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ARTICLE INFO ABSTRACT

Keywords: In this paper, the nonlinear creep behaviour of additive-manufactured carbon fibre-reinforced polyethylene
Creep strain terephthalate (CF-PET) is characterised using experimental, theoretical and computational methods. The
Creep rate

experimental approach investigates the influence of infill orientations on the creep deformation of the material.
For the study, samples at 0°, 45°, and 90° infill orientations are produced with 90% infill density using fused
filament fabrication (FFF). The infill orientation parameter highly influences the creep behaviour. Increasing the
infill orientation from 0° to 90° monotonically improves the creep resistance of the material, which can be
explained by orientation of the fibre-matrix reinforcement towards the uniaxial stresses. Surface examinations of
creep-ruptured samples via scanning electron microscopy (SEM) reveal that a combination of matrix failure, fibre
pull-out, fibre-matrix debonding, inter-layer debonding, and the presence of voids cause the fractures. Based on
the experimental data, the primary and secondary creep responses are modelled theoretically and computa-
tionally. The theoretical model is based on the dependence of the material’s creep on stress and time parameters
at the transient and steady state stages. Combined stress and time functions are used to model the creep of the
material. Parallelly, two-dimensional (2D) finite element (FE) analyses are made on COMSOL Multiphysics to
model the creep computationally. The approach is based on the superposition of Norton’s and Garofalo’s creep
models with predefined time hardening property. The results of the modelling are in good agreement with the
experimental findings, showing a maximum of 1.04% for the theoretical, and 2.9% for the computational
approaches.

Nonlinear modelling
Creep rupture
Fused filament fabrication

1. Introduction

Polymer composites are widely utilised in the construction, mari-
time, automotive, sports goods and aerospace industries, driven by their
desirable properties such as high strength, high stiffness, and light-
weight nature [1]. They are synthesised by embedding reinforcement
fibres within a base matrix [2]. Based on the constituting materials and
method of synthesis, the polymer composites are classified into different
categories. These categories include thermosetting with long or woven
fibre mat reinforcement; particulate-reinforced thermoplastics, short
fibre-reinforced thermoplastic (SFRTs), long fibre impregnated rein-
forcement; and biopolymers with bio-based filler reinforcements [3,4,
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5]. High performance structural composites are largely made from
thermosetting composites. However, the precise synthesis process is
rather slow and expensive [6]. In addition, the constituting materials
and synthesis processes pause greater environmental threats, particu-
larly in large scale production [7,8,9,10]. In response to the challenges,
efforts are made to synthesis the composites using bio-based thermo-
setting resins [7,9]. Regardless, the problems associated with recycla-
bility and end-of-life treatments are still at large [11,12]. On the other
hand, promising developments on bio-composites containing
bio-degradable matrix and bio-based fillers (fibres) are made to improve
environmental sustainability [5,13]. Low carbon-footprints, biocom-
patibility, recyclability or bio-degradability inspire the emerging

@ Corresponding author: Aalto University, department of Mechanical Engineering, Arcada University of Applied Sciences, School of engineering, culture and

wellbeing.

https://doi.org/10.1016/j.jcomc.2024.100530

Received 21 July 2024; Received in revised form 11 October 2024; Accepted 22 October 2024

Available online 28 October 2024

2666-6820/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:silas.gebrehiwot@arcada.fi
www.sciencedirect.com/science/journal/26666820
https://www.sciencedirect.com/journal/composites-part-c-open-access
https://doi.org/10.1016/j.jcomc.2024.100530
https://doi.org/10.1016/j.jcomc.2024.100530
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcomc.2024.100530&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S.Z. Gebrehiwot et al.

demand for sustainable composites. However, higher material devel-
opment costs, lower mechanical performances, and their manufactur-
ability at a small-scale limit their applicability at a broad range [14].

Nowadays, polymer composites are developed considering their
adaptability to different manufacturing methods. In this regard, SFRT
composites are versatile for injection moulding, extrusion, and additive
manufacturing (AM) methods [15,16,17]. Short fibre reinforcement in
polymer composites transfers stresses from the polymer matrix to the
fibres, thereby increasing the short and long-term properties of the
composite [18]. Consequently, various studies have been reported on
polymer matrix composites (PMC) and their applicability in biomedical,
automotive, and packaging industries. [19,20,21]. The use of short jute
fibre in polypropylene matrix has resulted in a significant improvement
of tensile, flexural and impact strength [22]. A short glass
fibre-reinforced blend of polyethylene and polyamide-6 polymers was
studied by Plamen et al. [23]. They reported ‘unusually’ high modulus at
elevated temperature.

