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Abstract

Direct Ink Writing (DIW) utilizes a wide range of ink formulations to produce desirable 3D-printed structures and properties. Styrene-butadiene rubber
(SBR) is an attractive candidate for 3D printing owing to its commercial availability, rheology, excellent mechanical properties, good impact resilience,
and chemical stability. The SBR-based sealant was 3D printed in a DIW process, even in an ambient environment. The rheological behavior was
assessed and correlated with optimized printing parameters. Important physico-chemical properties of the 3D-printed material were reported showing
excellent properties as an elastomer. This work should expand the potential applications of existing rubber-based materials in additive manufacturing.

Introduction
Additive manufacturing (AM) has accumulated increasing
research interest since its emergence a few decades ago. AM
transforms a virtual design into three-dimensional structures by
adding material in a layer-by-layer fashion. AM also known as 3D
printing can provide cost-efficient solutions even for applications
demanding high design complexity.!'*) Among these techniques,
Direct Ink Writing (DIW) is one of the most widely used, highly
versatile extrusion-based AM techniques from viscous formula-
tions resulting in 3D-printed structures with desirable tailored
properties.l*) Despite DIW’s advantages, the resulting mechani-
cal integrity of the fabricated functional parts is still inadequate,
limiting its potential end use in industrial applications.!*!
Synthetic rubber materials, such as styrene-butadiene rub-
bers (SBR), which is a copolymer of butadiene and styrene
typically produced either via solution polymerization or emul-
sion polymerization,'® can offer excellent mechanical proper-
ties, very high elongation at break, good impact resilience, and
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good chemical stability. They are popular materials in rubber
manufacturing industries for automotive, construction, and
even protective clothing.[”) However, fabrication requirements
such as high-temperature and pressure processes pose chal-
lenges for these materials for AM applications.

Caulking agents or adhesive sealants are typically used to
fill cracks and gaps on various surfaces or as bonding agents
between joints. Many options are available for the intended
application. Among these, commercially available rubber-based
sealants that readily cure at room temperature are potential can-
didates for DIW 3D printing. They can be resilient in appli-
cations requiring expansion and contraction, such as exterior
joints or even in adverse weather conditions where it stretches
and recovers quickly without breaking.’® There are a number
of formulations based on acrylates, silicones, polyurethanes,
and SBR matrices for preparing commercially available seal-
ants. This work aims to demonstrate the viability of utilizing
synthetic SBR rubber-based sealants as feedstock for DIW 3D
printing. The copolymer rubber sealant is combined with a sol-
vent to produce a gel-like consistency that cures through the
evaporation of the solvent upon its release from the cartridge,
allowing it to behave as an elastomeric rubber even at room
temperature.l”) Rheological properties for DIW 3D printing
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and various physico-chemical performance properties of the
3D-printed parts, such as their mechanical, thermal, and electri-
cal, show excellent properties for future applications. The role
of additives on these formulations are also discussed.

Materials and methods

Materials

A commercially available clear Lexel®, which is a synthetic
copolymer of SBR-based sealant formulation [Fig. 1(a, b)] was
used. It is a super-elastic, super-adhesive, and paintable sealant
that seals around tubs, sinks, countertops, window frames, and
door frames, as described by its manufacturer. It could also be
applied to wet or dry surfaces indoors or outdoors; it is tough
and can withstand about 400% joint movement. The manufac-
turer also claimed that the clear sealant is 19 times clearer than
silicone and does not discolor or cloud up over time.!'”

Methodology

3D printing was done on a Hyrel Hydra 16a with an engine SR
with SDS 30XT modular printing head and 30-mL syringes to
3D print the material. Material composition characterization
was performed by Pyrolysis—gas chromatography—mass spec-
trometry (Py-GC/MS) involving evolved gas analysis (EGA)
and flash pyrolysis. Fourier Transform infrared spectroscopy
(FTIR) was used to identify the organic functional groups pre-
sent in the sample. Thermogravimetric analysis (TGA) was
performed to assess the sample’s thermal behavior and relative
composition. The differential thermogravimetric (DTG) ratio
was obtained by taking the first derivative of the TGA. The

morphology of the 3D-printed specimens was characterized
using scanning electron microscopy (SEM). The rheological
behavior of the ink was evaluated using a parallel plate rheom-
eter. Finally, various mechanical, thermal, and electrical prop-
erties of the 3D-printed parts were also assessed. A detailed
description of each characterization, the methods or equipment
used, and the optimized 3D printing parameter is available in
the Supplementary Information (SI) document.

