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Abstract

This paper presents the modelling and failure analysis of 3D printed woven
composite plates with a hole under tensile and shear loading. In the finite element (FE)
software, woven cells are built using stacking sequences, which are then linked together
to form the FE model of the woven laminate. According to the 3D printing experiments,
tailored fibre placement is achieved in the simulation by altering the fibre orientation
around a region to leave a hole. In order to compare this placement technique with that
of a control group, ‘drilled’ samples with the notch removed via mechanical machining
was proposed. Three cases, open-hole laminates under tensile loading and double-shear
and single-shear loading, are studied to advance the understanding of the failure
mechanisms. Good agreement between numerical and experimental results has been
obtained, which exhibits a similar trend of strength improvement using new placement
technique. The distribution of principal strain and displacement in the modelling are
consistent with the results obtained from Digital Image Correlation (DIC) and Micro
X-ray Computed Tomography (Micro-CT). It suggests that the avoidance of fibre

breakage and the overlap of printed materials around the hole can dramatically increase
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the failure strength and prevent the propagation of cracks.

Keyword: Carbon fibre reinforced plastic (CFRP), 3D printing, Woven composites,

Finite element analysis (FEA), Digital Image Correlation (DIC), Micro X-Ray
computed tomography (Micro-CT).

1. Introduction

Additive manufacturing technology, commonly known as 3D printing, is a process
that enables the efficient manufacturing of parts with complex shapes [1, 2]. At present,
the most widely used 3D printing process is fused filament fabrication (FFF). From
prototypes to final parts, automotive [3], aerospace [4], medical [5] industries have
already adopted FFF as an alternative manufacturing process. FFF 3D printers use a
thermoplastic filament, which is heated to its melting point and then extruded, layer by
layer, to create a three dimensional object [6]. An emerging material for 3D printing is
fibre-reinforced plastic (FRP), a composite material made of a polymer matrix
reinforced with fibres, which is widely used for automotive and aerospace structures

because of its high strength and high stiffness-to-weight ratio [7].

Recently, a few new 3D printing technologies for FRP composites have been
developed. For example, Markforged released the first commercial system that could
3D print continuous fibre filament in 2014. The mechanical performance of composites
with continuous fibre reinforcements including carbon, Kevlar and glass fibres has been
evaluated by researchers [8-12]. The tensile strength value of printed composites
reinforced by continuous carbon fibres is up to 6.3 times higher than that obtained with
the non-reinforced nylon polymer [13]. Even the continuous aligned fibres can be
printed along designed path, which offers more flexibility to overcome the major
obstacle, the creation of assemblies from multiple components, in the area of composite

manufacturing.

In traditional manufacturing, mechanical fastening (currently used for composite



joining) is required and notches have to be present in the structure before fastening,
which creates major stress risers and weakens the composite material. For composite
structures with geometric discontinuities, reinforced fibres are usually placed straight
in each layer and the notch punching process would cut off those fibre, which
underutilises the outstanding properties of them. Some optimal designs of continuous
fibre placement have been made for the 3D printed FRP composites to fully utilise the
properties of the fibre [14-17], typically follow a path for fibre determined by finite

element models [18-20].

Tailored fibre placement or fibre steering is a technique for placing fibres by using
a sewing or tape placement system, which has been used to increase the mechanical
performance of composite materials. Some researchers applied this idea to 3D printing
to solve the joining problem. They introduced a new fibre placement technique, which
allows for the printing of woven multi-laminate composite structures with complex
internal geometries [21, 22]. The results were then compared with that of similar
composites processed through current state-of-art machining processes, which showed
it has the potential as a replacement technology for joining or repairing composites. But
there was limited experimental data available from the fracture processes so further
analysis especially for internal material information and crack propagation needs to be
conducted to evaluate the failure mechanism of these woven multi-laminate composite

structures.

In this paper, 3D printed woven carbon fibre reinforced plastic (CFRP) composites
were investigated by finite element analysis (FEA) to explore the failure mechanisms
of 3D printed woven composites. Firstly, the new fibre deposition technique and the
numerical simulation method are presented. Then open hole tensile and shear bearing
response tests are carried out by the finite element method. The numerical results are
discussed and compared with the experimental results, in order to identify the reasons
why 3D printed woven multi-laminate composite structures have better performance.
Also the Digital Image Correlation (DIC) and Micro X-ray computed tomography

(Micro-CT) scanning were used to characterize the specimens to obtain more analytical



information about failure. From the correlation between FEA, DIC and micro-CT data,

damage evolution processes under tensile and shear loading conditions were revealed.

