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Abstract
Direct Ink Writing (DIW) is a promising 3D printing method for controlled multi-material deposition to make well-defined geometrical structures. Stringent 
rheological requirements enable the additive build-up of extruded layers. Although commercially available, no occasion has been reported on poly(butyl 
vinyl ether) adhesives for DIW. The moisture curing mechanism and thixotropic build-up indicate an alternative route to cross-linking curing to thermoset 
elastomers. Chemical composition and rheological characterizations were conducted to evaluate printability and physicochemical properties (i.e., dielectric 
properties, thermal conductivity, etc.) to address the potential for further reformulation and study with nanomaterial additives.

Introduction
Additive Manufacturing (AM) methodologies enable structural 
deposition and layering of materials in three-dimensional (3D) 
complex geometries ranging from macro to microscale fea-
tures. The advantage of AM in next-generation manufacturing 
is that it brings multidisciplinary science fields on a path of 
materials property development and geometric design com-
plexity convergence.[1] Many material extrusion-based AM 
methods have parallel developments in ink or paste materials 
with specific viscosity and curing requirements. One of these 
methods, called Direct ink Writing (DIW) or viscous solution 
printing (VSP), has the potential for a wide range of materials 
that can be applied for complex deposition and structures. DIW 
extrudes the materials through a narrow tip or nozzle to build a 
layer-by-layer structure in a computer numerical control (CNC) 
or robotic multi-axis machine and movement. Patterning is con-
trolled precisely through computer-aided and spatiotemporal 
features allowing printing materials with complex designs. Inks 

must have paste-like and thixotropic viscosity, which can limit 
various ink chemistries. Thus, DIW can have challenges for 
industrial scalability for the lack of cost-effective commercial 
3D printable inks.

First, an ideal DIW ink is expected to have shear thinning 
behavior when extruded through the deposition nozzle with 
adjustable flow control. Once deposited layer-by-layer, the 
materials should yield a stabilized 3D structure (sufficient yield 
stress and storage modulus properties). In this case, adhesive-
sealant-based elastomers have the potential to be widely used in 
3D printing since they can provide good interlayer bonding and 
higher thermal and chemical  stability[2] and are already com-
mercially available and cost-effective. Combining the potential 
for printability and low cost, these adhesive-sealant elastomers 
can shorten the development time for new chemically tailored 
DIW inks that can be applied in many fields. These sealants 
have well-known shelf-life stability, thermal and electrical con-
ductivity, electrical insulation, water resistance, and chemical 
resistance.[3] Processing via crosslinking-induced solidification 
of polymers (e.g., polyurethane, epoxy, silicone, and acrylic) 
helps 3D printability at room temperature. Other polymer-based 
adhesives and sealants of viscous and elastomeric polymers 
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solidify with solvent evaporation or physical cross-linking 
or derivatized with moisture-curing silanes. Poly(butyl vinyl 
ether) is such a polymer. It is based on dispersions of various 
homopolymer and copolymer ratios with alkyl and hydrophilic 
groups, linear and branched derivatives, molecular weight 
(MW), and polydispersity to account for its adhesion and 
“tacky” properties. These formulated adhesive-sealant-based 
elastomers offer attractive mechanical properties while provid-
ing excellent interlayer bonding and high thermal and chemical 
stability.[3] Their commercial availability makes them potential 
candidates for applications as cost-effective DIW 3D Printing 
feedstock sources.[4] Compared to acrylic-based single-compo-
nent thermosets and elastomers, these polyvinyl ether (PVE) 
materials can significantly reduce energy consumption during 
processing owing to their intrinsic solidification mechanisms, 
which enable curing processes at room temperature.[4]

Nonetheless, evaluation as ink for DIW printing requires an 
extensive compilation of viscosity, chemical, and mechanical 
properties that can lead to optimized manufacturing for these 
classes of polymer formulations. Herein, we present a compre-
hensive study on the PVE-based sealant elastomers evaluating 
their viscoelasticity and extrusion behavior for DIW printing, 
investigating the role of curing, aging, and optimizing printing 
parameters. Additionally, we report qualitative and quantitative 
analysis of all the elastomers’ chemical composition and the 
mechanical, thermal, electrical, and adhesion performance of 
3D printed objects. An essential goal of this study is to define 
the composition-viscosity nexus that enables the PVEs to be 
more widely used for 3D printing and define the potential for 
property optimization and applications.

