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Abstract

In order to predict the damage behaviours of 3D-printed continuous carbon fibre (CCF) reinforced composites,

when additional short carbon fibre (SCF) composite components are employed for continuous printing or special
functionality, a novel path-dependent progressive failure (PDPF) numerical approach is developed. First, a progressive
failure model using Hashin failure criteria with continuum damage mechanics to account for the damage initiation
and evaluation of 3D-printed CCF reinforced polyamide (PA) composites is developed, based on actual fibre place-
ment trajectories with physical measurements of 3D-printed CCF/PA constituents. Meanwhile, an elastic-plastic model
is employed to predict the plastic damage behaviours of SCF/PA parts. Then, the accuracy of the PDPF model was vali-
dated so as to study 3D-printed CCF/PA composites with either negative Poisson'’s ratio or high stiffness. The results
demonstrate that the proposed PDPF model can achieve higher prediction accuracies in mechanical properties

of these 3D-printed CCF/PA composites. Mechanism analyses show that the stress distribution is generally aggregated
in the CCF areas along the fibre placement paths, and the shear damage and matrix tensile/compressive damage are
the key damage modes. This study provides a new approach with valuable information for characterising complex
3D-printed continuous fibre-matrix composites with variable mechanical properties and multiple constituents.

Keywords 3D printing, Continuous carbon fibre, Modelling, Energy absorption, Negative Poisson’s ratio

1 Introduction

Fibre reinforced composites and especially continuous
carbon fibre (CCF) reinforced composites are well-estab-
lished as advanced materials with excellent stiffness- and
strength-to-weight ratios for a wide range of industrial
applications [1, 2]. Conventional manufacturing tech-
nologies are sometimes inconvenient, expensive and even
incapable for producing CCF composites of extraordi-
nary configurations to satisfy new design purposes and
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requirements, while 3D printing technology (i.e., addi-
tive manufacturing) has become increasingly impor-
tant and effective to easily achieve new CCF composites
with complex configurations and constituents. However,
unlike conventionally manufactured CCF composites, as
mentioned, usually 3D-printed CCF composites not only
have complex structural geometries but also nonuniform
fibre paths with variable mechanical properties and mul-
tiple constituents, which impedes their effective model-
ling and analysis for engineering applications.

Currently, research work for modelling 3D-printed
CCF composites is increasing but still limited, though
numerical analysis demonstrates strong advantages for
investigating structural/material responses and minimis-
ing experimental cost. For instance, macro-scale [3-5],
meso-scale [6, 7] and multi-scale models [8-10] were
utilised for the numerical modelling of 3D-printed CCF
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composites. In this context, several recent studies have
been attracting researchers’ attention to simulations. For
instance, Abadi et al. [11] used finite element analysis
to characterise the performance of 3D-printed continu-
ous fibre reinforced composites. Majko et al. [4] per-
formed numerical approaches based on the commercial
software ADINA to analyse 3D-printed composite lami-
nates reinforced with different fibre categories, i.e., con-
tinuous aramid, carbon and glass fibres. Van de Werken
et al. [5] developed a numerical model to calculate the
damage condition based on Tsai-Wu failure indices of a
3D-printed CCF composite dog bone specimen under
tensile loading. Zhang et al. [12, 13] simulated 3D-printed
continuous fibre reinforced composite plates with a
central hole when subjected to tension and shearing.
Recently, Avanzini et al. [14] proposed an embedded-ele-
ments technique to simulate the 3D-printed compos-
ite parts with complex geometry realised by continuous
fibres. A comparative study of the embedded-elements
approach with conventional analytical or numerical
methods for stiffness assessment was performed, show-
ing an accurate prediction of stiffness with the additional
ability to model complex fibre deposition patterns when
using the embedded-elements approach. This approach
may deal with the predictions for 3D printed composites
with complex fibre paths but is only available within the
elastic domain, i.e., for predicting the structure’s stiffness.
Hence, numerical modelling of thermoplastic-matrix
specimens reinforced with continuous fibres obtained by
3D printing, i.e., fused filament fabrication (FFF), is still
in its infancy [15]. Besides, most designed continuous
fibre paths are complicated and additional material com-
ponents are sometimes essential for continuous printing
or special functionality of 3D-printed CCF reinforced
composites. This has led to variable mechanical proper-
ties and multiple constituents [16, 17], while few relevant
reports on such modelling methods are available, espe-
cially when damage states and analyses were considered.
In this study, a path-dependent progressive failure
(PDPF) approach is proposed to predict and character-
ise 3D-printed CCF reinforced polyamide (PA) com-
posites, i.e., two topologically-designed CCF composite
structures with particular properties: Negative Poisson’s
ratio and high stiffness. In these, short carbon fibre rein-
forced PA (SCF/PA) components are additional constitu-
ents. Numerical models are based on continuum damage
mechanics for progressive failure analysis of 3D-printed
CCEF/PA composites. These are developed by defining the
physical fibre placement trajectories as the longitudinal
fibre directions within the CCF areas. An elastic-plastic
failure model for SCF/PA components based on experi-
mental characterisation is also performed. The prediction
results, in terms of the stiftness, peak force and energy
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absorption of 3D-printed CCF composites, are experi-
mentally and numerically validated.

