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Abstract: Fused deposition modelling is known for its
ability to customise materials at peak performance for
instant use but lacks in terms of interfacial adhesion of
layup sequences. Hence, the mechanism of acquiring
excellent interfacial adhesion, mainly via dried-up printed
sample, has been discovered, resulting in the proper bonding
formation upon layers. Result reveals that the flexural
strength increased by 23% under 70°C drying conditions
(5 h) and the impact strength increased by 240% compared
to pure polyamide. This mechanism resists the deforma-
tion growth between the layers and enhances the mechan-
ical strength at the highest level.

Keywords: carbon fibres, adhesion, delamination, mechan-
ical testing

1 Introduction

Nowadays, advancements in technology in automotive
and other fields require the use of multiple components
to produce a complex geometrical structure with good
material properties that can address challenges world-
wide [1]. These advancements in technology have been
applied in additive manufacturing, which has replaced
traditional part of manufacturing, in producing complex

geometrical structures with low cost and rapid proto-
typing based on computer-aided design [2]. Fused depos-
ited modelling (FDM) is one of the processes in additive
manufacturing that fabricates the polymer-based compo-
site components layer-by-layer [3]. Using polymer com-
posite materials (nanofillers and microfillers) in FDM is
often preferred by researchers because these materials
possess excellent mechanical properties [4,5]. In the
past studies, researchers discovered that using polymer
composite materials increases ultimate tensile strength
by 40% when acrylonitrile butadiene styrene/cellulose
nanofibre composite is used in the FDM method [6].
The reason is that the fibre is mostly dispersed along
the printing direction and bears a substantial load, resulting
in increased tensile strength [7].

The results of previous studies clearly showed that
using polymer composite as a material shows good per-
formance in the FDM process. However, the mechanical
performance of the samples printed using the 3D printing
method declines when void formation exists during printing,
resulting in delamination between the layers after printing
[8]. Maqsood and Rimašauskas used continuous carbon fibre
(CF)-reinforced thermoplastic composite material and have
reported that delamination should be avoidedwhen it causes
sudden damage and a rapid decrease in stress values because
of poor interfacial adhesion between the matrix and reinfor-
cement [9]. Understanding the failure mechanism is vital in
engineering, particularly in designing products using 3D
printing [10]. Thus, investigate the issue of delamination
in polymer composite during 3D printing. The productivity
potential for the manufacturing sector can be increased by
accelerating the printing process through 3D printing, and
various products can be designed with the efficient use of
materials [11]. According to past studies, the demands on
selecting high-quality materials should meet the desired spe-
cifications to match with the required application and reduce
the defects on the sample during printing [12].

Wickramasinghe et al. reported that delamination is
one of the defects that disrupt the bond between the
layers; they used polylactic acid polymer material to
exhibit the breakage of the layer occurring at a 90° raster
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angle [13]. The strength between the bonds is one of
the crucial aspects of 3D printing because it can affect
the mechanical properties and durability of the printed
sample structure; hence, delamination should be avoided
by choosing the appropriate material. Previous studies
showed that delamination occurs when the fibre located
in the laminate field does not provide reinforcement
through thickness. Therefore, the composite relies on a
relatively weak matrix to carry the load in a particular
direction. Moreover, matrix resins are usually quite brittle.
Therefore, a comprehensive investigation is conducted in
the present study to address the issue of delamination
using polyamide-reinforced carbon fibre (PACF) via FDM
method.

