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The performance of 3D printed materials differs from that of fully cured polymer materials because of the
presence of interfacial areas between consecutively joined layers. These interfaces result in an inhomogeneous
character of the printed objects and is frequently reported as their main cause of failures. We noted that the
presence of nanosilica particles strengthens the 3D printed layers of the polymer matrix by inducing its additional

crosslinking. A model resin composed of poly (ethylene glycol) diacrylate (PEGDA) and nanosilica (Aerosil R972)
is used for vat photopolymer 3D printing. Evolution of the interface properties at different nanosilica loadings is
tracked by mapping its surface stiffness (Young’s modulus mapping) using quantitative Atomic Force Microscopy
(AFM). Our research demonstrates that incorporating 6% w/v nanosilica in the polyPEGDA matrix unifies its
mechanical properties within the layer, leading to a substantial reduction of microscopic inhomogeneity in the

final 3D printed materials.

1. Introduction

Additive manufacturing (AM), also known as three-dimensional (3D)
printing, has revolutionized the process of building objects from a 3D
CAD model using layer-by-layer processing [1,2]. Nowadays, 3D print-
ing is appreciated as a versatile technology in industry, medicine,
aerospace and science for its ability to manufacture complex objects
with great geometrical freedom, with cost efficiency and material sus-
tainability at the forefront, ready to be robot- or Artificial
Intelligence-assisted [1-9].

All 3D-printed objects are microscopically inhomogeneous on
considering the way they are manufactured. Building in 3D printing
involves bonding layers in different physical and chemical routes,
depending on the material (e.g., metals, ceramics, polymers) and pro-
cesses involved (e.g., extrusion, jetting, fusion, curing). Independent of
the object building attributes (materials, process, printing parameters,
etc.) an interface between consecutively printed layers always occurs
[10-13]. The interface is a boundary that reveals other properties than
those associated with the rest of the printed layers, thus resulting in
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inhomogeneous properties of the 3D printed objects. The interface has a
critical impact on the overall performance, primarily on material frac-
ture resistance [14,15], interlayer adhesion strength [16-18],
stimuli-response effectiveness in, so-called, 4D printed materials [19,
20], control of the macromolecular architecture [21,22], and is
frequently reported as the cause of failures in printed objects [23-25].
The latter especially occurs when material is printed in the upright
configuration (z-axis) and subjected to loads normal to the build plane
[26]. Interfacial phenomena in 3D-printed materials remains poorly
studied, with only a few systematic research articles offering limited
quantitative microscopic analysis [17,18,27-29]. However, it plays a
crucial role in enhancing the performance of 3D printed structures,
necessitating further research development in this area.

Among 3D printing techniques Stereolithography (SL) is a substan-
tially developed process to obtain polymer objects [3,4]. In short, SL
cures a photosensitive liquid resin placed in a vat by laser ultraviolet
(UV) beam, forming a thermoset by photopolymerization [30]. The
literature reports that acrylate-based resins are the most frequently used
for vat photopolymer 3D printing [31]. As an alternative to lasers, SL can
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also use selectively masked UV light sources, speeding up the process by
curing layers in one step with array devices like Digital Mirror Devices
(DMDs) or Liquid Crystal Displays (LCDs) [4,32]. SL has gained a
tremendous interest due to high printing accuracy and an increasing
number of synthetic and natural polymers that can be processed [7],
including those for tissue engineering [33,34] and for functional appli-
cations (e.g., shape-memory, microfluidic, highly-stretchable, conduc-
tive) [35-39]. It should be noted, however, that many of these materials
are mostly pure polymers with intrinsically limited mechanical prop-
erties. Subsequently, polymer composites were proposed for 3D printing
to attain higher-performance materials with greater structural and
functional properties, including tuneability [40-44]. Adding fillers to
the polymer matrix leads to synergistic properties of the final material
that has implications for the 3D printing process itself. For example
nanoparticle dispersion and stabilization needs to be controlled also
throughout the build process [20,32,40,45]. While these aspects have
been relatively well studied, the question remains: how do filler particles
affect the behaviour of the interface and material across the layers in
terms of their orientation, aggregation, and interaction with the matrix
and curing UV light, considering that the interface can contain indi-
vidual regions [11,29,46]? The study of the relationships between
macromolecules and fillers regarding structure and properties at the
interface and its vicinity can offer valuable insights, potentially being
instrumental in achieving strong interlayer bonds and greater bulk ho-
mogeneity in 3D printed materials. Unfortunately, quantitative charac-
terizations for use across joining regions are limited [11,24,28,29,47],
and usually refer to methods that treat the interface as homogenous,
which is a substantial simplification [10,13,17,18,48]. In fact, the in-
terfaces of nanocomposites produced through vat photopolymer
3D-printing are not well studied.