2 Specimen Preparation and Experiments
Structures with specific performance can be usually
acquired via topological design [18—20]. In this study, the
specimens functionalised with either negative Poisson’s
ratio/auxetic performance or high stiffness were obtained
based on topological and fibre placement design using
CCFs, as reported in Ref. [21]. A Markforged® MII 3D
printer was utilised to additively manufacture the CCF/
PA functional composites where some areas were printed
with SCF/PA (deposited with + 45° configurations, i.e.,
+ 45° and — 45°, alternatively) for the sake of continuous
printing [17]. The final CCF printing trajectories for the
specimens with negative Poisson’s ratio and high stiffness
are shown in Figure 1(a) and (b), respectively. The CCF/
PA and SCEF/PA filaments for 3D printing were commer-
cially acquired from Markforged Inc. For the 3D-printed
composites, the single-layer thickness was 0.125 mm to
form 64 layers with a total thickness of 8 mm. The print-
ing paths in each layer are the same as seen in Figure 1(a)
or (b), except for the upper and bottom surface layers
which were deposited with SCF/PA under a compulsory
default setup in Markforged system.

Based on ASTM D638, tensile tests were conducted
using an Instron 3366 universal testing machine with
a quasi-static constant displacement rate of 5.0 mm/
min and a strain gauge with a gauge length of 12.5 mm
to measure the effective stress-strain relation of the
3D-printed SCF/PA composite materials (deposited in
+45° configurations).

Hoiizhie

Figure 1 3D printing trajectories for CCF composites with (a)
negative Poisson’s ratio or (b) high stiffness, and (c) an auxetic
specimen subjected to a compression test
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Compression tests were conducted on the 3D-printed
CCF reinforced specimens using an MTS 810 material
testing machine with a data acquisition system to record
the force-displacement curves. The displacement rate
was set at 2.0 mm/min for all the compressive tests, as
shown in Figure 1(c). During characterisation, the stiff-
ness and peak force can be directly extracted while the
energy absorption can be integrated from the force-dis-
placement curve.

A digital image correlation (DIC) technique was
employed to characterise the deformation and mechani-
cal performance of the 3D-printed composites. For the
DIC analysis, a white-coloured coating was sprayed on
the surface of the planar lattice followed by the applica-
tion of a uniform pattern of black dots applied using an
embossed ink-covered roller. These black dots could be
captured by the DIC camera to enable the determina-
tion of the displacements or strains. The accuracy of the
measured displacement was approximately +0.02%.

3 A Path-Dependent Progressive Failure Analysis
As mentioned before, the complex curvilinear fibre tra-
jectories of 3D-printed continuous fibre composites,
such as those shown in Figure 1(a) and (b), lead to vari-
able mechanical properties which are difficult to be accu-
rately modelled using a conventional progressive failure
(CPF) model based on approximated fibre orientations
with continuum damage mechanics [16, 22]. In this
study, a novel numerical modelling method, i.e., a PDPF
analysis model, is proposed and developed to predict and
analyse the progressive failure response of 3D-printed
CCF composites.