2 Experimental method

2.1 Materials and PACF preparations

CF, grade CFP-7-50 in powder form (Shenzhen Yataida
High-Tech. Co. Ltd, supplied by Sigma-Aldrich Sdn. Bhd.,
Malaysia), has an average diameter of 9 µm, a length
between 100 and 300 µm with the density and aspect ratio
of 1.75 g·cm−3 and 43, respectively [14]. Polyamide (PA)
powder, grade PA 2200 (supplied by Sigma-Aldrich Sdn.
Bhd., Malaysia) with a density of 0.45 g·cm−3 and tensile
modulus and tensile strength of 1,620 and 48MPa, respec-
tively, was used as a binder. The compound materials were
initially mixed at 20wt% of CF and 80wt% of PA with a
mechanical mixer (KIKA RW20 WERK digital) at the rota-
tional speed of 300 rpm for 4min tomix homogenously [15].
Then, the compounded PACF with 10mm cylinder length
and 1mm orifice diameter was prepared for rheology (Shi-
madzu CFT-500D) analysis. The rheological parameters
varied from 210 to 250°C with the load cell between 40
and 80N. Ultimaker S3 was used in printing samples using
the FDM technique to prepare the PACF samples. The pro-
cessing parameters were set at 250°C with the bed tem-
perature, print speed, and layer height setting at 110°C,
80mm·s−1, and 0.1mm, respectively. The PACF samples
were printed in different printing directions, namely, hor-
izontal and vertical, with the dimensions of 124mm ×
12.7 mm × 3.2mm based on ASTM D790. The samples
eventually underwent the drying process at 70°C for 5 h
and 20 h in a vacuum drying oven (Thermo Scientific
Vacuum Oven 6000, Heraeus) to study the effects of the
drying process on the interfacial adhesion and bonding.

2.2 Characterisation of PACF composites

The purity of PACF composites was analysed using an
X-ray diffractometer (X-ray diffraction [XRD], Bruker AXS
Germany, Model D8 Advance) at a range from 5° to 90°
with CuKα (λ = 1.542 nm) beam and using Rietveld refine-
ment (X’Pert HighScore Plus) software [15]. The thermal
stability of PACF composites and its differential thermal
analysis were determined using thermogravimetric ana-
lysis (TGA) and differential scanning calorimetry (DSC)
using the Mettler Toledo machine. The temperature was
between 30 and 900°C at 20 °C·min−1 temperature rate
under nitrogen environment. The interfacial adhesion and
bonding within the structural PACF composites were ana-
lysed using a scanning electron microscope (model Quanta
FEI, Quanta 400F) and variable-pressure emission scanning
electron microscopy (model Carl Zeiss Evo MA10). The com-
posites were initially covered with gold coating using a
sputter coater (model Polaron Quorum Q150R). The flexural
strength of the printed PACF composite was examined
using a universal testing machine (model Instron 5567,
30 kN) based on ASTM D790 with speed rate and support
span set at 1mm·min−1 and 72mm, respectively. Also, the
sample was tested at high temperature to check its relia-
bility using universal testing machine (model Instron 5567,
30 kN) with round-line furnace based on ASTM D638-99
between 190 and 210°C at 5mm·min−1 crosshead speed.
Meanwhile, the shear test was conducted using 1 kN Instron
5567 with the use of epoxy adhesives (Loctite EA E-20HP
Epoxy) cured for 24 h. The test was performed based on
ASTM D5868-01 with its overlapping length of 25.4mm.
The epoxy thicknesses were maintained at an uniform
rate of 0.06mm before the shear test was performed at
room temperature with 1.3mm·min−1 crosshead displace-
ment rate. As for the impact test, it was subjected to
ASTMD5045-14 using 50J pendulum impact tester. The den-
sification of the PACF composites was measured based on
ASTM D792 using a standard level balance (Mettler Toledo,
model ME-T Analytical Balance) with 0.998 g·cm−3 of dis-
tilled water.

