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ABSTRACT

Recent developments in the field of plastic additive manufacturing have seen the introduction of
carbon fibres in printed products. These fibres improve the strength and stiffness of the thermoplastic
based components. Two approaches are currently seen, the very short fibre embedded in the printing
filament and continuous fibres, where the focus for this research is on the latter. The improvements
observed to strength and stiffness from adding continuous fibres are very interesting and could be used
to optimize parts and reduce weight, which is important for aerospace applications, see Figure 1.
However the design approaches currently use trial and error to determine the fibre content in the parts.
A design and analyses method is proposed to predict the mechanical behaviour of the material and the
printed components with parameters such as fibre type, geometry and filling.

The novel method proposed for the continuous fibre reinforced 3D printed design uses the finite
element approach. The thermoplastic and the fibre are meshed independently and are combined using
numerical algorithms. From the independent meshes the local element stiffness response is calculated
and the stress, strain and deformation of the components can be predicted. The approach is very
flexible; the fibre mesh can be adjusted independently so that the local reinforcement design can be
changed and optimized. The mechanical properties of the fibres, thermoplastic material and layer
adhesion are calibrated using test data on coupon level.

Figure 1: On the left the Airbus A350 for which main components are constructed from carbon fibre
reinforced material (source: Airbus). On the right 3D printed examples reinforced with carbon fibres in
the contour (source: MarkForged)

The proposed method can further be used to predict manufacturing induced effects which are mainly
related to temperature changes. Thermoplastic material tends to shrink when cooled down, which
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combined with the layered approach in 3D printing causes large residual stresses. These stresses may
cause distortion of the component or even failure during the printing process. The proposed method is
capable to predict these thermal effects. With the presented approach, 3D printing with continuous
carbon fibres is moving from the current trial and error approach to right first time designs. This
enables further optimization of the component design and process parameters, achieving weight
reduction. The application of this technology in aerospace non-critical components, if more mature, is
foreseen for interior parts such as hinges or seat frames.

1 INTRODUCTION

Over the last decades the NLR has developed experience in the field of high performance composite
structures for aerospace components. The manufacturing methods have moved over the years from
mainly hand lay-up to automated systems using the Fibre Placement Manufacturing (FPM) .
Furthermore, in view of optimizing the composite component performance, there has been extensive
research done on fibre steering methods. In previous research it has been shown that the performance
of fibre steered design can outperform the classical composite lay-up designs ™.

Figure 2: On the left the fibre steered design for a business jet horizontal stabilizer investigated in the
TAPAS? project ™ 2. On the right the use of fibre steering on the composite fibre placement machine at
NLR

Additive manufacturing (AM) has had a large impact on industry and society in the recent years in the
fields of e.g. design, prototyping, healthcare ** and military purposes .. Reasons for this are the
ability to create almost any complex shape " and the possible reduction of production costs © *°!.
Harris ™Y reported that nearly 90% of all AM machines sold, were 3D printers for polymer based
parts. In 2011, Berman ™ found that in 2011 desktop 3D printers were already available for 10.000
USD a piece. Nowadays, everyone can buy their own 3D printer starter kit for prices around 300 Euro
and build themselves a basic polymer hobby 3D printer.

The main problem with the 3D printing of polymer materials is the mechanical properties of the parts,
especially for structural applications ™. Adding fibres to the polymer increases the mechanical
properties, however, not all AM techniques are capable of achieving this ™, see Figure 3. Ning
reported that FDM (Fused Deposition Modelling) and SLS (Selective Laser Sintering) processes have
been adapted to fabricate fibre reinforced plastics. These fibres can be chopped or continuous fibres,
where the chopped fibres have inferior mechanical properties compared to continuous fibres for
unidirectional performance ™. Tekinalp et al. **! compared the FDM printing CFRP (Continuous
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Fibre Reinforced Plastics) with compress moulding CFRP and came to the conclusion that the FDM
technique creates parts with a higher void area. Results from Namiki et al.*"? and van der Klift et al.l*®]
showed that there were significant void area formations for 3D printing composites with continuous
fibres via the FDM technique.