First, the actual fibre deposition trajectories are
straightforwardly extracted from the Eiger system of the
Markforged printer. Then, the basic width of consoli-
dated CCE/PA filaments is experimentally measured and
determined as shown in Figure 2(a), leading to a width
value of around 0.72 mm for the 3D-printed CCF/PA in
the fibre rich areas. The fibre rich area is where the fibre
filaments are deposited back and forth without any gap
and within which there are no other material parts (i.e.,
SCEF/PA). Besides, the mechanical properties in the rich
area are the same as those of 3D-printed CCF/PA stand-
ard tensile specimens that can be experimentally charac-
terised, as reported in Refs. [23, 24].

Numerically, in this study, the volume of 3D-printed fil-
aments is calculated based on the rectangular shaped 3D
printed filaments other than the fact of oval-like shaped
filaments by FFF. Taking the CCF composites with nega-
tive Poisson’s ratio as an example, based on the basic fibre
width of 0.72 mm and fibre trajectories of Figure 1(a),
the areas of 3D-printed CCF/PA parts with their fibre
placement directions can be determined as presented in
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Figure 2 Numerical setup: (a) A front view of 3D-printed CCF
composite structure with negative Poisson’s ratio and determination
of 3D-printed CCF/PA and SCF/PA parts, (b) A bottom view
and through-thickness distribution of 3D-printed CCF/PA and SCF/PA
parts, (c) Meshwork of a CCF/PA composite with boundary conditions

Figure 2(a), where the deposited two adjacent layers then
lead to 1.44 mm width for numerical modelling. Mean-
while, the curved areas of 3D-printed CCF composites
may possess a lower fibre volume fraction due to fibre
loss during printing [25]. Therefore, the curved sections
were generally reduced or marginally adjusted within
a basic range of 0.6—0.85 mm based on experimen-
tal measurement of filament widths including those in
fibre rich, curved and other areas, until the final volume
of deposited CCF/PA filaments meets that given by the
Eiger system.

3.1 Progressive Failure of 3D-Printed CCF/PA Composite

The damage behaviours of CCF composites are compli-
cated. They comprise intralaminar damage, e.g., continu-
ous fibre fracture/rupture, matrix cracking/crushing and
interlaminar damage/delamination [26]. To date, con-
tinuum damage mechanics is of great advantage in cal-
culating the intralaminar damage of CCF composites in a
damage accumulation manner based on the damage vari-
ables ranging from 0 to 1, for the description of a dam-
age initial state and the progressive development process.
In the PDPF model, the orthogonal material constitutive
equations were developed based on continuum elements
in an Abaqus simulation platform, and the corresponding
failure criteria were utilised for calculating the damage
initiation and propagation. Among several failure crite-
ria [27-31], one of the mostly utilised methods for unidi-
rectional CCF composites, namely, Hashin criterion [28,
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Table 1 Mechanical properties of 3D-printed CCF/PA
composites [16, 24]

Properties Variable  Value
Density (kg/m?) 0 1250
Fibre volume (%) % 314
Longitudinal Young's modulus (GPa) Eq 694
Transverse Young's modulus (GPa) Eyy 35
Principal Poisson’s ratio Vis 0.33
Shear modulus (GPa) Gy, 1.9
Longitudinal tensile strength (MPa) Xr 905.3
Longitudinal compressive strength (MPa) Xc 426
Transverse tensile strength (MPa) |& 179
Transverse compressive strength (MPa) Ye 66
In-plane shear strength (MPa) S 434
Longitudinal traction fracture energy (kJ/m?) G 916
Longitudinal compression fracture energy (kJ/m?) G5, 799
Transverse traction fracture energy (kJ/m?) GC,W 0.22
Transverse compression fracture energy (kJ/m?) G e 1.1

29], was employed to predict the failure responses of the
3D-printed CCF composites.