The FFF is widely developing as a manufacturing solution for SFRT
products. The low cost, the simplicity of process optimisation, the design
freedom, and the versatile applicability make the state-of-the-art
manufacturing a viable processing technique. This has attracted the
interest of big and medium-scale industries in developing novel 3D
printable materials. The ultrafuse carbon fibre-reinforced polyethylene
terephthalate (CF-PET) by Basf [24], the sustainable polypropylene
compound (Beon3D) from LyondellBasell [25], the industrial 3D print-
able PEEK by Evonik [26] are few to name. Various filaments are
currently developed, including bio-based, natural fibre-reinforced, short
fibre-reinforced, technical, and blended polymers [27,28,29]. The
CF-PET is a recently developed 3D printable filament with good me-
chanical performance at elevated temperatures. Due to its higher tensile
strength, optical clarity, dimensional stability and chemical resistance,
PET is commonly used for bottling carbonated drinks and water [30,31,
32]. Reinforcing the polymer with short carbon fibre improves its per-
formance at elevated temperatures enhancing key mechanical proper-
ties such as stiffness, impact strength, and toughness [29,33]. As a result,
versatile applicability of the material at high temperature and stress
environments is becoming a possibility. However, rigorous characteri-
sation of the material’s performance is required to validate its applica-
bility. Short and long-term creep tests under different load conditions,
strain rate and temperature controlled quasi-static tests, and fatigue are
some of the experimental approaches that can be used to determine the
mechanical properties. In addition, analytical and computational
modelling can be utilised to predict the material’s response to different
loading conditions.

The influences of carbon fibre reinforcement on the mechanical and
thermal properties of thermoplastic polymers, including acrylonitrile
butadiene styrene (ABS) [34,35], polyamide-PA6 [36], polybutylene
terephthalate (PBT) [37], Graphene foam (GF) and poly-
dimethylsiloxane (PDMS) composite [38] are studied. Based on a critical
plane damage approach, a theoretical predictive model for fatigue life
[39], and computational approach on deformation and failure [40] are
proposed for SFRT polymers. The nonlinear viscoelastic behaviour of
glass fibre (GF) reinforced polypropylene was studied [41]. The work
covers phenomena related to elastic modulus degradation and creep
modelling based on the earlier works of Lou and Schapery. Yuan-yuan
et al. [42] studied the tensile creep of short CF-reinforced poly-
etherimide composites. They conduct short-term creep tests using a
dynamic mechanical analysis (DMA), examine the influence of the
reinforcement on the creep resistance behaviour, and model the creep
responses theoretically. The study indicated that the creep resistance
increased with the increment in fibre loading. The theoretical approach
identified the Findel’s power law and the Generalised Maxwell models
as suitable to characterise the nonlinear response. On the other hand, the
flexural creep of glass fibre-reinforced thermoplastic polymers was
modelled using a 4-parameter empirical model [43]. An experimental
comparison between glycol-modified PET (PETG) and its short
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CF-reinforced counterpart was made by Isaac et al. [44]. Their experi-
mental findings showed a 70.1% increment in tensile modules and
191.38 % in flexural modulus because of the reinforcement. The effect of
recycled CF by weight percentage on the mechanical properties recycled
PET is studied using FFF [45]. Their study reported proportional in-
crements of the tensile modulus with a percentage increase in CF content
for a 1.75 mm filament diameter.

Modelling the creep behaviour of materials using stress and time
functions has been used for metals [46,47,48,49]; however, it is rarely
applied to injection moulded or 3D printed polymers. In retrospect,
Schapery developed nonlinear creep and proposed a sine hyperbolic
stress and a power time functions [50], whereas Findley suggested an
empirical power function to characterise the time-dependent deforma-
tion [51]. However, as the primary and secondary stages have different
creep rates, the models show limitations in characterising the super-
imposed creep phenomena. Different empirical models were also used to
characterise the nonlinear creep behaviour of materials [49]. However,
the majority focus on modelling either of the three creep stages (pri-
mary, secondary, and tertiary). This has created a lack of versatile
models that can present the creep of two or more stages combined. The
nonlinear creep behaviour of 3D-printed Polyurethane acrylate (PUA)
was studied numerically using a subroutine in Abaqus software [52].
Their study was based on fitting a function on creep compliances ob-
tained experimentally at different stress levels. They used the linear
viscoelastic creep compliance relations to develop their nonlinear
model. A computational method is used to model the creep of 3D printed
PLA, thermoplastic PU (TPU), and polyethylene glycol (PEG) polymer
composites [53]. The FE was based on a 3-term Prony series on the
Generalised Kelvin model.

Because of its novelty, detailed studies on CF-PET, including exper-
imental investigations on the influences of process parameters on the
mechanical properties, failure characterisation, and modelling of
deformation at linear and nonlinear regimes, are yet to be reported. In
the present work, the nonlinear viscoelastic response of additive-
manufactured CF-PET polymer is studied via experimental, theoretical
and computational approaches. The main objectives of the paper are to
explore the influences of FFF parameters on the creep deformation and
rupture phenomena and propose nonlinear creep models theoretically
and computationally using semi-empirical approaches. The experi-
mental method is used to investigate the influence of infill orientation on
the creep response of the material. Based on the infill orientation
parameter, three sample variants (0°, 45°, 90°) are prepared and tested
in uniaxial creep at different stress levels. Ruptured samples are further
analysed using SEM to identify the causes of fracture associated with
each sample variant. The experimental data are also used to model the
nonlinear viscoelastic responses of samples theoretically and computa-
tionally. The approaches are based on assigning stress and time func-
tions uniquely associated with the primary and secondary creep
responses; hence, they are interrelated. A two-stage regression analysis
is made to determine the coefficients of the functions. The computa-
tional modelling is made via 2D finite element analyses on COMSOL
Multiphysics 6.2.