3 Interlaminar shear behaviour of
PACF composites

The influence of varying temperatures and drying times
on the thermal behaviour of PACF composites is shown in
thermograms in Figure 1a and b. Figure 1a exhibits that,
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Figure 1: Thermal behaviour of PACF composites as recorded in (a) varying printing temperatures, (b) different printing directions and drying
times. The derivative weight loss profile of PACF at (a-1) varying printing temperature and (b-1) vary printing directions and drying times. The
DSC thermograph at (a-2) varying printing temperature and (b-2) vary printing directions and drying. The (c) rheological properties at
temperature of 210°C, 230°C, and 250°C.
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at 386°C, the thermal stability indicated a noticeable
weight loss due to the solvent degradation, which then
degraded to 498°C because of the polymer backbone
degradation [16]. However, the thermograms in Figure 1b
indicate that the thermal degradation experienced an
early drop (∼5% w/w) at 120°C because the PACF compo-
sites have been dried for several hours (between 5 and
20 h) [17]. These phenomena are attributed to a consider-
able loss of residual solvent; however, it can maintain its
structural integrity longer than the PACF filament can
(Figure 1a) [18]. Studies reported that this findings can
be attributed to the onset degradation temperature (5%
sample weight loss), which has a beneficial influence on
the printed PACF thermal stability [19]. However, drastic
changes were recorded (380–422°C) in the PACF filament
(Figure 1a) compared to the printed PACF composites
(Figure 1b). This observation indicated that the most con-
sistent drop (380–455°C) in the printed PACF composites
was attributed to high thermal boundary resistance [20].
Studies on nanocomposite materials showed that the low
residual solvent contributes to the high contact within
the filler, resulting in the gradual increase in filler net-
works and thermal conduction pathways [21]. However,
Figure 1b indicates that the drying hours provided a
minimum impact on the thermal behaviour as the mate-
rials were fabricated in the printed PACF structure. A
slight difference (5% w/w) existsed in the third thermo-
gram step between the undried printed PACF and the
dried printed PACF composites (denoted as horizontal
and vertical), as shown in Figure 1b. This behaviour
was explained fully in studies on printed thermoplastic
materials; these studies indicated that the heat applied
during the drying process emitted the particles on the
PACF itself [22]. Thus, a small amount of material was
vaporised and transformed into particles during TGA at
specific temperatures [19]. Printing composite materials
often depend on volatile materials, particle concentra-
tion, and particle size, and they vary from conventionally
produced composite materials [23]. The studies of printing
composites indicated that the drying process shortens the
polymer chain [19]. This phenomenon explained how dif-
ferent dried and undried printed PACFs behaved (Figure 1b),
as given that drying consequently affected the interfacial
strength during the printing process and the non-homoge-
nous melt viscosity, and the materials did not dry up (longer
polymer chains) [19].

Figure 1(a-1) and (b-1) clearly shows that the deriva-
tive weight loss profile has a single peak, which is related
to carbon degradation at temperatures between 410 and
480°C [24]. The major weight loss caused by carbon com-
bustion demonstrated good thermostability with the

temperature set at 410°C [25,26]. Figure 1(a-1) shows
that the scission of the imide group, which is caused
by the gaseous oxidation of carbon, results in two-step
degradations of PACF filament (PACF 250) [25]. The
second minor degradation temperature would result in
the carbon bonding breakage [27]. As shown in Figure 1b
and (b-1), the PACF filament allows for an appropiate
carbon growth range (410–450°C) as it undergoes the
fabrication (additive manufacturing) process. These find-
ings suggest that the PACF printed in a layer-by-layer
sequence has good stability, as evidenced by studies using
CFs and carbon nanotubes, which found similar growth
ranges and stability upon fabrication [28]. The thermal
stability of printed PACF is better that that of PACF fila-
ment; however, as shown in Figure 1(b-1), studies clearly
indicated that the stability of the dried printed PACF is
better than that of as-is printed PACF because the former
has minimum loss in fibres [26,29]. The DSC thermograph
shown in Figure 1(a-2) indicates that the filament compo-
sites encounter endothermic peaks at 180 and 445°C.
In comparison, the printed PACF for both as-is and dried
conditions encounters exothermic peaks at 455°C, as
shown in Figure 1(b-2). The second endothermic peaks
experienced by the PACF filament are obviously due to
the inherent moisture content that was not entirely
removed during the first endothermic cycle [30]. The
studies by Radzuan et al. [30] indicated that the exothermic
occurrence must be attributed to the moisture desorption,
resulting in the immediate release. This observation shows
that the dried-up condition (5 and 20 h) affected the inter-
facial bonding of the composite materials subjected to
adhesion behaviour; thus, the heat resistance of the dried
printed PACF materials is better than that of as-is printed
PACF materials [31]. In 2020, a study on concrete 3D print
highlighted that additional heating is a viable option prior
to the stacking layup sequence [32].