Materials and methods
Materials
NovaBond commercial hybrid composite sealant was procured 
directly from the manufacturer, Novagard Solutions, 5109 
Hamilton Ave, Cleveland, OH, and Gorilla Construction Adhe-
sive was purchased from the local hardware store. Both were 
used as is without reformulating or the addition of solvents.

The reported attributes of the materials are as follows: Elas-
tomer A (Gorilla) is a tough, versatile, all-weather, long-lasting, 
heavy-duty adhesive. This adhesive contains mostly Poly (butyl 
vinyl ether), carbonic acid, stearic acid, and phthalate-based 
plasticizer filled with inorganic particles, Limestone, quartz, 
and calcium salt.[5] Elastomer B (NovaBond) is a ready-to-use 
hybrid adhesive sealant that acts as a powerful bond to sub-
strates dissociating the need for a primer. It is a non-corrosive, 
single-component, MS (modified silicone) polymer hybrid seal-
ant/adhesive.[6] This elastomer comprises mostly Poly (butyl 
vinyl ether) and other components such as amorphous silica, 
vinyl trimethoxy silane, Bis (2-ethylhexyl) benzene-1, 4-dicar-
boxylate, and titanium dioxide. It is waterproof, all-weathered, 
and paintable that can endure extreme flexibility. In addition, it 
yields excellent resistance to shrinking and cracking.

Methodology
Fourier Transform Infrared Spectroscopy (FTIR) and Pyroly-
sis–gas chromatography-mass spectroscopy (Py-GC-MS) were 
used to analyze each sample’s functional group and compo-
sitions. In addition, Thermogravimetric Analysis (TGA) was 
done to analyze the thermal decomposition of each material 
component and its overall thermal degradation behavior over a 
temperature range. Scanning Electron Microscopy (SEM) and 
X-ray dispersion (EDX) Spectroscopy were used to describe 
each sealant and adhesive’s morphology and elemental com-
position. In addition, the viscosity behaviors were investigated 
via a parallel plate rheometer. For the post-printing charac-
terization, the 3D printed parts were utilized to evaluate their 
mechanical properties using testing characterizations such as 
curing, durometer hardness, compression deflection, Young’s 
modulus, tensile strength, dielectric properties, and thermal 
conductivity. A more detailed description of the methodology 
and instrumentation combined with all the printing dimensions 
can be found in Supplementary Information (SI).

Results and discussion
GC–MS pyrolysis and FT‑IR
As shown in Fig. S1(a), The GC–MS for Elastomer A shows 
two significant peaks starting from 150 to 300°C and 350 to 
500°C based on evolved gas analysis (EGA). These peaks rep-
resent the dodecyl phthalate plasticizers and Poly (butyl vinyl 
ether). Similarly, in Fig. S1(d), the primary degradation peaks for 
Elastomer B are observed from 150 to 300°C and 350 to 500°C. 
These peaks also represent Dodecyl phthalate plasticizers and 
Poly(butyl vinyl ether).[7] Several significant peaks were observed 
in the pyrograms by flash pyrolysis chromatography in Fig. S1(b) 
and Fig. S1(e) for Elastomer A and B, such as the dodecyl phtha-
late plasticizer and its decomposed moieties. Peaks attributable 
to UV-328, (2-(2H-benzotriazol-2-yl)-4,6-di-tert-pentylphenol), 
a common phenolic benzotriazole UV stabilizer additive, can 
also be found in both composites. The peaks of about 4.5 min.
to 7.5 min. retention times are attributed to the pyrolysis of 
poly (butyl vinyl ether).[8] Traces of silane or silica composition 
could be found between 500–700 °C range of the EGA though 
not easily resolvable with library matching. Assignments were 
done using the F-Search Library match (Frontier Laboratories). 
The FTIR spectrum, Fig. S1(c), supports the presence of poly 
(butyl vinyl ether), which shows the functional peaks of C-H and 
C-O at 2800–3000  cm−1 and 1200–1400  cm−1, respectively.[9] 
For Elastomer B, Fig. S1(f), the functional group of Si-O-Si is 
observed at around 800  cm−1, which confirms the presence of tri-
methoxy vinyl silane, 3-aminopropyltriethoxysilane, 3-(trimeth-
oxysilyl)propylamine.[10] For Elastomer A, the spectra observed at 
1100  cm−1 are expected to be O-Si–O, which can come from silica 
particles present.[11] This latter component could be for rheology 
modification and maintenance of thixotropy on the original for-
mulation. Both however confirm a large peak at 1475  cm−1 region 
attributable to calcite or calcium carbonate minerals.
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Polymer curing mechanism
As a result of the GC–MS pyrolysis, both Elastomer A and 
Elastomer B contain poly(butyl vinyl ether), which is in the 
polyvinyl ethers (PVE) class. The main applications of vinyl 
ether copolymers are adhesives, release and surface coatings, 
lubricants, elastomers, etc. Polyvinyl ethers, once modified 
with silicones, called modified silicone (MS) polymer, are vis-
cous oils or tacky adhesives. Both elastomers are MS polymers. 
Their curing mechanism is through a process called moisture-
triggered curing. MS polymers are very flexible, which enables 
them to expand and contract with changes in temperature and 
humidity and adsorb the vibrations from structural movement, 
impact, and sound. Combined with UV stability and abrasion 
resistance like polyurethanes, MS polymer sealants have high 
durability and weather resistance. Their high-performance 
capabilities make MS polymer sealants well-suited to many 
applications encountered by many industries.[12]