Results and discussion

Rheology

The rheology of the ink plays a vital role in DIW 3D printing.
A thixotropic property is necessary for materials intended
to be used for this technique, where the ink should exhibit
a shear-thinning behavior by which a progressive reduction
in the apparent viscosity of the material is observed through
time as constant shear stress is applied during the extrusion.
It is then followed by a gradual recovery of the material after
removing the applied stress, giving the ink the ability to hold
its desired shape upon extrusion. The thixotropy of an adhe-
sive material may be observed by plotting its storage modulus
(G") and loss modulus (G") versus its oscillation strain, per
ASTM D2556-14. This G' and G" versus oscillation strain
curve for Lexel® is presented in Fig. 1(c). It can be observed
from Fig. 1(c) that the initial G’ values are above or more sig-
nificant than G" along the linear viscoelastic (LVE) regime,
which suggests that it exhibits a shear-thinning behavior,
indicating that the sealant becomes less viscous and can
flow upon application of shear stress. This transition from a
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Figure 1. (a) Commercially available SBR Lexel®, (b) chemical structure of styrene-butadiene rubber, (c) storage modulus (G’) and loss
modulus (G"”) versus oscillation strain curve, (d) and complex viscosity versus angular frequency curve.
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gel-like material to a more flowable substance is evidenced
by the point of intersection or cross-over between storage and
loss moduli at the end of the linear of the viscoelastic (EVLE)
regime as shown in Fig. 1(c). This is also considered the yield
stress at which this phenomenon occurs. The complex vis-
cosity versus angular frequency curve of the analysis is also

shown in Fig. 1(d), which displays the decreasing viscosity
of the sealant as the shear rate increases, thus also suggest-
ing the shear-thinning behavior.!'"!?] All these indicates that
the sealant is viable as a viscoelastic 3D printing ink for the
DIW technique.
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Figure 2. (a) EGA and (b) TGA curves, (c) flash pyrolysis chromatogram, and (d) FTIR spectra of the sample.
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Evolved gas analysis

and thermogravimetric analysis

Figure 2(a, b) shows the EGA and TGA curves. A two-part
degradation at a temperature range of 200 to 500°C is demon-
strated in Fig. 2(a), which implies that the sample is a two-part
copolymer, as described by the manufacturer. The TGA and
DTG profile are shown in Fig. 2(b). The TGA curve shows a
single major degradation step as correlated by the presence of
a single peak in its corresponding DTG profile. The single-
step degradation, which started from about 300 to 500°C, sug-
gests a 100% weight decomposition of the copolymer mate-
rial. The absence of any solid or mineral component (inorganic
additives) with this formulation is evidenced by the complete
degradation or weight loss at about 480°C. In some sealant or
adhesive formulations, inorganic or mineral additives are used
to support rheological properties, densification, and thermal
stability. Similar results in temperature range and degradation
were also obtained from the studies of Castaldi et al. and Shield
et al. which confirm that the sample is SBR based.l!>!4]

Pyrolysis-gas chromatography-mass
spectrometry and Fourier transform
infrared spectroscopy

Figure 2(c) displays the flash pyrolysis chromatogram of the
sealant. The observed peaks resulting from the flash pyrolysis

single shot at 500°C indicate the presence of isobutene and
styrene/a-methyl styrene, which confirms that the copolymer
is an SBR material. The presence of toluene as the solvent was
also confirmed, as declared by the manufacturer. A solid char-
acteristic broad peak of the C—H bond in the range of ~2800
to 3000 cm '] was observed in the FTIR spectra as shown in
Fig. 2(d), which corroborates the result of the Py-GC/MS mass
spectral analysis. Another, consideration is the absence of plas-
ticizer additives which is sometimes added to improve the flow
behavior with application. These composition verification along
with thermal analysis indicates that the formulation as it is is
mostly SBR copolymer material with very good rheological
behavior but may have limited thermal stability. This indicates
the possibility for future repurposing of this base formulation
with different additives.