The rheological behaviour was studied to enhance
the adhesion and interfacial bonding during the printing
process, particularly when customised compositions were
considered, as shown in Figure 1c. Previous studies reported
that rheological behaviour is crucial for increasing the
bonding strength and interlocking stability and avoiding
excessive deformation during the printing process [32]. On
the contrary, shear-thickening characteristics appeared as
the temperature increased from 210 to 250°C, as shown in
Figure 1c. The shear induced the formation of the transient
networks of particle suspensions because the polymer
bridge is thought to cause these phenomena [33]. As
reported in earlier investigations, a drastic shift in shear
rates between 210 and 250°C indicates a strong network
structure because the shear thickening is prominent [34].
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The shear-thickening behaviour was caused by the limited
amount of composition (20wt% of CF) employed in fila-
ment fabrication. This phenomenon allows the polymer
chain to expand via a large number of bridges during
the polymer adsorption on a solid surface, resulting in
shear thickening [35]. Yeh et al. [36] explained this phe-
nomenon as a shear-thickening behaviour that occurs
when the shear rate approaches a critical value, which is
commonly observed in colloidal suspensions and polymer
solutions. In a study on Kevlar composites, Yeh et al. [36]
reported that adding layers to the composites cause shear-
thickening effects, which aid in impact resistance. Studies
on 3D printed materials showed that shear thickening is
attributed to the hydrophilic PACF structure, which forms
a stable network surface despite the bonding, demonstrating
a high-viscosity non-Newtonian slurry [37]. Figure 2c shows
that the maximum shear rate offset at 250°C, together with
the highest shear-thickening behaviour, resulted in samples
with a smooth surface compared to samples at 210 and
230°C (Figure 2a and b). This observation reveals that
when heat is induced, the thickness of the absorbed layer
is reduced (20–30 nm); this phenomenon is attributed to
shear thickening [35]. However, it results in a smooth fila-
ment surface, which improves the interfacial adhesion and

bonding throughout the printing process [38]. In 2018,
research on carbon-based particles highlighted that adding
carbon particles and particles with a large surface area
can improve shear thickening and provide a wide range
of functionality [39]. Thus, the geometrical shape of the
filler should be considered when carbon (>20 wt%) is
added because it affects the rheological characteristics
and ensures a smooth printing process. In particular,
shear thichkening allows for the layer printing of mate-
rials with a smooth surface while maintaining good
adhesion within the printed layer [40]. Figure 2a demon-
strates the clear micrograph images of the filaments with
an uneven surface at 210°C, compared to those at 250°C in
Figure 2c. A smooth surface ensures that the bonding
within the printed layers possesses excellent interfacial
adhesion, thereby avoiding the delamination occurrence,
while the printed composites were cooled at room tem-
perature [41].

Figure 3a shows the XRD characteristic peaks of PA
and CF. The interlayer spacing and diffracting peaks of
PACF composites were detected using XRD in several
printing directions and drying times. These results were
caused by the compositions of the PA (80%) and CF
(20%) composites employed in this study. As shown in

Figure 2: SEM pictures of PACF composite sample: (a) 210°C, (b) 230°C, and (c) 250°C.
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Figure 3a of XRD diffractogram, all PACF specimens have
distinctive diffracting peaks at 2θ = 23.36°, 22.71°, 20.34°,
and 23.47°, which correspond to the vertical, horizontal,
drying 5 h, and drying 20 h of samples. This peak became
slightly intense as the printing direction changed from
the vertical to the horizontal direction. However, a strong
peak of the vertical direction sample at 23.36° revealed a
difference in PACF d-spacing when the direction was
changed to horizontal, increasing from 3.81 to approxi-
mately 3.91 nm. Many factors were investigated to deter-
mine which factors impacted the directional of the PACF
sample. The processing temperature [42] and the bed
temperature [43] were two external factors that affected
the processing condition. In addition, the diffraction
peaks that were dried for extended periods (20 h) exhib-
ited a great peak at 23.47°, linked with the crystalline
phase of PACF in the XRD patterns [44]. The possible
reason is that a large energy input on the PACF powder
caused considerable melting, and then other phases were
generated from the melt during the subsequent crystal-
lisation process [45].

4 Mechanical strength analysis
relation with interlaminar shear
behaviour

Composite materials with excellent mechanical proper-
ties are important in engineering application [46]. In