2. Material and methods
2.1. Sample preparation

Our samples are designed according to the ISO 527-2, type 1B sample
dimensions [54]. And, a commercial short CF-reinforced PET filament
from AzureFilm is used to manufacture the samples via FFF technology.
The CF-PET filament contains chopped CF with 15% loading by weight.
The material is known for its high impact toughness, strength, low water
absorption, and maintains its mechanical properties at elevated tem-
peratures [29]. Based on the infill orientation parameter, three sample
categories are created at 0°, 45° and 90°. In this paper, the term
orientation refers to the direction of the infill deposition. This
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consideration is different from the conventional definition. In most of
the cases, orientation implies the direction of the load with respect to the
infill deposition. To clarify the relations, the common terminology and
the manner used in this paper to categorise the samples is presented in
Fig. 1.

Unlike other commonly used filaments, 3D printing the material
requires carefully optimised parameters and safety considerations. This
is due to the length scale of chopped reinforcing CF and the fibre-matrix
binding chemical used. The nozzle (0.4 mm stainless steel) was set at
290°C, whereas the bed temperature was kept at 90°C during the
printing process. For the infill, a line pattern with a 0.5mm top/bottom
layer height thickness and a 0.1mm layer height is used. A low infill
speed of 50mm/s and a 20% infill fan speed is applied. All samples are
manufactured with 90 % infill density. Complying with the safety rec-
ommendations, respiratory protection, protective gloves and safety glass
were used to avoid hazards associated to the release of fumes while 3D
printing at elevated temperatures.

2.2. Tensile creep tests

The ISO 899/1:2017 (Plastics. Determination of creep behaviour.
Part 1: Tensile creep) standard is followed to test the samples in creep
[55]. The tests are defined using a step function where 6 = 0 at t <
0 ando = 6, att > 0. 6, is the stress amplitude. The step function invokes
an infinite strain rate and is practically impossible unless with a smooth
stress transition from O to 6,. Therefore, using a 75mm/min test speed
ensured attaining the stress amplitude within 1 second. The sample
categories are creep tested at different stress ranges. The 0° and 45°
samples are tested at20MPa, 25MPa, 27.5MPa, 30MPa, 32.5MPaand
35MPa, whereas the 90° samples at 20MPa, 25MPa, 30MPa, 35MPa,
40MPa and 45MPa stresses. Each creep test was planned for 3 hours;
however, the samples that were tested at higher stresses failed early. The
creep tests are made on X350 -20, a high precision digital material
testing machine from Testometric Inc. At a 50Hz data acquisition rate,
close to 600,000 strain data are obtained for a 3-hour creep test. The
creep strain is measured using a high-performance axial extensometer
(model 3542) from Epsilon. The summary of the experimental procedure
is presented in Table 1.

2.3. Scanning electron microscopy (SEM) characterisation

The creep ruptures of the three sample categories are analysed using
Ziess-Sigma VP SEM, a high-quality imaging technology [56]. Due to the
samples’ non-conductive nature, sputter coating was required. The
samples were prepared by depositing 5 nm Gold/Palladium (Au/Pd) for
7 minutes. The fracture surfaces of each sample were investigated from
the top.

90°Infill orientation
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2.4. Modelling the nonlinear creep response

The creep of a material can be studied using a constant stress 6, in
uniaxial tests. Initially, at t = 0", the stress o, o+ = 0, causes an
instantaneous elastic deformation
O
o fg (€8}

In eq. (1), E is the elastic modulus of the material. Eq. (1) holds when
the applied stress is well below the yield strength [46]. If the stress is
near the yield limit, the instantaneous response of the materials exhibits
notable plastic deformation (g,) additionally [46]. Therefore, the

instantaneous strain g, becomes
0o
Einst = E + Ep. (2)

As time increases, the material undergoes creep deformation. There
are three stages of creep deformation [57]. The classifications are based
on the variations of creep strain rate exhibited at each stage. The first
one is a primary creep, where the creep strain rate decreases with time.
This stage, also referred to as transient creep, emanates from competing
material’s strain hardening, time hardening or recovery responses [47].
The secondary stage shows approximately constant creep rate, hence
regarded as a steady state creep. The stage marks the lowest threshold of
the creep rate. It brings nearly linear deformation related to a balance
between the hardening (strain hardening) and softening (recovery)
processes within the material. For polymeric materials, this stage is
regarded as viscous flow, and the deformation is plastic [58]. For
semi-crystalline materials, the secondary creep is associated with the
motions of dislocations and molecular disentanglements in the amor-
phous phase [59]. In the case of amorphous materials, the stage is
associated with nucleation of voids [60]. At the tertiary stage, a material
exhibits an increased creep strain rate, eventually leading to a fracture.
The increased creep strain rate is due to the increase in local stresses
caused by the specimen’s thinning or internal void formation and coa-
lescence [60].