Direct ink write 3D printing

DIW technique produced 3D-printed structures of the SBR
polymer sealant as its ink. The images of the 3D-printed
objects with simple and complex designs, such as long bars,
tensile bars, and flower structures, are shown in Fig. 3(a—c).
The successful fabrication of these parts demonstrates the
ability of DIW to utilize commercially available synthetic
rubber-based materials to produce geometrically and structur-
ally complex 3D-printed objects with high printing resolution
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Figure 3. DIW 3D-printed (a) long bar, (b) tensile bar, and (c) flower structure using the SBR-based sealant as ink and (d) a dynamic fluid
model that can be modeled after extruding materials from a syringe onto a flat substrate with good adhesion to the ink.
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and quality. In a previous report by Kamath et al. the 3D
printing of SBR rubber was achieved using a formulated
ink or liquid SBR with rheological modifiers, vulcanizing
agents, activators, and other additives.[ls] That work actually
required a vulcanization step before it can provide a useful
thermo-mechanical property. The properties were reported
which showed its dependence on the curing time/tempera-
ture and also the role of each additive from rheology and
then curing. In our case, we directly used a commercially
available sealant SBR material which we deconstructed using
IR, pyrolysis GC/MS, and other characterization methods to
correlate properties with composition. This is different from
the previous work in that the yield stress and storage modulus
requirements for 3D printability is achieved by evaporation
of the solvent with extrusion and printing layer by layer. In
principle, the optimization process of the 3D printability can
be carried out by similar studies done with acrylate- and sili-
cone-based sealants.!'”-'8! With good adhesion of the viscous
ink to the substrate, a simplistic dynamic fluid model can
be used to simulate relationships between how the viscosity
of the fluid (), the internal radius of the nozzle (Rs), print
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speed (vo), the height of the printed pattern (%), tapered zone
length (Az), and driving pressure (P) can affect the width of
deposited fluid () as shown in Eq. 1 and Fig. 3.
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Scanning electron microscopy
Morphological characterization of the 3D-printed sample
was performed using SEM. The SEM images of the sur-
face of the 3D-printed sample are shown in Fig. 4(a, b). A
relatively uniform surface can be observed from the micro-
graphs having areas with scale-like features, which the man-
ufacturer described since Lexel® develops a dirt-resistive
skin upon the solvent’s evaporation just minutes after the
sealant’s application.l’] The aging studies and volume sta-
bility in shrinkage were monitored and is discussed in a
later section as shown in Fig. 4(c, d). The lack of any solid
additives also support these almost featureless and uniform
morphology.
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Figure 4. SEM images of the 3D-printed sample at (a) x140 and (b) x1000 magnification. Aging and curing/volume change studies: (c)
Impact on tensile elongation over aging at 35°C and 60% RH and (d) Shrinkage during cure at room temperature as a function of days.
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Mechanical properties

Tensile testing

Tensile specimens were printed based on ASTM D412 speci-
fications to evaluate the mechanical properties. The obtained
value of yield strength, ultimate tensile strength, and elastic
modulus are 674 Pa, 645.3 psi (~4.45 MPa), and 320 Pa,
respectively, while the elongation at break reached about
1307%. The low value obtained for the yield strength and
ultimate tensile strength is expected of a rubber material.
The significant value of the maximum strain experienced is
attributed to the styrene-butadiene copolymer composition
of the sealant, which is crosslinked linearly. Previous report
on tensile properties of another SBR material showed tensile
values of 2.11 MPa and elongation at break up to 400%.!1°!
This property was achieved with curing/vulcanization of the
formulated L-SBR up to 160°C which was not necessary with
this room-temperature SBR sealant. In this case, the room-
temperature 3D-printed SBR sealant showed longer elonga-
tion at break compared to the high-temperature crosslinked
L-SBR.