2. 3D printing of woven composites

2.1 3D Printing System & Materials

The carbon fibre feedstock filament was sourced from Markforged CA. These
filaments (0.35mm diameter) consist of two materials, a fibre bundle (reinforcement)
and an impregnated polymer (matrix). The fibre bundle consists of approximately 1000
continuous 7pum diameter carbon fibres. The matrix material is a Nylon blend developed
by Markforged. The filament is provided on 150cm® or 50cm?® spools and is stored in a
dry box to reduce moisture uptake, this is due to Nylons hygroscopic nature. The
thermal properties of the “prepreg” carbon fibre filaments are evaluated using
differential scanning calorimetry (DSC). The glass transition temperatures Tg= 68 °C
but the melting peak was found to be absent even the filaments was exposed to 250°C
for 30 hours [23]. Previous authors have highlighted that the shape and size of the
melting peaks observed in DSC are dependent on the thermal history of the nylon
polymer [24]. This indicates that the filament may have been exposed to relatively high

temperature during the fabrication process.

Printing was carried out utilising a Prusa i3 printer chassis with a modified fibre
printing head. A 1.3mm Markforged fibre nozzle was installed. For the specimen
produced in this study a print temperature of 245°C, and a speed of 10mm/s was used.
Samples were printed onto an unheated Garolite print plate which was coated in a layer

of PVA, to ensure adequate adhesion during printing.
2.2 Fibre pathing

The filaments used in this study contains continuous fibres, and as such toolpaths
cannot stop and start as they would during polymer printing. It was therefore necessary

to generate a continuous toolpath (G-code), as described previously [21]. Continuous



toolpaths were generated through a parametric Python script, with output commands
compiled in a spreadsheet software package before transfer to the printer. Sample plates
could be customised by the altering input parameters (such as sample size, weave
spacing, feature locations, print speed, etc.). Examples of rectangular woven laminates
are shown in Fig. 1. Note that carbon fibre stiffness precludes the use of tight cornering
whilst printing. It was therefore necessary to take larger sweeping corners to avoid fibre
breakages, which caused ‘selvedge’ (excess) material in the preparation of specimens.
It can also be seen in Fig. 1 how different numbers of filaments within each unit cell
affect the woven structure. This can also drastically reduce the ‘selvedge’ material, as
seen when comparing that of the tensile and the bearing response specimen patterns.

The path used in the bearing response specimen was more efficient with less wastage.

. (A B LA B) |
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Bearing Response Sample (Procedure A) Open Hole Tensile Sample

Fig. 1 Finished composite sample (A) and sample mounted (B) for both open hole
tensile and bearing response tests. A smaller woven unit cell was used to minimize
waste material in bearing response samples.

2.3 Tailor woven and drilled samples

In order to compare this tailored placement technique with that of a baseline/control

group, a second group of samples was proposed. These ‘drilled’ samples had a 6mm



notch removed from the required locations via mechanical machining. In the case of
open-hole tensile samples this was achieved through die punching the samples, which
was possible due to their low thickness of just 0.35mm. As bearing samples were
approximately 3.1mm thick it was necessary to drill the notches using a diamond coated

bit. An example of both a ‘tailor woven’ and a ‘drilled’ 6mm notch are shown in Fig. 2.

Tailor Woven Sample

Fig. 2 The ‘tailor woven’ (a) and ‘drilled’ (b) samples for bearing response testing.
Note the fibres remain unbroken in the ‘tailor woven’ samples versus the discontinued
fibres in the ‘drilled” sample

2.4 Mechanical testing

This section introduces the specimen setup in the experiment. Detailed geometric
information and schematic diagram will be shown in next section. Both open hole
tensile and bearing response tests were performed on an Instron 100kN 8501 hydraulic
tester (50kN in Tensile). Hydraulic grips ensure equal gripping pressure on each tab
(500Psi). A preload of SN was applied to specimen prior to test start to take up slack
from gripping apparatus.

