in which some fibres were pulled out and others broken (figure 12(b)). At
this failure zone, the width decreased a 23% of the total coupon width, forming

a neck on the coupon.

5. Discussion

The results of the mechanical tests are summarized in tables 1 and 2 for the
carbon fibre and glass fibre composite, respectively, manufactured by ALM. Note
that the scattering of the results is small, validating the obtained values. The
smallest scattering can be found, as could be expected, in the tensile properties
ruled by the behaviour of the fibres.

In order to study the possibility to use these materials in structural parts,
the properties of the ALM composites have been compared with common pre-

preg materials properties manufactured with vacumm bag and autoclave. The
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Figure 12: (a) Glass fibre load-displacement curves of the in-plane shear test and (b) detail of

the failure of a coupon. The characteristic dimension is in mm.

chosen materials are AS4 carbon fibre/epoxy composite and E-glass fibre/epoxy
composite, with 69% and 65% fibre volume fraction, respectively. Pre-preg car-
bon composite properties were obtained in the laboratory using the previously
mentioned standards (similarly to ALM composites), while pre-preg glass fibre
composite properties are taken from literature [38]. The tensile and compressive
properties of the carbon fibre materials and glass fibre materials in the direction

of the fibres are shown in figures 13 and 14. The tensile properties of the glass

Test Property Mean Standard deviation | Covariance | Specific property
Xr 701.41 MPa 70.00 MPa 9.98 % 588.43 kN m/Kg
Tensile 0° FEi1 68.08 GPa 5.99 GPa 8.79 % 57.11 MN m/Kg
[0 0.35 0.03 9.40 % -
Xco 223.06 MPa 29.92 MPa 13.41 % 187.14 kN m/Kg
Compression 0°
Fiie 52.99 GPa 0.97 GPa 1.83 % 44.45 MN m/Kg
Compression 90° Yo 41.83 MPa 3.20 MPa 7.65 % 35.09 kN m/Kg

Table 1: 40% fibre volume fraction ALM carbon fibre composite mechanical properties. Density

of the carbon fibre laminate is 1192 kg/m3.
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Test Property Mean Standard deviation | Covariance | Specific property
X7 574.58 MPa 35.67 MPa 6.21 % 406.35 kN m/Kg
Tensile 0° FE11 25.86 GPa 1.90 GPa 7.36 % 18.29 MN m/Kg
V12 0.37 0.04 11.35 % -
Xc 82.00 MPa 3.18 MPa 3.88 % 57.99 kN m/Kg
Compression 0°
Fiice 19.49 GPa 1.43 GPa 731 % 13.78 MN m/Kg
Yr 9.84 MPa 1.01 MPa 10.14 % 6.96 kN m/Kg
Tensile 90°
FEao 1.13 GPa 0.09 GPa 8.12 % 0.80 MN m/Kg
Compression 90° Yo 12.73 MPa 1.23 MPa 9.64 % 9.00 kN m/Kg
< S 67.77 MPa 7.70 MPa 11.36 % 47.93 kN m/Kg
ear
G12 0.88 GPa 0.10 GPa 9.94 % 0.62 MN m/Kg

Table 2: 50% fibre volume fraction ALM glass fibre composite mechanical properties. Density
of the glass fibre laminate is 1414 kg/m?3.

fibre materials in the direction perpendicular to the fibres are shown in figure
15. The compression properties of the carbon and glass fibre materials in the
direction perpendicular to the fibres are shown in figure 16. Finally, the shear
properties of the glass fibre materials are shown in figure 17. Note that this is a
qualitative comparison, as the polymeric matrix and the fibres are different for

ALM and pre-preg manufactured composites.
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Figure 13: Pre-preg vs ALM carbon fibre and glass fibre tensile properties in the direction of
the fibres (a) X and (b) Eqi7.

The comparison shows that the properties of ALM materials, compared with

the pre-preg, are quite poor, both for the cases of the carbon and the glass fibres.
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Figure 14: Pre-preg vs ALM carbon fibre and glass fibre compression properties in the direction

of the fibres (a) X¢ and (b) Eiic.
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Figure 15: Pre-preg vs ALM glass fibre tensile properties in the direction perpendicular to the
fibres (a) Y7 and (b) Eaor.

