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Abstract: The influence of functionalised graphene nanoplatelets with melamine on the thermal and
mechanical properties of a 3D-printed photopolymerisable resin is investigated. In this work, a lig-
uid-based of a 3D printer, stereolithography, was employed to fabricate the 3D printed parts, and a
commercial dimethacrylate-based resin was used. The 3D-printed parts were subjected to ultravio-
let and thermal post-curing stages to improve thermal and mechanical behaviour. The quality of the
graphene nanoplatelets functionalisation was characterised by Fourier transform infrared spectros-
copy and thermogravimetric analysis. Thermal and mechanical characterisation were performed via
thermogravimetric, tensile and Izod impact tests. The fractured surfaces were observed via scanning
electron microscopy. The degree of graphene nanoplatelets dispersion in the polymer matrix is en-
hanced by bonding with melamine via mt-7t interactions and inhibited surface defect formation. Re-
sults show property enhancements of up to 35% in tensile strength, 78% in impact strength and 38%
in residual weight at 400 °C.

Keywords: 3D printing; polymer nanocomposites; stereolithography; functionalisation; graphene
nanoplatelets; thermal and mechanical properties

1. Introduction

The need for complex geometric designs provided with good mechanical and ther-
mal properties suitable for manufacturing through 3D printing fabrication methods has
offered opportunities to develop novel leading manufacturing technologies. SLA technol-
ogy fabricates 3D prototypes, patterns and parts layer-by-layer by focusing a ultraviolet
(UV) laser beam on a liquid photopolymerisable resin to crosslink the molecule chains [1-
3]. Nevertheless, using Stereolithography (SLA) is not always appropriate for manufac-
turing advanced parts mainly because of insufficient mechanical properties and poor ther-
mal characteristics [4,5].

Recent studies have employed nanofillers as an effective technique to develop pho-
tocurable resins of liquid-based 3D printers, enabling the final properties to improve con-
siderably by incorporating small contents of a nanofiller. For instance, Mu et al. used dig-
ital light processing 3D printing to investigate tensile properties of a photocurable acrylic-
based resin with adding multiwalled carbon nanotubes in contents of 0.1 to 0.6 wt% [6].
Furthermore, Idowu et al. [7] fabricated GNP-reinforced epoxy-based nanocomposites
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using direct ink writing (DIW) to study mechanical and damping characteristics. The au-
thors concluded that a GNP addition of 0.1 wt% improved tensile strength by 17%.

Several parameters should be controlled when using nanofillers in photopolymerisa-
tion techniques. For example, at elevated particle loading levels, the resin viscosity be-
comes high enough to hinder the mixing, leading to increased curing time [4]. In addition,
low interfacial adhesion due to poor dispersibility and nanoparticle aggregations acts as
a stress concentration defect [8]. Covalent functionalisation is carried out by oxidation of
GNP in acidic media to improve the interfacial adhesion between nanoparticles and a pol-
ymer matrix via direct chemical bonding [9,10]. On the other hand, noncovalent function-
alisation is used to modify the GNP surface, which is characterised by interactions be-
tween delocalised 7 bonds on the nanoparticle’s surface and hexagonal ring structures on
the functionalising moieties [10,11]. Moreover, noncovalent functionalisation has the es-
sential advantage that it neither destroys the surface of the nanomaterial nor affects its
final structure [12].

Based on the literature survey, mechanical and thermal characteristics of various na-
noparticles reinforced 3D printed (3DP) composites have been investigated. To the best of
found knowledge, researchers in these studies did not inspect the effect of melamine-GNP
(M-GNP) on these properties of 3DP nanocomposites. In this work, a photocurable resin
for SLA 3D printing is used to produce dimethacrylate-based GNP nanocomposites func-
tionalised with melamine, which has hexagonal rings suitable for -7 interactions, to gen-
erate M-GNP, using a non-destructive shaking and ball-milling process. Melamine has a
coupled structure that contains hybridised carbon, making it appropriate for noncovalent
functionalisation through m-mt interactions. The tensile strength, impact resistance and
thermal degradation were investigated. The fracture surface morphology was observed
via scanning electron microscopy (SEM).