Thermo‑gravimetric analysis TGA 
Figure 1(a) shows that Elastomer A has three degradation peaks. 
Over the interval from 25 to 350°C, there appears to be an 8 
wt% loss which is attributed to the degradation of the dodecyl 
phthalate plasticizer, which is expected to degrade from 250 to 
350°C.[13] The second peak for 25 wt% loss from 350 to about 
450°C represents the thermal degradation of the poly (butyl vinyl 
ether).[14] The following weight loss of 28 wt% extends from 
about 500 to 700°C showing the presence of inorganic com-
pounds that tends to degrade at such high temperatures, up to 
800°C. On the other hand, For Elastomer B, Fig. 1(b), an initial 
peak is observed from 140 to 350°C is seen, which exhibits the 
evaporation of residual monomer, n-butyl vinyl ether, which has 
the thermal decomposition starting from 317 to 377.0°C.[7] The 
next degradation peak at 20.1 wt% shares a similar trend as Elas-
tomer A, which is the initial degradation of poly butyl vinyl ether 
from 350 to 450°C. The last peak from about 500 to 800°C also 

shows the inorganic filler conversion of  CaCO3 to CaO, which 
is expected to be obtained from 600 to 800°C.[15] Higher than 
750°C represent other solid additives like TiOx, silica particles, 
clay, etc., supported by the EDX measurements.

SEM/EDX
The SEM image of Elastomer B is depicted in Fig. 2(a). Based 
on the SEM images, it is seen that Elastomer B has a rough sur-
face with a high percentage of filler composite. Rough patches 
are the depiction of organic filler within the polymeric matrix. 
On the other hand, EDX images are used to analyze the rela-
tive elemental compositions in the Elastomer B. Figure 2(b) 
shows the percentage compositions of Elastomer B. In contrast, 
Fig. 2(c–i) depicts the spatial distribution for each elemental 
mapping through EDX analysis. Based on the relative formu-
lation design of the adhesive materials, a significant percent-
age of C, O, and Ca can be observed with the mass percentage 
respectively at 36.80%, 36.81%, and 21.50% for Fig. 2(c–e). Of 
course, the amount of C is attributed to the adhesive polymer 
matrix poly(butyl vinyl ether), which has C, H, and O elemental 
composition. This also indicates the presence of  CaCO3 (Lime-
stone) as a primary additive. Figure 2(f–i) represents the other 
elements, Mg, Si, P, and Ti, which could be the composition of 
other additives or impurities due to their low mass percent in 
the polymeric matrix. The SEM image of Elastomer A can be 
observed in Fig. S2(a), along with its elemental composition 
analyzed by EDX. The presence of C, O, and Ca was shown 
through spatial distribution via elemental mapping. All three 
elements comprise the most composition of Elastomer A’s for-
mula with the mass percentage at 37.71%, 37.94%, and 20.88%, 
respectively. Since Elastomer A contains mainly limestone, car-
bonic acid, and calcium salt from 30 to 60 wt% and 10 to 30 
wt%, respectively, [6] the other elements found from EDX, Fig. 
S3(c–h), indicate the impurities found or minor additives (silica) 
due to a meager mass percentage compared to C, O, and Ca.