The creep of materials can be modelled by using different combi-
nations of monotonically increasing functions developed through
empirical methods. Earlier works by Norton, Soderberg and Baily
showed how different combinations of functions can be used to predict
the creep of metallic materials [48]. On the other hand, the nonlinear
viscoelastic response can be characterised based on microstructural
phenomena. The continuum mechanics hypothesis, superpositions of
creep responses on the nonlinear range, and accounting thermodynamic
processes are a few of them [51]. The constitutive by Schapery, which is
based on irreversible thermodynamic processes states that, under a
constant temperature and a uniaxial stress o, the creep of a nonlinear
viscoelastic material is [50]

) 0o «—

= 00

) —

450

e ] -

b

Fig. 1. Additive-manufactured samples; categorised in this paper as a) 0°, 45° and 90° infill orientation, and in b) their relation to the conventional terminology.
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Table 1
Experimental set up for the tensile creep tests.

Composites Part C: Open Access 15 (2024) 100530

Tensile creep experiment

Sample category Stress amplitude (6,)[MPa]

Creep test conditions

Load function Max. creep time [s] Test speed
[mm/min]
0° 20 25 27.5 30 32.5 35 Step tensile 10800 75
45° 20 25 27.5 30 32.5 35 6=0,t<0
90° 20 25 30 35 40 45 G =0,t>0
t dgso(c) In eq. (9), A and & are stress-independent material constants of the
e(t) = gDoo(t) + & / AD(p —¢) ngdr. (3) 3 steady state creep, while B is for the transient. Respectively, m and n are
T

0

In eq. (3), go,g1and g are stress dependent functions. D, and AD(¢)
are the time-independent and transient components of the material’s
compliance respectively. The reduced time ¢ is further given as

t

ds , [ ds
o= ot) = /W and ¢f = o(t) = /W @

In eq. (2), a, is a stress-dependent shift factor, whereas t and s are
generic times.

If the creep is caused by a uniaxial constant stress, the time-
dependent stress can be given using a Heaviside function 6(t) = cH(t).
Substituting the stress in eq. (3) and evaluating the integration yields

t
e(t) = goDo0 + g182AD (;) o. 5)

As the stress is constant in eq. (5), the first term on the right repre-
sents the instantaneous deformation, whereas the second characterises
the transient part.

For a uniaxial load, the creep of materials depends on three funda-
mental parameters. These are the stress, temperature and time [49].
Under a fixed temperature, the time-dependent part of the creep &, can
be given by a combination of stress and time functions. That is,

e = fo)f (1) 6

The nonlinear creep of materials can be modelled by equating the
transient part in eq. (5) with eqn. (6).

§182AD (ai) o = o) (1) @

This approach was used by Findley [51], but only equating it with a
time function, and Schapery [50] with sine hyperbolic stress function.
Although it is possible to suggest a stress or a time function in eq. (7), it
does not independently represent the two-stage creep deformation of
materials. To amend this, the creep stages were separated and modelled
using a product of time and stress functions. First, the creep of the ma-
terial is presented as the sum of the primary and secondary stages.

£ = & + &. 8)

In eq. (8), erand & are the transient and steady-state creep responses.
Based on egs. (6) and (8), the transient and steady components of the
creep can be given using the product of the corresponding stress and
time functions. The creep modelling presented in this paper is based on
selecting robust functions that can be used to model the transient and
steady-state responses with reasonable accuracy. Thus, the primary
creep is modelled using power functions of stress and time [46,48,51].
On the other hand, a hyperbolic sine function of stress and a linear
function of time are used for the steady state. Substituting the functions
in eq. (8), the creep becomes

¢. = Bo™ ¢ + Asinh (g)t. ©

the powers of the stress and time functions for the transient creep. Eq.
(9) is the equivalent representation for the time-dependent part of the
nonlinear creep presented in eq. (3). By including the instantaneous
strain, the total strain of the material becomes

€ = £y + Asinh (%) t+ Bo™ ", (10)

Eq. (10) gives the instantaneous strain that superimposes the initial
elastic and plastic deformations, as well as the creep. However, the focus
of this paper is limited to modelling the time-dependent responses,
hence the ¢, of the different sample categories.

2.5. The finite element creep modelling on COMSOL Multiphysics

A 2D FE calculation is made on COMSOL to predict the creep
response of the material. COMSOL Multiphysics provides a variety of
predefined material models that can be used to study the time-
dependent deformation of materials. These include plasticity, visco-
elasticity, viscoelasticity, creep, and, nonlinear material models [61].
For the structural analyses, the creep material model is used. In the
COMSOL environment, the primary and secondary stages are indepen-
dently modelled using two subsequent creep models that contribute to
the basic linear elastic material model. Our primary creep modelling is
closely related to the predefined Norton model [62]. The creep rate at a
primary stage is stress and time-dependent; hence
. do.
Eor = ﬂ%.