In this work, we consider a model polymer nanocomposite composed
of liquid poly (ethylene glycol) diacrylate (PEGDA) and fumed nano-
silica (Aerosil R972, Evonik) with different loadings for LCD-SLA 3D
printing. Due to the nomenclature, we refer to the cross-linked PEGDA as
polyPEGDA. PolyPEGDA is a biocompatible synthetic polymer
frequently used in biomedical applications due to its close resemblance
to native human tissues and the ability to tune its physical properties
[49-51]. PolyPEGDA reveals, however, limited mechanical perfor-
mance, primarily low elastic modulus, leading to its frequent use in
composite forms [43,44,51-56]. The used nanosilica particles are
modified with dichlordimethylsilane, and so are anticipated to not
aggregate strongly. The resulting 3D printed nanocomposites should
effectively bear stress and exhibit high adhesion strength between
nanosilica and the polymer matrix, thanks to the high surface-to-volume
aspect ratio of the these particles [57].

In this work, we primarily focus on understanding interfacial phe-
nomena, specifically by analysing the contact elastic modulus (herein-
after called Young’s modulus) between consecutively printed
nanocomposite layers. The interfacial analysis is conducted by Atomic
Force Microscopy (AFM) imaging using Quantitative Nanomechanical
Mapping (QNM) in PeakForce Tapping mode. Samples are also charac-
terized before (viscosity, polymerization kinetics) and after (glass tran-
sition and thermal stability, Fourier-transform infrared spectroscopy,
tensile testing) 3D printing. To the best of our knowledge, no data are
available in the scientific literature concerning the variation of the
mechanical properties across the interface and its vicinity for the 3D
printed photopolymer nanocomposites.

2. Experimental

Formulation preparation. The oligomeric PEGDA (Mj 575 g mol ™},
Sigma-Aldrich) was stirred with photoinitiator diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) (97% purity, Sigma-Aldrich)
at 0.5% w/v for 2 h prior the addition of hydrophobic silica nano-
particles (Aerosil R972, Evonik). The Aerosil R972 is a fumed nanosilica,
treated with dimethyldichlorosilane that reacts with the silanol groups
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at the nanoparticles surface, leading to their moderate hydrophobicity.
The average diameter of the nanosilica particles is 16 nm [58] and their
specific surface area is 90-130 m? g’1 [59]. Six mixtures, containing 0,
0.75, 1.5, 3.0 and 6.0% w/v (to the volume of PEGDA) of the nanosilica
Aerosil R972 were prepared and stirred over 24-48 h (nanosilica was
added in 1 g/100 ml steps to avoid agglomeration). Thereafter, the
formulations were homogenized by a sonifier (Branson Digital Sonifier
SFX 550) for 10 min (50% power at 20 kHz, 10 s pulsed, 30 s paused) at a
controlled temperature (15-20 °C). All formulations were transparent
and did not show visual evidence of aggregation. Due to a small dif-
ference between refractive indexes of PEGDA and nanosilica no light
scattering was observed [60,61].

Viscosity. Viscosities of PEGDA/nanosilica mixtures were measured
at the polymerization temperature 25 °C with Digital Viscometer (model
DV-II, Canada) in cone-plate geometry at various shear rates.

Polymerization kinetics. Reaction rates were monitored by Differ-
ential Scanning Calorimetry (DSC) under isothermal conditions at 25 +
0.01 °C in a high-purity argon atmosphere (<0.0005% of O) using the
Pyris 6 instrument (Perkin-Elmer, USA) equipped with a lid, specially
designed for photochemical measurements. The 2-mg samples were
polymerized in open aluminium pans with a diameter 6.6 mm. The
polymerizations were initiated by the light from an OmniCure S 1000
high-pressure mercury lamp (OmniCure, England). All DSC photo-
polymerization experiments were conducted at least in triplicate. For
computations, the heat of polymerization was taken to be 86 kJ mol~!
per one double bond. Kinetic curves were determined based on steady-
state and bimolecular termination assumptions for the photo-
polymerization of multifunctional monomers [62].

