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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Ole Thomsen This study investigates the viscoelastic performance of additively manufactured (AM) nylon and nylon-matrix
composites reinforced with short and continuous fibres with three different fibre orientations: longitudinal,
transverse, and quasi-isotropic. Dynamic mechanical analysis under a frequency sweep of 1-100 Hz along with
tensile tests used to determine the Young’s modulus and X-ray micro-CT for evaluation of microstructural
porosity were employed to fully describe the viscoelastic behaviour of the composites. Generally, the addition of
fibres increased the storage modulus of most composites. The composites revealed increased porosity and
fractography using a scanning electron microscope on the tensile specimens demonstrated poor fibre-matrix
bonding. These factors, along with the fibre orientation, had a complex effect on the loss modulus of the com-
posite structures. Overall, the addition of fibres reduced the damping factor of the composite specimens
compared to pure AM nylon samples. The quantified parameters, including those of the Prony series, can be used
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in numerical simulations supporting the design and optimisation of AM components.

1. Introduction

The ability of additive manufacturing (AM) to produce complex
geometrical structures with reduced material waste is its most valuable
feature compared to traditional manufacturing processes. The techno-
logical advances and increased robustness of AM processes in the last
decade have led to growing research in this field. The AM process can
vary depending on the type (metal, polymer, ceramic) and phase
(powder, filament, liquid) of the material [1,2]. Fused deposition
modelling remains the most popular technique to produce AM structures
from thermoplastic polymers such as polylactic acid (PLA), acrylonitrile
butadiene styrene (ABS), and polyamides (nylon), where the raw ma-
terial is extruded layer by layer through a heated nozzle. The solidifi-
cation of the extruded filaments binds them to the adjacent layers,
creating what is known as material extruded additively manufactured
(MEAM) structures. The MEAM polymer structures have lower strength
and stiffness compared to the bulk polymer due to microstructural de-
fects such as voids/porosity [3-6]. These can be improved by optimising
the manufacturing parameters such as layer height and print tempera-
ture but the best method to significantly enhance the performance of
MEAM structures is by adding reinforcement materials, e.g.,
high-performance fibres (carbon fibre, glass fibre, Kevlar) to create
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MEAM composite structures [7-9]. These fibres can be short (SFs), with
the raw material for AM consisting of a mixture of a polymer matrix and
SFs, extruded through a single nozzle [3,10-12], or they can be
continuous (CFs), with the individual raw filaments of the nylon matrix
and CFs extruded separately through different nozzles [4,10,11,13,14].

Generally, polymers exhibit both elastic and viscous behaviours
known as viscoelasticity [15,16]; therefore, the stress in the polymer is
related to the strain and strain rate due to the elastic and viscous nature,
respectively. In the relaxation mode, the strain energy of the elastic
component can be recovered but the viscous component causes per-
manent deformation, with the strain energy dissipated as heat in the
process known as viscous damping. Therefore, investigation of the
viscoelastic performance of polymer-matrix composites is essential for
understanding the overall damping effect of these structures. Dynamic
mechanical analysis (DMA) is a popular method to assess the viscoelastic
performance of polymers and polymer-matrix composites at different
temperatures and frequencies. Several studies analysed the viscoelastic
characterisation of MEAM polymers and composites reinforced with SFs
and CFs using DMA under temperature sweep as it allows the determi-
nation of their glass transition temperature [17-25]. However, very
limited studies of DMA under frequency sweep can be found for such
materials. The AM process and the addition of different types of fibre
change the stiffness and microstructure of these polymers and
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Nomenclature

AM Additive manufacturing

CF Continuous fibres

CL Nylon matrix reinforced with continuous carbon fibres
in longitudinal orientation

CQ Nylon matrix reinforced with continuous carbon fibres
in quasi-isotropic orientation

CT Nylon matrix reinforced with continuous carbon fibres
in transverse orientation

M Injection moulded

MEAM  Material extruded additive manufacturing

N AM nylon

NCCF Nylon matrix reinforced with continuous carbon fibres

NSCF Nylon matrix reinforced with short carbon fibres

SEM Scanning electron microscopy

SF Short fibres

SL Nylon polymer matrix reinforced with short carbon
fibres printed in longitudinal orientation