The main causes of these differences are:

e The low properties of the raw materials of the ALM filaments and their
low fibre volume fractions. Nylon has lower mechanical properties than the
epoxy resin and the fibres used in ALM are low modulus and low strength
fibres. The ALM parts have less fibres per volume than the prepreg mate-
rials (40% vs 69% in the carbon fibre and 50% vs 65% in the glass fibre).
These are the main causes for the differences found in the tensile properties

in the direction of the fibres and why the differences are higher in the case
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Figure 16: Pre-preg vs ALM carbon fibre and glass fibre compression properties in the direction

perpendicular to the fibres, Y.
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Figure 17: Pre-preg vs ALM glass fibre shear properties (a) S and (b) G1a.

of the carbon fibre materials.

e The manufacturing process itself. As the layers of the material are manufac-
tured filament by filament, without any compaction stage between filament
laid up and even between layers, the final parts are very porous (~12% and
~17% for carbon and glass fibre composites, respectively). This fact can
be observed in the micrographs shown in figure 18(a) and 18(b). The first
micrograph corresponds to a carbon fibre panel and the second one to a
glass fibre panel. On the figures, the black zones are the pores. It can also

be seen that there are large matrix-dominated zones. These kind of defects
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reduce the mechanical properties of the final parts.

Porosity

Carbon
fibres
Resin
Glass
fibres

Porosity

(b)

Figure 18: Micrographs of a laminate made of (a) carbon fibre/nylon composite and (b) glass

fibre/nylon composite.

From the previous discussion, it is easier now to understand some results pre-
sented in Figure 13. For example, the differences between E¢AEM /EIAM — 9 79
and ESEP/ EffTP = 3.25 can be explained by the differences in fibre volume ra-
tio. Superscripts cALM and gALM stands for carbon and glass fibre composites
manufactured by ALM, while ¢PP and gPP stands for carbon and glass fibre

composites manufactured using prepregs.
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It is interesting to notice, that although the use of an injector may lead to
a large fibre undulation on the composite printed parts. The obtained fibre
waviness is low. In order to see this effect, a picture of a glass fibre composite
coupon which includes only one layer is presented. Figure 19 shows one of the
most critical zone were waviness may appear, on the left it shows an edge of
the coupon where the fibre tows turn back (see Figure 11(b) for a scheme).
This picture shows that the printed fibre tows follows a parallel pattern, as they
almost coincide with the auxiliary parallel lines plot on the picture for comparison

purposes.

Figure 19: Micrograph of a glass fibre composite.

Another key feature on the printing process is the knowledge of the number of
fibres within a filament. In figure 20, the micrographs for single printed filaments
are shown. The measured carbon and glass fibre radius were around 3.4 ym and
4.7 pm, respectively. Then counting the number of the fibres on three different

samples (for each type of filament) gives the following values: 960+50 and 374410
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for the carbon and glass fibre filaments respectively. Notice that in this pictures
resin accumulation appears but porosity is very low. This fact leads to conclude
that the high porosity ratio appears on the printed laminates as a consequence of

an non-adequate joint between filaments (both side by side and layer by layer).

(a) (b)

Figure 20: Micrographs of a printed single filament made of (a) carbon fibre/nylon composite

and (b) glass fibre/nylon composite.

In spite of the poor properties of the ALM material with respect to traditional
pre-pregs, the reinforced ALM greatly improves the usual 3D printing parts.
Thus, comparing the stiffness of the ALM glass fibre reinforced material (the
one with the lowest mechanical properties) with the stiffness of a traditional
3D printing material (nylon), it can be seen that the properties of the ALM
reinforced panels are much better. This effect can be observed in the direction of
the fibres and also in the direction perpendicular to the fibres being EVvon=().34
GPa, EG/***=1.13 GPa and E/%**=25.86 GPa. Morever, another advantage of
the fibre reinforced 3D printing compared with the plastic printing is the stability
that the fibre gives to the parts, reducing and even avoiding the shape distortions
that usually appear in the printing of 3D parts [22].

In view of the obtained results, some ideas that will help in the improvement

of the FDM composite mechanical properties are proposed:
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e The use of a different resin (with better properties than nylon) as a matrix,

for example PEEK.
e Produce a filament with a higher fibre content.

e Include a compaction stage after the deposition of the filaments, in order

to diminish the pores content.

6. Conclusions

The mechanical characterization of long fibre reinforced plastics manufac-
tured with an ALM machine has been carried out. Microscopic inspection of the
materials was also done. The results showed that, at the present stage of the
technology, the product obtained by ALM can not compete, in terms of mechan-
ical properties, with the autoclave manufacturing of common pre-preg materials.
One of the main reasons is that, independently of the raw materials supplied,
the process does not allow to obtain an appropriate compaction of the material,
generating porosity in the manufactured parts that decreases the final properties
of the composites. Comparing this ALM materials with a usual 3D FDM plastic,
the properties obtained are quite spectacular, due to the reinforcement of the fi-
bres that multiplies the properties obtained several times. Thus, 3D FDM seems
to be a very promising procedure to print long fibre composite parts once some
of the current disadvantages are overcome.

The next steps of this work are the characterization of complex parts made
with this technology and the study of a treatment to reduce the porosity in
the parts, maybe including a compaction stage or reducing the viscosity of the

material when printed.
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