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The effect of ageing and anisotropy in 3D-printed composites including short carbon fibres embedded in a
polyamide (PA/nylon®) matrix is analysed experimentally. A testing campaign including tensile and fracture
Keywords: toughness coupons with 100% infill is studied. The effect of anisotropy induced by the Fused Deposition
3D printing Modelling (FDM) procedure, caused by the alignment of the fibres with the deposition direction (raster angle),
ALM is presented. Specifically, results showed that the Young modulus and the elastic limit values are lower for the

Composite +45/—45 infill configuration with respect to the 0/90 infill configuration. Conversely, the ultimate tensile
Anisotropy strength, the ultimate tensile strain, and the fracture toughness values are higher for the +45/-45 infill
Ageing configuration. Moreover, the crack path obtained in fracture toughness coupons always followed the raster

angle. Additionally, experimental results show that the 3D-printed composite parts keep the hygrothermal
properties associated to the matrix, thus an ageing effect is observed even for standard environmental
conditions (room temperature, 50% relative humidity). Specifically, Young modulus, elastic limit and ultimate
tensile strength values are lower for the older coupons. The ultimate tensile strain is higher for the older
coupons while the fracture toughness is similar. Coupons stored in a desiccator also varied the properties but
in a slightly manner.

1. Introduction etc.) [4]. Thus, current ALM techniques use the base thermoplastic to

fill in those zones. A way to alleviate this problem is to use short-fibre
Additive Layer Manufacturing (ALM) is a well-established 3D-

L . . . . reinforced composites as the base thermoplastic. Thus, an adequate and
printing technique for prototyping, but its use for manufacturing struc-

tural parts is still an open matter. In this sense, a great effort has been
done by the scientific community to manufacture parts with loading
capacity using 3D-printed thermoplastics. The inclusion of (short or
continuous) fibres within the polymeric matrix improves their mechan-
ical properties, i.e. printing a composite material. Nowadays, Fused
Deposition Modelling (FDM) is one of the most common techniques
for printing composites. Among the different FDM possibilities, the use
of a preimpregnated filament containing both the fibres and the resin
is one of the most efficient option [1,2].

Previous works have shown that 3D-printed composites includ-
ing continuous fibres are the best option for increasing the mechani-
cal properties of thermoplastic resins [3]. Nevertheless, in parts with
complex geometries (as those intended to be manufactured with 3D-
printing) is not always feasible to include continuous fibre filaments,
specially in zones where the raster angle tends to change abruptly (usu-
ally coinciding with zones that present stress raisers as corners, notches,

* Corresponding author.

accurate characterisation of this kind of composites is needed for a
correct design of ALM parts.

Regarding the mechanical and physical characterisation of contin-
uous fibre 3D printed composites, Justo et al. [3] analysed several
properties of 3D printed composites, including continuous glass and
carbon fibres (CFRP and GFRP, respectively), under tensile, compres-
sion and shear loading. Coupons were printed using the commercial
3D-printer MarkOne® [5], obtaining 50% fibre volume fraction for
glass fibre composites and 40% fibre volume fraction for carbon fibre
composites. A review including other mechanical properties under
quasi-static conditions can be found in [6]. Fatigue and dynamic me-
chanical thermal analysis of 3D-printed CFRP can be found in [7],
while notch sensitivity effect is presented in [8] and Dynamic Mechan-
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ical Analysis (DMA) in [9]. Moreover, impact damage performance is
studied in [10].

Other works focused on the analysis of fracture properties of 3D
printed parts and the design of adhesive joints between these parts.
In [11], the carbon fibre reinforced filament capabilities associated to
the deposition path on V-notch and Open-Hole specimens are analysed
numerically. Some strategies designed to improve the adhesive joint
performance between 3D-printed CFRP laminates are described in [12].
Moreover, using the advantage of 3D-printing techniques, the design of
structured interfaces is analysed in [13,14], results showed an increase
of the fracture toughness of adhesive joints when structured interfaces
are used. In [15], 3D-printed fasteners used in fastened and hybrid
bonded/fastened joints are tested in single lap joint configurations. The
feasibility of recycling and remanufacturing 3D-printed parts is studied
in [16] by analysing the variations on the mechanical properties.