SQ Nylon polymer matrix reinforced with short carbon
fibres printed in quasi-isotropic orientation

ST Nylon polymer matrix reinforced with short carbon

fibres printed in transverse orientation

composites, and studies on traditional composites showed a link be-
tween stiffness and microstructure in the overall viscoelastic perfor-
mance of these structures [26-29]. The addition of SFs and CFs in MEAM
composites demonstrated a significant improvement of the stiffness of
unidirectional MEAM composites loaded in the direction of fibres [3,4,
10-12] but these fibres also increased the porosity with weaker bonding
between fibre and matrix, thereby introducing new microstructural in-
terfaces [3,4,10,13,30-32].

Current DMA research of MEAM polymers and composites lacks in-
depth analysis of viscoelastic properties [33-35] in frequency sweep.
This was also observed for traditional fibre-reinforced composites,
especially, for the loss modulus with the general trends discussed but
insufficient explanation of such phenomenon due to the absence of
microstructural analysis [26-29]. This paper aims to fill this gap by
thoroughly investigating the viscoelastic performance and microstruc-
ture of AM polymer/composites using DMA in a frequency-sweep
regime. The influence of both short and continuous fibres (including
their different orientations) on the stiffness and viscoelastic properties
are explored, including its effect on the microstructure such as porosity
to explain the overall damping factors of AM structures. Understanding
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the viscoelastic properties of AM composites lays the foundation for an
adequate analysis of their long-term performance as well as improving
the design and optimisation of components for various applications.

2. Methodology
2.1. Materials and manufacturing methods

MEAM nylon and MEAM nylon-matrix composites reinforced with
short and continuous carbon fibres, denoted NSCF and NCCF respec-
tively, were investigated in the form of solid structures (100% infill) in
this study. Nylon has good strength, stiffness and thermal resistance
compared to other AM polymers such as PLA and ABS [36], while carbon
fibre excels over other reinforcement fibres, for example, glass fibre and
Kevlar in terms of strength and stiffness [37]. Raw filaments for NSCF
were obtained from Polymaker (PA6-CF); they consist of nylon 6 with a
20% fibre volume fraction of chopped carbon fibres (length 250 pm),
and the optical microscopy of the extruded filament confirmed it
(Fig. 1a). The voids in the filament (red circle in Fig. 1) were found on its
surface with scanning electron microscopy (SEM). CURA software and a
Ultimaker 2+ printer were used to print the NSCF structures. For MEAM
nylon and NCCF specimens, the raw materials were obtained from
Markforged (white nylon and carbon-fibre spools), and the structures
were fabricated using the Eiger software and Mark 2 printer. The NCCF
structures were printed with a 20% volume fraction of continuous-fibre
filament using Eiger but microscopy of the cross-section of this filament
revealed 50-60% fibre (Fig. 1b), which ultimately reduced the effective
fibre volume fraction in the NCCF structures to 10-12%. Table 1 sum-
marises the printing parameters for MEAM nylon, NSCF and NCCF
specimens.

Three different filament orientations — longitudinal, transverse, and
quasi-isotropic — were considered for each type of fibre reinforcement.
The NSCF and the NCCF filaments were extruded in the loading direc-
tion (0°) for the longitudinal orientation and perpendicular to this di-
rection (90°) for the transverse orientation. For the complex quasi-
isotropic structure, the filaments were printed at 0°/445°/90°/-45° to
reduce anisotropy introduced by the fibres in the MEAM composite
structure. Table 2 lists the extruded-filament orientation of MEAM nylon

Table 1

Printing parameters of MEAM nylon polymer and composites.
Parameter NCCF NSCF
Material Nylon Carbon fibre Mixed
Nozzle temperature 260 °C 260 °C 260 °C
Nozzle diameter 0.4 mm 0.9 mm 0.8 mm
Layer height 0.125 mm 0.125 mm 0.125 mm

Fig. 1. Cross-section of NSCF filament (a) and NCCF fibre filament (b) under an optical microscope.
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Table 2

Printing patterns and composite layups of MEAM nylon polymer and composites.
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MEAM Structure