2. Material and Method
2.1. Material

The photocurable polymer used in this study is a commercial Clear V4 resin (Form-
Labs Inc., Somerville, MA, USA), containing a mixture of 55-75% urethane dimethacrylate
(UDMA), 15-25% methacrylate monomers and <0.09% diphenyl (2,4,6 trimethylbenzoyl)
phosphine oxide (BAPO) as photoinitiator. Clear (neat) resin is a leading, standard Form-
Labs resin, being a rigid material claimed to suit designing mould-making and microflu-
idic channels. This resin is suited for rapid prototyping, functional testing and product
development. The GNP is used as reinforcement with particle size of 5 um, surface area
of 50-80 m?-g! and thickness of 15 nm. Melamine was used to functionalise GNP, and
N,N-dimethylforamide (DMF), to dissolve melamine and GNP. These materials were sup-
plied from Sigma Aldrich (Gillingham, UK).

2.2. Preparation of Functionalised M-GNP

Melamine (250 mg) was dissolved in 75 mL of DMF by stirring for 15 min. Then, GNP
(250 mg) was added, and the mixture was ultrasonicated for 15 min. For functionalisation,
the resulting solution was shaken and ball-milled for 24 h (Figure 1a). Melamine was
bound by m-mt interactions with GNP (Figure 1b). The hexagonal rings of melamine were
adsorbed onto the surface of GNP. Then, the mixture was vacuum filtered for 45 min. The
retained black solid particles were vacuum-dried at room temperature.
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Figure 1. Functionalisation process of GNPs: (a) Schematic illustration of shaking and ball-milling
process and functional molecules, (b) Schematic illustration of the functionalisation of GNP with
melamine.

2.3. Preparation of M-GNP Nanocomposite Resin

Functionalised M-GNP was added to the photocurable resin after increasing its tem-
perature to 40 °C to decrease the resin viscosity and enhance M-GNP dispersion. The mix-
ture was stirred in a planetary centrifugal mixer (Thinky Mixer ARM-310 CE) at 1500 rpm
for 30 min. This mixer uses an efficient mechanism where the jar containing the solution
revolves clockwise, and the jar itself is rotated counterclockwise to generate shear force,
assisting in obtaining a homogeneous resin. Finally, the resin mixture was stirred at 200
rpm under a vacuum of 0.1 bar for 30 min to remove the air bubbles. This photocurable
resin was added to the vat of a Form 2 SLA 3D printer to produce the 3DP components.

2.4. Fabrication of 3D-Printed Samples

The 3D printing process was carried out using Form 2 SLA (FormLabs Inc., Somer-
ville, MA, USA) with a layer thickness of 0.05 mm under a 250 mW UV laser (405 nm
wavelength). The 3DP samples were washed with isopropyl alcohol (IPA) for 30 s in two
stages after removing the support structure. Then, pressurised air was used to dry the
samples to avoid IPA from damaging the still sensitive components. The printed samples
were post-cured in two stages, firstly under UV light of 1.25 mW-cm2 for 60 min and then
in an induction oven at 60 °C for another 60 min.

2.5. Characterisations and Tests

The chemical compound of the M-GNP was characterised by Fourier transform in-
frared spectroscopy (FTIR) (ATR-FTIR, Perkin Elmer Spectrum) and thermogravimetric
analysis (Pyris 1 TGA, Perkin Elmer). TGA was used to determine the thermal degrada-
tion behaviour of the pristine GNP, melamine and M-GNP 3D from 25 to 1000 °C at a
ramp rate of 10 °C-min; also used for the 3DPsamples with the same procedure and the
final temperature was 600 °C in nitrogen atmosphere. The tensile testing was performed
based on ASTM D638 with type V specimens (gauge length 7.62 mm) using a Zwick Roll
machine (Z010, GmbH & Co. KG, Germany) with a loadcell capacity of 10 kN and a cross-
head speed of 1 mm/min. The fracture surfaces of the tensile samples were observed after
by a Mira SEM (Tescan, Oxford Instruments, Cambridge, UK) to evaluate the dispersion
quality of the GNP. Impact test was carried out by Izod impact machine equipped with a
5.5 ] Hammer (Instron CEAST) based on ASTM D4812 for unnotched samples. At least,
three samples were tested for each experiment.

3. Results and Discussion
3.1. Characterisation of the M-GNP Behaviour
GNPs functionalisation is verified by spectroscopic analysis. The FTIR spectra of mel-

amine, pristine GNP and melamine-GNP are shown in Figure 2. The melamine and the
functionalised M-GNP spectrum displayed significant signals, at about 1620, and 3310
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cm!, which indicated the presence of N-H bonds. In addition, peaks of C-O stretching
and C=C stretching of the pristine GNP were located on the M-GNP at 1590 and 1075 cm™".
These peaks confirmed the functionalisation of the GNPs surface by the low-energy ball-
milling process [10,11,13,14]. Furthermore, a stretched broad peak appeared at about 3090
cm™, as O-H bonds in chemically modified M-GNP generated from mechanochemical
ball-milling and shaking process [11].
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Figure 2. FTIR spectra of melamine, GNP, and M-GNP.