It is interesting to recall that in 3D-printed composites, the matrix
is typically a thermoplastic, thus some intrinsic properties of this kind
of polymers remain in the obtained composite. One effect that can-
not be neglected is the ageing effect associated to the hygrothermal
properties of the polymer. As an example, the effect of moisture on
the impact behaviour of flax and basalt fibre reinforced composites
is analysed in [17]. Moreover, a numerical model capable reproduce
the impact behaviour of aged basalt fibre reinforced composites is
presented in [18]. In addition, the effect of several moisture environ-
ments (ranging from 9 to 98% relative humidity) on the mechanical
properties of 3D-printed continuous carbon and glass fibre reinforced
composites is analysed in [19]. Results showed that moisture has a
relevant effect on the properties. Similar results were shown in [20,21]
for 3D-printed continuous carbon composites and in [22] for 3D-printed
continuous glass fibre composites. Thermal ageing effects were also
analysed in [23] for 3D-printed sandwich composites. In [24], the
effect of carbon nanofibers (CNFs) content on hygrothermal ageing
mechanisms of flax fibre-reinforced epoxy laminates is presented.

At the same time, it is well-known that the manufacturing process
affects the material behaviour. Specifically, FDM (based on an injection
procedure) introduces an anisotropic behaviour in 3D-printed parts, not
only induced by the part orientation during layer deposition but also
by the raster angle direction in the infill pattern. The latter effect is
more clear when using continuous fibre reinforcement in 3D-printed
composites. In [25], the strength of ABS parts manufactured by FDM
under various loading conditions and printing directions is analysed.
The fracture toughness of composites including cellulose fibres man-
ufactured by injection moulding is studied in [26]. Results showed
that the flow direction of the injection moulding process affects the
orientation of the fibres. A crack analysis in transversely isotropic solids
(i.e. short fibre reinforced polymer matrix composites) is presented
in [27]. The analysis is based on stochastic modelling of statistical
fluctuations of the transversal axis of fracture toughness. Furthermore,
in [28], the influence of fibre orientation on extruded short carbon fibre
PEEK composites under static and fatigue loading is presented.

Regarding the crack paths in anisotropic solids, specially with
anisotropic fracture toughness, a deviation of the crack can be found,
even for pure mode I loading condition. Analytical, numerical and
experimental studies that analyse this effect can be found in the
literature. For instance, a weak plane model is used in [29]. The model
includes Extended Finite Element Models (XFEM) and a maximum
energy release rate criterion. A different criterion that incorporates
the T-stress concept and the interaction integral in a XFEM framework
is presented in [30]. The deflection of mode I cracks is analysed
experimentally in [31], and a model based on the J-integral and the
maximum tangential stress criterion is also developed. Also, variational
phase-field fracture is used together with a formulation of strain decom-
position for crack growth analysis under tensile and compressive loads
in [32].

Although the vast majority of 3D-printed composites research is
focused on continuous fibre reinforcement, some works analyse the
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mechanical behaviour of 3D-printed short-fibre composites. Mechanical
testing and SEM micrography of 3D-printed PLA including short carbon
fibre reinforcement is presented in [33]. Results show that the presence
of short fibres makes the printed material to behave in an orthotropic
way, due to the short carbon fibres stay highly oriented with the mate-
rial deposition direction. Several kinds of short fibres (fillers) embedded
in a polypropylene matrix are analysed in [34]. In [35], the effect of
short carbon fibres on PET and ABS matrix is studied. Results show that
mechanical properties are enhanced when comparing to 3D-printed
parts without reinforcements. The use of 3D-printed short carbon fibre
laminates in sandwich structures is presented in [36]. Finally, a micro-
mechanical model for predicting the non-linear elasto-plastic behaviour
of short fibre reinforced composites is proposed in [37].
Consequently, the aim of the present research is to characterise the
mechanical and fracture behaviour of 3D printed short carbon fibre
composite parts. The filament used is called Onyx® and it is distributed
by MarkForged® [5]. Special emphasis is taken on the anisotropic
behaviour, inherent to the FDM process, as well as on the ageing effect
over the obtained properties. It should be recalled that, on one hand,
although some works analysed the anisotropic behaviour of 3D printed
parts, until now, the use of “cross-ply” configurations is recommended
in order to obtain a quasi isotropic behaviour. Nevertheless, even
these kind of stacking sequences could present a highly anisotropic
behaviour. On the other hand, the moisture effect was also studied
but usually referred to extreme environmental conditions while the
effect of moisture under standard environmental conditions was not
analysed in detail. Therefore, the manuscript is organised in several
sections, first, an analysis of the employed filament is presented. Then,
the experimental campaign, including tensile and fracture toughness
coupons, is described. Next, obtained results are introduced. Finally, a
discussion on the anisotropy and ageing effects is presented.