As per ASTM D5766 (open hole tensile) the specimens were tested at a crosshead

speed of Imm/min. And they were adhesively bonded onto carbon epoxy tabs, this acts



to minimise strain concentrations at the gripping points, and was particularly important
for un-notched samples which contained no hole for strain concentration.

As per the ASTM D5961 (bearing response) standard the specimens were tested at
a crosshead speed of 2mm/minute. Double shear specimens were held in a steel support
structure using a steel M6 nut and bolt, tightened to a torque of 3Nm (using a
Torqueleader ADS 4, 0.8-4Nm, torque wrench). This structure evenly applies shear
from either side of the specimen. In the case of single shear specimen, carbon epoxy
doublers were bonded to the ends of each specimen using a toughened cyanoacrylate to
reduce stress concentrations from the grips. A steel M6 nut and bolt were then used to
fasten the two specimens together with an applied torque of 3Nm. Two M6 washers

were also used as pressure distributors on either side.
2.5 Digital Image Correlation (DIC) and computed tomography (CT) scanning

Digital image correlation system was used as a video extensometer to obtain
extension measurement. Since the bolts in the shear loading tests covered the hole, this
system was only used for the specimens in open-hole tensile test. A crosshead speed of
Imm/min was used so as to acquire accurate DIC readings. For this detection system to
function, a random speckle pattern was applied to the surface of the specimens. A white
elastic spray paint was used to speckle this pattern.

The specimens after failure in shear loading tests were examined by a Zeiss Xradia
Versa 410 Micro-CT system. The same micro-CT parameters were used for specimens
in double and single shear loading tests and produced a voxel size of 1.9397um. An
accelerating voltage of 80keV and a power of 7W were used in this system. The
specimens were rotated 360° and 1600 projections at one second exposure time were
collected on a charge-coupled device detector. To obtain clear images, results from
Micro-CT system were reconstructed using Zeiss built-in reconstruction software and

the threshold value was determined by analysing experience.

3. Failure characterization and finite element analysis



3.1 Finite element model

In this paper, a FEM software ABAQUS is used to simulate the failure of 3D
printed woven composites plates. The plates are set as 3D shell models and the
‘composites layup’ module is applied to define the stacking sequence and properties of
the elements. The elastic properties and damage properties of CFRP used in the present
study are shown in Table 1 and Table 2 respectively. The damage initiation and
evolution of fibre reinforced composites are judged by using Hashin failure criteria in

ABAQUS, which is based on the works of Hashin and Rotem [25].

Four different damage initiation mechanisms are taken into consideration in the
Hashin damage initiation criterion: fibre tension (Ff), fibre compression (Ff), matrix
tension (FY,), and matrix compression (F,). According to the failure modes, the

following four equations Eqs (1) - (4) are applied.
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where 014, 05, and T,,, are the applied stresses and a is a coefficient (0.0 < a < 1.0)
that determines the contribution of the shear stress to the fibre tensile initiation criterion.

In this work, the value a =1.0 is used as in the model proposed by Hashin in 1980 [26].

In ABAQUS software, the Hashin criterion is parallel to the evolution of damage.
It is based on four fracture energies which correspond to four different material failure
modes. The fracture energy values presented in Table 2 was used for each mode
previously explained. However, it is a challenge that using damage energy to determine

the combination of Hashin criterion and damage evolution. Other standard tests on



fracture energies of FRP composite are still to be developed [27-29].

When one of the parameters (Ff, Ff, FL, and F§,) exceeds the unit value, the
damage criterion of the corresponding failure mode is met, and the stress at this point

1s calculated as follows:
o = CdE (5)

where € reflects the strain and Cq reflects the matrix of damaged elasticity:

L (1-dpE,; (1-dp( —dpy)vaEy 0
Cq = D (1-dp(1 —dpy)vy2E; (1—dm)E; 0 (6)
0 0 (1-dg)GD
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where Ey, E,, G, vy, and v, are shown as Table 1. And df, d,, and dj reflect the

current state of fibre, matrix and shear damage respectively, which derived from

damage variables d]f, dg, df, and d§, as follows:

dt ifo;; =0
d. = f 11 = 8
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dg =1-(1-dp(1—dD)(1—di)(1~df) (10)

After the damage initiates, the damage variable of each mode is calculated by

means of

— qu(seq_agq)
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d (11)

where 62q is the equivalent displacement when the damage criterion of material was
met initially and 8£q is the equivalent displacement when the material was damaged

completely. Fig. 3 shows their relation graphically. The values of 82(1 for the various



modes depend on the elastic stiffness and the strength parameters specified as part of
the damage initiation definition. The values of 8£q for the various modes depend on the

respective energy dissipated during damage G€.

