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Abstract

The incorporation of nanoreinforcement in photocurable polymeric matrices can strongly
affect the degree of curing and properties of the final nanocomposites as well as the
process parameters for 3D printing. Particularly, the addition of GNPs in contents from 1
up to 10 wt% limits the degree of curing to 60% in Bis-GMA/TEGDMA. The increase up
to 10 wt% causes a diminution of ~20% in the mentioned property. Additionally, the
maximum thickness that can be cured by UV light abruptly decreases with the GNPs
content, being ~400 um when using 1 wt% and below 20 um for nanocomposites filled
with 10 wt%. Above the percolation threshold, the electrical conductivity of the
photocured monolayers is dependent on the curing time, making possible the use of this
materials as self-sensor of the degree of curing in additive manufacturing technologies.
Keywords: A. nano composites, A. Polymer-matrix composites (PMCs), B. Curing, B.

Electrical properties, graphene nanoplatelets.



1. Introduction

In recent years, additive manufacturing (AM) or 3D printing in polymers has attracted
the increasing interest due to the flexibility, the reduction of waste and accuracy of the
process [1]. Particularly, stereolithography (SLA) makes possible the construction of
solidified parts by polymerizing UV curable resins layer by layer [2,3]. In this process,
the thickness of the monolayers cured in each scan and the degree of curing [4] is
crucial as delamination [5] or other defects can be caused in printed 3D parts. For this
reason, the thickness of the cured sequential layers is an important parameter [6], as it is
going to determine resolution and quality of the printed part, as sequential thinner layers
will result in higher resolution; and it is also crucial to avoid mentioned delamination,
as there is a minimum thickness to prevent it [5]. Frequently, modifications of the resins
with the incorporation of different micro and nanoparticles is needed to achieve
enhancement of properties or multifunfunctionality [7,8]. These micro or nanoparticles
can strongly influence the UV curing process of the polymers, changing the maximum
cured thickness per scan and the degree of curing because they can act as light scattering
and shielding centers [6,9,10].

Carbon based nanoparticles, such as carbon nanotubes (CNTs) and graphene
nanoplatelets (GNPs) have been widely used to achieve electrically and thermally
conductive nanocomposites [11,12] to be used as thermal interface materials (TIMs)
[13,14], conductive devices [15] and sensors for structural health monitoring (SHM)
[16,17] applications.

In this work, the influence in the maximum curable thickness per scan, the degree of
curing and electrical conductivity of GNPs reinforced photocurable nanocomposites are

analyzed. The dependence on the nanoplatelets content and aspect ratios was also



studied in order to elucidate how these features conditioned the 3D printing and to

stablish limits in technology.

2. Materials and methods

2.1. Materials

The polymeric matrix used in the present work was a mixture of Bisphenol A
bis(2hydroxyl-3-methacryloxypropyl)ether (Bis-GMA) and triethyleneglycol
dimethacrylate (TEGDMA) in a weight ratio 50:50. TEGDMA was used to reduce the
high viscosity of Bis-GMA. The photopolimerization agent was camphorquinone (CQ) in
a weight content of 0.7 %. In order to accelerate the polymerization of the resin, a
concentration of 0.32 wt% of dimethylaminoethylmethacrylate (DMAEM) was added.
All the chemicals listed above were purchased from Eschem.

Graphene nanoplatelets (GNPs) with different aspect ratios were used in order to analyze
the effect on the UV curing process. Type Grade 4 from Cheap Tubes, named in this work
as LDS5, has an average lateral size of ~ 5 um and a thickness below 4 nm, with a specific
surface area of 750 m?/g. In contrast, type M25 from XGScience, named in this paper as

LD25, has an average lateral size of ~ 25 um, an average thickness 0 6 nm, and a specific

surface area of 120-150 m?/g. It is important to note that none of the GNPs has been

functionalized or has received any surface treatment.