In eq. (11), A is the combined stress and time function, Q, is the
equivalent stress c,, whereas ¢ is the stress tensor. A is further given as

(€8]

A =f(0e) * h(e.,t). 12)
The stress function f(c,) is modelled as
flo) ~ ()" a3
Oref
The time hardening of the material is also given as
n-1
h(e..t) = n(ttﬂ) : as
ref

In eq. (14), the material constant C is related to the stress function of
the proposed theoretical primary creep. That is, C = B*(o7ep). The 6,is a
reference stress. The stress and time exponents in eqs. (13) and (14) are
similar to the theoretical stress function values used to model primary
creep. At a specified reference stress 6.,y = 1MPa and reference times t,o
= 2 seconds, the constants C, m and n are determined from the experi-
mental results.

Our secondary stage creep is modelled by adding additional sub-
node to the primary thereby defining the combined model as
P

oo

In eq. (15), A is only a stress function and is defined using Garofalo’s

(15)
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sine hyperbolic as

A=D {sinh (:f)] . (16)

In eq. (16) the power of the hyperbolic term, a = 1, the material
constant D = A, and cr,f = 5, see eq. (9).

The two-dimensional sample geometry is first imported into the
COMSOL Multiphysics graphics window during the computational
modelling. Then, the material properties are defined according to the
creep models presented above. The boundary settings include con-
straining the sample geometry at one end and applying the creep load at
the other. At the constrained end, the displacement vectors u are zero,
hence

u=0. a7)

The stress at the other end is defined using a step function H(t) and
applied as a boundary load. That is

0 =0,H (t). (18)

In eq. (18), o, is the stress amplitude, and ¢ is the applied stress at the
boundary. While defining the load using the step function, two contin-
uous derivatives were assigned to avoid convergence errors during the
initial time stepping of the solving process. A mapped mesh type with a
rectangular element geometry is used for each model. A good mesh
statistic was obtained for the selected mesh type. The convergence of the
solutions is studied using a parametric sweep on the maximum mesh
element size that decreases from 1 mm to 0.1 mm with a 0.1 mm step.
Fig. 2 shows the geometry, boundary settings, and mesh details of the
specimen domain.

3. Results and discussion
3.1. Experimental creep responses

The creep responses of the CF-PET that is additive-manufactured at
0°, 45° and 90° infill orientations are experimentally studied. The results
show that the creep responses strongly depend on the infill orientation
parameter, see Figs 3 (a-c).

The creep responses of the sample categories were studied under a
wide range of stress levels. The 90° infill orientation samples showed
excellent creep performance, whereas poor creep behaviours were
observed from the 0° samples. The 45° samples were better than the
0° ones; however, exhibited comparably higher creep deformations than
the 90° samples. For example, at 6 = 25MPa and t = 3000s, the creep of
the 0°, 45° and 90° samples are 0.00561, 0.00502, and 0.00372, in a
corresponding order. The 0° orientation samples exhibited primary and
secondary stages without fracture for 20MPa — 27.5MPa stress levels.
Creep fracture is detected for 30MPa and above. The sample ruptured at
the secondary creep stage when ¢ = 30MPa. Raising the stress to
32.5MPa and 35MPa exasperates the creep deformation, leading to a
brittle fracture at the early stages of the experiment. The creep perfor-
mance was comparably better when the samples’ infill orientation was
at 45°. The samples exhibited secondary stage creep without rupture up

u=0
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to 32.5MPa stress. A further increment to 35MPa led to a creep fracture
within the primary stage. On the other hand, the 90° samples showed the
primary and secondary creep stages for the 20MPa — 40MPa stress
range. At 45MPa, the sample deformed first in a transient form and
swiftly entered the tertiary stage before rupturing at t = 2360seconds.

The strain rates of the samples are also evaluated and presented in
Figs. 4 (a-c). For all sample variants, the strain rates at lower stress levels
swiftly reduce to the minimum values and stay constant at the secondary
stage. On the other hand, the transitions among the stages are gradual
for the higher stress levels. Generally, the strain rates are very minimal
because of the samples’ deformations and rupture occurring at small
creep strains.

The primary creep is dominated by a hardening process where the
creep rate decreases with time and stress. The experimental study
showed that this hardening process extended up to the transition into
the secondary creep stages. Based on the Figs. 3 (a-c), the creep re-
sponses are influenced by the infill orientation parameters. The creep
performance monotonically increased with the change of infill orienta-
tion from 0° to 90°. This is due to the transition of the infill orientation
towards the uniaxial loading. The fractured surface investigation of the
samples generally supports this argument. The creep ruptures of the
samples are influenced by the fibre and matrix orientations, voids (be-
tween layers and within a layer) [63], inter-layer adhesion, fibre-matrix
adhesion, and fibre distribution in the matrix. These factors made the
polymer composite exhibit different creep fracture phenomena locally.

