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Abstract: New organic-inorganic hybrid copolymers (EA-POSSs) based on butyl acrylate,
glycidyl methacylate, hydroxybutyl acrylate, acryloiloxybenzophenone and acryloxypropyl-
heptaisobutyl-POSS (A-POSS) were prepared via free-radical solution polymerization (FRP) and
applied as a component of thermally curable structural self-adhesive tapes (SATs). The EA-POSS
with 0.25, 0.5 or 1 mol % of A-POSS exhibited significantly higher dynamic viscosity (ca. +104%),
Muw (+61%) and polydispersity (+109%; measured using gel permeation chromatography) as well
as lower Ty value (16 °C) in relation to the A-POSS-free copolymer (EA-0). Differential scanning
calorimetry (DSC) measurements (one glass transition process) confirmed statistic chain structure of
the EA-POSS materials. Replacement of EA-0 by the EA-POSS copolymers in a SATs recipe caused
simultaneous improvement of their self-adhesive features, i.e., adhesion (+70%), tack (+21%) and
cohesion (+1590%). Moreover, the POSS-based copolymers improved the shear strength of thermally
cured Al/SAT/AI overlap joints; the best mechanical resistance (before and after accelerated ageing
tests) was observed for the sample containing 0.5 mol % of A-POSS (an increment range of 50-294% in
relation to the A-POSS-free joints). Thermogravimetric analysis (TGA) revealed markedly improved
thermal stability of the A-POSS-based SATs as well.

Keywords: POSS; hybrid polymer; polymer blends; structural adhesives; pressure-sensitive tape;
adhesion; mechanical properties

1. Introduction

Polyhedral oligomeric silsesquioxanes (POSSs) create a class of organosilicon materials with an
empirical formula RSiO3/, (Where R is a hydrogen, alkyl, alkylene, aryl, arylene or other substituent).
Depending on the functionality (mono- or multifunctional) and structure (random, ladder, cage or
partial cage) of POSSs, they can be used as fillers, comonomers, cross-linking agents or initiators [1].
Incorporation of POSSs into polymeric materials can be realized by their blending (non-reactive POSSs
or POSS-based polymers), as well as grafting and (co)polymerization (multi- and mono-functional
POSSs) [2]. The first POSS-based copolymer was described by Lichtenhan in 1995 (a conventional free
radical polymerization process of methacrylate-functionalized POSS monomers) [3]. Due to the unique
features of POSS copolymers (e.g., high thermal stability), different POSS monomers were employed in
atom transfer radical polymerization (ATRP), free radical polymerization (FRP), reversible addition
fragmentation chain-transfer polymerization (RAFT), anionic polymerization processes, thiol-ene
(click) and grafting reactions [4-11] or photoinitiated polymerization processes [12-15]. The first
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well-defined and high molecular weight polymers with POSS moieties were prepared by Marciniec
in 2014 via the ATRP method [16]. Application of the POSSs in nanocomposites, light-emitting
diodes, biomaterials and catalytic systems has been widely investigated [1,17]. Moreover, there are
many publications describing POSS-modified organic coatings [18-20] and cast epoxy systems [21-27].
Generally, POSSs have an influence on the mechanical (higher modulus and elongation at break),
thermal (higher T, and thermal stability, reduced thermal conductivity), barrier (better corrosion
resistance) and other properties of polymeric materials [1,28]. It is noteworthy that copolymerizable
POSSs can even contain eight reactive substituents (e.g., octamethacryloxy-POSS); thus, they are mostly
used as crosslinking agents in thermal- or photo-initiated copolymerization/crosslinking processes of
various (meth)acrylates. With the exception of [29-33], preparation of polymer networks based on
octamethacryloxypropyl-POSS (known as 8M-POSS) and methyl methacrylate was presented in [34],
while reactions of 8M-POSS with hydroxyethyl methacrylate, methyl methacrylate and dimethyl
itaconate were investigated in [35]. Biomedical adhesives with monomethacryloxypropyl-POSS [36],
structural epoxy adhesives with glycidyl-POSS [37] and cyanoacrylate dental adhesives modified with
acrylo-POSS [38] are known; however, POSS-based adhesive materials have very rarely been considered
in the literature. Moreover, there are no papers treating the application of monoacryloxyalkyl-POSS
components in structural adhesives (including tape-type products) designed for the joining of metallic
substrates. It is noteworthy that the first thermally curable structural adhesive (in a form of solid tape)
was manufactured over 50 years ago by Hexcel from a phenolic resin and a polyvinyl formal; it was
used for the production of the De Havilland 125 jet aircraft. Then, several adhesive tapes based on
different phenolic and epoxy resins (additionally reinforced with polyester or polyamide fabrics) were
developed [39]. A relatively new class of these materials is structural adhesive tapes with self-adhesive
features (SATs). Generally, they can be prepared via UV-photocrosslinking process of reactive acrylate
copolymers (compounded with an epoxy resin and a latent hardener) [40—42]. Unfortunately, due to the
limited thickness of SATs, they do not contain reinforcing fabrics. Considering the above-mentioned
literature (e.g., [1,28]), it seems that POSS is able to improve the mechanical and thermal properties of
SAT-based joints. Thus, the aim of this work was to synthesize hybrid photosensitive epoxyacrylate
copolymers (EA-POSS) based on acryloxypropyl-heptaisobutyl-POSS (A-POSS) and to compound
thermally curable pressure-sensitive structural adhesive tapes (containing EA-POSS). The self-adhesive
properties of the prepared SATs, as well as the mechanical and thermal features of thermally cured
Al/SAT/Al overlap joints, were deeply investigated in this paper.