2. Onyx filament analysis

The FDM system used in the present research is the MarkTwo®
3D-printer. It is able to print several kinds of filaments including
continuous fibre reinforced nylon and a filament called Onyx®, which
is composed of short carbon fibres embedded in nylon. The aim of the
present section is to analyse some basic aspects of Onyx, as it is the
filament chosen to manufacture every coupon in the present research.

2.1. Fibre percentage in weight

One of the key parameters in composite materials is the amount
of fibres within the matrix. A way to measure this variable is to
determine the fibre percentage in weight. For this purpose, three Onyx
samples (portions of a filament) of raw material (before printing) were
weighted. Then, a calcination procedure was done at 650 °C in an
electric furnace. During the calcination, the nylon matrix is volatilised
and only the fibres remain. As a result, the fibres form a kind of “dust”
that was also weighted. Results showed an approximated 12.8% carbon
fibre weight. Weighting was done in an electronic balance with +0.1
mg precision.

2.2. Microscopic observation of the filament and fibres

An optical microscope was used to analyse the onyx filaments before
printing and the short fibres after the calcination procedure.

In Fig. 1, micrographs of an Onyx filament section oriented per-
pendicular to the camera, inclined ~45° and oriented horizontally are
presented, with 2.5x and 50x magnification. The pictures show that the
short carbon fibres included in the onyx filament are already aligned
following the axial direction of the filament. This fact is due to the
manufacturing process of the filament, that entails an extrusion process.
The alignment of the fibres can somewhat be seen in the inclined
filament, Fig. 1(d), as the fibre sections seem to be slightly bigger than
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Fig. 1. Micrographs of an onyx filament section oriented perpendicular to the camera with magnification (a) 2.5x and (b) 50x; inclined ~45° with magnification (c) 2.5x and

(d) 50x; and oriented horizontally with magnification (e) 2.5 and (f) 50x.

in Fig. 1(b). This is due to the visible fibre sections are cut in an inclined
plane. In Fig. 1(f), the alignment can be clearly observed as several
fibres are oriented almost horizontally. It is also interesting to notice
from Fig. 1(b), that the short fibres do not have a circular section, as it
is the case of continuous carbon fibres included in classical composites.

In Fig. 2, the fibres within an Onyx filament after the calcination
process are shown. It can be observed that there is a great variability
on the fibres length. Moreover, it can be seen that the short fibres are
prisms with a variable section with non regular area, see Figs. 2(c)
and (d), as mentioned previously. Considering that the sections can be
represented by an ellipse, the mean major axis is around 7.4 pm.

Several pictures with 10x magnification were used to measure the
length of the short fibres. The pictures were processed using a Matlab
script that determines the length of each individual fibre. In Fig. 3, an
example of this methodology is shown.

A total number of 1259 fibres were measured. The minimum, mean
and maximum length obtained were 6.41 pm, 62.88 pm and 246.16 pm
respectively. In Fig. 4, the distribution of the measured lengths is
shown. It can be seen that more than 50% of the fibre lengths are within
the range 29 pm-70 pm. It is also remarkable the great amount of very
short fibres with less than 29 pm, while there is a very low number of
fibres larger than 111 pm.

3. Tests and coupons description

In order to achieve the aim of the present research (to study the
effect of anisotropy and ageing on the mechanical and fracture prop-
erties), two classical test configurations were analysed: the tensile test
and the fracture toughness test.

The coupons were manufactured using a 100% infill. It is interest-
ing to recall that 3D printing recommendations (regarding the infill
pattern) suggest the use of cross-ply patterns to avoid the formation
of pores that appear when a parallel pattern is used [1]. Moreover,
MarkTwo® printer only allows the use of +45°/—45° infill patterns
(aligned to the printing bed) when 100% Onyx infill is required. It
is worth noticing that when a more complex geometry is printed, the
+45°/-45° infill could work under different loading directions. For this
reason, it is relevant to analyse the effect of the infill pattern on the
global anisotropic behaviour of a printed part. In the present research
two different infill patterns are used: +45°/—45° and 0°/90°. In order
to get printed parts with a 0°/90° infill pattern, the part is rotated 45°
with respect to the printing bed.