The creep ruptures were observed at a range of 0.08 — —0.014strain
for the three sample categories. The surface examination indicated that
the failure mechanism of the samples is associated with the combined
effects of fibre pull-out, fibre failure, fibre-matrix deboning, voids (intra
and inter-layer), and matrix failure (crazing and microfibril formations)
[64]. See the SEM results in Figs. 5 (a-c).

The fracture of the 0° sample is dominated by the failure of the inter-
layer matrix. The sample also contains process-related inter-layer and
intra-layer voids contributing to the fracture; see subplot 1 of Fig. 5 (a).
In addition, fibre-matrix debonding is observed (subplot 2 of Fig.5 (a)),
which results from the perpendicular loading against the infill orienta-
tion. Although the infill orientation is perpendicular to the uniaxial
creep, there are multiple locations with fibre pull-outs. This indicates
that the orientations of the reinforcement fibres cannot only be
controlled by the orientation of material deposition (extrusion). Some
locations within the matrix domain had river patterns (Fig. 5 (a)) that
indicate a brittle fracture. The 45° infill orientation showed different
failure mechanisms at the edges and centre of the fracture surfaces. Near
the edges, the fracture is dominated by fibre pull-out and intra-layer
voids (voids within a layer); see subplots 1 and 2 of Fig. 5 (b). Howev-
er, the inter-layer matrix failure dominates near the centre (subplot 3 of
Fig. 5 (b)). The 90° infill sample failed due to the combined effects of
fibre-matrix failure, intra and inter-layer voids, and fibre pull-outs.
Longer fibre pull-outs and fibre damages are observed, see subplots 1
& 2 of Fig. 5 (c)). In addition, matrix failures with localised fracture
planes are common (subplot 3 of Fig. 5 (c)).

0 = 0,H (t)

Fig. 2. Geometrical modelling, boundary conditions and meshing for creep analysis on COMSOL Multiphysics.
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Fig. 3. Experimental creep results: a) 0° infill orientation, b) 45° infill orientation, and ¢)90° infill orientation samples.

3.2. Determination of material parameters

To model the two stages of the creep, it is essential first to identify the
transition from the primary to the secondary creep stage. Hence, the

creep rates of the samples were evaluated to identify the transitions. See
Figs. 4 (a-c). After the transitions were determined, the creep stages
were modelled separately. The time function of the primary creep has
the exponent n, which is less affected by variations in stress and infill
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Fig. 4. The strain rates of the a) 0°, b) 45°, and ¢) 90° infill orientation samples tested at different stress levels.

orientation. For all studied samples, n varied between 0.2226 and
0.2236. On the other hand, the stress functions for the primary and
secondary creep are infill orientation-dependent. A two-step regression
analysis is used to determine the material constants related to the stress

functions.

The first step is to use a nonlinear least-square regression on all
experimental creep to determine stress-dependent constants associated
with the stress functions. The terms in the regression model are related
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to eq. (14), however, not robust enough. For each sample category, the
curve fitting of the creep data is made using

g =Db+ct+dt" (19
In eq. (19), ¢; is the creep of the material caused by 6 = 6;. Comparing
eqgs. (10) and (19), & = €., bi = &g, ¢i = Asinh (%) and d; = Bo}".

The second step is to determine the stress-independent material
constants (B, m, A, andd). These constants are robust against stress
variations and can be determined by plotting c; and d; with respect to c;.
The material constants associated with primary creep are determined by
imposing a power function relationship between d; and o;. Fig. 6 shows
this relationship for each sample category.

On the other hand, the material constants of the secondary creep are
determined by correlating c; and o; using a sine hyperbolic function, see
Fig. 7.

The material constants that are determined from the two-step
regression analyses are presented in Table 2. The constants in the
stress function depend on infill orientation, while the constant of the
time function does not considerably. See Table 2.

3.3. The FE analyses

The COMSOL material modelling is also based on the results of the
experimental data. However, as indicated in section 2.5, the creep
models in COMSOL have material constants related to the theoretical
ones. Therefore, the material constants in COMSOL modelling are
evaluated using the parameters in Table 2 and assigned to the 2D
domain. Fig. 8 presents one of the results of the 2D FE creep (strain
component €17 in local coordinate system) calculations at t = 2.5sec-
onds, t = 100seconds, t = 1000seconds and t = 10800seconds.

3.4. Comparison of the creep results

Using the material parameters presented in Table 2, the creep re-
sponses of the samples are modelled theoretically, and computationally
on COMSOL. Figs. 9 (a-c) present the results in comparison to the
experimental data.