Matsuzaki et al.! created continuous fibre reinforced composites via in-nozzle impregnation and
showed that this is also possible for jute fibre composites, which are easier to recycle. However, higher

strengths are needed for aerospace structural applications, which already has been achieved by Love et
al.™
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Figure 3: Schematic of the MarkTwo® 3D printer using a nylon base filament and continuous fibre filled
filament. These are combined on the print bed. On the right a cross section of the carbon fibre filled
filament where the low fibre volume fraction of 34.5% can be observed.

It has to be stated that all of the results above have been obtained through trial and error, which can be
a very costly way of obtaining results, especially for the carbon fibre reinforced materials. In this
paper the authors look to generate predictive models of unidirectional carbon fibre reinforced nylon
material with the MarkTwo 3D printer, of which the previous version has been described by van der
Klift et al. Since this printer is the only commercial available this is used as the baseline for this
method.

The typical layer thickness and properties for the printer are:
Nylon layer: 0.125 mm

Filled fibre layer: 0.125 mm

Wall thickness is 0.4 mm

Typical offset per fibre path: 0.4 mm

The performance and applicability of the CFRP 3D printer will be compared with the current
manufacturing methods used. For the numerical evaluation of the 3D printed designs an independent
mesh method will be used to capture the effects of the carbon fibres in the printed component. The
knowledge in the field of high performance composite design including fibre steering optimization and
manufacturing is used in this research for application on 3D printed parts. The introduction of finite
element methods for fibre reinforced 3D printed plastic components is a novel field of research.

2 METHOD
The research performed resulted in an independent mesh meso-macro composite model created to
investigate the effect of local fibre volume fraction variation in the 3D printed composites. This allows
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for improvements and evaluation of the performance of the design under load, also called virtual
testing. The micro-level experimental data performed in this project is used to define ‘yarn’ dimension
and mechanical properties. The macro experiments are used for model calibration and validation.
Within the meso-macro model the yarns are geometrically modelled with beam elements using a
Python script to mimic the real design, see Figure 4. With the fibre designs in the nylon base material
with the corresponding fibre directions, curvature and local stiffness variation is achieved.

Figure 4: Overview of adding the carbon fibre geometric representation on the left to the nylon ‘host’
material in the middle. The result is a combined material using independent meshes.

The individual yarns are ‘bonded” with the volumetric matrix geometry using the embedded element
method within Abaqus. This enables the use of independent meshes to be combined and thus
representing the 3D printed composite, as shown in Figure 5. From the models topology the distance
between nodes of the embedded elements (carbon fibres) and the host element (nylon) is calculated. If
an embedded node lies within a host element at a certain distance, the translational degrees of freedom
of the embedded node are interpolated from the host element using a constraint. Consequently this
constraint can introduce additional spurious stiffness and may lead to wrong results. This will be
investigated with the calibration and validation cases. The stiffness contributions from the nylon host
elements and the fibres are included separately in the model. Here for, it is assumed that the local
carbon fibre support material in the filament is also nylon.

S, Max. In-Plane Principal
Envelope (max abs)
(Avg: 75%)
+7.655e+00
+7.038e+00
+6.421e+00
+5.804e+00
+5.187e+00
+4.570e+00
—+ +3.953e+00 P
+3.335e+00
+2.718e+00
+2.101e+00
+1.484e+00
+8.669e-01
+2.498e-01

Figure 5: Mesh independent numerical model for a carbon fibre reinforced 3D printed example on one
fibre. The loads are indicative. The coloured lines indicate the stress in the carbon fibres modelled as
beam elements with a tension load in fibre direction.

The material properties for the nylon material and the carbon fibre are derived from test results on
tension and bending coupons. The properties are calibrated in the numerical model to capture the
coupon stiffness and strength behaviour. This calibrated material data is then later used on component
design level.
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The first step in the numerical approach is to map the design from the Eiger tool inside the Abaqus
software to allow for finite element calculations. Since there is no exporting option in the Eiger
software for the defined fibre path a separate python tool is created to extract the paths. This python
tool is based on the outer contour of the sliced section of geometry. Then an offset is defined from this
outer contour to design the layers in the part. This approach is very similar to the one that Eiger uses,
although simplified. The results of this method and approach are shown in the next section. Also the
experimental result on the tensile and bending tests performed is shown.