2. Materials and Methods

2.1. Materials

The following components were used for preparation of hybrid epoxyacrylate copolymers
(EA-POSSs): n-butyl acrylate (BA), glycidyl methacrylate (GMA), 4-hydroxybutyl acrylate (HBA)
(BASF, Ludwigshafen, Germany), 4-acryloyloxy benzophenone (ABP; Chemitec, Scandiccy, Italy),
acryloxypropyl-heptaisobutyl-POSS (A-POSS; Acryloisobutyl-POSS MA0701, Cz4H7,014Sig, Mw:
929.61 g/mol, Hybrid Plastics, USA, Figure 1), 2,2’-azobis(isobutyronitryle) (AIBN; Merc, Darmstadt,
Germany) and ethyl acetate (POCh, Gliwice, Poland) as a solvent. The thermally curable double-sided
structural self-adhesive tapes (SATs) were compounded using the EA-POSSs (or an A-POSS-free
copolymer; EA-0), the Bisphenol A-based liquid epoxy resin with epoxy equivalent weight of ca.
202 g/eqiv. and viscosity 25 Pa-s (Epidian; Ciech Sarzyna, Nowa Sarzyna, Poland), the Lewis acid
adduct (Nacure Super Catalyst A 218; Worleé Chemie, Hamburg, Germany) as a latent curing
agent and modified poly(methylalkylsiloxane) (Byk 325; Byk-Chemie, Wesel, Germany) as a surface
tension modifier.
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Figure 1. Structure of acryloxypropyl-heptaisobutyl-POSS (A-POSS).
2.2. Preparation and Characterization of the EA-POSS Hybrid Copolymers

The EA-0 and EA-POSS copolymers were synthesized via free radical batch copolymerization
of A-POSS (0-0.5 mol), BA (7.5-8 moles), GMA (1 mol), HBA (1 mol) and ABP (0.001 mol) in ethyl
acetate using AIBN as an initiator (0.1 wt part/100 wt parts of the monomers). The copolymerization
process was realized at 78 °C for 5 h in a glass reactor equipped with a mechanical stirrer. The prepared
products (i.e., copolymer solutions) contained 50 wt % of solids. Composition of the EA-0 and EA-POSS
is tabulated in Table 1, while their theoretical structure is shown in Figure 2. A photograph of the
copolymer solutions is presented in Figure 3.

Table 1. Composition of the epoxyacrylate copolymers with A-POSS.

Monomers (mol %)

Copolymer Symbol

A-POSS BA GMA HBA ABP

EA-0 00" 79.99

EA-POSS-0.25 0.25 (1.8) 79.74

EA-POSS-0.5 0.5 (3.4) 79.49
EA-POSS-1 1(6.7) 78.99 10.0 10.0 0.01

EA-POSS-2.5 2.5 (15.4) 77.49

EA-POSS-5.0 5.0 (27.3) 74.99

1 A-POSS weight concentration in an epoxyacrylate copolymer (wt %).
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Figure 2. A theoretical structure of the EA-POSS copolymers.
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Figure 3. Solutions of the EA-POSS copolymers in ethyl acetate: EA-0 (1), EA-POSS-0.25 (2), EA-POSS-0.5
(3), EA-POSS-1 (4), EA-POSS-2.5 (5) and EA-POSS-5.0 (6).