A
Equivalent A
stress
O 5, 5;; Equivalent

displacement

Fig. 3 Linear damage evolution of Hashin failure criteria.

Table 1 Elastic properties of 3D printed CFRP by Mark One/Two [12, 30].

Modulus of elasticity in fibre direction (Eq) 54 GPa
Modulus of elasticity in transverse to fibre direction (E;) 26 GPa
In plane Poisson’s ratio (v & V31) 0.30
Share modulus (G) 5000 MPa

Table 2 Damage properties of 3D printed CFRP by Mark One/Two [12, 31, 32].

Tensile strength in carbon fibre direction (XT) 700 MPa
Compressive strength in carbon fibre direction (X®) 320 MPa
Tensile strength in transverse to carbon fibre direction (YT) 33 MPa
Compressive strength in transverse to carbon fibre 131 MPa
direction (Y©)
Longitudinal shearing strength (S*) 29 MPa
Transverse shearing strength (ST) 29MPa
Tensile fracture energy in carbon fibre direction (Gg,) 91.6 N/'mm
Compressive fracture energy in carbon fibre direction (G§,) 79.9 N/mm
Tensile fracture energy in transverse to carbon fibre 0.22 N/mm
direction (Gg,¢)
Compressive fracture energy in transverse to carbon fibre 1.1 N/mm
direction (Gg,e)
Viscosity coefficient 0.005




Fig. 4 Modelling of woven composites structure: detailed image of finished woven
laminate (left), ‘cell” structure in FEA (middle) and schematic representation of a two-
layers woven cell (right).

The woven structure produced in this study can be broken down into unit cells (Fig.
4 highlights nine of these ‘cells’). The modelling of woven laminate begins with the
simulation of these square cells, as shown in Fig. 4. Each cell consists of two parts
which are separated by polylines from topleft to downright. For a two-layer woven
laminate, the stacking sequences of fibres are exactly the opposite in these two parts,
(0/90)s and (90/0)s respectively. This modelling method makes the material properties

of the woven composites in the numerical simulation similar to the experimental ones.

Tailor Woven Sample Drilled Sample

6.mg
——

(a) (b)
Fig. 5 Modelling of the hole for (a) ‘Tailor-woven’ and (b) ‘drilled’ specimens

As shown in Fig. 5 (a), fibres from the X and Y axis were diverted around a region
to leave a hole in the ‘tailor woven’ specimen. In the real printed samples, the overlap
of the filaments would cause the ring area to swell slightly and form a densified buffer

zone. In the FE model, a ring with the same width as printing width (Imm) is set around



the hole. The first material orientation (fibre direction) of CFRP is set along this ring
when the printing paths of the filament get into this ring region. Since the diameter of
the hole is 6 mm, six printed filaments were diverted in the X and Y axis directions, in
which the overlap of materials is formed as the overlap of red and green lines shown in
Fig. 5(a). It causes different height in the ring and other regions and also improves the
stiffness in the region around the hole, which is consistent with the case of real printed

samples.

For the ‘drilled’ specimen, specimens are notched using a die punch after printing.
In numerical simulations, a model of intact woven composites without holes is made
firstly and a hole is cut off from the centre of the intact model to form the drilled case,

as shown in Fig. 5 (b).

3.2 Tensile loading test
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(a)
Fig. 6 (a) Specimen setup for tensile test (b) the schematic diagram in the FE model

As shown in Fig. 6, the first case is an open-hole laminate under uniaxial tensile
loading according to ASTM-D5766 standard test method, where its length is 204 mm
and its width is 36 mm. As mentioned above, a hole with 6mm diameter is placed in the
centre and the plate consists of 2 plies of 0.17 mm thick. Each two plies make up a

woven layer. The left side of the plate is fixed and the displacement along longitudinal



direction is applied to the right side of the plate. The plate has a constrained degree of
freedom in vertical displacement along the z-axis to eliminate the effect of warpage on

the results. ‘Tailor woven’, ‘drilled’ and ‘intact’ specimens are studied in this case.