The theoretically calculated creep responses are all in good agree-
ment with the experimental findings. The stress-independent material
parameters are robust against changes in stress; however, they vary
slightly with the infill orientation. The differences in the infill re-
inforcements towards the uniaxial tensile creep cause their variations.
The comparisons presented in Figs. 9 also showed a good agreement of
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the FE model with experimental results. The errors of the proposed
models are evaluated and summarised in Table 3. The theoretical model
showed a maximum of 1.04 % for the 45° infill under 32.5 MPa stress,
while most of the calculated errors fall below 0.8 %. And, the 2D FE
analyses showed a maximum of 2.9 % error for the 0° infill under 20
MPa stress. This indicates that the two-dimensional FE calculation can
satisfactorily characterise the creep of the transversally isotropic 3D
printed samples. However, the accuracy of the prediction is not as good
as the theoretical model. Various reasons can influence the accuracy of
predictions, including the spatial dimension considered, the initial time
stepping of the load profile, and the boundary conditions. Generally, the
error analyses in Table 3 showed that accurate nonlinear creep model-
ling can be made both theoretically and computationally.

The work characterises the creep deformation of additive-
manufactured CF-PET using experimental, theoretical and computa-
tional methods. The experimental method focuses on investigating the
influences of the infill orientation parameter on the creep performances
and rupture mechanisms of the material. The experimental results
indicated that the creep deformation of the material improved as the
infill orientation changes from 0° to 45° and then to 90°. The maximum
creep performance is obtained when the infill is along the loading di-
rection, and the minimum is when the infill is transversal to the loading.
The creep performance of the 45° samples is the intermediate. Our
previous works on the short-term creep and recovery behaviour [65]
and mechanical property optimisation [66] of PLA also revealed similar
findings. In addition, studies on the influence of infill orientation on
mechanical properties of polymer composites, including the tensile
strength and modulus of short carbon fibre-reinforced ABS [67,68],
fracture parameter of 3D printed PP [69], flexural strength and modulus
of ABS [70], and tensile properties of PLA, ABS and fibre-reinforced
nylon [71] suggested similar conclusions. They all identified that sam-
ples with 90° orientation (infill along the loading) perform better due to
the extrudate reinforcement against the loading.

In this paper, the samples are directly additive manufactured to the
net geometry. Hence, it does not imply that the same creep behaviour
would be obtained, had the samples were cut to size from large piece of
additive manufactured sheet. Additive manufactured components have
inherent structural nonuniformities that lead to anisotropy [72,73].
These are associated with the deposition mechanism of the layer struc-
tures that usually results in notches, voids, and imperfections at the intra
and inter-layer bonding [63]. Cutting samples out of a large structure
exasperates the anisotropy by distorting the perimeter (bottom/top
layer thickness), and adding post-process phenomena such as, residual
stresses due to milling [74], creating heat affected zone (HAZ) within

-

8 =10
—0° Samples

7 —45° Samples
—90° Samples

6 |- -

— m
5 di = BO'i

Experimentally determined

3 |-
2
1
0 : ‘
1 1.5 2 2.5 3 3.5 4 4.5
Stress [MPa] %107

Fig. 6. Curve fitting of d; to determine material constants for the primary creep model.
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Fig. 7. Curve fitting of c; to determine material constants for the secondary creep model.

Table 2

Material constants of the theoretical creep models determined via regression analyses.

Infill orientations Creep modelling

Primary Creep model (Bo™t")

Secondary creep model

(rsm2))

Stress function parameters Time function parameter Stress function parameters Time function parameter
B m n A [ 1

0° 1.328e-27 3.103 0.2226 1.347e-10 5.078e6 -

45° 3.676e-27 3 0.2226 6.662e-9 1.286e7 -

90° 1.161e-29 3.32 0.2236 2.458e-12 4.523e6 -

Time=2 s Surface: Strain tensor, local coordinate system, 11-component (1)

max: 3.54983E-7

Time=100 s Surface: Strain tensor, local coordinate system, 11-component (1)

max: 0.00476223

Time=1000 s Surface: Strain tensor, local coordinate system, 11-component (1)

max: 0.00702421

Time=10800 s Surface: Strain tensor, local coordinate system, 11-component (1)

max: 0.00786937

Fig. 8. Surface plots of the creep strain results for the 45° infill orientation sample under 32.5MPa stress.

the sample due to laser cutting, [75,76] or moisture absorption during
water jet cutting [74]. Due to these factors, some research works re-
ported that better tensile strength and modulus can be obtained by
directly additive manufacturing the specimens than machining [74,75,
771. On the other hand, cutting the samples out of a large piece removes
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the external notches that occur due to the deposition mechanism. This
can be considered as an advantage for two reasons: first, it increases the
probability of the fracture to be within the gauge length, and second, it
improves the ductility property [77]. Whether the samples are directly
manufactured or machined out of a sheet, the influences of the infill
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Table 3
Mean percentage errors of the theoretical and FE creep models.

Sample category Creep stress [MPa] Errors [%]

Theoretical model FE model
0° 20 0.63 2.9
25 0.61 1.48
27.5 0.27 2.46
30 0.32 1.26
45° 20 0.78 2.84
25 0.53 1.52
27.5 0.31 2.25
30 0.41 2.08
32,5 1.04 2.25
90° 20 0.79 2.67
25 0.94 2.54
30 0.82 1.87
35 0.36 1.73
40 0.77 2.37

orientations seemed to be similar [74,78]. Good mechanical perfor-
mances are obtained when the cutting is made longitudinally to infill
orientation, while weak performances are the result of cutting made
transversally to the infill orientation. However, the authors believe that
the influences of specimen cutting direction on long-term mechanical
properties, and its comparison to the directly additive-manufactured
counterpart could be investigated further.