Vat 3D printing. Specimens were printed in a bottom-up configu-
ration from the formulated composition using a Zortrax Inkspire 3D
printer (Poland). This printer employs a 405 nm LED source controlled
by an LCD screen to cure resins in a layer-by-layer fashion. The formu-
lations were placed in the vat on a tray made of fluorinated ethylene
propylene (FEP) foil. Printed samples were modelled using the Z-Suite
Zortrax software v.2.20. Ten tensile specimens ASTM-D638 type IV
(“dogbones™) without supports were printed from each resin composi-
tion with a programmed layer thickness (50 pm each, 2300 layers in
total). The layer additive direction was set to the longest dimension of
“dogbones”. The platform speed (up and down) and lift were set to 75
mm min~! and 3 mm, respectively.

The irradiation dosage per printed layer was adjusted using the
“Exposure Time Calibration” (ETC) tool in the printer software for a
reference resin of pure PEGDA. This approach eliminates the need to
establish the so-called Jacob’s working curve (the relationship between
absorbed UV light energy and the cured thickness of a photopolymer
during UV light exposure) to determine the irradiation time/dosage per
a 3D printed layer [63]. Using the ETC tool, a model sample with 10
columns, each containing the same features, was printed with varied UV
irradiation times for a specific column. The test reveals different curing
efficiency in specific columns, including not cured, under-cured, well--
cured and over cured features. Visually inspecting the printed columns,
the lowest irradiation time that resulted in stable and correct printing of
features was chosen as the preferred setting. It our case the irradiation
time was found to be 11 s. Since one research goal was to study the effect
of nanosilica on the interface between 3D printed layers, the irradiation
time of all samples maintained constant. The exception to this rule is the
experimental result shown in Fig. 8.

Thermal properties. Glass transition temperature T, was measured
with DSC (Mettler Toledo, Switzerland) under a nitrogen atmosphere at
the heating rate of 20 °C min~?. T was evaluated from the first and
second run DSC measurements at temperature ranges: from —80 °C to
300 °C (the sample was kept 3 min at 0 °C). Ty values are obtained from
the midpoint of the step-transition found for each sample.

Thermal stability. The thermal resistance was investigated with a TG
209 F3 Tarsus thermogravimetric analyser (NETZSCH-Geratebau, Ger-
many). Thermogravimetric analysis curves (TGA) and their differentials
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Fig. 1. Viscosity of the formulated resins as a function of (a) the shear rate (the filler content is as indicated) and (b) the filler content. In (b) the viscosity is shown at

the shear rate ~150 s~'. The lines are guides for the eye.
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Fig. 2. Polymerization rate (Rp,) of the formulated resins as function of (a) the irradiation time (t) and (b) the double bond conversion (p). The filler content is as
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Fig. 3. Glass transition temperature for the first (circles) and second (squares)
DSC runs and final double bond conversion py (triangles) as a function of the
filler content.

(DTG) were captured. Samples of 10 mg were heated in Al,O3 crucibles
from 40 to 700 °C at a scan rate of 10 °C min~! under a nitrogen at-
mosphere (a purge of 20 ml min~! of N, protection gas and 30 mL min?
of N3 sample gas). The decomposition temperature of the material was
measured at 10%, 50%, and 90% weight loss. The residual mass (R) was
defined at about ~600 °C.

Atomic Force Microscopy. The 3D printed samples in form of
“dogbones” (not yet subjected to mechanical tests) were fractured at
room temperature to expose their bulk surface. Fractures were made to
be perpendicular to the layer additive direction (cross-section of the
layers), at random positions along the length of the “dogbone”. Quality
of the fractured surfaces was checked by optical microscopy (Olympus
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Fig. 4. TGA (solid line) and DTG (dashed line) curves of 3D printed samples.
The filler content is as indicated.