2.2. Nanocomposites manufacturing

Nanoplatelets were dispersed in the mixture of Bis-GMA and TEGDMA by probe
sonication (UP400S, Hielscher) for 30 minutes with a cycle of 0.5 s and 50 % of
amplitude. With the aim of studying the inhibition of curing due to the incorporation of
the GNPs into the polymer matrix, and based on previously published research [18,19],
GNPs contents of 1, 3, 5 and 10 wt% were used. Once dispersion was completed, the
photocuring agent and catalyst were added and, then, the mixture was again sonicated to
ensure homogeneity for 1 minute.

After the procedure finished, the material was deposited on a glass substrate and UV-cured
into a UV chamber (Otoflash G171). Curing time was set to 1, 2, 4 and 8 minutes and

after that time, the non-cured portion was removed.

2.3. Characterization of UV-cured coatings

The thicknesses of the UV-cured layers were measured by optical profilometry in a Zeta
20 model from KLA-Tencor. Scanning electron microscopy (SEM), a Hitachi S4800 SEM-
FEG, was used to evaluate the dispersion degree of the GNPs into the epoxy matrix.
Fourier transform infrared spectroscopy was used to evaluate the degree of conversion of
the polymeric matrix. Degree of conversion (DC) was calculated from the intensity ratios
of the peaks corresponding to C=C at 1636 cm™ (Ic=c) and phenyl ring at 1608 cm™ (Iphr)
after the curing process (f) related to the uncured matrix (0) using the following equation

[20]:
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Electrical resistance of the coatings was measured in a source-meter unit KEITHLEY

DC=1-

2410. Two copper electrodes were fixed on the surface using a line of silver paint to

minimize the electrical contact resistance and were placed at a distance of 20 mm.

3. Results and discussion

3.1. Effect of GNPs content, curing time and aspect ratio on UV curable thickness

As it has been mentioned, stereolithography (SLA) is an additive manufacturing process
that use photocurable polymers to build the part [21]. The addition of nanoreinforcement
can strongly affect the curing of the Bis-GMA/TEGDMA mixture. To elucidate the
limitations of photocurable nanocomposites in 3D printing, Figure 1 shows the maximum
curable thickness as a function of the lateral dimensions of the GNPs and curing time.

When GNPs contents below 1 wt% are incorporated into the matrix, the cured thickness

of the layers are in both cases higher than 150 Om with a curing time of 1 minute, this

thickness can be increased with increasing the UV exposure time, reaching values in the
order of 400 — 500 um. Therefore, by using only 1 wt% of GNPs as filler, the maximum
curable thickness diminishes more than 50% related to the neat polymer, which is more
than 1 mm. The reason of this significant diminution is that, although a good dispersion
of the GNPs is achieved (Figure 2), the GNPs act as centers of UV absorption and light

dispersion [22,23] and therefore, as UV shielding [24,25]. In the case of using higher



GNPs contents as nanoreinforcement, the maximum thickness considerably diminishes,
being less than 100 um for 3 wt% and down to 10 pm when using more than 5 wt%.
Additionally, an increment in the UV exposure time does not significantly increases the
maximum thickness. This fact is slightly more pronounced in the case of using smaller
lateral dimensions because the effective number of GNPs incorporated into the polymer
is higher for a same weight percentage and it becomes more important when the content
increases.

This effect strongly conditions the production rates of the parts as a major number of

layers is needed to build the total thickness.

3.2. Conversion degree of nanoreinforced coatings

Another issue to take into account is the influence of the GNPs addition in the conversion
degree of the Bis-GMA/TEGDMA polymer. As GNPs have been demonstrated to absorb
and disperse the UV light, it can affect the conversion degree of the layers, causing a
detriment of mechanical properties [26]. As an example, the use of montmorillonite
nanoparticles as nanofiller in BisGMA/TEGDMA causes a diminution in DC from 72.6%
down to 61.5%, when adding 20 vol% and 50 vol%, respectively [27].