Matrix and/or fibre orientation DMA - stack layup

Pure nylon (N) £45°

Pure nylon with 0° continuous
fibre — longitudinal (CL)

Pure nylon with 90°
continuous fibre — transverse
(&)

Pure nylon with 0°/45°/90°/-
45° continuous fibre — quasi-
isotropic (CQ)

Nylon + 0° short fibre —
longitudinal (SL)

Nylon + 90° short fibre —
transverse (ST)

Nylon + 0°/45°/90°/-45° short
fibre — quasi-isotropic (SQ)

Coordinates

(4524

N iiwi /
(0°)

[(+45°)4/(+45°/0°/-
45°/0°)z]s

N iMSOi /
(90°)

[(£45°),/(+45°/90°)-
45°/90°),]

[(+45°)4/(+45°/0°/-
45°/145°/+45°/90°/-
45°/-45%)]

©0°)

(+45°)

.E.s.
S 3

] 5

o 3

¥

©00°)  [0°/+45°/90°/-45°]

Micro-CT/Tensile —

stack layup

[#45°T1s

[(£45%)/(+45°/0°/-

45°/09)],

[(+45°)4/(+45°/90°/-
45°/90°), ]

[(£45°)5/(0°/+45°/+45°/9
00/-45°/-45°)/(+45°)s]

[90°Ti6

[0°/+45°/90°/-45°],

20 mm

Fig. 2. MEAM NCCF (white) and NSCF (black) tensile (a) and DMA (b) specimens.
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as well as of the MEAM NSCF and NCCF composite structures, including
the stacking order for different mechanical tests.

2.2. Mechanical test and microstructural analysis

Tensile tests were carried out on 2 mm-thick specimens (Fig. 2a)
according to the type IV specimen of ASTM D638 [38] at a speed of 5
mm min ! until fracture.

Dynamic mechanical analyses (DMA) were performed on 64 mm X
13 mm x 3 mm samples (Fig. 2b) following ASTM 5023 [39] in a 3-point
bending configuration (Fig. 3) for a frequency sweep of 1-100 Hz at 5 Hz
intervals at 22 °C. The 3-point bending setup was required for the pro-
cess due to high stiffness of the fabricated AM nylon composite and
thicker samples associated with the continuous-fibre laminated com-
posite. The amplitude of the oscillations was 0.5 N; to ensure that the
samples remained in contact with the vibrating shaft and the applied
force was transferred to the sample throughout the complete oscillation,
a preload force of 12 N was applied. There was no significant rise in the
temperature of the samples during the whole frequency sweep process.
The experiments were repeated at least 5 times for each case.

DMA applies a constant vibrating force, which leads to an oscillatory
deformation over time of the samples. The cyclic strain on the sample
due to this deformation along with the polymer’s viscoelastic nature
demonstrates a lag between this applied strain and corresponding stress
(Fig. 4) [15].

Therefore, the strain and the stress in the polymer in DMA can be
described in the following form:

£=¢ sin wt, (€3]
6 =0y sin(wt +6), 2

where ¢ is the strain, ¢y is the strain amplitude, o is the stress, oy is the
stress amplitude, w is the frequency, t is the time and 6 is the phase lag
[15,16]. The stress can then be decomposed into two components as
follows

0 =0y cos & sin ot + oy sin & cos wt, 3

where the first magnitude oo cos § is in phase with the strain and the
second magnitude, o sin § is 90°, out of phase with strain.

These stresses can be related to storage modulus, G, and loss
modulus, G,:

G, =% cos &, 4
&o

G, =% sin § . (5)
=)

The storage modulus is linked to the energy stored by the material
through elastic deformation and the loss modulus to the energy lost to

Temperature sensor

Fixed beam
Sample

Stationary clamp

Vibrating shaft

Fig. 3. 3-point bending configuration for DMA under frequency sweep.
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Fig. 4. Applied strain and corresponding stress response in polymer.

heat due to the viscous effect. Finally, the ratio between the loss and
storage moduli is defined as the tan delta:

Gs
tan 6 = G_L . 6)

This quantity represents the energy lost to the energy stored by the
material and measures its damping factor.