Thus, to analyse the ageing effect, four different configurations are
studied considering the time passed from manufacturing to testing: 1
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(a)
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Fig. 2. Micrographs of the short fibres after calcination with magnification: (a) 2.5%, (b) 20x, (¢) 100x and (d) 100x.

\\\\
\\///\” )

Fig. 3. Example of the method used to measure the short fibres length using a
micrograph with 10x magnification.

day, 30 days, 60 days and 60 days within a desiccator. The first 3
configurations were stored at standard environmental conditions (room
temperature, 50% relative humidity). The latter option was selected as
humidity could be a relevant factor when analysing the ageing effect,
although some authors have established that other variables could also
affect the material properties [22,24]. Every configuration has a margin
of +24 h.

3.1. Tensile test

Tensile tests are based on ISO 527 [38] and ASTM D638 [39]
standards. The geometry of the manufactured coupon does not exactly
follow none of these standards but it is very similar to type 1B included
in [38] and type IV in [39]. The characteristic dimensions of the
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Fig. 4. Distribution of the measured fibre lengths.

Table 1
Tensile coupon dimensions according to Fig. 5. L = 30 mm on the design and both
printed coupons.

Lo (mm) Wo (mm) W (mm) t (mm)
Designed coupon 115 19 9 2
0/90 printed coupon 114.99 19.21 9.21 1.985
+45/—-45 printed coupon 115.11 19.02 9.01 1.983

designed coupon are shown in Fig. 5 and Table 1 together with those
of the printed ones.

It is interesting to notice that most of the relevant dimensions are
very similar for both printed configurations except by W and Wo. This
difference is associated to the width of a printed filament, that is fixed
to ~0.4 mm in the MarkTwo printer, which has direct impact on 0/90
printed coupons.

On the other hand, the thickness of each printed filament (and also
of its corresponding layer) is 0.1 mm. Thus, each printed coupon has
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Fig. 5. (a) Tensile coupon designed geometry. (b) Picture of a finished sample.

Fig. 6. Infill pattern obtained for a +45°/—45° tensile coupon.

20 layers. As mentioned previously, two infill patterns are analysed:
0/90 and +45/-45 configurations. In Fig. 6, the raster angle for even
and odd layers for the +45/—45 configuration is shown. It should be
noticed that two filaments are included along the border of each layer
for a better surface finishing.

The coupons were tested on an Instron 4482 universal testing
machine. The speed test was set to 0.5 mm/min and an extensometer
with 25 mm gauge length was used.

3.2. Fracture toughness test

The plane strain fracture toughness tests carried out are based
on ASTM D5045 [40] standard. The geometry of the manufactured
coupons is the so-called Compact Tension (CT) configuration. The
characteristic dimensions of the designed coupon are shown in Fig. 7
where the thickness is defined as 0.5 W and W being 40 mm in the
present analysis.

In the present case, the characteristic dimensions of every printed
coupon correspond to that of the designed coupon. Similarly to the
tensile case, the thickness of each printed filament (and also of its
corresponding layer) is 0.1 mm, and two filaments are included along
the border of each layer. In CT configuration each printed coupon
has 200 layers. Once again, two infill patterns are analysed: 0/90 and
+45/—45 configurations. In Fig. 8, the raster angle for even and odd
layers for the 0/90 configuration is shown.

Following the ASTM D5045 [40] standard, a natural crack at the
notch was generated in every coupon using a fresh razor blade. The
coupons were tested on an Instron 4482 universal testing machine. The
speed test was set to 10 mm/min and a Crack Opening Displacement
(COD) extensometer with 5 mm length gauge was used, although it is
not required by the standard.

Composite Structures 321 (2023) 117196
4. Test results

In the present section the results of the tensile and the fracture
toughness tests are described. For each type of test, 3 coupons for each
infill configuration (0/90 and +45/-45) and 4 ageing periods (1 day,
30 days, 60 days and 60 days in a desiccator) are presented.

4.1. Tensile test

In Fig. 9, the stress vs strain plots, obtained for every infill and
ageing period configuration, are shown. Figs. 9(a), (c), (e) and (g) are
associated to 0/90 infill for 1 day, 30 days, 60 days and 60 days in
a desiccator, respectively. Figs. 9(b), (d), (f) and (h) are associated to
+45/-45 infill for 1 day, 30 days, 60 days and 60 days in a desiccator,
respectively.