Dynamic viscosity of the EA-0 and EA-POSS solutions was measured at 23 °C by means of the
DV-II Pro Extra viscometer (spindle #7, 50 rpm; Brookfield, New York, NY, USA). Gel permeation
chromatography (GPC-MALLS) was used for determination of molecular masses (Mw, Mn) and
polydispersity (PDI) of the copolymers; the GPC apparatus contained the differential refractive index
detector (Dn-2010 RI WGE Dr. Bures), the multiangle laser light scattering detector (DAWN EOS,
Wyatt Technologies, Santa Barbara, CA, USA) and the columns: PSS 100 A, PSS 500 A, PSS 1000 A and
PSS 100000 A (Polymer Standard Service, Mainz, Germany). The GPC tests were performed using
THF and polystyrene standards.

2.3. Preparation and Characterization of Self-Adhesive Tapes (SATs) and Al/SAT/AI Joints

The SATs were compounded using the EA-0 or EA-POSS copolymers (50 wt parts), the epoxy
resin (50 wt parts), the latent curing agent (1.5 wt parts), and the polymethylalkylsiloxane (0.75 wt part).
The compositions were applied onto polyester foils (samples for self-adhesive tests) or siliconized
paper (other tests), dried at 110 °C for 10 min and UV-irradiated for 40 s (15 J/em?) using the medium
pressure mercury lamp (UV-ABC; Honle UV-Technology, Gréfelfing, Germany). The UV-exposition
was controlled with the radiometer (Dynachem 500; Dynachem Corp., Westville, IL, USA). Base
weight and thickness of the UV-photocrosslinked SAT layers were 150 g/m? and 100 um, respectively.
Self-adhesive properties of the thermally uncured SATs were tested according to AFERA 4001 (adhesion
to a steel substrate), AFERA 4015 (tack) and AFERA 4012 (cohesion). These parameters were evaluated
using three samples of each adhesive tape. Differential scanning calorimetry (DSC Q100, TA Instr.,
New Castle, DE, USA) was used for determination of the glass transition temperature (Tg) of the SATS,
enthalpy of SAT curing processes (AH), onset temperature of the curing reactions (T;), and maximum
temperature of the curing reactions (Tp). Samples (ca. 10 mg) were analyzed using standard aluminum
pans at the temperature range of —80-300 °C (heating rate of 10 °C/min). Two DSC measurements for
each composition were carried out.

Aluminum-SAT-aluminum overlap joints (Al/SAT/Al) were prepared using the SATs and degreased
2024 aluminum panels (100 x 25 X 1.6 mm); the joints were thermally cured at 170 °C for 60 min.
Shear strength of the Al/SAT/Al systems was measured at room temperature according to the ASTM
D1002-10 standard (ten samples of each system) using the Z010 machine (Zwick/Roell, Ulm, Germany).
A long-lasting thermal ageing test was conducted acc. to MMM-A-132B (shear strength of the joints
was measured after their storage at 82 °C for 192 h). Humidity resistance of the joints was determined
(MMM-A-132B) after their 30-day exposure (40 °C, 95% RH) in the climatic chamber (LHU-114,
Espec Corp.,Osaka, Japan). A fluid immersion test was realized acc. to MMM-A-132B as well; the
overlap joints were immersed at 23 °C for 7 days in the aviation turbine fuel (Jet A-1; PKN Orlen,
Warszawa, Poland).
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Epoxy group conversion (EGC) in thermally cured SATs was analyzed using the FI-IR technique;
variations of the absorbance value at 915 cm™! (oxirane groups) were monitored and EGC values were
calculated according to Equation (1) [43]:

A(t)
EGC =|1-—%|(au. 1
(1- 27 o) )
where: A(0)—the initial intensity of the peak at 915 cm™l; A(t)—the intensity of the peak at 915
cm™! after thermal curing of the sample. The mentioned peaks were normalized in relation to the
reference peaks at 1182 cm™! (C-O-Ar bonds of Bisphenol A-based diglycidyl ether [44]). Additionally,
crosslinking degree (a) of the thermally cured SATs was calculated using DSC data according to
Equation (2) [18]:
AHt - AHres)
=[——)(a.u. 2
(@) @
where: AHr—total enthalpy of a SAT curing process (J/g); AH.s—enthalpy of a post-curing process of
the thermally cured SAT (in a Al/SAT/Al joint).
Thermal stability of the thermally cured SATs (in N, atmosphere) was measured using the TG
Libra analyzer (Netzsch, Selb, Germany). Samples (ca. 10 mg) were heated in aluminum pans at the