Micro-CT was performed on a 2 mm-thick specimen with a beam
energy of 40 kV and beam current of 50 pA with 3016 projections to
obtain high-resolution 3D images of the microstructure of the MEAM
samples. The micro-CT results were post-processed using Dragonfly ORS
software. Additionally, SEM was used on fractured surfaces post-tension
to examine the structural bonding between the nylon matrix and the
carbon fibres in AM composites.

3. Results and discussion
3.1. DMA of injection-moulded vs MEAM nylon polymer

The obtained levels of mean storage modulus, loss modulus, and tan
delta for MEAM nylon specimens are summarised in Fig. 5 and the
properties are compared against those of injection moulded (IM) nylon
[28] for the DMA frequency sweep between 1 and 100 Hz in 3-point
bending setup.

The storage modulus of MEAM nylon is initially lower than that of IM
nylon, however, it increases with frequency, crossing the curve for IM
nylon at 6 Hz. This significant increase in the storage modulus for MEAM
nylon continues until 20 Hz, after which it rises gradually with

4500 10.15
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4000 320 dor2
g 280 §
=
@ 3500 240 =4 0.00
= ol T8
] =] g
8 200 3 °
€ °] ®©
o 3000 £40.06 —
) 160 ¢
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[e]
& 120 —~

2500 | Jo.03

180
2000 40 looo
0 100

Frequency (Hz)

Fig. 5. Comparison of storage moduli, loss moduli and tan delta of nylon
MEAM and IM specimens [28] for frequency sweep of 1-100 Hz.
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frequency, whereas the increase in the storage modulus of IM nylon with
frequency remains very small in comparison. This indicates that at
raising frequency, MEAM nylon was able to store more energy through
elastic deformation than IM nylon. However, a comparison for loss
modulus showed that MEAM nylon had a significantly higher loss
modulus compared to that of IM nylon for all corresponding frequencies,
indicating that the former also lost more strain energy through viscous
damping. However, the tan delta measures the ratio of energy lost to
energy stored, which minimises the influence of external factors, and
can be considered a structural property. The tan delta of MEAM nylon
was significantly higher than that of IM nylon, indicating that the former
has a higher contribution of viscosity, leading to higher dissipation of
strain energy.

The MEAM process changes the microstructure of printed parts by
introducing interfaces and voids between the extruded filaments. Fig. 6
shows the distribution of porosity in printed MEAM nylon structure
(Supplementary Documents, Video 1 N). The friction at these interfaces
during the shear deformation of the MEAM polymer and the compres-
sion of trapped air volumes in the pores led to higher strain-energy
dissipation, increasing the damping effect. The decrease of the tan
delta with frequency suggests that sufficient time was not provided for
the polymers to disperse the energy at higher frequencies.

Guess [30] also showed a similar distribution of linear porosity for
MEAM nylon with a significantly high level (36-39%) and concluded
that poor fusion between the extruded filaments within the layers was its
major source. However, in the current study, the porosity was lower
(~10%), suggesting better bonding between the extruded filaments.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2023.110815

3.2. Effect of fibres on Young’'s modulus and porosity

The measured values of the Young’s modulus for MEAM nylon and
the studied MEAM composites are shown in Fig. 7. The addition of fibres
increased the stiffness similar to studies of MEAM nylon-matrix carbon-
fibre-reinforced composites, where CFs had a significantly higher
Young’s modulus than SFs for longitudinal orientation [10,11,13].
However, for the transverse orientation, CFs had a lower Young’s
modulus compared to SFs. This is caused by the fact that the fibres are
highly oriented and aligned perpendicular to the loading direction, with
the nylon matrix carrying most of the load compared. The properties of
the quasi-isotropic structure remained between those two cases, with CQ
having higher stiffness than SQ thanks to more aligned fibres in the

Porosity - Volume (mm?)
5.00

0.62

0.00

z 1 mm

Fig. 6. Porosity distribution in MEAM nylon structure.
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Fig. 7. Young’'s modulus of MEAM structures.
filaments.