Figure 1.  Thermal degradation was used to analyze the compositions of the Elastomers. TGA graphs of (a) Gorilla or Elastomer A; (b) 
NovaBond or Elastomer B showing the major thermal degradation transitions. Note the almost similar solid weight % of additives.
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The EDX elemental composition’s importance confirms 
the mineral fillers’ presence and roles that contribute to the 
viscosity and thixotropic behavior, including the density nec-
essary as a suitable sealant and adhesive material. The high 
weight % (40%), as described by the TGA data, confirms 
their presence and typical commercial formulation.

Viscosity
Elastomer A and Elastomer B have similar patterns for the 
viscosity versus log shear rate patterns in [Fig. 4(a, b)]. 
However, it can still be observed that Elastomer B has a 
slightly lower viscosity. From both TGA data, since Elasto-
mer A has higher filler content, 39%, plus non-cross link-
able monomer content, 25 wt% than those of Elastomer B 
containing 34 wt% filler content and 20.1 wt% non-cross 
linkable monomer. In addition. From Fig. 4(c), Elastomer 
A’s thixotropic index is also higher than Elastomer B, which 
supports how the more viscous the material, the more thixo-
tropic it is, which is highly desirable due to their correlation 
pattern layering during and post-printing. This higher thixo-
tropic index adds more value to the shear-thinning behavior 
of these properties. It is essential for higher commercial-
speed 3D printing processes. Future rheological studies will 
include storage and loss modulus measurements, tan delta. 
It is necessary for reformulation with other additives. Such 
studies are expected to give a better viscoelastic description 

and correlation with the molecular weight (or blended 
nature) of the PVEs used.

DIW printing
The commercially available poly (butyl vinyl ether) elasto-
mers were applied as inks for DIW in different shapes shown 
in Fig. 3(a). Many attempts were made to adjust the printing 
parameters to obtain the best resolution for printing these two 
construction elastomers. Figure 3(a) shows the best results of 
printing these 2 elastomers as an alternative to expensive chem-
ically tailored ink for DIW. Many modifications were made to 
obtain the best printing resolution. Increasing the extrusion rate 
parameters, in this case, involves increasing the nozzle pressure 
to add strain to the stepper motor. It will be necessary to use 
more predictive methods for optimization of slicing, G-code 
modification, printing parameters (bed height, speed, nozzle 
size) to shorten this development phase especially with future 
toolpath precision in multi-axis printing set-ups.

A simplistic dynamic fluid model Fig. 3(c) to simulate rela-
tionships between how the viscosity of the fluid (μ), the internal 
radius of the nozzle (Rs), print speed (vo), the height of the printed 
pattern (h), tapered zone length (hz) and driving pressure (P) can 
affect the width of deposited fluid (a) is shown using Eq. 1.

(1)a =

πR
s
P

8µυ
o
hh

z

Figure 2.  SEM microscopy investigated the morphology and roughness of the samples. SEM–EDX images of Elastomer B: (a) SEM micro-
graph, (b) Calculated elemental %, (c–i) elemental mapping. The importance of elemental mapping is in confirming the presence of fillers 
and additives commonly associated with formulated sealant-adhesive resins.
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The forces governing the dispensing process include the air 
pressure, the nozzle wall friction, and the polymer’s surface 
tension. Based on the fluidity of the material, Eq. 1 could esti-
mate the dimensions of the deposited material. Further discus-
sions are given in the Supporting Information (SI) material.