BX60, Japan) prior to AFM imaging of select flat surfaces. A setup with
Multimode and NanoScope V controller AFM (Bruker, USA) was used
with the JV vertical engage scanner operated in the PeakForce Tapping
mode employing the Quantitative Nanomechanical Mapping (PF-QNM).
The PF-QNM captures, among others, surface topography and surface
stiffness (Young’s modulus maps) data. Cantilevers with a nominal
spring constant of 2 N m™! and a nominal tip apex radius of 9 nm
(OMCL-AC240TS, Olympus, Japan) were used. The sharpness of the tip
was assessed through random sample analysis using Scanning Electron
Microscopy (SEM) (Fig. S1 in the Supporting Information). The AFM
optical sensitivity (deflection sensitivity) was “reverse” calculated using
the thermal tune method based on the cantilever spring constant
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Fig. 5. FTIR spectra recorded for the 3D printed samples. The filler content is as indicated.

nominal values [64]. In the AFM software (NanoScope, version 9.7) the
scanning parameters (scan rate, feedback loop, applied load, etc.) were
set to “off” to apply dedicated constant values to control stiffness map-
ping. The data, sampling 512/line (in article) and 256/line (in Sup-
porting Information) force-distance curves, was collected following a
sine-wave sample-tip trajectory with a frequency of 2 kHz and utiliz-
ing a peak-force amplitude value of 100 nm. The tip was raster-scanned
(while vibrating) over the sample surface at speeds less than 10 pm s~ L.
Measurements were performed in air, at controlled temperatures (21 °C)
and relative humidity (~40%). The data analysis was conducted in the
NanoScope Analysis software (version 2.0). The cross-section of the
surface profiles in Young’s modulus maps were smoothed in the Ori-
ginPro (ver. 9.0.0) software by the Percentile Filter Method (PFM). The
Young’s modulus values at the silica nanoparticles (spikes) were treated
as the shot noise and processed by the PFM in a way that a value at each
point was replaced by the median value of a group of surrounding 50
points.

Two approaches, namely the Derjaguin, Miiller, and Toporov (DMT)
model of contact mechanics and the “relative modulus determination
method” were employed to quantify the surface stiffness [65-67]. The
former can be applied for heterogeneous polymer surfaces with low
adhesion, and sharp AFM tips; these are characteristics of our system
[68,69]. By using the latter, the maximum Young’s modulus value
observed by AFM for pure polyPEGDA measured across two consecu-
tively printed layer was attributed (brought) to the reference value ob-
tained by tensile testing for pure polyPEGDA (78.7 MPa) by the AFM tip
radius value, as the fitting parameter in the NanoScope software. The
indentation depth of the AFM tip was kept below 4.5 nm to increase the
accuracy of the DMT model. The Poisson’s ratio of samples was set to 0.4
as a reasonable estimation for materials that are composed of a me-
chanically susceptible elastomer and a stiff filer [70].

Fourier-transform infrared (FTIR) spectroscopy. Fourier-transform
infrared (FTIR) spectra of the samples were obtained using the attenu-
ated total reflectance (ATR) mode (a Nicolet 5700 equipped with a ZnSe
crystal ATR unit, Thermo Fisher Scientific, USA). The spectra were
recorded with a resolution of 4 cm ™! and an accumulation of 64 spectra.

Tensile testing. Static mechanical properties were characterized by
tensile testing on standard ASTM-D638 type IV tensile specimens with a
thickness of 4 mm, using an Instron 5565A apparatus (USA) at 50 mm
min~! crosshead speed with a 5 kN load cell. As the studied materiel
exhibits brittle characteristics, values of Young’s modulus (fitting: from
0.2 to 0.8% deformation), tensile stress at break, and elongation at break
were calculated. Eight samples per a type were tested and results aver-
aged. To compare statistically the differences of mean, the analysis of
variance (ANOVA statistics in OriginPro 2021b software) using the
Tukey test at a significant level of p < 0.05 was performed.

3. Results and discussion
3.1. Characterization of the dispersion of nanosilica in PEGDA

Viscosity (1) measurements are essential in studying 3D-printing
resin primarily because the fluid mechanics must be adapted to the
movements of the printer platform [32]. Preferentially, photosensitive
resins should have low viscosity and good fluidity which enables
self-levelling of layers. Viscosity of the resin is an important parameter
to ensure good quality of 3D-printed objects and can affect the rate of
photopolymerization. Primarily, the termination reactions in the resins
are diffusion controlled, and those depend on the viscosity of the reac-
tion medium.