The properties of the porosity in the MEAM structures are summar-
ised in Table 3, with Fig. 8 demonstrating the distribution of micro-
structural porosity in them. The longitudinal and transverse specimens
shared the same porosity properties as both were unidirectional struc-
tures with filaments rotated by 90° to the loading direction. The addition
of fibres significantly increases the overall porosity of the MEAM
structures due to the introduction of new fibre-matrix interfaces, while
the type and orientation of these fibres also influenced the porosity. In
general, the porosity of SF MEAM structures (Supplementary Docu-
ments, Video 2 SL and ST) was approximately 50% higher than that of
the CF MEAM structures (Supplementary Documents, Video 3 CL and
CT). For CFs, most of the porosity occurred between the separate layers
of the composite, while for SFs the porosity was distributed throughout
the whole structure. This indicates a poor bonding between fibres and
the matrix since, for SF structures, the mixture of matrix-fibre extruded
as a single filament created more interfaces, compared to the separate
extrusion of the layered matrix and fibres in CF structures. On the
contrary, the average pore volumes of CF structures were 50% larger
than SF structures. This is expected as the SF structures are printed from
a nylon-carbon fibre mixture in a single filament, which allowed the
bonding of the nylon matrices between extruded filaments. However, in
the CF structures, large pores were left between the separately extruded
nylon and carbon-fibre layers.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2023.110815

This pattern was also observed when comparing solid MEAM SF and
CF composites, such as 16-27% for ABS with short carbon fibre [31] and
8.35% porosity for nylon with continuous carbon fibre [13]. Chisena
et al. [32] showed 9.8% porosity for nylon with short carbon fibres;
however, the analysis did not include pores between extruded filaments,
leading to considerably lower porosity value compared to SF structure,
but still higher compared to CF structures. The quasi-isotropic structure
had slightly reduced porosity for both types of fibres, indicating that

Table 3
Porosity properties of MEAM structures.
Properties N CL/CT SL/ST CQ SQ
Overall porosity (%) 10.08 13.98 20.08 11.05 18.77
Mean pore volume (mm?) 0.0003 0.0003 0.0002 0.0003 0.0002
Average max Feret diameter 0.14 0.06 0.07 0.07 0.06
(mm)
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Fig. 8. Porosity distribution in MEAM composites: (a) CL/CT, (b) SL/ST, (c) CQ and (d) SQ.
changing the orientation across layers allows the extruded filaments to [13].
cross over each other and close some of the repeated gaps between the Supplementary video related to this article can be found at http
filaments (Supplementary Documents Video 4 SQ and Video 5 CQ). This s://doi.org/10.1016/j.compositesb.2023.110815
was also observed in a similar study, where quasi-isotropic orientation Further, the post-tensile fractography analysis of the MEAM struc-
almost halved the porosity compared to the unidirectional composite tures (Fig. 9) revealed exposed fibres with surfaces, mostly clear of the

(c)

L e
X ! P‘ ~

Fig. 9. SEM of fractured surfaces of MEAM tensile specimens.
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matrix material, indicating poor bonding between the nylon matrix and
carbon fibres. The SEM analysis of SF structures revealed no internal
voids, in contrast to Fig. 1, confirming that they were only on the
surface.

3.3. DMA of MEAM composites: storage moduli, loss moduli and tan
delta

The mean storage modulus of the different MEAM structures from
DMA with a 1-100 Hz frequency sweep at 22 °C are summarised in
Fig. 10. The addition of fibres significantly increased the storage
modulus of all the studied structures (see Fig. 5) (except for ST) thanks to
their higher stiffness. For all MEAM structures, the storage modulus
increased with frequency as the material was able to absorb more vi-
bration energy introduced with increased frequency. The storage moduli
of the CF structures were higher than that of the SF structures for the
corresponding fibre orientation. Although ST had twice the Young’s
modulus of the MEAM nylon, the porosity was also twice as high and,
therefore, there was less material in the structure to store the strain
energy.

Similar studies of storage modulus of AM ABS material, nylon com-
posites and stereolithographic graphene-polymer nanocomposites
confirmed the link between storage modulus and Young’s modulus
[33-35]. This relation was also observed for polymer-matrix fibre-r-
einforced composites produced by other techniques such as oven baking
[26], vacuum infiltration [27], and pre-peg layup [40].