temperature range of 25-800 °C (10 °C/min).
3. Results

3.1. Properties of A-POSS-Modified Epoxyacrylate Copolymers

Selected physico-chemical features (i.e., viscosity, molecular masses and glass transition
temperature) of the epoxyacrylate copolymers (EA) chemically modified with monoacryloxypropyl-
heptaisobutyl-POSS (A-POSS) are presented in Table 2. As can been seen, the hybrid copolymers
prepared using the lower doses of A-POSS, i.e., 0.25 mol % (EA-POSS-0.25), 0.5 mol % (EA-POSS-0.5)
or 1.0 mol % (EA-POSS-1), exhibited markedly higher viscosity (19, 25.9 and 15.6 Pa-s, respectively)
than the reference sample (EA-0, 12.7 Pa's). Interestingly, the viscosity of the samples with the higher
A-POSS concentrations, i.e., 2.5 mol % (EA-POSS-2.5, 3.3 Pa-s) and 5 mol % (EA-POSS-5, 1.5 Pa-s),
was dramatically reduced in relation to the other copolymers. It should be noted that the analyzed
parameter values correlate with GPC measurement data. As can be seen in Table 2., the Mw of the
modified copolymers generally decreases with increasing content of A-POSS; however, at the lowest
modifier concentration (0.25 mol %), Mw reaches its highest value (ca. 703 kg/mol) in relation to the
EA-0 and the other samples. Moreover, the PDI values (Mw/Mn) for EA-POSS-0.25 (6.63 a.u.), as well
as for EA-POSS-0.5 (5.54 a.u.) and EA-POSS-1 (5.72 a.u.), were markedly higher than for the reference
sample (3.22 a.u.) and samples with higher A-POSS content (3.24 a.u. for 2.5 mol %, 3.86 a.u. for
5 mol %). Generally, the GPC measurements indicate that the former group of the modified copolymers
(with the lower A-POSS doses) does not have a unimodal molecular weight distribution (the high
PDI). Nevertheless, all the EA-POSS samples exhibited only one T, value (i.e., the statistical structure
of copolymer chains; Figure 4, Table 2), and the values of that parameters were lower than for EA-0
(21 °C) and generally increased with increasing A-POSS dose (or decreasing butyl acrylate content;
Table 1). It is noteworthy that the lowest Ty was recorded for EA-POSS-0.25 (-37 °C), EA-POSS-0.5
(=36 °C) and EA-POSS-1 (=35 °C). This was probably a result of the higher Mw and PDI values of these
copolymers in relation to the reference and other samples with A-POSS; a mixture of copolymer chains
with markedly different length should generally be characterized by lower crystallinity and higher
molecular mobility.
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Table 2. Dynamic viscosity, molecular weight and glass transition temperature values for epoxyacrylate
copolymers modified with A-POSS.

EA Acronym 1 (Pa-s) Mn (g/mol) Muw (g/mol) PDI T, O
EA-0 12.7 135500 436 800 3.22 =21
EA-POSS-0.25 19.0 105 900 702 700 6.63 =37
EA-POSS-0.5 259 114 700 635 800 5.54 -36
EA-POSS-1 15.6 105 600 604 600 5.72 -35
EA-POSS-2.5 3.3 128 100 415 400 3.24 -33
EA-POSS-5 1.5 85900 331700 3.86 -29
Y
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Figure 4. DSC thermographs for the epoxyacrylate copolymers modified with A-POSS.
3.2. Properties of Thermally Uncured SATs with A-POSS-Based Epoxyacrylate Copolymers.