The viscosity of both the pure PEGDA and its formulation with
nanosilica exhibited near Newtonian behaviour and rather low absolute
value (Fig. 1). Newtonian behaviour is also an important feature as the
formulations can be used with various 3D printers (small and large vat)
and at different platform speeds. Addition of silica nanoparticles
increased the viscosity compared to pure PEGDA, however, even at the
maximum studied loading (6% w/v) the viscosity value is only doubled,
thus not hindering 3D printability. In all samples, 30% of the silanol
groups are converted to Si-O-Si-(CHs)s units [71]. The remaining silanol
groups can still interact via hydrogen bonding, thus increase the
viscosity.

The dependence of the polymerization rate R, on the irradiation time
t (Fig. 2a) and double bonds conversion p (Fig. 2b) for formulations with
different silica contents show an immediate onset of autoacceleration
and occurrence of a maximum polymerization rate Ry'™. These phe-
nomena are typical for the free-radical polymerization of acrylates with
fillers [54,72,73]. In our study, the addition of the silica to the PEGDA
affects the reaction kinetics. We generally observe an enhancement of
the gel effect (a reduction of the induction period, an increase in R, and
Rg‘“x). The amount of filler (1.5-6% w/v) added notably accelerates the
crosslinking reaction (see inset in Fig. 2a). Slowing down the diffusion of
macroradicals (viscosity increase), resulting in suppressed termination
of the photopolymerization process, and, in a consequence, an acceler-
ated crosslinking. The same trend is observed for final degree (py) of
conversion (Fig. 3): compositions (filler containing >1.5% w/v) are the
most reactive and have a positive effect on photopolymerization process
and, consequently, the 3D printing procedure. The maximum polymer-
ization rate Rp™™ appears in the range of 25-35% of double bond
conversion.

3.2. Characterization of the 3D printed samples

Complex interrelationships, including filler type, cross-link density,
material heterogeneity, and curing conditions affect the glass transition
temperature, Ty, in photopolymer composites. Our unfilled polymer,
polyPEGDA, is an elastomeric material that has a glass transition tem-
perature lower than room temperature (T; ~ —21 °C) (Fig. 3). The
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1) values of the Young’s modulus; their differences are indicated.

addition of nanosilica notably increases the T, at loading of 0.75 and
1.5% w/v, while at higher loadings (3.0 and 6.0% w/v), the increase is
slightly. Nanosilica particles (topological constraints) influence the
mobility of polymer segments, especially chains near the particle sur-
face. Hence, an increase in T after adding silica is observed.

TGA proved that the 3D printed materials were stable up to 300 °C
(Fig. 4). At temperatures between 300 and 330 °C, degradation started.
Single stage decomposition of all samples occurred at approx. 400 °C as
visible at differential thermogravimetric analysis (DTA) curves.

Composites containing nanosilica showed slightly higher thermal sta-
bility than pure matrix, especially in the temperature range of
300-400 °C, which can be attributed to the good interaction between
silica and polymer. Such thermal stability-enhancing behaviour could be
also explained by the lower surface energy of silica particles, providing
thermal insulation to the matrix at high temperature [74]. Residual
masses of polymer nanocomposite after the heating process increased
above the silica content in the materials, suggesting that the fillers also
influence the overall material decomposition pathway. Relevant TGA
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Fig. 8. Photos of the 3D printed fullerene buckyballs at 8 s of the irradiation time using: a) pure polyPEGDA and b) polyPEGDA composition with 6.0% w/v

nanosilica. The size of structures is 32 mm.

parameters are gathered in Table S1 (Supporting Information).

We additionally studied the presence of polymer-nanosilica in-
teractions by observation of absorption bond shifts for characteristic
groups in FTIR spectra (Fig. 5). On the spectrum of a polymer matrix the
peaks located at values of 2860-3000 cm™! correspond to the G-H
stretching vibrations, whereas the band at 854 cm ™! represents C-H
bending group. The band centred at 1349 cm™! and 1250 cm™! are
attributed to C-O asymmetric bending, whereas peaks at 1093 cm ™! and
948 cm™! assigned to C-O-C stretching. The peak at 1723 cm™! is
observed due to the frequency of the C=O0 stretching. According to the
literature [75], the carbonyl band should occur at wave number ~ 1720
em™}, and its shift towards a higher wavelength number (from 1720
em™1-1730 em™?) indicates crosslinking of the monomer.