3.3 Shear loading test

Numerical simulations of shearing tests were carried out according to ASTM-
D5961 standard test method. These two cases are the laminates under double and single
shear loading, where their length is 172 mm and their width is 36 mm. The plates consist
of 18 plies of 0.175 mm thick (9 woven layers) and the dimeter of the holes is 6mm.
According to standard test method for shearing response, the centre of the hole is 20
mm from the right side and 18 mm from the top side. For double shear loading test, the
left side of the plate is fixed and a rigid pin is placed in the hole with the same diameter
and the displacement along longitudinal direction, as shown in Fig. 7. For single shear
loading test, the rigid pin is bound to a bolt of 2 mm thick and 6.5 mm in diameter. As
shown in Fig. 8, displacement of pin is loaded in the position 1.575 mm (half of the
plate thickness) from the plate, which ensures the woven laminates are under the same
loading condition as in the experiment. In the simulation of shearing tests, the plates
have a constrained degree of freedom in vertical displacement along the z-axis in order
to eliminate the effect of warpage caused by the unsymmetrical stacking sequence of
real samples. And the default set of contact is used in the interaction between the pin
and the woven composites, which is ‘frictionless’ and ‘hard contact’ (only allow the
transfer of compressive stress) for tangential and normal behaviour. Only ‘tailor woven’

and ‘drilled’ specimens are studied in shear loading tests.
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Fig. 7 Specimen setup (a) for double shear loading test and the schematic diagram
from top view (b) and front view (c) in the FE model
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(a)
Fig. 8 Specimen setup (a) for single shear loading test and the schematic diagram
from top view (b) and front view (c¢) in the FE model

4. Results and discussion
In this section, the results of the numerical simulations are compared with that
obtained from the experimental data which were reported previously [21]. Just to note

that there is limited experimental data available from the fracture processes, as these

are hard to observe during the tensile and shearing tests.



4.1 Open hole tensile

In the tensile loading case, examples of the average tensile strengths and strains for
each specimen are shown in Fig. 9 and stress-strain graphs compiled in Fig. 10. For
‘tailor woven’ and ‘intact’ specimens, the tensile strength from numerical simulations
are 10-15% higher than those obtained experimentally. A possible explanation for this
behaviour is that the presence of air voids caused by 3D printing process would reduce
the material properties of CFRP and make the strength values a little lower than the
materials data provided by Markforged company [30] while approximately 60% higher
for ‘drilled’ specimen resulted in a considerable number of defects in the region around
the hole such as fibre breakage, which could not be directly simulated in the present FE
model. Comparing the experimental and modelling data given in Fig. 9 & Fig. 10, it is
clear that both exhibit a similar trend of strength improvement obtained for the hole
obtained using the ‘tailor woven’, compared with that for the drilling technique. In the
presented FEA results, the strength of ‘drilled” specimen reach 76% that of intact
specimen, while ‘tailor woven’ specimens exhibited strengths which were 11% higher,
and 13% lower than that of ‘intact’ specimens. Fig. 9 also shows the comparison of
tensile strains for ‘tailor woven’, ‘drilled’ and ‘intact’ specimens (1.4%, 1.3% and 1.7%
respectively in the simulation). The tensile strains of ‘tailor woven’ and ‘intact’
specimens show good agreement between the experiment and simulation while the
value of ‘drilled’ specimen in the experiment is lower than that in simulation. As
mentioned before, this is because in reality the drilling process of CFRP composites
cuts off the carbon fibres and also generates serious defects including burrs, tearing,
delamination, matrix thermal damage and so on [33]. These defects reduced the
properties of the material around the hole and lowered the experimental strength of the

‘drilled’ sample.
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Fig. 9 Tensile strength (left) and tensile strain (right) for each type of specimen
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Fig. 10 Stress-strain curve for each type of specimen in tensile loading tests