Compression deflection test

Compression tests at 10 and 30% deflection were performed
following the ASTM D575. Low values of compressive
stresses 0f 0.03 and 0.13 MPa were obtained at 10 and 30%
deflection, respectively. A previous study by Elahee et al.
on the 3D printing of acrylic sealants attributed the low val-
ues of compressive stresses obtained to the small number
of fillers present in the acrylic sealant, providing insuffi-
cient impact-resisting changes to compression deflection. As
mentioned earlier, SBR copolymer composition without any
other filler presents results in the low compressive stress val-
ues obtained in this test.[!”:'®) Additionally, no plastic defor-
mation was observed at 10% deflection. In comparison, a
small plastic deformation of about 2.3% at 30% deflection
was experienced, most likely due to the tear in the longitu-
dinal crosslink network of the elastomeric polymer matrix
of the sealant.

Durometer hardness test

The 3D-printed samples were subjected to durometer hard-
ness testing after being cured for at least a week and exposed
to room temperature open air. Hardness measurement is per-
formed to measure the resistance of a material to mechanical
indentation. The obtained Shore A hardness value of 30 is
relatively low, indicating that this type of rubber is consid-
ered soft.

Electrical properties

Dielectric constant measurement

The dielectric constant of a material is the amount of electric
potential energy in the form of induced polarization that can

be stored in each volume of the material in the presence of an
electric field.['”) The measured dielectric constant at 50 kHz
and 1 Vis 1.74. A low dielectric constant suggests that the
SBR sealant can prevent localized heating upon exposure to a
high-voltage electric field.

Dissipation factor

The reciprocal of the ratio between the capacitive reactance of
an insulating material and its resistance at a specified frequency
is called its dissipation factor. Essentially, it is defined as the
ratio between the permittivity and the conductivity of an elec-
trically insulating material. It measures the energy absorbed
or dissipated by the material upon application of an electric
field due to the internal motion in the material. Measurement
of the dissipation factor is significant in applications, such as
encapsulation of electric components and wiring insulation in
high-performance electronic systems and plastic insulation for
high-frequency applications, like radar equipment or micro-
wave components.””>?!1 The obtained dissipation factor at
50 kHz is 0.000367, which is an extremely low value, indicat-
ing its potential as a candidate material for the abovementioned
applications.

Breakdown voltage

The maximum voltage an insulating material can withstand
before experiencing a catastrophic decrease in resistance result-
ing in the electrical breakdown that renders the material electri-
cal is called the breakdown voltage. The breakdown strength of
a material is vital in applications prone to experiencing voltage
surges, such as transformers, circuit breakers, and semicon-
ductors. The extent of crosslinking in the polymer could be
correlated with the breakdown voltage, as it is affected by the
material’s structure.?%?>23] A relatively high breakdown volt-
age value of 14.97 kV/mm was observed, which could be likely
due to the high linear crosslink density of the copolymer in the
sealant. This suggests that the sealant could be a good material
for the abovementioned applications.

Volume resistivity

The fundamental material property determining how strongly
a material resists the flow of electric current is called volume
resistivity. It is essentially the reciprocal of the electrical con-
ductivity of a material. Generally, materials exhibiting vol-
ume resistivity above 10° Q-cm are considered electrically
insulating; the higher the resistivity, the stronger it resists the
flow of electric current, and the less conductive the material
becomes.[**2% The volume resistivity obtained is 1.95 x 10'6
Q-cm, likely due to the high linear crosslink density attained
from the intimate densification of polymer chain network as the
interstitial solvent molecule evaporates during curing, provid-
ing a less free path for charged carriers to flow through it. The
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Table I. Average peel adhesion strength on various substrates.

Substrate Average peel

force (Ib-f/in)

Stainless steel 21.63
Polyvinyl chloride (PVC) 24.52
Acrylonitrile butadiene styrene (ABS) 23.78
FR4 23.84
Glass 24.2

high-volume resistivity makes it a good material for applica-
tions dealing with high voltages and frequencies.