Compression‑deflection
The 10% and 30% compressive-deflection test results are 
shown in [Fig. 4(d, e)]. For 10% and 30% deflection, Elasto-
mer B yields the lowest compression stress at 0.18 MPa and 
0.37 MPa, respectively. This explains the smaller weight percent 

Figure 3.  Optimization of the 3D printing parameters is necessary to demonstrate scalability and complex geometries. High-resolution 
printed samples for (a) Elastomer A; (b) Elastomer B with optimization. A simplistic dynamic fluid model can be used to identify param-
eters for optimization (c).
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Figure 4.  Characterization data for both Elastomer A and Elastomer B: (a) Viscosity over shear rate in a log scale; (b) log viscosity over 
shear rate in a log scale; (c) Thixotropic index; (d) 10% compression deflection; (e) 30% compression deflection; (f) shore A durometer 
hardness and (g) dielectric properties and breakdown voltage. The comparison of both elastomers side-by-side indicates the differences 
in their formulation and how it affects their properties, although both have excellent printability.
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of the filler of Elastomer B compared to Elastomer A, as smaller 
filler content gives less impact-resisting changes to compression 
deflection. For plastic deformation, only under 30% deflection 
that Elastomer B experiences any changes at 1.2 MPa.

On the other hand, Elastomer A yields higher compression 
stress for 10% and 30%, respectively, at 0.44Mpa and 0.66 MPa. 
Higher compression shows higher filler content, which is suffi-
cient to show that resistance changes to compression deflection. 
This also shows the same trend for plastic deformation, in which 
Elastomer A has a higher deformation % compared to Elastomer 
B at 0.8% and 23.8% at 10% and 30%, respectively. Such high 
plastic deformation could be due to the irreversible deformation 
of the filler layering up along with the non-crosslinked matrix.

Durometer hardness
Shore, A hardness of Elastomer A, Fig. 4(f), yields higher 
than that of Elastomer B. Higher hardness represents higher 
crosslinking within the materials, which also has the higher 
filler content and vice versa for Elastomer B. In addition, lower 
hardness indicates more elasticity due to a lower degree of 
crosslinking across the polymeric matrix. The balance of this 
uncross-linked silane content can act more as a plasticizer. 
Therefore, the lower hardness of Elastomer B results in higher 
elasticity and better flowability during printing.

Tensile testing
Tensile testing requires the maximum stress the materials can 
endure until it breaks down. Based on Fig. S2(e), Elastomer 
A can endure more stress than Elastomer B at 528.6 Psi com-
pared to 171.75 Psi. Tensile testing can indicate the level of 
crosslinking density. The higher the tensile stress, the more 
crosslinking density, making it harder to tear the tensile bar. 
Therefore, the hardness of Elastomer B is lower. This is rel-
evant to the amount of filler in Elastomer A, as confirmed 
by TGA, at 40 wt% compared to Elastomer B at 34 wt%. 
The tensile properties are also consistent with the durometer 
hardness.

Young’s maodulus
Fig. S2(a) shows the calculated Young’s Modulus values for 
all the samples. Elastomer A yields a higher Young’s Modulus 
at 0.03 MPa than Elastomer B at 0.01 MPa. These Young’s 
Modulus values indicate each elastomer’s stiffness for the 
materials post-printing. Therefore, Elastomer A gives higher 
cross-linking density and interfacial bonding between the filler 
and polymeric matrix.[16]

Dielectric constant
Dielectric Constant is used to determine the ability of an insu-
lator to store electrical energy. The dielectric constant is the 
ratio of the capacitance induced by two metallic plates with an 
insulator between them to the capacitance of the same plates 
with air or a vacuum between them. The dielectric constant at 

50 kHz, 1 V in Figure 4(g) shows the electric potential energy, 
which is the ratio of the capacitor within the materials as the 
dielectric vacuum (or air) as the dielectric.[17] A lower dielectric 
constant shows that the polymeric matrix within the elastomers 
can be protected from heating while being exposed to a high 
electric field. In this case, Elastomer A has a higher dielectric 
constant, indicating higher heat absorption under any high elec-
tric field. If a material were strictly insulated, it would be better 
to have a lower dielectric constant.

Dissipation factor
The dissipation factor (DF) is the property related to the effec-
tiveness of insulating materials. In other words, it is described 
as the ratio between the permittivity and the conductivity of the 
materials.[18] Dissipation happens when the energy within the 
electric field is lost due to the “internal motions” of the materi-
als.[19] It is essential to measure the dissipation factor as it can 
be crucial in applications such as cables’ insulation, encapsula-
tion for electric components, interlayer dielectric, and printed 
wiring board materials. These inks should yield a deficient dis-
sipation factor to fit in those applications. Figure 4(g) shows 
as low as 0.01 for both elastomers, which is ideal in this case. 
Since DF is the reciprocal of the ratio between the insulating 
materials’ capacitive reactance to its resistance at a specified 
frequency, it measures the inefficiency of an insulating material.