The carbon fibre reinforced 3D printing process provides more design freedom than that is possible
with the currently available printers. Two main design aspects can be optimized to increase the
component mechanical performance and therefore the design approach for 3D print components can
be divided in two steps:
1. The polymer contour geometry can be adjusted to allow for load effective load transfer.
2. The design of the carbon fibres in the polymer base can be optimized for maximum
performance or low weight.

In the first step the baseline design is used in a topology optimization to enable optimal load paths and
reduction in weight. This topology optimization is commercial available and relative mature. For this
the Abaqus Tosca tools are used. Usually there is significant rework needed on the optimized design to
make it printable and reduced stress concentrations. The second step would be to optimize the carbon
fibre paths in the 3D print. This second step is strongly limited by the web-based slicer (Eiger) of the
MarkTwo printer which does not allow for customized fibre designs. In the approach the slicer limits
are investigated and if needed further steps will be taken, meaning that the design cannot be
manufactured as desired. Further development in the field of 3D printers using continuous fibres is
anticipated.

3 RESULTS

For the evaluation of the material stiffness, strength and microstructure, several samples are printed
and tested. In a previous research by one of the authors, the theoretical performance of a tensile test
sample with six out or ten layers reinforced with carbon fibres, has a relatively high performance
compared to standard construction materials as is seen in table 1.
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Table 1- values from van der Klift et al.*® comparing the MarkForged material (6CF 18%) with common
construction materials. The AS4/8552 is a typical high performance carbon epoxy composite material.

Material Tensile Tensile Density Specific Specific
Name Strength Modulus [g/cm?] Strength [KN  Stiffness [kN
[MPa] [GPa] ‘m/kg] ‘m/kg]
SS400 400 206 7.9 50.6 26100
S45C 690 205 7.8 88.5 26300
A2017P 355 69 2.8 127 24600
A2024P 430 74 2.8 154 26400
Ti-6Al-4V 980 106 4.4 223 24100
AS4/8552 2230 141 1.58 1411 89240
UD CFRP
60%CF 1860 135 1.6 1160 84400
(Toray®)
6CF 18% 464.4 35.7 1.42 327 25140
CF[15]

In order to create a valid model, several mechanical properties have to be known. The most important
ones being the tensile strength, tensile modulus, flexural strength, flexural modulus, compressive
strength and finally the compressive modulus. For determining these properties, three types of samples
were created. The first one is a tensile test specimen and will be tested in accordance to ASTM D3039-
14.2Y The second type of specimen is a flexural 3-point bending test specimen according to the rules
of the ASTM D790-03?2. The third type is a compressive specimen which is designed according to
EN2850 %1,

It was chosen to create the samples in such a way that all three types of coupons could be obtained
from a single print. In total 5 samples were printed, which were sawed into 15 coupons, 5 tensile
coupons, 5 bending coupons, and 5 compression coupons. Fig. 2.1 shows the sample once printed by
the MarkTwo.

10 mm

Figure 7: Picture of the printed samples from which the tensile, bending and compression coupons are
extracted. The thickness is 2 mm.

It was chosen to not use tabs on the tensile test coupons, due to a rather large amount of nylon
surrounding the fibres, which should be sufficient to prevent any clamping damage to the fibre
material. The hydraulic pressure, however, was halved in order to not crush the coupons, and was
equal to 1000 psi. The test temperature was 23.0° C with a relative humidity of 50 %.
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The raw data obtained from the tensile tests was used to draw stress-strain graphs on the results. The
stress-strain graph resulting from this data can be seen in Figure 8. It should be noted that all coupons
have been tested until final failure occurred.

The T1, T2 and T3 had the LAB failure mode, while coupon T4 and T5 failed in LAT. These failure
modes are explained in the ASTM D3039-14 1, LAB means the sample failed lateral at the bottom
grip. LAT means a lateral failure occurred at the top grip.
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Figure 8: Results of the tensile tests for five coupons and test setup on the right

It can be concluded that the scatter of the results is relatively low, even though there is a relatively
large dimensional inaccuracy with a 2.44 % variation in the thickness. The coefficient of variation in
table 3.1 shows that the ultimate tensile stress has a scatter of at maximum 5 % whereas the Young’s
modulus only has a scatter of less than 2.5 %.