Thermal properties

The thermal properties were investigated by measuring its
response to heat application. The measure of the ability of a
material to transfer heat is called thermal conductivity. Moreo-
ver, it measures the rate at which heat flows through the mate-
rial.*”] The measured thermal conductivity is 0.14 W/mK
which is an extremely low value, represented by the neat poly-
mer matrix where no transport medium for phonon particles to
cross the boundary. Thermal diffusivity is another thermal prop-
erty that measures the rate at which a temperature disturbance
travels from one point to another in a material. The obtained
thermal diffusivity is 0.10 mm?/s. Lastly, the specific heat of
the sealant was also evaluated, having a value of 1370 J/kgK.
This property pertains to the amount of heat necessary to raise
the temperature of one kilogram of material by one Kelvin.[?”)
These values are expected of polymeric materials as they are
generally considered thermally insulative.

Peel adhesion strength

Peel adhesion strength measures the force required to remove
material from a substrate. The average peel adhesion strength
on different substrates is presented in Table I.

Among the various substrates, adhesion on a polyvinyl
chloride (PVC) substrate yielded the highest average value of
about 24.52 1b-f/in. In comparison, adhesion on a stainless-
steel substrate had the lowest average value of approximately
21.63 Ib-f/in. The obtained peel force strength data are of high
values implying that the sealant has excellent surface adhesion
on the tested substrates. The excellent surface adhesion prop-
erty may be attributed to good interfacial bonding between the
SBR copolymer matrix and the substrate compatibility and the
high crosslink density or crosslink strength within the SBR-
based adhesive matrix.?®] Additionally, the obtained values are
similar to those published by the manufacturer, reinforcing their
claim that the sealant adheres to most building materials.[”) This
indicates that a 3D-printed SBR sealant formulation adheres to
a wide range of surfaces enabling multimaterial deposition and
geometries of a substrate.[ %]
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Curing/shrinkage and aging properties

DIW 3D-printed tensile bars were cured for 7 days before
being aged at 35°C and 60% RH. At 250-h intervals, five
tensile samples were taken out to test for their mechanical
properties until 100 h, as shown in Fig. 4(c). The data indi-
cate that after initial 250 h of aging, the crosslink network
advanced further beyond the initial 7 days at room tempera-
ture reflecting higher elongation and increased elasticity
before the break. However, additional aging resulted in oxi-
dative degradation and moisture absorption at the surface and
progressively migrated inward with developing brittleness,
losing the modulus of elasticity, evidenced by an obvious
declining trend of % elongation.!*”) The dimensional stabil-
ity of the 3D-printed 20-cm rectangular part was physically
measured at various time intervals for 14 days. Percent length
change over days, Fig. 4(d), revealed a total shrinkage dur-
ing cure was 13.7%. The cause of shrinkage is mainly due to
the solvent, toluene, evaporation, and increasing crosslink
density over time.%! Previous studies on a high-temperature
vulcanized SBR showed good dimensional accuracy and sta-
bility of up to 5.89% which can differentiate the effect of
vulcanization on 3D-printed LSBR.['® These changes can be
compensated by accounting for this volume shrinkage and the
necessity to adjust infill density. Reports on Vat Photopolym-
erization of SBR latex elastomers present with acrylate resin
crosslinking show versatility in maintaining thermo-mechan-
ical properties and decoupling with DIW methods. These can
create new properties in combination with other resins to
result in new applications, such as degradable scaffolds.[3!-3%]

Conclusion

This work reported the necessary viscoelastic and rheological
behavior that make the readily and commercially available
SBR copolymer sealant viable for DIW 3D printing tech-
nique. The 3D printing of simple and complex structures
supports this claim. Furthermore, the evaluated properties
of the 3D-printed parts, such as their mechanical, electrical,
and thermal properties, exhibited results expected of SBR
materials upon curing. It also differentiates properties from
high-temperature cured and crosslinked LSBR. It is impor-
tant to do these detailed studies on a readily available mate-
rial for viability in scale-up of DIW inks. Recommendations
for future studies may involve tailoring properties by adding
different fillers, such as carbon nanomaterials and graphene
oxide, to enhance their thermal and electrical properties with
the perspective of using similar protocols for property valida-
tion and specific applications.
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