Analytically, the linear viscoelastic constitutive has been used as a
basis for nonlinear viscoelastic modelling. In that regard, few studies are
made to characterise the nonlinear viscoelastic behaviours of polymers
and polymer composites [79,80,81,82]. In this paper, the theoretical
and computational methods focus on characterising the primary and
secondary creep phenomena. Uniquely defined stress and time functions
are used to predict the material’s creep deformation. The coefficients of
models are derived from the experimental data via regression analyses.
The creep modelling process followed a procedure. First, the transient
and steady-state creep stages are separated. Then, appropriate stress and
time functions were assigned to each stage. The transient creep was
modelled using power functions for the stress and time. Moreover, the
steady-state creep was modelled using a sine hyperbolic stress, and a
linear time function. The two stages of the creep are presented using a
single creep equation, hence superimposed. The material constants B, m,
n, A and & are infill orientation dependent; however, they are closely
related. Among these, the powers of the stress and time (m & n) showed
consistencies within decimal places, see Table 2. On the other hand, the
stress-independent coefficients B, A and & showed notable variations for
the different infill geometries. For most materials, n is generally less than
0.5 [51] whilem > 1 or an odd positive integer. Garofalo’s creep rupture
study in metals reported m = 3.64 for stainless steel at 1300°F and m =
4.5 for aluminium at 500°F [46].

Similarly, COMSOL Multiphysics was used to model the creep
response of the material computationally. Slight modifications were
made to the COMSOL’s predefined creep model. The primary creep is
defined using power functions for the stress and the material’s time-
hardening property, whereas Garofalo’s sine hyperbolic stress function
is used to model the secondary stage creep. The material constants in the
computational model are determined based on their interrelationship
with the theoretical counterpart. The proposed models highlight how
the material’s nonlinear creep is related to stress and time at the primary
and secondary creep stages through the material and orientation
dependent constants. In particular, within the intermediate to high
stress strange, the short-term nonlinear creep of the material is generally
related to power stress and time functions that explains the hardening at
the primary stage, whereas the steady growth at the secondary stage is
linearly related with time and nonlinearly with stress. The models
adequately reproduced the creep responses of the material. Within the
range of stress levels studied, the approaches can be used to model the
short-term nonlinear creep of the material. In both approaches, the
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models showed good agreement with the experimental findings. The
good agreement of the experimental, theoretical and computational
methods stems from identifying suitable phenomenological models for a
stress and time dependent creep during primary and secondary stages;
the use of a wider stress range during the experimental investigation;
and the approach (two-step regression process) followed to determine
the material constants for the different sample variants.

4. Conclusions

The nonlinear creep behaviour of additive-manufactured CF-rein-
forced PET is studied using experimental, theoretical and computational
methods. The samples are additive-manufactured with 90% infill den-
sity and categorised based on three different infill orientation parame-
ters, i.e., 0°, 45° and 90°. The samples are tested in creep at different
stress levels, with each creep test lasting up to 3 hours. The experimental
creep results are used to compare the sample categories and model their
responses theoretically and computationally. The key findings are
briefly summarised as follows:

The experimental results revealed a strong dependence of the ma-
terial’s creep performance on the infill orientation parameters. The
creep resistance of the material monotonically improved as infill
orientation changed from 0° to 45° and then to 90°. Without exhibiting
creep rupture, the 0° infill supported a maximum of 27.5MPa stress,
while the 45° withstood a 32.5MPa. By comparison, excellent creep
performance was obtained from the 90° infill resisting creep rupture up
to 40MPa. The successive sample categories (0°, 45°, 90°) showed creep
ruptures at 30MPa, 35MPa and45MPa respectively. The SEM analysis
showed that the failures are caused by a variety of localised and non-
localised damages. These include matrix failure, fibre, pull-out, fibre-
matrix debonding, fibre failure, inter-layer debonding, and voids.
Generally, the 90° infill showed good performance which can be
explained by the fibre and polymer molecular chains aligning towards
the uniaxial stress. On the contrary, the weakest creep performance was
obtained from the 0° infill, as the reinforcement did little to support the
perpendicular stress.

The theoretical nonlinear creep modelling was based on separating
the transient and steady-state contributions through suitably defined
stress and time functions. The transient creep was modelled via power
stress and time functions, whereas the steady state was based on a sine
hyperbolic stress and a linear time function. With almost all calculated
errors falling below 1 %, the model’s creep predictions were in good
agreement with experimental findings. Furthermore, by extending the
theoretical model to a computational approach, reasonably acceptable
predictions were obtained from 2D-FE calculations. The maximum error
of the computational modelling was 2.9%.
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