We have previously reported that the Bisphenol A-based epoxy resin (ER) and the epoxyacrylate
copolymer (EA-0) are miscible components of SAT compositions due to the polarity of the two
comonomers, i.e., glycidyl methacrylate and 4-hydroxybutyl acrylate. The ER/EA-0 mixture was
characterized by one T value revealed by the DSC technique [42]. In this research, we modified the
epoxyacrylate copolymer with the organic-inorganic A-POSS comonomer; the resulting EA-POSS
copolymers were used for preparation of thermally curable pressure-sensitive adhesive films (SATs).
DSC data describing a thermal curing process of the SATs (based on the EA-POSS components) are
presented in Table 3. As can be seen, only the SAT based on the EA-POSS-0.25 hybrid copolymer (i.e.,
SAT-POSS-0.25) exhibited one T¢ value (—18 °C), and this result was quite similar to T of the reference
SAT sample with the unmodified EA-0 copolymer (SAT-0, —19 °C). Thus, it can be claimed that ER is
thermodynamically miscible with EA-0 and EA-POSS-0.25. In contrast, the other samples exhibited
two T, values, indicating partial immiscibility of the epoxy resin and the epoxyacrylate copolymers
prepared using 0.5-5 mol % of A-POSS. It should be noted that the first/lower T, decreased (while the
second/higher T, increased) with increasing content of A-POSS; generally, the differences between the
two recorded T, values were largest for SAT-POSS-2.5 (30 °C) and SAT-POSS-5 (28 °C). The observed
phenomenon of the main reduction in Ty values (from —19 °C for SAT-0 to —26 °C for SAT-POSS-5;
Table 3) was affected by the increasing concentration of the POSS-type modifier in the systems. It is
generally known that POSS molecules can cause a slip effect in polymer chains, resulting in a Ty
decrement [45]. Additionally, the ER/EA-POSS blends (based on the copolymers containing >0.5 mol
% of A-POSS) were turbid—it confirmed that these ingredients are not totally miscible. Taking into
consideration that the T¢ value for ER is ca. —10 °C [42], the second/higher T¢ value (Table 3) probably
represents a glass transition process of a phase (consisting of a mixture of ER and selected chains of
EA-POSS). In this case, it must be noted that the second T values for the EA-POSS-based SATs generally
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increased with increasing Ty value of the incorporated copolymers (Table 2). The second T values may
be affected by strong screening effects of POSS cages [46] embedded in the copolymer fraction miscible
with the epoxy component. Nevertheless, the above-mentioned macroscopic incompatibility of ER and
the majority of the EA-POSS copolymers (i.e., the main components of the SATs) did not negatively
influence the mechanical properties of cured aluminum/SAT/aluminum joints (see Section 3.3).

Table 3. Thermal features of uncured self-adhesive tapes (SATs) with A-POSS-based epoxyacrylate copolymers.

SAT Acronym EA Type T, (°O) T; (°C) T, °C) AH (J/g)
SAT-0 EA-0 -19 112 130/140/163 205
SAT-POSS-0.25 EA-POSS-0.25 -18 121 145/167 185
SAT-POSS-0.5 EA-POSS-0.5 -23,-12 122 143/176 193
SAT-POSS-1 EA-POSS-1 -25,-8 114 144/176 207
SAT-POSS-2.5 EA-POSS-2.5 —26, +4 110 145/173 212
SAT-POSS-5 EA-POSS-5 -26, +2 107 143/174 215

Generally, SATs based on EA copolymers with the lowest doses of A-POSS (SAT-POSS-0.25
and SAT-POSS-0.5) exhibited markedly lower enthalpy of cationic curing process of epoxy groups
(AH) (185 J/g and 193 J/g), as well as higher onset temperature of the process (T;) (121 °C and 122
°C, respectively) in relation to the A-POSS-free SAT sample (SAT-0; 205 J/g and 112 °C; Table 3).
Nevertheless, increasing content of A-POSS resulted in the increment of the AH parameter value (up to
215]/g) and reduction of the T; value (107 °C for SAT-POSS-5). Interestingly, the mentioned relations
are typical for SAT systems modified with fillers [41]. Arguably, relatively large POSS cages act as
spherical hindrances and disturb the cationic polymerization of epoxy groups of the ER and EA-POSS
components. The observed increment of exothermic peak temperature values (T,) for A-POSS-modified
SAT samples confirm this thesis.

The influence of POSS structures on the adhesion of epoxy adhesives has not been widely described
in the literature; moreover, there are no scientific papers concerning POSS-modified pressure-sensitive
tapes and pressure-sensitive structural adhesives. Thus, the present research on SATs containing
EA-POSS copolymers should be considered pioneering in this field. The basic self-adhesive features of
the thermally uncured SATs are presented in Figure 5. The reference tape (SAT-0) reached relatively
high adhesion (11.7 N/25 mm) and tack (19 N); however, its cohesion was low (0.45 h). In contrast, the
SATs with EA-POSS-type copolymers exhibited significantly higher values of adhesion, cohesion and
tack (the last parameter was improved at 0.5-2.5 mol % of A-POSS). Indeed, the lowest A-POSS dose
(0.25 mol %, SAT-POSS-0.25) increased adhesion (14 N/25 mm, +20%) and cohesion (2.4 h, +433%);
the higher A-POSS concentration resulted in further improvement of adhesion (+71%) and cohesion
(72 h, ca. +150,000% for SAT-POSS-5). It should be noted that the high cohesion value (72 h) of classic
pressure-sensitive adhesives can only be achieved with a highly effective cross-linking process and/or
the high molecular weight of an applied acrylate copolymer (but adhesion is often reduced). In our
investigations, all of the SAT compositions were UV-crosslinked thanks to the presence of 4-acryloyloxy
benzophenone units in the EA copolymers. Interestingly, the incorporation of A-POSS cages into the
EA copolymers (and SATs) simultaneously improved adhesion and cohesion. The former parameter
probably increased due to two processes: (i) creation of hydrogen bonds between O atoms in the Si-O-Si
structural elements of A-POSS cages and OH groups located on the surface of a steel panel used for the
test (the higher A-POSS concentration, the higher number of the hydrogen bonds); and (ii) the A-POSS
cages affect the UV-crosslinking process of SAT-POSS materials during the tapes preparation stage
(due to the structural hindrances) and reduce crosslinking degree («yy) of the adhesive films. It was
previously reported that a decrement of ay could improve adhesion of pressure-sensitive tapes [47].
Arguably, the cohesion of the A-POSS-modified tapes increased due to their relatively higher stiffness
observed during their preparation (despite the supposed reduction of ayy values). In the case of
tack, this parameter value increased with increasing A-POSS concentration up to 2.5 mol % (23.0 N,
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SAT-POSS-2.5); at higher modifier contents, it was reduced to 17.3 N (SAT-POSS-5). In relation to the
tack measurement methodology, this parameter probably decreased as a result of the relatively high
stiffness of the SAT-POSS-5 film as well.
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Figure 5. Adhesion to steel, tack and cohesion for thermally uncured SATs with A-POSS-based
epoxyacrylate copolymers.