As shown in Fig. 11, the maximum principal strain distribution from the FEA is
similar to that in DIC images, which illustrates the reliability of the FE models. For the
‘drilled’ specimen, the immediate left and right regions of the hole bear most of the load
due to the discontinuity of the fibres caused by the die punching process. As shown in
Fig. 11(b) & (c), the strains with higher values (in red colour) concentrate in very small
regions in the vicinity of the hole and the cracks propagate straight along the left and
right directions. The failure mode was consistent with the type LGM (lateral, gage and
middle) failure in ASTM D5766, wherein the laminate failed in tension laterally across
the centre of the hole and exhibited faster crack propagation. For the ‘tailor woven’
specimen, maximum principal strains still concentrate around the hole but not in the
immediate left and right regions since more materials are placed in this area during the

3D printing woven process. These continuous and uncut fibres transferred and




distributed the loads from the hole to the surrounding area, which makes it like a
variable-stiffness design [34] where the material orientations are allowed to vary in a
continuous manner over the domain. As similar optimization of fibre orientations near
a hole [14, 35], tailor woven technique did reduce the localised strains and increase
load-carrying capacity. Instead strains are concentrated on the corners of the region
around the hole, which can be seen in the FEA contours as well for the level of strain
given in the DIC images. It was observed that cracks initiated from the corners and then
propagated outwards in a more irregular pattern compared with that obtained for the
drilled composite, as shown in Fig. 11. The failure mode is the type MGM (multi-mode,
gage and middle), in which laminate failed in tension at the hole and exhibited multiple
modes including laterally and angularly in various sub-laminates. Also crack arrest was
observed at weft-warp intersections, shifting the crack onto a different layer, as shown

in Fig. 11(a).
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Fig. 11 Fracture pattern of ‘drilled’ (left) and ‘tailor woven’ (right) specimens: (a)
fracture zone around the hole in experiment, (b) the distribution of maximum
principal strain from FEA prior to failure and (c) DIC images immediately prior to
failure.

4.2 Double Shear Bearing Response

The average shear strengths and strains for ‘tailor woven’ and ‘drilled” specimens
in double shear loading test are compiled in Fig. 12. Good agreement between
numerical and experimental results has been obtained, where the shear strength
increases from about 150 MPa to 250 MPa for the holes obtained using the tailor woven
placement, compared with the drilled composites. The shear strains of ‘tailor woven’

specimen are similar but there are some differences of the shear strains of ‘drilled’



specimen. As the stress-strain graphs shown in Fig. 13, when the strain reached to 22%,
the curves of ‘drilled’ specimens come to the inflection point, which means the damage
starts to develop in the laminate. However, in the experimental result, bearing stress
continues to increase by about 20% as the stiffness declines. Since the actual printed
materials contain lots of voids, the material around the hole shifted as it was squeezed
by the steel pin, which can be observed in the Mirco-CT images below. For FEA results,

the failure progress evolved more quickly because the material is assumed to be ideal

and homogeneous in the simulation.
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Fig. 12 Bearing strength (left) and strain (right) for ‘tailor woven’ and ‘drilled’
specimens in double shear loading test
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Fig. 13 Stress-Strain Curves for ‘tailor woven’ (left) and ‘drilled’ (right) specimens in
double shear loading test

The progressive distributions of maximum principal strain are shown in Fig. 14,



which indicate how the damage initiates and propagates in the plate. For the ‘drilled’
specimen, the cracks initiate on the flanking sides of the hole and then propagate along
the longitudinal direction, which is consistent with the 'shearout' failure mode. Instead
the damage of ‘tailor woven’ specimen only occurs at the edge extruded by the steel pin
and do not propagate to other areas of the plate. It is the BII (bearing, first hole and
inapplicable) failure mode in ASTM D5961. CT scan images shown in the Fig. 15(a)
confirm the FEA results discussed above. The cracks are marked by the red circles,
which show the damage actually occur at the flanking sides in the ‘drilled’ specimen
and at the edge extruded by the steel pin in the ‘tailor woven’ specimen. Also, the
deformed shapes of the hole are similar between the experimental and numerical results
in Fig. 15(a) & (b), where the hole has undergone a huge deformation in the ‘drilled’
specimen because of the extrusion of the pin. Some fibre displacement is also visible at
the hole of ‘tailor woven’ specimen, but this elongation is minor compared to that
observed in the case of the drilled specimen. Fig. 15(c) shows that the improvement of
shearing strength and difference of failure process are caused by the overlap of
continuous materials around the hole in the ‘tailor woven’ specimen. The diversion of
the filament around the hole makes the material dense in this region, which protects the
specimen from the damage and crack propagation. In contrast, major buckling and
delamination are seen in drilled specimens, as a result of compression of the

discontinued fibres.
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Fig. 14 The progressive distributions of maximum principal strain in double shear

loading test: (a) ‘drilled’ and (b) ‘tailor woven’ specimens.
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Fig. 15 Integrity of the hole after double shear loading test, ‘drilled” specimen (left)
and ‘tailor woven’ specimen (right): (a) Cross section images after failure from
Micro-CT scanning, (b) Distribution of displacement after failure from FEA and (c)
vertical section images after failure from Micro-CT scanning.