this study, the printed sample of PACF composites was
tested for flexural properties as a function of different
printing directions and drying times. During the flexural
test, both directions of the PACF sample undergo bending
upon the applied load with a delamination toward the
sides of the sample, as shown in Figure 3b. This delami-
nation in the PACF sample was caused by poor interfacial
adhesion between the adjacent layers that represent a
load transfer between the matrix (PA) and the CFs [47].
During the test, when the PACF sample underwent bending
upon the applied load, the flexural strength andmodulus of
the horizontal direction sample were higher than those of
the vertical sample at 52.90MPa and 1.77 GPa, respectively,
because the horizontal sample exhibited a high interfacial
bonding between the PACF printed composites layers [9].
Figure 3b shows that a drastic deterioration in the vertical
sample was observed in flexural strength and modulus
(23.07MPa and 0.56 GPa) because of improper interlocking
between the fibre and matrix during the printing process
[48]. This interlocking between the fibres at the vertical
direction exhibited a weak formation of mechanical inter-
locking when compared to that at the horizontal direction
of the PACF sample [49]. In addition, a considerable dif-
ference existed between the horizontal and vertical sam-
ples because of the constraints for the elongation of fibre
threads along the sample, resulting in fibres with a high
bending load capacity at the horizontal direction [50].

The horizontal sample was set at 70°C temperature in
a vacuum drying oven to increase the bond strength of
the PACF composites by performing a drying process for 5

Figure 3: (a) XRD crystallography of PACF sample printed in various directions and drying for various hours and (b) flexural bending test on
PACF composites.
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and 20 h for the solidification between layers in PACF
composites. The PACF samples were assessed with another
flexural test after both horizontal directions were dried in
the oven to observe whether the drying process affected
the strength of the composites in the PACF samples. As
shown in Figure 3b, the horizontal direction of the printed
PACF dried for 5 h exhibited the highest flexural strength
and modulus with 64.95MPa and 2.42 GPa, respectively,
allowing the formation of a solid structure of composites
[51]. When the PACF sample was dried for 20 h, the flex-
ural strength and modulus dropped to 59.007MPa and
2.223 GPa, respectively. This scenario indicates a decrease
in the molecular weight of the polymer matrix, making the
PACF sample to be slightly stiff. This phenomenon showed
that during the drying process of PACF composites (fibre
breakdown), the ability to restrict the polymer composite
chain mobility decreased because of the drop in the mole-
cular weight of the PACF sample. As this research aims to
study the interfacial bonding of the PACF composites, the
effects of voids within the CF on the flexural behaviour are
considered.

The mechanical properties acquired in this study
were evaluated in scanning electron microscopy (SEM) to
assess the performance of the printed composites. Fracture
interface observations after flexural testing were used to
investigate these phenomena, as illustrated in Figure 4.
According to SEM observations, the air void in the inter-
facial zone of the horizontal direction was larger than that
in the vertical direction of the sample. The empty parts in
the horizontal printed sample were left as voids because
the fibre area was unfilled with PA matrix. In addition, the
mechanical performance of the horizontal printed sample

weakens because of the non-uniform dispersion of the
fibre [13]. The effect of void content is frequently stated
in the literature as a reduction in flexural strength propor-
tionate to the high void content [52]. However, in this
scenario, the flexural strength of the horizontal sample
was higher than that of the vertical sample. Thus, the out-
come was the opposite when the horizontal sample had a
larger void content than the vertical sample. The building
direction had an impact on the vertically printed PACF
composites (with less void) under these conditions.

Meanwhile, the obtained microstructural features
of the region covered with PA at a printing speed of
80 mm·s−1 in the vertical direction were recorded as
shown in Figure 4. Figure 4 shows the cross-sectional
morphologies of PACF created in a horizontal direction
at a specified period using a 70°C drying temperature.
After the sample was dried, the SEM of the flexural
testing revealed that both of the PACF samples had
identified the damage and the function of voids [52].
The interfacial bonding and binding forces between
the two printed samples explain the acquired results
on the drying sample at different times [51].

In accordance with the flexural strength test, hori-
zontal printed direction with the drying of 5 h was later
printed in the form of impact and shear test samples.
Results in Figure 5a clearly indicate that the maximum
absorbed impact energy was recorded at 4.8 J, while the
average was recorded at 4.3 J. Meanwhile, the maximum
impact strength of 38 kJ·m−2 shown in Figure 5b is way
above the present study reported by Rahmanian et al.
[53]. They reported that their carbon-based materials
which were fabricated by conventional casting are