Details for the constitutive equations and failure cri-
teria for 3D-printed CCF/PA composites are presented
in Appendix A. The basic mechanical properties were
obtained from Refs. [16, 24] for the same 3D-printed
CCE/PA composites, with a nominal CCF volume frac-
tion of 31.4% and a void content of 7.5% [24]. With
these previous characterisations, the basic mechanical
properties are summarised in Table 1. In this study, the
interlaminar damage/delamination was observed as an
insignificant behaviour [16], hence the interfaces between
the printed layers have not been taken into account.

As mentioned, in the PDPF model, the 3D-printed
CCEF/PA filaments in composite layers were calcu-
lated using orthotropic material constitutive properties,
shown in Table 1, where the fibre longitudinal direction
was defined along the CCF filament trajectories, i.e., as
marked in Figure 2(a). Specifically, in Abaqus, the pri-
mary axis direction, i.e., the fibre longitudinal direction,
as exhibited in Figure 2(a), was defined using an “Edges”
option by choosing the CCF filament trajectories when
setting up the orientation for composite layups, mean-
while the normal axis direction, i.e., the through-thick-
ness direction was set along the x direction according to
Figure 2, so the fibre transverse direction was then auto-
matically determined since it is perpendicular to the lon-
gitudinal and through-thickness directions.

3.2 Elastic-Plastic Behaviour of SCF/PA Composite
As previously mentioned, SCF/PA was utilised as addi-
tional material components filling the space where
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CCE/PA placement was difficult in continuous print-
ing, so once the CCF/PA placement areas have been
determined using the approach as shown in Section 3.1,
the remaining sections will be defined as SCF/PA com-
posites for simulation. SCF/PA was selected because of
its better performance than the PA counterpart [17].
As introduced in Section 2, the SCF/PA filament was
placed in +45° configurations in all printing, and the
nominal volume fraction was ~10% [16], leading to an
increment of elastic modulus of PA but providing no
big improvement in tensile strength. Hence, for mod-
elling purposes, it was treated as an isotropic material
for numerical analysis, though it has minor orthotropy
[16].

The mechanical properties of 3D-printed SCF/PA
composites were specifically characterised in this study.
According to ASTM D638, tensile tests were conducted
for type IV dog bone SCE/PA specimens (deposited
with +45° path configurations), using a universal test-
ing machine with a quasi-static constant velocity of 5.0
mm/min and a strain gauge with a gauge length of 10
mm to obtain the effective or engineering stress-strain
relation.

The mean results of the experimental stress-strain
curves of standard specimens produced by repeti-
tive testing were extracted and converted into the
true stress-strain curve for modelling [32], as shown
in Figure 3. Then, an elastic-plastic model was estab-
lished using the true stress-strain curve. A summary
of its basic properties is depicted: The density is 1160
kg/m?, tensile modulus is 898 MPa, tensile strength is
50 MPa and failure strain is 0.4. In failure analysis, the
equivalent plastic strain (PEEQ) describing an accu-
mulation of the plastic deformation during the process
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Figure 3 Experimental engineering and true stress-strain curves
of 3D-printed SCF/PA specimens (deposited in +45° configurations)
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was utilised for characterising the plastic deformation.
This was done because of PEEQ’s wide applications
with benefits for comprehensive and effective evalua-
tion using a scalar rather than a complex strain tensor
[33, 34]. In addition, a ductile criterion in Abaqus was
applied to determine the final failure of SCF/PA materi-
als using a predefined failure strain (=0.4) based on the
elastic-plastic model, to exhibit the materials’ fracture
behaviour.

3.3 Numerical Definitions and Boundary Conditions

As shown in Figure 2(b), the through-thickness distri-
bution of sixty-two layers of 3D-printed CCF/PA with
additional SCF/PA parts and two layers of complete SCF/
PA was numerically built, where the two SCF/PA lay-
ers of the upper and bottom surfaces are compulsory
options because of using the Markforged printer. Hence,
the specimens consisted of sixty-four plies and each ply
had the same thickness of 0.125 mm, based on the print-
ing setup. In each layer, the continuous fibre longitudinal
directions, as mentioned, were defined to be the same
as those of printing trajectories as shown in Figure 1(a).
With the Markforged printer, there is one single wall of
SCE/PA, as the casing around a printed profile, which
was ignored in the simulation, due to its very limited vol-
ume fraction and insignificant effects on characterisation.