The mean loss moduli of the MEAM structures obtained from DMA
with a 1-100 Hz frequency sweep at 22 °C are shown in Fig. 11. The
addition of fibres significantly increased the loss modulus of the MEAM
structures except for ST, similar to the observation of the storage
modulus response. The addition of fibres added fibre-matrix interfaces
and increased the porosity within the MEAM structure. Slipping at these
interfaces due to shear deformation caused friction, leading to higher
dissipation of strain energy. Besides, the increased porosity led to the
compression of more trapped air further increasing the viscous effects.
However, unlike the storage modulus, the loss modulus of each structure
fluctuated with increasing frequency, and the overall change was much
lower. The loss modulus was influenced by the microstructural proper-
ties (porosity and fibre orientation), and the fluctuations occurred due to
the microstructural uncertainties (small changes in porosities and fibre
orientations due to deformation and vibration within the structures) at
different frequencies.

Etaati et al. [26] demonstrated that for short hemp fibre, increasing
the concentration increased the loss modulus of the structure up to 30%
fibre volume and claimed that poor bonding of fibre-matrix caused the
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Fig. 10. Storage moduli of MEAM composite structures for frequency sweep of
1-100 Hz at 22 °C (shaded region based on error bars).
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Fig. 11. Loss moduli of MEAM composite structures for frequency sweep of
1-100 Hz at 22 °C (shaded region based on error bars).

slipping and friction to dissipate the strain energy. Similarly, other
studies found that the addition of nanofibres in the polymer increased
the loss modulus of the structures [27,28]. However, most studies still
lack an analysis of the reasons behind this phenomenon and point to-
ward microstructural uncertainties.

Although there is a distinct effect of fibre orientation on the loss
modulus, there is no clear relation between the type of fibres and their
effect on the loss modulus. The longitudinal orientation had the highest
loss modulus while the transverse one had the lowest; a similar obser-
vation was documented by Hadi [29], but there is still no satisfactory
explanation for this phenomenon. The similarity of responses indicates
that the orientation of the fibre-matrix interface plays an important role
in energy dissipation. The mechanism of energy loss at the interface is
shown in Fig. 12. Fibres pointing towards the direction of elastic wave
(longitudinal orientation) have a higher extent of the interfacial surface
along the direction of energy flow. As the energy propagates, the slip-
ping of fibres at the fibre-matrix interfaces leads to more energy dissi-
pation as heat, compared to fibres oriented perpendicular to the energy
flow (transverse orientation). Since the quasi-isotropic orientation had a
higher proportion of fibres in the direction of energy flow compared to
the transverse orientation, the loss modulus was also higher. The fact
that ST had a lower loss modulus than MEAM nylon was due to nylon
having a significantly larger pore size and more oriented interfaces
(linear porosity in the nylon matrix) in the direction of the strain energy
compared to ST.

Next, the mean tan delta of the MEAM structures for a frequency
sweep was analysed (Fig. 13). MEAM nylon had the highest tan delta for
all frequencies, while the addition of fibres lowered the overall tan delta
of the MEAM composites.

The tan delta of the structures reduced with the increase of frequency
indicating lower energy was lost. The effect of type and orientation of
fibres on the tan delta of the MEAM composites presented a complicated
pattern due to the complexity in the response of loss modulus. Still,
longitudinal is the most effective fibre orientation at reducing the
damping factor of MEAM composites, with CFs remaining the best type
of reinforcement to reduce the relative loss of strain energy (compared
to the stored energy) by the MEAM composites unless the fibres are
oriented in the transverse direction. Hence, CL demonstrated the lowest
damping factor compared to the other MEAM composites. This obser-
vation matches with the study on MEAM nylon composites by Fernandes
et al. [34], comparing the properties between short-fibre and short-fibre
reinforced with continuous fibre structures, while our study investigated
the effects of short and continuous fibre separately. The low tan delta of
these structures indicates possible applications required to preserve the
vibration energy of equipment, e.g., customised holders for electrical
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Fig. 12. Strain energy dissipation for fibres in longitudinal (a) and transverse (b) orientation.
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Fig. 13. Tan delta of MEAM composite structures for frequency sweep of
1-100 Hz at 22 °C (shaded region based on error bars).

drills and cutting instruments. The added stiffness and strength of
fibre-reinforced structures with close levels of density for the nylon and
carbon fibres provide the possibility to produce lightweight strong
structures.