Figure 4: SEM (×1,000) and (×1,500) of PACF composites: direction of (a) horizontal and (b) vertical; dried for (c) 5 h and (d) 20 h.
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between 0.5 and 3 kJ·m−2. In fact, this study also improved
its impact strength by 240% as compared to pure PA that
earlier recorded an average of 15.9 kJ·m−2 [54]. Notably, the
absorbed impact energy is low compared to the pure PA
ranging between 80 and 140 J due to the CF addition. This
are due to the fact that since the pure polymer or elastic
body, the amount of impact energy is spent in terms of
elastic deformation. However, the reported data in this
study are considerably high compared to laminate carbon–
epoxy materials, which exhibited absorbed energy ranging
between 0 and 2.5 J [55]. These clearly indicated that the
energy absorbed by the horizontally printed PACF most
likely depend on the interfaces between the differently
oriented layers as shown in Figure 5(a-1). Similar trends
were reported by Quaresimin et al. [55] as they studied
the laminated layers and indicated that the damage
occurred upon the impact strength caused by the dela-
mination mainly developed within the interfaces. Although
sample no. 6 in Figure 5a experienced sudden drop of
absorbed impact energy and impact strength at 3.6 J and
28 kJ·m−2, respectively, Murray et al. [56] reported that this
observation was random from this specific sample and not
common for the sample set.

While for shear strength the printed samples recorded
a maximum of 3.11 MPa and lowest of 1.43MPa (Figure 5b).
This indicated that there are evidence of stable segrega-
tion between the layups interfacial especially for sample

numbers 2, 3, and 4. Meanwhile, the lowest 1.43MPa
recorded suggested that the samples fail due to the imper-
fections or misalignments during printing processes as
reported by Yap et al. [57]. The results obtained were dra-
matically low when compared to the flexural strength
recorded between 45 and 70MPa. Yap et al. [57] reported
that the huge loop were subjected to the adherend experi-
enced by the shear test samples as the fracture occurrence
is in the epoxy resin regions. Hence, it caused the single
lap shear samples to experience low shear strength (average
of 3MPa). However, contradict results were obtained by
Chen et al. [58] as they investigated the interlaminar shear
strength of PA composites using flexural strength. They
discovered a similar trend between 60 and 70MPa (flexural
strength) caused by the interfacial bonding within matrix
and fillers that improved the de-blocking behaviour asmore
isocyanate groups were generated. These further enhance
the bond formation occurrences linked to surface interface
which is also reported in conventional process [59].

To ensure its mechanical performance at high tem-
perature, the tensile test was performed at temperature
between 190 and 210°C. Figure 5(c-1) clearly recorded
that the tensile strength for 5 h drying time is 33% higher
compared to 20 h drying time shown in Figure 5(c-2). Since
these phenomena were at higher drying time, the interface
between the printed PACF tends to deteriorate which is proven
as shown in Figure 4. Meanwhile, Figure 5(c-1) and (c-2)

Figure 5: Mechanical strength of printed PACF: (a) impact strength with (a-1) micrograph image of fracture sample view, (b) shear strength,
(b-1) shear test sample dimension, and tensile test between 190 and 210°C for (c-1) 5 h and (c-2) 20 h.
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indicates a strength decrease as the temperature rises.
Tholibon et al. [60] in their study mentioned that this
behaviour was related to the thermal decomposition of
the fibre and the PA, which tends to degrade as the tem-
perature increases to 210°C. However, the tensile strength
performance of printed PACF was 800% higher compared
to PA-6-reinforced CF at 280°C recorded at ∼2MPa when
prepared using thermoforming technique [61]. These
exhibited that while controlling the printing parameters
the drying process will improve themechanical performance
in comparison with conventional fabrication process.

5 Conclusion

The usage of PACF as a material for increasing the mechan-
ical characteristics of composites has been proven effective
as its ability to enhance the bonding between the layers
while increasing the interfacial adhesion by controlling
the filament printable directions and drying process. The
use of 20wt% CF as reinforcement enhanced the printing
direction of the fibre, influencing the flexural strength.
According to SEM, the presence of voids left in the printed
samples was influenced by the printing direction. As a
result of the additional treatment with the 5 h drying pro-
cess, the interfacial adhesion between PA and CF increased
by 23%. This 20wt% PACF with 5 h drying time was able to
increase its impact test by 240% when compared to pure
PA. However, the shear strength test was low (∼3MPa) sub-
jected to the epoxy resin adjoint during the shear test;
meanwhile, the impact test indicated 29% difference in
the overall recorded data. Hence, further considerations
will include the increase of filament contents (>20wt%) to
broaden its conductive polymeric applications.
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