4.3 Single shear bearing response

The average shear strengths and strains for ‘tailor woven’ and ‘drilled’ specimens
in single shear loading test also show good agreement, as shown in Fig. 16. Shear
strength increases from about 150 MPa to 200 MPa and the comparison of stress-strain
graphs shown in Fig. 17 is similar to those graphs in double shear loading test. In
general, except for the different shear strength due to loading conditions, the damage

processes of these two shear loading tests are similar and the mechanisms behind them



are the same. Another difference is the compression caused by bolt rotation in single
shear loading. In term of it, tailor woven specimen exhibited better resistance and
reduced the movement of the bolt. In contract, buckling due to the compression from
the bolt is observed in the drilled specimen, and therefore delamination occurs above
the hole. The distributions of maximum principal strain in Fig. 18 indicate the cracks
initiate at the flanking sides of the hole in the ‘drilled’ specimen. And the damage in
‘tailor woven’ specimen only concentrate on the edge extruded by the steel pin, which
also can be seen from the Micro-CT images in Fig. 19(a). So the failure mode of ‘drilled’
sample is ‘shearout’ while ‘tailor woven’ sample exhibits bearing (B1I) failure mode.

And the deformation of the hole show good agreement as well.

The 3D-view videos (4 videos for ‘drilled’ and ‘tailor woven’ specimens in double
and single shear tests) obtained from Micro-CT system have been uploaded as
supplemental documents to provide more detailed and intuitively clear information
about the specimens after failure. It proves the reliability of the FEA model and the

improvement of mechanical performance due to the tailor woven printing technique.
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Fig. 16 Bearing strength (left) and strain (right) for ‘tailor woven’ and ‘drilled’
specimens in single shear loading test
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Fig. 17 Stress-strain curves for ‘tailor woven’ (left) and ‘drilled’ (right) specimens in
single shear loading test
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Fig. 18 Progressive distribution of maximum principal strains in single shear loading
test: (a) “drilled” and (b) ‘tailor woven’ specimens
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Fig. 19 (a) Cross section images after failure from Micro CT scanning (b) The
distribution of displacement after failure (c) Vertical section images after failure from
Micro CT scanning: ‘drilled’ (Ieft) and ‘tailor woven’ (right) specimen in signle shear

loading test

5. Conclusions

This paper presents the FE modelling and failure analysis of 3D printed woven
composite plates into which 6 mm holes were placed. The specimens were obtained
using the ‘tailor woven’ and ‘drilled’ techniques by diverting the filament to make the
hole during printing and by drilling the hole respectively. The models of each specimen

are established by FEM and Hashin failure criteria is used to predict the damage



initiation and evolution of 3D printed woven carbon fibre reinforced polymer
composites. Three mechanical tests, tensile and double-and single shear loading, are
studied. Also Digital Image Correlation (DIC) and Micro X-ray computed tomography
(Micro-CT) scanning were used to characterise the failure process. The numerical and
experimental results show good correlation. Using tailor woven printing technique, the
avoidance of fibre breakage and the overlap of printed materials around the hole have
dramatically increased the strength of the woven laminates. This also improved the
damage process in these three loading cases in terms of the migration of the damage

initiation and prevention of cracks propagation.

The FE model itself could offer a useful tool for analysing the mechanical
performance of 3D printed composites with designed fibre placement. The failure
analysis in this paper clarify the mechanism behind the improvement of performance
achieved by tailor woven fibre placement, which can be used for the design of future
3D printing process for FRP composites. It is important to highlight that while the
mechanical properties are improved, the relationship between performance and fibre
placement has not been quantified. Also the performance of 3D printed woven
composites under complex loading and geometry have not been tested. Future research

is required to address these issues.
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