It is remarkable that the mechanical behaviour in the tensile test
is different for every analysed configuration. From these curves, it can
be seen that maximum strain values for +45/—-45 coupons are clearly
larger than those for 0/90 coupons. Moreover, the maximum strain
values also increase with the age of the coupons.

In Fig. 10, the summary of the Effective Young’s Modulus obtained
from the tensile tests is shown. Effective Young modulus is associated
to the stiffness obtained for each configuration assuming the coupon
is made of an homogeneous material. Results show that 0/90 config-
urations are stiffer than +45/—45 configurations. On the other hand,
Young’s modulus for older coupons are smaller when they are under
similar ambient conditions. For coupons stored in the desiccator the
stiffness is also reduced but in a slightly manner compared to the
coupons of the same age in ambient conditions.

In Fig. 11, the summary of the elastic limit, ¢,, obtained from the
tensile tests is shown. o, is obtained by the intersection of the ¢ — ¢
plot and a line starting at e = 0.2% with the slope of the initial part
of the o — £ curve. Results show that +45/—45 configurations present
a slightly lower strength than 0/90 configurations. On the other hand,
o, for older coupons are smaller when they are under similar ambient
conditions. For coupons stored in the desiccator the strength is also
reduced but in a slightly manner compared to the coupons of the same
age in ambient conditions.

In Fig. 12, the summary of the ultimate stress, ¢,, obtained from the
tensile tests is shown. ¢, is the highest stress obtained during the test.
Results show that +45/-45 configurations present a higher strength
than 0/90 configurations. On the other hand, o, for older coupons are
smaller when they are under similar ambient conditions. For coupons
stored in the desiccator the strength is very similar compared to 1 day
old coupons.

In Fig. 13, the summary of the ultimate strain, ¢,, obtained from
the tensile tests is shown. ¢, is the strain obtained when ¢, is reached
during the test. Results show that +45/-45 configurations present
a higher ductility than 0/90 configurations. On the other hand, ¢,
for older coupons are larger when they are under similar ambient
conditions. For coupons stored in the desiccator the ductility is also
increased but in a slightly manner compared to coupons of the same
age in ambient conditions.

In Fig. 14, the fracture surface for the tensile coupons for every infill
and ageing period configurations are presented. All the pictures have
been taken with an inclination of 60° for an adequate observation of the
fracture surface, that is, the transverse section of the coupons. Pictures
in Figs. 14(a), (c), (e) and (g) are associated to 0/90 infill for 1 day, 30
days, 60 days and 60 days in a desiccator, respectively. While Pictures
in Figs. 14(b), (d), (f) and (h) are associated to +45/—45 infill for 1
day, 30 days, 60 days and 60 days in a desiccator, respectively.

The fractographic analysis for the 0/90 coupons shows that the
fracture plane is almost perpendicular to the applied load. The 1 day
and 60 days in a desiccator coupons present the most planar fracture
surface and the 0° and 90° plies can be easily distinguished. It is
also interesting to notice that 30 and 60 days coupons present a
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(b)

Fig. 7. (a) Compact Tension (CT) coupon designed geometry. (b) Picture of a finished sample.
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Fig. 8. Infill pattern obtained for a 0°/90° CT coupon.

concave zone in the central part of the fracture surface which could be
associated with a larger plastic deformation. As a consequence, these
coupons present larger values of maximum strain prior fracture.

Regarding the +45/—-45 coupons, the fractographic analysis shows
that the fracture plane is inclined with respect to the applied load,
specially the 30 and 60 days coupons, which show larger plastic
deformations. Moreover, It can be clearly seen that 60 days coupons
present a necking phenomena which is associated to relevant plastic
deformations.

4.2. Fracture toughness test

Although the standard ASTM D5045 [40] uses load vs displace-
ment plots (both measured at the crosshead) to analyse the fracture
toughness, in the present study the authors also used a crack open-
ing displacement (COD) extensometer to analyse the CT specimens
behaviour. The use of the COD allows to get a local measure on the
crack tip vicinity and describes the fracture behaviour more accurately
(i.e. linear or non-linear behaviour prior to the crack onset). It should
be stated that the aim is to compare the fracture behaviour in Mode I
of the different analysed configurations rather than obtaining the K,
values using the standard.