Breakdown voltage
Breakdown voltage is the threshold voltage that causes the 
breakdown preventing current flow.[20] Breakdown strength is 
essential in determining the energy storage density of nano-
composites. In this case, the breakdown voltage can indicate 
how the matrix is crosslinking with the con-conductive fillers. 
Figure 4(g) shows that the breakdown voltage for Elastomer 
B, 16.2 kV/mm, is higher than Elastomer A, 9.72 kV/mm. This 
confirms that Elastomer A has more plasticizer content with less 
non-conductive fillers.

Thermal conductivity
Thermal conductivity measures the rate of transfer energy 
across a unit surface area.[21] Therefore, in this case, it calcu-
lates how much heat can flow through the printed elastomers. 
From Figure S2, Elastomer A and Elastomer B have similar 
thermal conductivity, at 0.51 and 0.48, respectively. Elastomer 
A has a higher thermal conductivity due to higher crosslinking 
density. Since covalent bonds form the cross-links in polymer 
crosslinking, the phonon transport is enhanced, which increases 
thermal conductivity.[22]

Peel adhesion strength
Based on the average peel adhesion strength, Elastomer B 
exceeds more than Elastomer A for all the tests done on 3 sub-
strates, Stainless steel, PVC, and ABS. ABS gives the lowest 
peel strength for both elastomers among all the substrates—
lower peel adhesion strength results from various mechanisms 
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within each elastomer. In addition, the adhesive matrix plays 
an essential role in each elastomer’s peel strength. Since Elas-
tomer B has the highest average peel strength overall compared 
to Elastomer A, this could confirm how Elastomer B overall has 
more polymer matrix bonding due to their higher percentage 
of crosslinked polymers based on the TGA result in Fig. 1(b)

Sample curing and dimensional stability
For the sample curing and shrinkage measurements, the fol-
lowing procedure was done. Uniform printed parts (disk shape) 
were utilized to investigate their shrinkage over time at room 
temperature. The dimensional stability was measured against 
the original CAD dimensions with a caliper. The time range is 
from the freshly printed sample up to 10 days. It was observed 
that Elastomer A has a lower shrinkage percentage at 0.5 wt% 
compared to Elastomer B at 5.0 wt%. The shrinkage is attrib-
uted to the evaporation of water during curing. The high shrink-
age indicates that Elastomer B contains a lower polymer matrix 
and solid wt% composition with more solvent than Elastomer 
A. Elastomer A is most likely 100% solvent free see Figure S2.

Conclusions
Several studies have been conducted on various DIW mate-
rials, including hydrogels, thermoset elastomers, vitrimers, 
acrylates, etc.[23–32] This study showed the viability of poly 
alkyl vinyl ether-based adhesives and sealants as additional 
materials that can be utilized for DIW. As currently formu-
lated, these elastomers can be printed with the optimization 
of the DIW printers using modular printing heads. Two types 
of commercial elastomer adhesive sealants were investigated. 
Both gave high-resolution printability with excellent thermo-
mechanical properties and thermal stability. Comparisons with 
the two elastomers showed the effect of higher solid weight 
% compositions on crosslink ability and thermo-mechanical 
properties, i.e., higher weight% resulted in higher tensile prop-
erties, Young’s modulus, lower shrinkage, etc. Aging and cur-
ing tests show they can maintain their material’s performance 
under higher temperatures. The shrinkage volume is related to 
solid weight %, which is a higher %, resulting in less shrinkage. 
Electrical conductivity, thermal conductivity, and dielectric 
properties indicate a typical sealant behavior with insulation 
properties with poor conductivity. Analyzing their dielectric 
properties can be relevant to fields and applications such as 
dielectric layers, batteries, electrical wires, etc.

Further studies using nanofillers (graphene, carbon nano-
tubes, etc.) can be done to improve their thermal, electrical, 
and mechanical properties post-printing, especially with the 
help of percolation theory in composition. It will be necessary 
for statistical methods and perhaps machine learning (ML) to 
accelerate the development of new DIW materials and testing 
protocols.[33] A primary component analysis (PCA) study can 
also accelerate reformulation and repurposing in DIW. How-
ever, detailed rheological studies will still be needed to main-
tain the printability of these modified inks.
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