1000 pm

Figure 9: Failure mode of the tensile T2 coupon and micro structure cross section view of the failure
mode. The nylon floor and top layers can be identified. Also significant void areas are observed in this
cross section indicated in red.

The bending tests and the compression test were also conducted. An interesting result to discuss is the
amount of energy stored in the tensile test coupons during testing, which is common for the D3039
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tests. This energy was sufficient enough to, once the coupon failed, cause partial compressive failure
on the other end of the sample. The stored energy, once released, make the coupon jump back to its
original size so fast that at least the nylon layers locally delaminated from the CFRP core of the
coupon. From the experiments the mechanical properties of the composite were defined to be used for
the finite element calculations.

Table 2; Material properties from experimental data

Material Tensile Tensile Flexural Flexural Fibre fill
Name Strength Modulus Strength Modulus percentage
[MPa] [GPa] [MPa] [GPa] [%]
Coupon test 409 29.8 144 7.16 14.15
results
Nylon 50-90 0.50 0.0
Fibre yarn 1032 71.11 34.5

The mechanical properties resulting from the tests performed at the NLR show that the strength and
stiffness increase compared to typical 3D print plastic e.g. nylon, PLA, ABS is significant. This makes
the material interesting to use in low or medium loaded parts in an aircraft. For example brackets in
the interior or seat-frames which are currently made of aluminium. A weight gain can be achieved in
theory although more research is needed. The reinforcement is in one or multiple layers in a 2D plane
where the strength perpendicular to these layers (z-direction of the print) is of the nylon base material.
The strength of the nylon base material is lower than from the carbon fibre, see Table 2. Hence typical
applications are where the load is transferred in a 2D plane. It has to be noted that quality issues with
the current process need to be addressed, in particular the void and adhesion issues observed through
the microscope.

From the test results a translation is made to the mechanical properties of the carbon fibre yarn to be
used in the calculations. Here the stiffness of the nylon is neglected. From this it can be concluded that
the maximum load per carbon fibre yarn is 113.4 [N] and combined for the total coupon this results in
the tension failure load of 12.1 kN on average. The tension and bending coupon is simulated using
finite element and the method is described in section 2, see Figure 10.

;!
Figure 10: Finite element model of the coupon geometry with the nylon host geometry and the 112
individual carbon yarns

The main purpose of the coupon model is to evaluate the independent mesh approach and to verify
whether the tensile and bending stiffness values are correct using the same mechanical properties. Also
the effect of the load introduction on the local strain and stress is evaluated. From the simulation it



21% International Conference on Composite Materials
Xi’an, 20-25™ August 2017

shows that overall the stress is uniform however there is a higher stress observed near the support
region. Also the large stiffness difference between the carbon fibre yarns and the nylon can lead to
hour glassing in the elements, see Figure 11.

S, S11 S, Mises
Bottom Left Corner (Avg: 75%)
(Avg: 75%) +1.461e+02
+1.221e+03 +1.340e+02
+1.113e+03 +1.218e+02
+1.006e+03 +1.096e+02
+8.978e+02 +9.748e+01
+7.901e+02 +8.532e+01 b
+6.824e+02 +g~§ége+8% ]
. +6.100e+ p
122(73‘7‘(7)2185 Max: +4.883e+01 ﬂ/ Max: +1.461e+007
+3.593e+02 +3.667e+01 / / /)
+2.516e+02 +2.451e+01 9 v 4
+1.439e+02 +1.235e+01
+3.618e+01 +1.874e-01
-7.153e+01 Max: +1.461e+02
Max: +1.221e+03 Elem: PART-3-1.79
Elem: PART-4-1, Node: 10410
Node: 707

Figure 11: On the left the stress in the carbon fibre yarns with the support region indicated and on the
right only the nylon host stress values. At some point in the nylon plasticity will occur which is not
included in this simulation

From the simulation significant shearing of the outer nylon layers is observed caused by the relatively
low stiffness. Interestingly the local highest stress of 1221 MPa is higher than the average stress of
1032 from the global maximum force of the coupon. Hence there are test effects which result in a
lower maximum stress for the material. The simulation of the bending setup is performed in a similar
manner, only with a non-linear solver because of the large deflection. The load is applied as pressure
on a small region in the centre of the coupon. The coupon is supported on two rollers with an offset of
100 mm as in the experiment, see Figure 12.