3.4. Calculating Prony-series parameters of MEAM structures

The Prony-series is used to describe the viscous behaviour of mate-
rials. In the time domain, it provides the dimensionless shear moduli as

t)—l—zN:G,(l—eflx), @
i=1

where Gy is the dimensionless shear modulus, t is time, and G;j, 7; for i =
1,2,...,N are the material constants [41,42].

The Fourier transform is applied to Eq. (7) to present the storage and
loss moduli in the frequency domain as

G,() GO<IZG>+GOZIG+T:;Z, ©)

N
=Y s S ©

1+ a?

where G, and G, are the storage and loss moduli, respectively, Gy is the
instantaneous shear modulus, and o is the frequency.
The instantaneous shear modulus, Gy was approximated as follows:
E

G0:m7 (10)

where E is the elastic modulus and v is the Poisson’s ratio estimated to be
0.25.

A generalised reduced gradient nonlinear solver was used to estimate
the Prony-series parameters G; and 7; which were optimised for the
corresponding number of terms N by minimising the squared residuals
between the experimental values of the storage and loss moduli on the
one hand, and G; and G,, on the other hand, calculated through the
Prony series parameters, respectively.

The Prony-series parameters and the estimated magnitudes of the
shear modulus for each MEAM structure are listed in Table 4. The
experimental results and the Prony-series estimations for the storage and
loss moduli with varying frequencies are compared in Fig. 14. The
predictions with the Prony series matched well the experimental storage
moduli thanks to their gradual increase with frequency for all the MEAM
structures. However, the agreement was less perfect for the loss moduli
case due to fluctuations of the experimental outputs with frequency; the
mismatch was more pronounced where the changes were more abrupt
(10-20 Hz). This is because the used algorithm prioritised the match of
the storage modulus over the loss modulus as this reduced the total re-
sidual more (the sum of residuals of all frequencies) for the parameters.
The process was repeated by incrementing N until the maximum resid-
ual was less than 2%, which was achieved for N = 7. The parameters
obtained from the Prony-series calculation can be implemented in finite-
element models to reproduce the viscoelastic response of the MEAM
structures. This would introduce the damping effect for vibrating
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Table 4
Prony-series parameters for MEAM composite structures.
MEAM structure Go i 1 2 3 4 5 6 7
N 190 G; —25.6755 1.2861 3.5588 32.968 2.5861 2.4404 5.0326
7 0.000011 ~0.011 0.0059 27.5293 -0.1413 0.0251 0.144
CL 5600 G; —4.9777 0.1493 2.1473 5.5026 0.0426 0.1409 0.2003
7 0.0004 —0.0061 0.0016 64.3977 ~0.1364 0.0225 0.1493
SL 2460 Gi -6.3323 0.058 3.1105 5.0063 0.0803 0.2832 0.4109
7 0.00085 ~0.017 0.0024 24.2835 ~0.1747 0.0252 0.1546
CT 410 G; —14.5433 0.3341 2.5442 22.8268 0.5319 1.3844 1.8378
7 —0.00042 —0.0105 —0.0001 27.8499 ~0.2564 0.0219 0.1608
ST 750 Gi —5.7866 0.3525 1.8866 6.8426 0.0963 0.5591 0.5383
7 —0.00057 —0.0101 —0.0005 24.4716 —0.2026 0.0172 0.143
cQ 2270 G; ~5.168 0.1505 1.7839 7.4207 0.0525 0.2534 0.3394
7 0.00036 —0.007 0.0021 46.7627 —0.2054 0.0226 0.1505
sQ 1460 G; ~4.6676 0.1319 1.563 2.636 0.0156 0.3463 0.477
7 0.00056 —0.0026 0.0034 9.0109 ~0.7597 0.0249 0.1498
22000 e The addition of fibres significantly increased the Young’s modulus of
(a) = N_Exp the MEAM composites. The longitudinal orientation had the highest
20000 . E‘[Pg;,y Young’s modulus while the transverse was the lowest, with the quasi-
E CL_Prony isotropic one between them due to the orientation of fibres in the
S 18000 . gll:_EXP loading direction. CFs had a higher Young’s modulus than SFs for