The numerical models were developed using Abaqus/
Explicit to calculate the structural responses and mate-
rials failure. Under compression, 8-node quadrilateral
continuum shell elements (SC8R) were applied for the
3D-printed composites to guarantee accurate modelling
and to improve the calculation’s efficiency [2]. The mov-
ing and fixed plates were modelled with conventional
shell elements (S4R). After a convergence study on mesh
and velocity, a constant displacement rate of 100 mm/s
was applied for the moving plate (so that the dynamic
effect would be insignificant when the velocity was below
500-1000 mm/s [2] to improve the calculation efficiency)
and a uniform mesh with the element size of 0.9 mm was
used for modelling the 3D-printed specimens [16].

The meshwork of 3D-printed CCF/PA auxetic com-
posite and specific boundary conditions are exhibited in
Figure 2(c). A general contact algorithm was deployed to
calculate and simulate the general interaction between
the elements [32]. The friction coefficients for the contact
interfaces were generally defined as 0.3. During the simu-
lation, in accordance with the failure criteria for CCF/PA
and the failure strain for SCF/PA, the totally failed ele-
ments were removed for further calculation. The same
numerical definitions were performed for modelling the
high stiffness 3D-printed CCF composites.
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4 Results and Discussion

4.1 Case Study 1: Auxetic Composites

The first case is a 3D-printed auxetic composite with
fibre deposition trajectories as shown in Figure 1(a) and
subjected to in-plane compression as introduced previ-
ously. The absolute fibre volume fraction is 3.7% [21]. The
experiments show that these CCF/PA composite struc-
tures demonstrate a negative Poisson’s ratio from — 0.2 to
— 0.1 as the compression displacement progresses from
0 mm to 4 mm within the effective displacement [16] (so
the DIC photographic analysis and numerical modelling
were performed at 4 mm).

Their force-displacement curves are presented in Fig-
ure 4. We can see that the force increases from zero to
around 500 N where the surfaces of upper and bottom
unit cells were contacted at about 2 mm, then the force
is further increased to peak at about 2000 N, and after-
wards it gradually decreases when the compressive dis-
placement is over 4 mm. In comparison, the predicted
force-displacement curve of the PDPF model agrees well
with those of experiments, though discrepancies can
be also captured. The reasons can be concluded as fol-
lows: the ignorance of the practical interface properties
between CCF/PA and SCF/PA sections and the materi-
als’ orthotropic characteristics during modelling for SCF/
PA materials. Additionally, the discrepancies can be also
attributed from the initial stress and fibre damage in
experimental specimens when there were 3D-printed
curved sections [16]. Basically, the models are acceptable
in predicting the key mechanical features of 3D-printed
CCF composite structures.

The compression behaviours captured for horizontal
displacement, i.e., the displacement along the x direc-
tion, U,,, by DIC and simulation at Point B of 4 mm are
depicted on the right-hand side of Figure 4. It can be
found that when the compression displacement is 4 mm,
the structure undergoes a horizontal shrinkage along the

2500 m

2000 |

= 1500

Force (N

1000

[ Specimen-1
—Specimen-2

500
|-~ Modelling

Displacement (mm)

Figure 4 Comparison of force-displacement curves and horizontal
displacement U, by DIC photographic analysis (upper)

and simulation (bottom) at Point B of 4 mm for 3D-printed CCF/PA
auxetic composites
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x direction, where its left and right parts deform posi-
tively and negatively, respectively, indicating an evident
auxetic behaviour in both experiments and simulation.