The FTIR spectra of composites also showed absorption bands at
~810 cm ! and ~1100 cm ™. The band at 1090 cm ™! corresponds to the
asymmetric stretching vibration of Si-O-Si groups, while the peak at 810
cm™! can be attributed to the symmetric deformation of the Si-O-Si
bonds. These bands (1090-1100 cm™!) shift towards shorter wave-
numbers and become broader with increasing filler content in the ma-
trix, indicating emerging interactions in the polymer nanocomposite.
These bands are also the broadest for printed polymer composites

containing 6 % w/v silica, indicating efficient interactions between
matrix and fillers. In all 3D printed samples there is a small characteristic
band at ~1635 cm™! coming from the -C=C group’s stretching, indi-
cating an incomplete polymerization reaction. This is, however, specific
and needed in 3D printed photopolymer materials for stable joints be-
tween the layers [11]. The absorption peaks between 3200 and 3600
cm ! characterise O-H stretch vibrations is small and is due to presence
of small amounts of moisture.

In the second to last part, we examine the AFM Young’s modulus
maps of the fractured 3D printed samples (Fig. 6a and b) and tensile tests
(Fig. 7). An area of our interest i.e., interface and its vicinity, is first
selected using optical microscopy (Fig. 6d), then characterized by
quantitative AFM imaging (Fig. 6¢). Unlike the 3D printed nano-
composites, the reference sample (pure polyPEGDA) reveals a notice-
ably wavy surface profile in AFM height images at the interface (Fig. 6¢).
This surface profile resulted from the sample fracturing. The crack
propagates “along” the variation of crosslinking density [11,76].

All samples tested were 3D printed correctly in their entirety. For
fractured surfaces both AFM imaging and optical microscopy (Figs. S2
and S3 in the Supporting Information) indicated no evidence of solid
nanosilica aggregation. Nevertheless, the opaque character of the
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sample gets more intense with the increasing nanosilica loading
(compare Fig. 6a and b and see Fig. S4 in the Supporting Information).
We attribute it to a difference between the refractive indexes of the
components i.e., for nanosilica around 1.46, and for polyPEGDA around
1.51 [60,61]. As no match between them exists in the final material, the
light interferes (scatters) with the nanoparticles causing its limited
transmittance though the samples. Also, the higher the nanosilica
loading the higher the light scattering.

The AFM Young’s modulus maps expose the bulk surface of the
interface and its vicinity (Fig. 6e-i). The horizontal size of the maps,
approximately 20 pm, is optimal for observing and analyzing both the
interface and the distribution of nanosilica. In the reference sample (3D-
printed pure polyPEGDA), the stiffness decays across individual layers,
which is rationalized by variations in light absorption within the matter
(Fig. 6e and €"). Depending on the material used for the light penetration
window in the vat and the complexity of a resin (including the diffusive
properties of the crosslinkable molecules and photoinitiator), the
interface can unveil multiple individual regions. For instance, in our
recent studies, we demonstrated that using the light penetration window
made of polydimethylsiloxane (PDMS)-covered glass results in the
occurrence of two regions in the interface [11]. The two region-interface
is a consequence of heterogeneities of the photopolymerization i.e.,
molecular diffusion across the interface (transition region) and atmo-
spheric oxygen inhibition (inhibition region). In the latter, the oxygen is
released from the PDMS (as it can highly concentrate and “reoxygenate”
the oxygen collected from the resin). Contrary to that, in this study the
FEP foil is used in the vat, thus oxygen inhibition of the photo-
polymerization does not occur (FEP can barely concentrate oxygen) and
the interfacial region related to the inhibition process is not observed in
the AFM maps [11,77-79]. Nevertheless, the transition region in vat
photopolymer 3D printing always appears, except for some 3D printing
modifications that exclude the layer-by-layer processing, like the CLIP
technology (Continuous Liquid Interface Production) [27], or when it is
limited by the printer modifications [80]. In most cases, including our
own, the transition region occurs because the resin comes into contact
with the layer, and the unreacted double bonds of the layer act as
bridging sites. Additionally, both the matrix and photoinitiator mole-
cules can diffuse across the interlayer joints. The PEGDA molecular
diffusion shows a “fuzzy” transition region with no sharp borderline
between the consecutively printed layers (compare n and n + 1 layers in
Fig. 6e and €'). It was reported that PEGDA network can be diffused even
by large molecules, thus diffusion of oligomeric (uncured) PEGDA
through the cured polyPEGDA may be considered in our work as well
[81].