The standard uses Py or P,,, for K, calculation. Where Py is the
load corresponding to the intersection of the load-displacement plot
with a straight line with a slope of 95% of that of the initial part of
the load—displacement curve, see Fig. 15(a). According to the standard,
load vs. displacement plots should present a large linear part followed

by a short non-linear behaviour prior the crack propagation. Thus, P,
and P, should be similar. Nevertheless, in the present study, load vs
displacement plots, obtained for every analysed configuration, show a
large non-linear part, leading to large differences between P, and P,,,.
In Fig. 15, load vs crosshead displacement and load vs COD plots for a
0/90 infill 24 h coupon are shown. It can be seen that load vs COD plots
do not allow to get the P, value, as the COD extensometer is not able
to capture large openings, but they may give a better approximation of
P, value. In the present study, K 2 and K!"** are defined as the fracture
toughness obtained using P, and P,,,, respectively, using equation
(A2.1) in [40]:

e x), max — MO f(x
 BYW BVW
being
- 5yt
fx) = (2 + x)(0.886 + 4.64x — 13. 32x2 + 14.72x3 — 5.6x ) @

a- x)2
where B is the specimen thickness in cm, W is the specimen width in
cm, a the crack length in cm and x = a/W.

In Fig. 16, the summary of K2 values is shown. Results show that
+45/-45 configurations present a higher fracture toughness than 0/90
configurations. On the other hand, K for older coupons are smaller
when they are under similar ambient conditions. It is interesting to
notice that coupons stored in the desiccator show the largest values
of fracture toughness.
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Fig. 9. Stress vs. strain plots obtained from the tensile test for (a) 0/90 infill 1 day, (b) +45/—45 infill 1 day, (c) 0/90 infill 30 days, (d) +45/—45 infill 30 days, (e) 0/90 infill
60 days, (f) +45/—45 infill 60 days, (g) 0/90 infill 60 days in desiccator, (h) +45/—45 infill 60 days in desiccator.

In Fig. 17, the summary of K"** values is shown. Results show that
0/90 configurations present a higher fracture toughness than +45/-45
configurations. On the other hand, K"** for older coupons are slightly
smaller when they are under similar ambient conditions. Once again,

coupons stored in the desiccator show the largest values of fracture
toughness.

In Fig. 18, the crack path for both 0/90 and +45/-45 configurations
is shown. It is also interesting to notice that the crack path is highly
affected by the infill pattern. The crack grows perpendicular to the
applied load in all coupons with 0/90 configuration (as expected in

a CT test). On the other hand, the crack grows at 45° in all coupons
with +45/-45 configuration.
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Fig. 10. Effective Young’s Modulus, E, obtained from the tensile tests.
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Fig. 11. Elastic limit, ¢,, obtained from the tensile test.
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Fig. 12. Ultimate tensile strength, o,, obtained from the tensile tests.
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Fig. 13. Ultimate tensile strain, ¢,, obtained from the tensile test.

uw

Regarding the fractographic analysis of CT coupons, the obtained
fracture surfaces are very similar for every analysed configuration, as
they are designed to behave in a brittle manner.
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Table 2
Summary of the mean values of the measured mechanical and fracture properties.

0/90 configuration +45/-45 configuration

Property 1d 30d 60d 60d* 1d 30d 60d 60d*
E [GPa] 3.37 1.40 1.49 2.87 2.37 1.17 0.99 2.06
o, [MPa] 20.53 9.08 10.66 18.16 18.49 9.06 8.25 15.72
oy [MPa] 48.41 31.77 3257 42.80 52.01 41.04 39.49 51.50
ey [] 0.086 0.214 0.245 0.123 0.277 0.602 0.762 0.315

K2 [MPaﬁ] 1.15 0.93 0.93 1.49 1.26 1.09 0.91 1.36
Krex [MPa\/E] 4.39 4.38 4.46 4.80 4.32 4.27 4.21 4.67

5. Discussion

Table 2 summarises the mean values of the measured mechani-
cal and fracture properties. The experimental campaign shows that
anisotropy (infill pattern) and the ageing period has a great impact on
the properties of the 3D printed coupons.

5.1. Anisotropy effect

Although a 100% infill and cross-ply patterns are used, the tests
have shown that both infill pattern configurations exhibit a very dif-
ferent behaviour. This fact is caused by the presence of aligned fibres
in the printed filaments.