Based on experimental/numerical observation and
force-displacement curves of Figure 4, the CCF/PA speci-
men has already been failed and is about to confronting
out-of-plane bending behaviour which is not our focus,
so the investigation is performed within 4 mm of Point
B. Then, the deformation and damage process before 4
mm captured by DIC photographic analysis of horizontal
strain by experiments and von Mises stress by simulation
for 3D-printed CCF/PA auxetic composites are shown in
Figure 5. The DIC results demonstrate that, as the plate
compresses to Point B, both positive and negative hori-
zontal strain ¢, are intersectionally aggregated in the
CCE/PA auxetic composites, contributing to their aux-
etic behaviours. Accordingly, from the stress analysis and
CCF trajectories presented in Figure 1(a), it can be seen
that Mises stresses are mainly concentrated in the CCF
areas along the fibre placement paths, especially in those
vertical CCFs against the compression loading, where the
maximum stress is 283.9 MPa when the displacement is
4 mm. During the compression process, the stress/strain
analyses at the marked circles in Figure 5 show that the
material failure locally occurs at ligaments within each
unit cell along the vertical CCF trajectories.

Further, failure mechanism analyses were performed
for 3D-printed CCF/PA auxetic composite with respect
to the CCF/PA damage characteristics (Hashin criteria)
and SCF/PA plastic deformations (PEEQ) at displace-
ment Point B of 4 mm when under in-plane compression.
The results are shown in Figure 6. It is found that fibre
damage is not predominant for the 3D-printed CCF/
PA auxetics. Shear damage and matrix tensile/compres-
sive damage can be observed at the ligaments within
each unit cell, which is attributed to the auxetic behav-
iours of each unit cell under compression. In terms of the

S, Mises

(MPa)
300
240
180
120
60
0

Figure 5 Deformation and damage process captured by DIC
photographic analysis of horizontal strain €,, by experiments and von
Mises stress by simulation for 3D-printed CCF/PA auxetic composites
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Figure 6 Failure mechanisms in terms of CCF/PA damage and SCF/
PA deformation at displacement Point B of 4 mm for 3D-printed CCF/
PA auxetic composite

plastic deformation for the SCF/PA parts, slight damage
is observed at local contact areas near the moving and
fixed plates.

In order to investigate the mechanical performance and
model effectiveness for the 3D-printed CCF/PA auxetic
composite under in-plane compression, its stiffness, peak
force and energy absorption calculated by experiments,
PDPF model and CPF model are shown in Figure 7. By
experiments, the (mean) stiffness of 3D-printed CCF/PA
composite auxetics is 219.7 N/mm, while the predicted
results by the PDPF and CPF models are 254.4 N/mm
and 289 N/mm, respectively. This indicates that the accu-
racy using the PDPF model has been improved by 16% as
compared to that using the CPF model. The peak forces
predicted by PDPF and CPF models are almost at the
same level, with a variation of — 3.9% and 3.5%, respec-
tively, from the experimental (mean) peak force of 1982.6
N. Finally, the (mean) energy absorption of 3D-printed
CCEF/PA auxetic was experimentally measured as 10.6 J,
which is 10.8% and 13.4% smaller than those predicted by
PDPF and CPF models, respectively. Therefore, the accu-
racy using the PDPF method has been enhanced by 2.6%.
Apparently, the PDPF model is more accurate in the pre-
diction of mechanical performance of 3D-printed auxetic
composites.

300 2500 1
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POPF model
240 2000 12 L e
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£ 180 Z 1500 Eo
H g
: H H
§ % 4
£120n 1000 56
& H H
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& 500 3
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Figure 7 Mechanical performance and model effectiveness
for the 3D-printed CCF/PA auxetic composite in terms of stiffness,
peak force and energy absorption
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Figure 8 Comparison of force-displacement curves and horizontal
displacement U,, by DIC photographic analysis (upper)

and simulation (bottom) at Point B of 2 mm for 3D-printed CCF/PA
high stiffness composites
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Figure 9 Deformation and damage process captured by DIC
photographic analysis of horizontal strain €, by experiments and von
Mises stress by simulation for 3D-printed CCF/PA high stiffness
composites