The bright spots in the AFM Young’s modulus maps indicate nano-
silica particles. (Nano)silica is much stiffer than the elastomeric poly-
PEGDA, thus AFM cross-section plots show significant data scattering. In
order to study the elasticity of the matrix only, the cross-section data was
“smoothed” by the PFM (see Experimental part), resulting in removing
data associated with the nanosilica particles (red curve in Fig. 6f°-6i). At
the low nanosilica loading i.e., 0.75% w/v, the Young’s modulus data
exhibits a decay, similarly to unfilled 3D printed polyPEGDA samples
(Fig. 6e’ vs Fig. 6f), but the relative difference between the highest
(layer n) and lowest (layer n + 1) Young’s modulus values tends to be
reduced (9 vs. 7 MPa). This difference decreases with increasing nano-
silica content i.e., 1.5, 3.0 and 6.0% w/v, which we translate to layer
stiffening by improved cross-linking density of the polyPEGDA matrix.
For high nanosilica loadings (3.0 and 6.0% w/v), determining the
relative difference between the highest (layer n) and lowest (layer n + 1)
Young’s modulus values proved challenging due to increased nanosilica
surface density (variation in AFM cross-section data). Nonetheless, a
clear trend is evident in all Young’s modulus maps: the colour contrast in
the maps gradually becomes consistent for both layers, n and n + 1; at
the nanosilica loading of 6.0 % w/v it becomes unnoticeable.

On this point, one potential effect should be discussed. Namely, the
interaction volume of the AFM indentation mapping in respect of the
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possibility to interfacial stiffening by underlying or neighbouring
nanosilica, and thus to influence the monitored (surface) Young’s
modulus values [55]. Nanosilica can be a “rigid wall” for the polymer
matrix and therefore locally give a contribution to the increase in the
value of Young’s modulus measured by the AFM. Brune et al. through
the analysis of AFM data collected from surfaces consisting of covalently
attached rubber films on silicon wafers, estimated an interfacial thick-
ness of approximately 50 nm [82]. Within this thickness, the stiffness
gradually increased from the value for rubber to that for silicon wafer.
Comparable interfacial thicknesses were reported by Song et al. for
similar system i.e., poly (methyl methacrylate) at rigid infinite wall
[83]. Our nanosilica, however, cannot be equated with an infinite wall,
as it only plays the role of dispersed inclusions. Thus, the polymer stress
field cannot be accumulated during the indentation mapping. Moreover,
even for the highest loading of nanosilica, the distance between the
inclusions is much greater than 50 nm (Fig. S3 in the Supporting In-
formation). The distances between inclusions are then sufficient for
polymer stress field to be unperturbed [84]. Given the above, we believe
that the effect of interfacial stiffening of the polymer matrix by nano-
silica is at most small in our case. Therefore, the explanation for the
observation of AFM results should be moved to another direction.

To that end, the increase of the formulation viscosity is suggested by
us as a factor to be considered for the evolution of the properties at the
interface and within the layers. However, nanosilica was also reported to
accelerate the curing kinetics during radical polymerization [85]. We
think that due to the high specific surface area of nanosilica particles,
our system can find a new path to initiate more chain propagation (the
specific surface area of the nanosilica used is high, up to 130 m? g™!)
[86]. Additionally, throughout polymerization, interactions between the
filler surface and the polymer chains change the mobility of the polymer
segments by forming an interfacial region; possible hydrogen bonding
between the polymer chains and the silica can also affect the curing
kinetics by changing the mobility of macroradicals and monomer par-
ticles. Growing macroradicals are immobilised on the silica surface,
which can enhance suppression of termination (macroradicals react less
with each other to terminate polymerization), however monomer mol-
ecules diffuse faster, leading to higher reaction rates [85]. The acceler-
ated photopolymerization is confirmed by our kinetic studies: the
polymerization rate (Fig. 2) and the final double bond conversion
(Fig. 3) are both the highest at the maximum nanosilica loading. Addi-
tionally, the FTIR analysis indicates good matrix-nanosilica interactions,
especially at 6.0% w/v of the loading (Fig. 5).

The evolution of the crosslinking density can also be appreciated by
analysis of the tensile testing results (Fig. 7). Although the stress at break
remains rather constant (see Tukey analysis; ANOVA test), the macro-
scopic Young’s modulus increased once the nanosilica is added to the
matrix. At maximum loading of polymer matrix with nanoparticles, the
Young’s modulus increases by approximately 25% compared to pure
polymer, while the elongation at break decreased by approximately
45%. This is expected and typical in polymer nanocomposites [86]. One
should keep in mind that the load was applied perpendicular to the in-
terfaces (along with “dogbones™), such that they contribute to the me-
chanical data. Therefore, the bulk mechanical behaviour will attribute
to the enhanced stiffness of the interfaces (and vicinities) as well, but
also to their increased susceptibility to brittleness.