Fig. 19 shows several micrographs of a printed coupon cross-section
of 0/90 configuration. The layers with 0° orientation can be clearly
identified as the fibres are seen as dots. On the other hand, fibres in the
90° layers are identified as horizontal lines. Additionally, in Fig. 19(a),
the border of the coupon is presented, where the thickness of each layer
can be observed, as well as the fact that the printed filaments along the
border always follow the perimeter of the coupon (i.e. 0° layers in the
cross-section). It is also interesting to notice the large size of the pores
that can be found between two adjacent 0° printed filaments, see black
zones in Fig. 19(b).

Regarding the effect, on the properties and comparing coupons with
the same age:

Effective Young modulus (E): +45/—45 configurations always
present smaller values of the Young modulus (i.e. more compli-
ant), ranging from 0.66 to 0.84 times the value of its correspond-
ing 0/90 configuration.

Elastic limit (c,): +45/—45 configurations usually present smaller
values of the Elastic Limit, ranging from 0.77 to 0.9 times the
value of its corresponding 0/90 configuration, except by one case
where similar values are obtained.

Ultimate tensile strength (o): +45/—45 configurations always
present larger values of oy, ranging from 1.07 to 1.29 times the
value of its corresponding 0/90 configuration.

Ultimate tensile strain (ey;): +45/-45 configurations always
present larger values of ¢, (i.e. more ductile), ranging from 2.55
to 3.24 times the value of its corresponding 0/90 configuration.
Fracture toughness (K2 or K"**): Both configurations present
very similar values, varying the ratio between +45/-45 and 0/90
configurations from 0.91 to 1.17.

The fact that the +45/—45 coupons present better properties than
0/90 coupons is associated to the anisotropic properties of each de-
posited (printed) filament. In this sense, 3D printed short fibre com-
posite parts behave in a similar way as classical composites. That is,
0° plies present the best mechanical properties as the fibres play a
major role (due to their alignment with the loading direction). 90°
plies have the worst mechanical properties (as their properties are
mainly associated to the matrix). 45° ply properties lie somewhere in
between, but closer to those of 0° plies. It should be noticed that, in
+45/—45 coupons every ply contributes to the effective properties of
the laminate. Meanwhile, in 0/90 coupons the effective properties are
mainly associated to 0° plies (half of the total).
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(a)

(b)

(c)

(d)

(h)

Fig. 14. Fracture surface for the tensile coupons with (a) 0/90 infill 1 day, (b) +45/—-45 infill 1 day, (c) 0/90 infill 30 days, (d) +45/—-45 infill 30 days, (e) 0/90 infill 60 days,
() +45/-45 infill 60 days, (g) 0/90 infill 60 days in desiccator, (h) +45/—45 infill 60 days in desiccator.

5.2. Ageing effect

The results show that there is a relevant ageing effect on the
mechanical and fracture behaviour. It was also proved that moisture
takes an important role but it is not the only variable that affects the
properties.

Regarding the effect on the properties (comparing the oldest to the
fresh-printed coupons with the same infill configuration):

« Effective Young modulus (E): the oldest coupons (60 days) present
smaller values of the Young modulus (i.e. more compliant), being
0.44 and 0.42 times the value of fresh-printed (1 day) coupons
for the 0/90 and +45/-45 configurations under standard en-
vironmental conditions, respectively. The coupons stored in the
desiccator during 60 days decreased E value in a slightly manner,
being 0.85 and 0.87 times the value of fresh-printed coupons for
the 0/90 and +45/-45 configurations, respectively.

+ Elastic limit (¢,): the oldest coupons present smaller values of
the Elastic Limit, being 0.52 and 0.45 times the value of fresh-
printed coupons for the 0/90 and +45/—45 configurations re-
spectively under standard environmental conditions, respectively.
The coupons stored in the desiccator during 60 days decreased
the elastic limit value in a slightly manner, being 0.88 and 0.85
times the value of 1 day old coupons for the 0/90 and +45/-45
configurations, respectively.