“

Figure 12: bending simulation using the independent mesh approach showing the strain. On the bottom
there is a tensile strain as expected. On the right the failure bending coupons

The results of the bending simulations show a very similar behaviour using the data from the tension
experiments. Although this is not a perfect validation, it gives an indication whether the material
properties and the independent meshing method used is valid. The same nonlinear effect can be
observed in both the test and simulation and the final maximum displacement is similar.

Outlook
Using the data obtained from the experiments in combination with the analyses method presented in
this paper allows for numerical evaluation of the 3D printed designs. A simple 2D example is taken of
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a bracket connecting two load points and with a hole inside. A topology optimization has been
performed to define the geometry outline. This is followed by a fibre steering optimization approach to
find the optimum performance. This in turn is translated to fibre paths which can be placed using the
3D print continuous fibre technology. This is a first step into the optimization and will be developed
further in the future. This section is merely to show the workflow and does not show the optimal
design .The starting geometry is a simple bracket as overall design space for the topology
optimization, see Figure 13.

N
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\ // ‘.L_// '\\“\7-/ — \ = \ ’/“
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Figure 13: Topology optimization of the geometry on the left. The optimized design is shown on the right.
For the topology optimization the Abaqus Tosca is used.

From the topology optimized design the optimal fibre vectors are defined using the control point
method described in previous work [1]. From the result the fibre paths are defined using the in-house
tool PathFinder, see Figure 14. In theory the final result can be printed using the continuous fibre
technology however the Eiger software does not allow to import your own designs. Further issues
could arise with very short fibre paths that currently cannot be printed.

Figure 14: Optimized design with fibre steering for 3D printing. The finite element results on the right
shows the independent mesh method on this design.

The design uses one layer and a thickness of one millimetre for the nylon part. The curvature around
the central hole can be observed as a result of the optimization. Because of an offset in the fibre layer
there is significant bending which nicely shown how the method works.

Figure 15: 3D view on the part with bending observed caused by the offset of the fibres in the nylon
material
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With the current state of the manufacturing this type of design cannot be printed and tested. However a
comparison with the concentric designs used for the MarkForged printer can be made using this virtual
test approach. This is future work that will be performed including comparisons with typical
aluminium and composite aerospace components.

4 CONCLUSIONS

In this paper a novel analyses method has been proposed for 3D printed nylon parts with continuous
carbon fibre reinforcement. The mechanical properties resulting from the tests performed at the NLR
show that the strength and stiffness increase compared to typical 3D print plastic e.g. nylon, PLA,
ABS is significant. This makes the material interesting for use in low or medium loaded part in an
aircraft. For example bracket in the interior or seat-frames which are currently made from aluminium.
In theory a weight gain can be achieved with the high specific stiffness and strength of the continuous
fibre reinforced nylon although more research is needed. The reinforcement is in one layer and the
strength perpendicular to this layer is very low, the strength of nylon. Hence typical applications are
where the load is transferred in a 2D plane. Furthermore quality issues are observed with the current
process such as voids and large delaminations.

The analyses method presented using an independent mesh for the carbon fibre yarns and for the nylon
material is promising. It allows for efficient evaluation of the designs that are generated in e.g. the
Eiger software of the MarkForged printer. The performance of the design can be evaluated and if
needed adjusted with e.g. more concentric carbon fibre rings in the part. Ultimately the method can be
used to evaluate designs that currently cannot be manufactured using the current MarkForged 3D
printer including fibre steering aspects to further improve the performance. With the presented
approach, 3D printing with continuous carbon fibres is moving from the trial and error approach
currently used to right first time designs.
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