3.3. Properties of Thermally Cured SATs with A-POSS-Based Epoxyacrylate Copolymers

The SATs containing A-POSS-based epoxyacrylate copolymers were applied onto 2024 T3
aluminum panels and the prepared Al/SAT/Al overlap joints were thermally cured at 170 °C for
60 min. As can be seen in Figure 6, the incorporation of A-POSS into the EA copolymer caused a
reduction in epoxy groups conversion (EGC) calculated for thermally cured SATs using the FTIR
method. EGC was markedly decreased from 1 a.u. (the peak at 915 cm~! was not observed for SAT-0)
to 0.5 a.u. for SAT-POSS-5. Arguably, a large size of A-POSS cages disturbed the curing process
of epoxy groups via the creation of effective structural hindrances. Nevertheless, due to chemical
incorporation of the cages into EA copolymer chains, this modifier did not cause such a dramatic
decrement in the EGC parameter in comparison to the SATs modified with micro- and nanofillers [41].
On the other hand, crosslinking degree values («; calculated using DSC data) for the thermally cured
SATs (in all the Al/SAT/Al joints) were quite similar, i.e., 0.95 a.u. for SAT-0 and ca. 0.98 a.u. for the
samples with A-POSS (Figure 6). Post-curing heat values recorded for the mentioned materials were
similar, as well (ca. 3.5 J/g; data not presented). It is generally known that the DSC technique is a
relative method (while the FTIR is an absolute method); thus, the a values (and EGC data) show that
the thermally initiated curing process of epoxy groups was effectively blocked by the A-POSS presence
in the EA copolymers. As a result, EGC should be taken into consideration as a more reliable parameter
describing thermal crosslinking efficiency of SATs in the Al/SAT/Al joints.

It has been presented in the literature that increasing the crosslinking density of thermosetting
polymers (DSC data) results in a Tg increment due to limitation of polymer chain segments mobility [48].
The realized DSC measurements of the thermally cured SATs revealed that these materials have two Ty
values (Tgq and Tgy; Figure 6). This shows the presence of two polymeric (micro)phases or networks in
the thermally cured samples, and is correlated with the DSC results for the uncured SATs (the two T,
values; Table 3). The former T, values (recorded for the both types of samples) were probably related
to the epoxyacrylate copolymer (without or with A-POSS), while the latter Ty values represent the
Bisphenol A-based epoxy component or phase. As can be seen, the cured SAT-POSS-0.25 exhibited
higher Tgq (96 °C) and lower Ty, (148 °C; Figure 6) than the reference sample (SAT-0; 80 °C and 152 °C,
respectively). Nevertheless, the higher doses of A-POSS caused a decrement of Tg1 and an increment of
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T¢> (in relation to SAT-POSS-0.25). The above-mentioned initial limitation of Tg, was probably affected
by the dramatic EGC reduction observed for the samples with the lowest A-POSS content. On the
other hand, it is known that POSS molecules increase molecular rigidity of copolymers [23]; thus, the
T¢> value increases at higher A-POSS concentrations.
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Figure 6. Epoxy group conversion (EGC, calculated using FTIR data), crosslinking degree and glass
transition temperatures (calculated using DSC data) for thermally cured SATs with A-POSS-based
epoxy copolymers.