4.2 Case Study 2: High Stiffness Composites

The second case is a topologically-designed 3D-printed
CCE/PA high stiftness composite with a structural con-
figuration and fibre placement trajectories as shown in
Figure 1(b). The basic structural size (80 mmx80 mmx8
mm) and boundary conditions were the same as those of
CCEF/PA auxetic composites. The absolute fibre volume
fraction is 7.6% [21]. By experiments and simulation, the
compressive force-displacement curves with the com-
pressive responses of 3D-printed CCF/PA high stiffness
composites are shown in Figure 8. The force of CCF/PA
has a rapid increment to over 12000 N before the dis-
placement is 2 mm; subsequently, the force decreases
steadily to below 6000 N. In comparison, the force prop-
agation trend is well predicted by the PDPF model. The
horizontal displacement by DIC photographic analy-
sis and simulation at Point B of 2 mm for 3D-printed
CCEF/PA high stiffness composites is also presented in
Figure 8, where both DIC and simulation results show
severe negative and positive displacements on the
left and right edges, respectively, along the horizontal
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Figure 11 Mechanical performance and model effectiveness
for the 3D-printed CCF/PA high stiffness composite in terms
of stiffness, peak force and energy absorption

direction, demonstrating the structures’ apparent expan-
sion behaviour.

As well, the CCF/PA specimen with out-of-plane bend-
ing behaviour after the displacement reaches 2 mm is not
concentrated, such that the study is performed within
2 mm. By observation of the compressive behaviours,
i.e., the deformation and damage process, as shown in
Figure 9, the local strain concentration can be seen at
the contact areas nearing the plates as denoted by the
marked circles, which is also reflected by the stress dis-
tribution in the simulation results, as especially when the
compression continues from Point A to B. In addition,
the stress distribution is generally aggregated in the CCF
areas along the fibre placement paths, with the maximum
stress reaching 904.7 MPa when the displacement is 2
mm at Point B.

As shown in Figure 10, failure analyses show that the
shear damage and matrix tensile/compressive damage
are still the key damage mechanisms for CCF/PA parts.
However, the damage magnitude of the 3D-printed
CCF/PA high stiffness composite is much more severe
than that of the CCF/PA auxetic composite. Further, the
damage mainly occurred at the four corners and cen-
tral area, where either fibre shortage or discontinuity
generally existed, as indicated by the fibre trajectories
shown in Figure 1(b). While the plastic deformation is
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also basically located around the four corners and the
central area, it is locally concentrated with insignificant
distributions.

The mechanical performance of 3D-printed CCF/PA
high stiffness composites by experiments and simula-
tion are presented in Figure 11. The (mean) stiffness and
peak force in experiments are 9301.7 N/mm and 13197.2
N, respectively, which are accordingly around 10% and
under 2% of difference to those predicted using either
PDPF or CPF model. However, the experimental (mean)
energy absorption is 38.5 ], with a variation of 9.5% and
21.6% from those predicted by the PDPF and CPF mod-
els, respectively, indicating that the modelling accuracy is
improved by 12% when using the PDPF model. The con-
clusion can be drawn that the PDPF model has higher
modelling accuracy than the CPF model for 3D-printed
CCF composites.

5 Conclusions

(1) A PDPF analysis method using the orthogonal
material constitutive relations with continuum
damage mechanics was developed to predict the
damage initiation and evaluation of 3D-printed
CCE/PA composites. Two cases on 3D-printed
CCF/PA composites, one with negative Poisson’s
ratio and the other with high stiffness were calcu-
lated for validation and characterisation.

(2) The results demonstrated that the PDPF model
can well predict not only the force-displacement
curves but also the damage behaviours of multi-
ple constituents, i.e., CCF/PA and SCF/PA, in both
cases. Besides, as compared to the CPF modelling
method, the current PDPF model generally had
higher prediction accuracies, such as a 16% and
12% improvement in the prediction of the stiffness
of 3D-printed CCF/PA composite auxetics and the
energy absorption of 3D-printed CCF/PA high stift-
ness composites, respectively.

(3) Mechanism analyses showed that the stress distri-
bution was generally aggregated in the CCF areas
along the fibre placement paths, and the shear dam-
age and matrix tensile/compressive damage were
the key damage mechanisms for both 3D-printed
CCEF/PA auxetic and high stiffness composites.
However, the damage magnitude of the 3D-printed
CCE/PA high stiffness composite was much more
severe than that of the CCF/PA auxetic compos-
ite. In contract, plastic deformation was basically
locally concentrated with insignificant distribu-
tions.