Figure 3 shows representative FTIR spectra of all the samples as function of the curing
time. It can be observed that the peak corresponding to C=C at 1636 cm™ (Ic=c) diminishes
with the curing time in all the cases because of a major degree of curing (DC)

[28]. This fact is negligible in nanocomposites reinforced with 5 wt% LDS5 from 2 up to
8 minutes (Figure 3a), what means that an increment in time does not increase the DC. It

is important also to point out that in nanocomposites reinforced with contents between



3-5 wt% of GNPs (Figure 3c-3f), as for LD5 and LD25, as well as for Iwt% LD25 (Figure
3b), an increase of the UV exposure time from 4 up to 8 minutes does not cause a
significant decrease of the C=C peak, therefore, there is no meaningful change in DC.

In contrast, nanocomposites reinforced with 10 wt% (Figure 3g-3h), independently on the
lateral dimensions of the GNPs, show an appreciable diminution of the mentioned
intensity as a higher curing time is used, up to 8 minutes.

With the aim of comparing the calculated DC of the different nanocomposites, related to
the uncured Bis-GMA/TEGDMA mixture, a process map is plotted in Figure 4. The
maximum degree of curing achieved is ~ 60% in both types of GNPs and it is reached
with GNPs contents below 5 wt% and curing times higher than 2 minutes. As it has been
mentioned above, using contents higher than 3 wt% considerably reduces the maximum
curable thickness of the system and, consequently, also the DC. Similar results have been
reported by Sangermano et al. [7], who also attributed this effect to UV light shielding of
GNPs.

Additionally, the use of low curing times causes the reduction of the DC in ~ 20%. This
issue does not limit 3D printing but makes evident the necessity of post-curing to achieve
high mechanical properties and thermal stability, if needed, once the part is printed by
stereolithography.

One issue to consider is that the reinforcement with GNPs contents higher than 5 wt%
provokes the DC to be less than 50%, including nanocomposites cured for 8 minutes. This
is caused by the strong scattering and absorption of UV light by the presence of the GNPs.
In contrast with the thickness, the addition of GNPs with higher lateral dimensions causes
lower DC values for high UV exposure times. This can be due to the fact that higher lateral
dimensions result in higher UV absorption, while GNPs with lower lateral dimensions

provoke higher light reflection due to a higher quantity of 2D nanoplatelets [29],



achieving a higher DC [30]. This strong absorption of carbon based reinforcement has
been previously reported by other authors such as Gonzalez et at. [31], who observed a
strong absorption of light by the addition of CNTs, which causes a lower conversion and

rate of photopolymerization.

3.3. Electrical conductivity of nanoreinforced coatings

The main aim of analyzing changes induced in photocuring of the polymer
nanocomposites by the addition of the GNPs is to achieve 3D printable conductive
devices. For this reason, the electrical resistance of cured samples with a GNPs content
above the percolation threshold for both, LD5 and LD25 GNPs, is discussed.

Figure 5 shows the I-V curve for layers reinforced with 10 wt%. A decrease in the
electrical resistance caused by a major crosslinking of the polymeric matrix was detected.
This may be caused because of an enhanced GNP/matrix interphase, which causes the
reduction of the interparticle electrical resistance.

One important issue to be noticed is the lower electrical resistance achieved by the
addition of LD25 nanoplatelets. This is due to the larger lateral dimensions of the GNPs
[15], which makes easier the formation of the electrical network facilitating the electrical
contact between overlying GNPs.

As the electrical resistance is dependent on the degree of curing, it can be used as
monitoring system during the process to measure DC. Figure 6 shows the evolution of the
electrical resistance of layers reinforced with a GNPs content of 10 wt% correlated to the
DC as a function of the UV exposure time. When LD5 GNPs are used as nanofiller
(Figure 6a), the layers are not electrically conductive until the UV exposure time reaches

4 minutes, this fact means that there is a threshold in curing time, i.e. DC. In the case of



LD25 nanoplatelets (Figure 6b), the electrically conductive films are achieved for 1
minute of curing time, although the DC is lower. This can be explained by the difference
in the lateral dimensions, which makes easier, as explained above the formation of the
electrical network.