The last point to discuss here is the UV light scattering during curing
of the 3D printed layers. When fillers of a different refractive index are
added to a matrix, the light interferes with the particles (scatter) [60].
Because the filler size and its dispersed inclusions (Fig. S3 in the Sup-
porting Information) are smaller than the light wavelength, in our case,
the light scattering occurs in all directions and is described by the
Rayleigh theory. Uncured and cured PEGDA have refractive indexes of
1.47 and 1.51, respectively, while nanosilica — 1.47, at the 3D printer
working wavelength of 405 nm [61,87]. Since the starting composition
holds almost a refractive index match, the light is not anticipated to
scatter. During the printing process, light progressively scatters as
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PEGDA undergoes changes in its refractive index during curing. How-
ever, as light scattering increases, curing depth decreases (the curing
depth of nanocomposites is inversely proportional to the square differ-
ence of refractive index between the matrix and the nanoparticles [88]).
As the incorporation of nanoparticles in the matrix increases, the
“contrast” between these opposing effects becomes stronger. However,
since light intensity attenuates exponentially within the sample (layer),
enhanced light scattering dominantes. Furthermore, with higher load-
ings, one can also expect multiple scattering (at many parti-
cles/inclusions by the same ray) because of the small distance between
particles or inclusions [89]. These considerations lead us to the
conclusion that adding nanosilica to the polymeric matrix of 3D printed
samples increases the stiffness of the polymer interfacial area and its
vicinity through the enhanced light scattering.

To finally prove our discussion conclusions, we performed a 3D
printing test by manufacturing fullerene buckyball samples. The pure
polyPEGDA (Fig. 8a) and its composition with 6.0% w/v nanosilica
(Fig. 8b) are 3D printed using the same printing parameters as the other
samples studied here, but at different irradiation time to be set at 8 s.
Eight second of the irradiation time was found a minimum for the
composite sample to be printed without defects, however it remains too
little for the pure polyPEGDA, resulting in fragmented printing with
thinner arms. This confirms our findings about improved crosslinking
density of the matrix, thus its stiffening at the interface and its vicinity
by nanosilica. This also evidences that loading the matrix with silica
nanoparticles can reduce the overall printing time.

4. Summary

Within this study, we directly observed that adding nanosilica par-
ticles (Aerosil R972, Evonik) to multifunctional liquid PEGDA reinforces
the interface area and its vicinity by higher crosslinking density in 3D
printed samples. Quantitative AFM analysis shows that the stiffness
(Young’s modulus value) decays within the layers, which is rationalized
by the variation in light absorbed for each layer. The relative variation of
the AFM Young’s modulus values across the interface and its vicinity is
reduced when nanosilica is added to the polymeric matrix. The differ-
ence between the AFM Young’s modulus values across the polymer
matrix within the 3D printed layer is close to zero when 6.0% w/v of
nanosilica is added. This reduces the microscopic inhomogeneity of the
3D printed samples, resulting in more bulk properties. We suggested two
processes involved in this observation: (i) the increase of the viscosity by
nanosilica that leads to indirect acceleration of the crosslinking in the
matrix and (ii) the increase of the light scattering by nanosilica that
results in directly enhanced crosslinking of the matrix. We also show
that by adding the silica nanoparticles the overall polymerization can be
speeded up, hence reducing the overall time needed for 3D printing. In
our study, pure PEGDA needed 11 s to be layer-cured, while with 6% w/
v nanosilica added the time was reduced to 8 s. We also noted that
already at 3% w/v of the nanosilica loading, one can appreciate an
enhanced crosslinking density at the interface and its vicinity, with bulk
mechanical properties to be compromised i.e., limited elongation at
break.

We believe that incorporation of nanosilica particles to other acrylic
resins can potentially bring the same effect of enhanced interfacial layer
binding. Hence, this simple approach can be competitive to other
technological modifications of vat photopolymer 3D printing, like CLIP
or defocusing of the image pattern in LCD-SLA printers [27,80].
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