2 o CT Er;g] y corresponding fibre orientation, except for ST, due to the continuous
3 10000 Y e A Ak kA Aoh A A A-Aoa T CT_Prony reinforcement within the structure. ST had a higher Young’s
g 8000 ] ___:___g}g’r‘:ny modulus than CT because some SFs were oriented in the loading
% A CQ Exp direction.
5 6000 ke Aok ke Ao Aok ke A A=k k- - - -CQ_Prony e Fibres increased the porosity within the composite structures. The
D 000 00 0 @ 890100100100 _f_-gg—g:gny SFs resulted in higher porosity than the CFs due to an increased
0-0.0.0.9.9.0:0:0-0-0 - number of fibre-matrix interfaces. Also, the porosity in SFs was
20008 v o0 0 L distributed throughout the whole structure whereas the porosity of
0 10 20 30 40 50 60 70 80 90 100 . . .
the CFs was between the separate fibre-matrix layers. The quasi-
Frequency (Hz) isotropic orientation had lower porosity compared to that of the
unidirectional structures due to crossings over the filaments. How-
(b) 800 ——T T (s NExp ever, the pore size of SFs was 50% smaller than CFs.
N_Prony e DMA revealed a direct relationship between the storage modulus and
700 f 4 = CLExp the Young’s modulus of the MEAM structures as the higher Young’s
— CL_Prony . .
o [} s SLExp modulus allows more energy of elastic deformation to be stored.
Se00f 1 SL_Prony Also, an increase in the loss modulus with the addition of fibres was
2N ° g_EXP found due to increased porosity and fibre-matrix interfaces. The
3 500 ;:::fﬁ:::ﬁ-ﬁ'—t::zt-A—_‘-_a**nt:f: R ST—E:;"V orientation of fibres played a major role as the longitudinal orien-
g 0.8.0-0.9°90-0-0.0.0 0 0000 ST_Prony tation lost more energy compared to the transverse one because more
@ 400 o 1 4 gg—EXp fibre-matrix interfaces were aligned along the direction of strain-
bl s oo === ron . N . .
S /-/""-—'—' A SQ_Exp Y energy propagation, and the slipping of fibres at interfaces led to
300 1- ---sQ_Prony higher energy losses caused by friction. The ST structure had a lower
8 gy y
P o0 0.0.08 0890000000008 storage modulus due to higher porosity but a lower loss modulus due
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Fig. 14. Comparison of storage (a) and loss (b) moduli from DMA and their
approximations with the Prony series.

structures and dynamic loading, providing a more adequate analysis of
transient responses for various components.

4. Conclusions

The viscoelastic performance and microstructure of MEAM nylon
and nylon matrix reinforced with short and continuous carbon fibre
were investigated using DMA with a frequency sweep. Three different
orientations of reinforcement fibres were analysed: longitudinal, trans-
verse, and quasi-isotropic. The study revealed:

e MEAM nylon had a higher tan delta compared to IM nylon due to
microstructural porosity introduced by the AM process. The friction
at fibre-matrix interfaces and the compression of trapped air
increased the dissipation of strain energy.

to smaller pores compared to the N structure.

The overall tan delta values for MEAM composites were lower than
that of MEAM nylon, with the longitudinal orientation (especially
CL) having the lowest damping factor. Therefore, the addition of
fibres and their influence on the microstructure can significantly
affect the overall viscoelastic and damping properties of MEAM
composites.

Finally, the Prony-series parameters were obtained for the studied
MEAM structures. The storage modulus fit well with the Prony pa-
rameters; however, there was some mismatch in the loss modulus at
lower frequencies due to its fluctuation with frequency. Still, the
overall error was below 2%; therefore, these parameters could be
implemented for numerical modelling of the MEAM structures.
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