Shear strength (7) values recorded for the thermally cured Al/SAT/AI joints are presented in
Figure 7. As can be observed, the reference samples (Al/SAT-0/Al) reached a lower value of the
parameter (9.3 MPa) than those with A-POSS. Even the small dose of A-POSS (0.25 mol %) caused a
significant improvement of the strength (13.1 MPa, +40%); however, the best result (14.0 MPa, +51%)
was noted for AI/SAT-POSS-0.5/Al. A further increment of the modifier concentration resulted in slight
reduction of 7 to 13.4 MPa (+44%; the joints with SAT-POSS-1), 11.5 MPa (+24%, SAT-POSS-2.5), and
10.4 MPa (+12%, SAT-POSS-5). Generally, it is noteworthy that the highest T values were registered
for the samples containing the copolymers with the highest Mw (SAT-POSS-0.25, SAT-POSS-0.5 and
SAT-POSS-1; Table 2). On the other hand, these SATs exhibited the considerable reduction of EGC
in relation to the POSS-free system (Figure 6). A positive influence of lowered EGC on mechanical
properties of SAT-based joints was revealed in [47]. The high Mw of the applied EA copolymer as
well as the simultaneous low EGC values (i.e., a high content of unreacted polar epoxy groups in the
thermally cured SATs) probably improved the shear strength of the tested joints.

Considering the 7 of the cured Al/SAT/Al overlap joints (after different accelerated ageing tests;
Figure 7), it can be claimed that the SAT-POSS-type samples exhibited markedly better thermal and
chemical resistance than the reference joint. Generally, the mechanical strength of these joints (heated at
82 °C for 192 h) increased with increasing content of A-POSS; the Al/SAT-POSS-5/Al joints reached the
highest 7 value (12.0 MPa, +173%) in comparison to Al/SAT-0/Al (4.4 MPa) and other A-POSS-modified
samples. Nevertheless, even the lowest dose of the cage-type modifier drastically improved the
analyzed parameter of the thermally aged joints (Al/SAT-POSS-0.25/Al, 9.2 MPa, +109% vs. thermally
aged Al/SAT-0/Al). The high thermal stability of POSS/epoxy systems (especially with epoxy-POSS)
has been widely described in the literature (e.g., [49]). The resuts of thermogravimetric measurements
(TGA) of the thermally cured SATs adhesives are presented in Table 4. As can be observed, the
thermostability of the polymeric joints (represented by temperature value at 5% and 50% mass loss)
was markedly increased by A-POSS incorporation into the EA copolymer structure. Interestingly, the
highest T5 was recorded at the lowest A-POSS content (SAT-POSS-0.25, increment of 24 °C vs. SAT-0);
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in this case, Tsy was also relatively higher in comparison to the reference samples (+32 °C) and the
other A-POSS-based materials. It should be noted that SAT-POSS-0.25 was based on the copolymer
exhibited the highest Mw (ca. 703 kg/mol, Table 2). Moreover, only EA-POSS-0.25 was visually miscible
with the epoxy component; therefore, its dissipation in the SAT material should be better in comparison
with the rest of A-POSS-based epoxyacrylate copolymers. These two aspects (i.e., the highest Mw
and better compatibility with ER) probably resulted in the relatively highest thermal stability of the
SAT-POSS-0.25 polymeric joint. On the other hand, a Mw value and A-POSS concentration arguably
influence T5 and T for the materials with a higher content of the modifier (i.e., 0.5-5 mol %). It seems
that increments of these parameters should improve thermal stability of the cured SATs. Therefore,
the highest T5 and Tsp values were simultaneously observed for the samples with the higher Mw
(SAT-POSS-0.5; 338 and 434 °C, respectively) and with the higher A-POSS dose (SAT-POSS-5; 340 and
438 °C). In this case, the lowest thermal stability (except for the reference sample) was observed for the
materials containing copolymers with the medium values of Mw and A-POSS content (SAT-POSS-1
and SAT-POSS-2.5).

I before test

[ after 192h at 82C

[ after exposure in a climatic chamber
[ after immersion in the turbine fuel

Overlap shear strength (MPa)

SAT-0 SAT-POSS-0.25 SAT-POSS-0.5 SAT-POSS-1 SAT-POSS-2.5 SAT-POSS-5

Figure 7. Shear strength for thermally cured Al/SAT/Al overlap joints (tested before and after different
ageing tests).

Table 4. Thermogravimetric analysis results for thermally cured SATs with A-POSS-based epoxy copolymers.