Ultimate tensile strength (oy;): the oldest coupons present smaller
values of oy, being 0.67 and 0.76 times the value of fresh-printed
coupons for the 0/90 and +45/—45 configurations under standard
environmental conditions, respectively. The coupons stored in the

desiccator during 60 days decreased the ultimate tensile strength
value in a slightly manner, being 0.88 and 0.99 times the value of
fresh-printed coupons for the 0/90 and +45/-45 configurations,
respectively.
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Fig. 16. Fracture toughness obtained using P, see (1).
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Fig. 17. Fracture toughness obtained using P,,,, see (1).
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Ultimate tensile strain (e;): the oldest coupons present higher
values of ¢ (i.e. more ductile), being 2.87 and 2.75 times the
value of fresh-printed coupons for the 0/90 and +45/—45 config-
urations under standard environmental conditions, respectively.
The coupons stored in the desiccator during 60 days increased
the ultimate tensile strain value in a slightly manner, being 1.44
and 1.44 times the value of fresh-printed coupons for the 0/90
and +45/—45 configurations, respectively.

Fracture toughness (K2): the oldest coupons present lower values
of K2, being 0.81 and 0.72 times the value of fresh-printed
coupons for the 0/90 and +45/-45 configurations under stan-
dard environmental conditions, respectively. On the other hand,
the coupons stored in the desiccator during 60 days increased
K2 value, being 1.30 and 1.08 times the value of fresh-printed
coupons for the 0/90 and +45/-45 configurations, respectively.
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Fig. 15. (a) Load vs crosshead displacement and (b) Load vs COD plots for a 0/90 infill 1 day configuration.

+ Fracture toughness (K!"**): Every configuration present very sim-
ilar values. The oldest coupons present K'** values being 1.01
and 0.97 times the value of fresh-printed coupons for the 0/90
and +45/-45 configurations under standard environmental con-
ditions, respectively. The coupons stored in the desiccator during
60 days increased the K"** value in a slightly manner, being 1.09
and 1.08 times the value of fresh-printed coupons for the 0/90
and +45/—45 configurations, respectively.

It should be highlighted the large differences between 60 days
old coupons (stored or not in the desiccator). On the other hand,
it is interesting to notice that fresh-printed coupons and 60 days in
desiccator coupons present the best mechanical and fracture properties,
with small differences between them. In view of these results, it can be
concluded that moisture is one of the most relevant factors in ageing
although it is not the only one affecting it.

6. Conclusions

In the present research a testing campaign is presented for 3D
printed composite made of short carbon fibres embedded in a nylon®
matrix (Onyx®). Tensile and fracture toughness tests for 100% infill
coupons with two infill patterns and four ageing configurations were
analysed. First, an analysis of the Onyx® filament used in the FDM pro-
cedure was done. A calcination procedure of the filament showed that
they include 12.76% w/w of short carbon fibres, while a microscopic
observation revealed that there is a great dispersion in the fibre lengths,
being 6.4 pm, 62.9 pm, and 246.2 pm the minimum, mean and maximum
observed lengths, respectively.

Testing results showed that there is an anisotropy effect induced
by the raster angle, even for quasi isotropic configurations (“cross-
ply” stacking sequences). Microscopic observations supported these
conclusions, as they showed that short fibres are highly aligned with
the deposition path. Moreover, all analysed mechanical and fracture
properties were affected by the infill pattern. In particular, results
showed that coupons with a +45/—45 infill pattern are more compliant,
ductile and resistant than 0/90 infill pattern coupons. Moreover, in
fracture toughness coupons, the crack path always followed the raster
angle.

Experimental results also showed that 3D printed coupons present
an ageing effect. Under standard environmental conditions the older
coupons presented lower values of stiffness and strength, but a much
higher ductile behaviour. Although moisture is an important factor on
the ageing effect, it is clear that it is not the only factor associated to
ageing. This fact can be confirmed as results showed that older coupons
stored in a desiccator also changed their behaviour (but in a slightly
manner).
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(a) (b)

(c) (d)

Fig. 18. (a) CT coupon with 0/90 configuration. (b) CT coupon with +45/—45 configuration. (c) Detail of the crack growth on a 0/90 configuration. (d) Detail of the crack
growth on a +45/-45 configuration.

(c) (d)

Fig. 19. Printed coupon with 0/90 configuration (a)10x zoom in a zone close to the border (b) 10x zoom, (c) 20x zoom and (d) 20x zoom.
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In addition, the fractographic analysis of the tensile coupons showed
that the fracture surface is different for every analysed configura-
tion. The fracture surfaces of coupons with higher ductile behaviour
presented larger plastic deformations.

For all these reasons, from a design point of view, it is relevant
to take into account that 3D printed Onyx® parts present a relevant
anisotropic behaviour and ageing effect (even for quasi isotropic con-
figurations and standard environmental conditions) as shown in the
present research.
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