(4) In this study, we established and proved a new
effective modelling method for 3D-printed CCF/PA
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composites, providing valuable choices and infor-
mation for predicting continuous fibre-matrix com-
posites with complex fibre paths, variable mechani-
cal properties and multiple constituents. This model
should be also available for the prediction of those
continuous fibre-matrix composites made by other
manufacturing techniques, e.g., vacuum assisted
resin infusion (VARI) processing.

Appendix
Progressive Failure Criteria for Modelling 3D-Printed CCF/
PA Composites

When modelling the continuous fibre, i.e., CCF/PA com-
posites, the material constitutive relations is presumed to
be a plane stress orthotropic material with linear elastic-
ity, by which the constitutive response of the material can
be calculated based on continuum damage mechanics as
follows:

o = Cye, (A1)

where ¢ is the elastic strain and & = (¢, &,,, £;,), 0 is the
stress vector and ¢ = (0y, 0y, 035)", and C, is the dam-
age-variable based stiffness matrix,

Ca

L (I —df)En (1 —dp)(A = dm)varEn 0

=35 | @=dpA —dmviaEn (1 —dm)Ep
0 0 (1 —ds)G12D

(A2)
where dj;, d,,, and d; = 1-(1-d))(1-d,,)v,,v,, are the con-
tinuous fibre, matrix and shear damage variables, respec-
tively, varying from 0 (undamaged) to 1 (completely
damaged) to reflect the material modulus degradation.
E,, Eyy and G, are the Young’s moduli while v;, and vy;
are the Poisson ratios. Thus, the damage variables deter-
mine the reduction of elastic properties and influence the
stress propagation and residual strength in the plies. For
the failure calculation, based on Hashin’s method [28,
29], the initiation failure criteria in the progressive failure
modelling are presented below.

Once any the four failure initiation modes in Table 2
have been reached, the corresponding damage are evalu-
ated by calculating equivalent stress and strain in a linear
degradation as follows.

Fibre tension (o117 > 0,11 > 0):

t
5'£q =L \/ (511>2 + 0‘8%2:

oft = loullen) +aonpen
eq .
o /Le
(A3)
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Table 2 Hashin damage initiation criteria for 3D-printed CCF/PA composites in the modelling

Stress condition

Damage initiation

Description

Fibre tensile mode o1 >0
Fibre compressive mode o <0
Matrix tensile mode 07 >0
Matrix compressive mode 07 <0

0 2 Yc 2 o op 2
= (32) + |(G5) -1+ (2)

Note: X;and X are the strengths along the fibre direction under uniaxial tensile and compressive loading, respectively; Y;and Y- are the strengths of the matrix
normal to the fibre direction under uniaxial tensile and compressive loading, respectively; S,. and S,,’ denote shear strengths in the longitudinal and transverse
directions, respectively with S,,- =S, =S, ,; a is the coefficient determining the contribution of shear stress to the fibre tensile mode and it is defined as 1 to fully
include shear stress; F, Fr, F,, or F,,are the assessment values, by which if it is equal to or higher than 1, the damage initiation criteria are met and afterwards the

damage evaluation process will begin.

Fibre compression (011 < 0, 17 < 0):

5 = L—en), off = (zow)(—en)

(A4)
Sla /L
Matrix tension (022 > 0, £22 > 0):
+ 012812
87 = [ o\[(e9)? + €2, mt=%
eq c < 22) 12 o-eq ngt/Lc
(A5)

Matrix compression (092 < 0, £99 < 0):

(—022)(—¢22) + 012812
ool = Lo/ (—em)* + &1y, 0l = s
eq /LC

)

(A6)
where L, the characteristic length, is determined by the
element geometry and introduced to normalise the ele-
ments with different size ranges and ¢, €,, and ¢, are
the elastic strain. Accordingly, such a bilinear equivalent
stress-strain model for the failure initiation and evolution
of the 3D-printed CCF/PA composites is then applied
with continuum damage mechanics in current modelling.
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