TGA analysis (Figure 3) also confirmed the noncovalent functionalisation of M-GNP.
The degradation behaviour of M-GNP is understood as a combination of neat melamine
and GNP. M-GNP revealed high thermal degradation of melamine after 250 °C. The deg-
radation decreased slightly between 300 °C and 700 °C, which was like the carbonisation
noticed for GNP. M-GNP decomposition was around 50% between 300 and 700 °C, as
evidence of functionalisation.
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Figure 3. TGA curves of the melamine, GNP and M-GNP.

3.2. Thermal and Mechanical Properties of the M-GNP Nanocomposites

The thermal stability of the 3DPM-GNP nanocomposites was investigated via TGA.
Figure 4 displays the TGA curves of M-GNP nanocomposites. Neat began to lose weight
before M-GNP nanocomposites. Table 1 lists the decomposition temperatures for the
weight loss of 5 wt% and the residual weight at 400 °C, designated as Ts and Waoo, respec-
tively. These results indicate that the incorporation of M-GNP considerably enhances the
thermal stability of the polymer matrix. Ts of the nanocomposite containing 0.1 wt% M-
GNP was 304 °C, greater than that of the neat one by 29%. Similarly, the residual weight
at 400 °C was 77 wt%, while for the pure material, this value was 56 wt%, an increment of
38% for the 0.1 wt% M-GNP nanocomposite. The improvement in thermal stability with
such a small amount of M-GNP was owing to the good interfacial adhesion between M-
GNP and the 3D-printed polymer matrix since the noncovalent functionalisation of mela-
mine via 7t-7t interactions improved the dispersion of the GNP, which also enhanced the
UV curing reaction with the dimethacrylate-based photocurable resin [14].



Mater. Proc. 2023, 5, x FOR PEER REVIEW 5 of 7

100 —
=
Tix-
‘\\\_
80 N
N A\
\‘\‘\\
£ 60 1 Neat W
- | - M-GNP 0.03 ¥,
B g0 |~ M-GNPO.0G <X,
- N Y
§ ————— M-GNP 0.1 Ny
i
4 [
20 ‘it
VY
Sla
0 +———r—rr—rrrrrrr

100 200 300 400 500 600
Temperature (°C)

Figure 4. Weight loss versus temperature.

Table 1. TGA values of the M-GNP nanocomposites.

Material Ts (°C) Waoo (%)
Neat 56 236
M-GNP 0.03 63 288
M-GNP 0.06 72 296
M-GNP 0.1 77 304

The tensile and impact properties of the 3DP parts are shown in Figure 5. The tensile
strength and impact resistance values were increased with increasing the content of M-
GNP; hence, with the incorporation of 0.1 wt%, the tensile strength and the impact re-
sistance reached their maxima. For instance, compared with the neat material, the tensile
strength and impact resistance of the 0.1 wt% M-GNP nanocomposite are improved by
35% and 78%, respectively.
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Figure 5. Tensile strength and impact resistance.

Figure 6 displays the SEM fracture surface morphology of the Neat and nanocompo-
site samples. M-GNP agglomerations are not observed in the resin matrix. The M-GNP
nanoparticles were embedded and homogeneously dispersed within the matrix. This in-
dicates that melamine inhibits the GNP from aggregating through m-mt interactions be-
tween the surfaces of GNP. Furthermore, the melamine’s amino groups (-NH2) likely
bonded covalently and led to strong interfacial interactions with the polymer matrix sys-
tem. These interactions result in improved load transfer across the interface between the
matrix and nanoparticle within the polymer nanocomposite [10]. Thus, the larger specific
surface area of the multilayer M-GNP results in greater strength for the nanocomposites.
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Figure 6. SEM micrographs of the tensile fracture surface.

4. Conclusions

The effects of GNP functionalised with melamine on the tensile and impact proper-
ties of the 3DP photoresin nanocomposites were examined. The functionalisation of the
GNP was proved via FTIR and TGA. The improvement in thermal stability, tensile and
impact properties with such a small amount of M-GNP is owing to the strong interfacial
adhesion between M-GNP and the 3DP polymer matrix since the noncovalent functional-
isation with melamine via 7t-7t interactions improved the GNP dispersion and inhibited
surface defect formation as well as it enhanced the UV curing reaction of the dimethacry-
late-based photocurable resin. Results exhibit enhancements of up to 35% in tensile
strength, 78% in impact strength and 38% in residual weight at 400 °C.
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