As mentioned before, once the system becomes electrically conductive, the electrical
resistance diminishes with a higher crosslinking of the polymeric matrix and, thus, the
DC can be monitored. Although a deep study is needed to correlate changes in electrical
resistance to DC, it has been demonstrated its potential application as monitoring system
for curing in 3D printing technologies, as stereolithography.

As conclusion, Figure 7 shows all the studied properties for the nanocomposites
reinforced with a GNPs content of 10 wt%. It can be seen that the use of GNPs with lower
lateral dimensions leads to higher DC values, while the use of GNPs with higher lateral
dimensions makes possible to achieve lower electrical resistances and higher photocured

maximum thickness, what can increase the production rate of 3D printed parts.

4. Conclusions

The influence of the addition of GNPs in the curing process of photocurable polymers for
3D printing has been analyzed. It has been demonstrated that the maximum thickness of
the monolayer formed by the GNP-based photocurable nanocomposites is strongly
conditioned by the GNPs content and the UV exposure time. The influence of UV
exposure time becomes more significant for low GNPs contents. In contrast, the influence
of UV curing time in DC is more substantial in high GNPs contents, stabilizing at lower
times for low GNPs contents. Although both, thickness and DC are also dependent on the

lateral size of GNPs, this parameter has more influence in the electrical conductivity of



the nancomposites and DC than in the maximum thickness. The use of GNPs with lower
lateral size permits to obtain higher DC but lower electrical conductivities than the use of
GNPs with higher lateral size. Additionally, it was found that the electrical conductivity
of the photocured layers is dependent of the DC, making possible the use of the

nanocomposites as self-monitoring system for 3D printing technologies.
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Figure captions

Figure 1. Maximum photocurable thickness of GNP-based nanocomposites: (a) LD5 and
(b) LD25.

Figure 2. SEM micrographs of the fracture surface of GNP-based nanocomposites (GNPs
content of 5 wt%): (a) LDS5 and (b) LD25.

Figure 3. FTIR spectra of GNP-based nanocomposites depending of the UV exposure
time reinforced with (a, b) 1, (c, d) 3, (e, ) 5 and (g, h) 10 wt%: (a, c, e, g) LD5 and (b,
d, f, h) LD25.

Figure 4. Degree of conversion of GNP-based coatings as function of the curing time and
GNP content of GNP-based nanocomposites: (a) LDS5 and (b) LD25.

Figure 5. Influence of curing time in the I-V characteristic curve of nanocomposite layers
reinforced with 10 wt% of GNPs: (a) LDS5 and (b) LD25.

Figure 6. Monitoring of UV curing of nanocomposite layers reinforced with 10 wt% of
GNPs: (a) LDS and (b) LD25.

Figure 7. Properties of nanocomposite layers reinforced with 10 wt% of GNPs: (a) LD5

and (b) LD25.
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time reinforced with (a, b) 1, (c, d) 3, (e, ) 5 and (g, h) 10 wt%: (a, c, e, g) LD5 and (b,

d, f, h) LD25.
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Figure 4. Degree of conversion of GNP-based coatings as function of the curing time and

GNP content of GNP-based nanocomposites: (a) LD5 and (b) LD25.
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Figure 5. Influence of curing time in the I-V characteristic curve of nanocomposite layers
reinforced with 10 wt% of GNPs: (a) LD5 and (b) LD25.
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Figure 6. Monitoring of UV curing of nanocomposite layers reinforced with 10 wt% of GNPs:

(a) LDS and (b) LD25.
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Figure 7. Properties of nanocomposite layers reinforced with 10 wt% of GNPs: (a) LDS5 and (b)

LD25.