SAT acronym T52(°C) Ts0 ? (°C) Calcination residue at 700 °C (wt %)
SAT-0 321 404 0
SAT-POSS-0.25 345 436 0.7
SAT-POSS-0.5 338 434 1.0
SAT-POSS-1 329 433 41
SAT-POSS-2.5 331 427 53
SAT-POSS-5 340 438 9.7

a—temperature at 5% mass loss; b—temperature at 50% mass loss.

Shear strength values for Al/SAT/Al joints (after their exposition in the climatic chamber) are
presented in Figure 7. Generally, the recorded results correlate with those registered for the joints
thermally aged at 82 °C for 192 h. After the 30-day humidity test at 40 °C (95% RH), the samples
with A-POSS-based SATs reached markedly higher 7 values than the A-POSS-free system (aged at the
same conditions; 1.6 MPa); moreover, 7 increased with increasing A-POSS concentration and the best
mechanical resistance was noted for Al/SAT-POSS-2.5/Al (8.8 MPa, +450%) and Al/SAT-POSS-5/Al
(9.1 MPa, +469% vs. aged joints with SAT-0). The A-POSS cages possibly limited migration of water
vapor throughout the polymeric layer during storage of the joints at high humidity; the hydrophobic
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features of POSS were described in [20]. Interestingly, the A-POSS modifier efficiently improved
chemical resistance of the joints to the aviation turbine fuel as well (Figure 7). It is noteworthy that the
similar relation (between t and A-POSS-content in the applied EA copolymers) was revealed for the
non-aged Al/SAT/Al joints and the joints immersed for 7 days in fuel. In both cases, the highest shear
strength values were observed for the samples based on SAT-POSS-0.5 (14.0 MPa and 12.5 MPa) and
the percentage increment values (vs. non-aged and aged Al/SAT-0/Al samples) reached ca. 51% and
76%, respectively. The applied immersion medium probably did not act as a destruction agent of the
Al/SAT/Aljoints (e.g., water vapor), but as a plasticizer of the polymeric films. Thus, the shear strength
of the reference and A-POSS-based overlap joints was uniformly reduced after their immersion test in
the aviation fuel.

4. Conclusions

In this paper, the influence of acryloxypropyl-heptaisobutyl-POSS on selected features of
epoxyacrylate copolymers (EA-POSS) was studied. Moreover, several physico-chemical, thermal and
mechanical properties of thermally curable structural self-adhesive tapes with the copolymers (SATs),
as well as Al/SAT/AI overlap joints were investigated. It was revealed that even a relatively small
content of A-POSS (0.25, 0.5 or 1 mol % of the comonomers mixture) significantly affected dynamic
viscosity, Mw and polydispersity, as well as the T, value of the copolymers. Considering the fact
that DSC measurements revealed only one T, value for all of the copolymers, it can be claimed that
EA-POSS have statistic chain structures [50]. Replacement of POSS-free epoxyacrylate copolymer by
the EA-POSS in SAT compositions caused significant improvement of their self-adhesive features;
shear strength of the thermally cured Al/SAT/Al joints was also increased. It seems that the properties
of SATs and SAT-based joints mainly depend on the Mw and T, of the applied EA-POSS copolymers,
as well as on epoxy group conversion in thermally cured SATs (containing the mixture of EA-POSS
and Bisphenol A-type epoxy resin). In the case of the shear strength of Al/SAT/AI joints, the best
mechanical resistance was generally observed for samples containing 0.5 mol % of A-POSS (i.e.,
Al/SAT-POSS-0.5/Al). Specifically, these joints exhibited higher or similar shear strength (before ageing,
after thermal ageing or after the immersion test in the aviation turbine oil) in comparison to the
reference sample and the other A-POSS-based systems. Higher resistance of the joints to water vapor
(than Al/SAT-POSS-0.5/Al) was only recorded for the samples containing the highest concentration of
the A-POSS modifier (2.5 or 5 mol %).

Author Contributions: Conceptualization, A.K.; methodology, A.K.; investigation, AK., K.G. and KK;
writing—original draft preparation, A.K.; writing—review and editing, A.K and K.K; supervision, A K. funding
acquisition, A.K. and K.K.

Funding: This research was co-financed by the National Centre for Research and Development, grant number
LIDER/035/355/L-5/13/NCBR/2014;2015-2018).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhou, H; Ye, Q.; Xu, J. Polyhedral oligomeric silsesquioxane-based hybrid materials and their applications.
Mater. Chem. Front. 2017, 1, 212-230. [CrossRef]

2. Li, G,; Pittman, C.U. Polyhedral Oligomeric Silsesquioxane (POSS) Polymers, copolymers, and resin
nanocomposites. In Macromolecules Containing Metal and Metal-Like Elements; Abd-El-Aziz, A.S., Carraher, C.E.,
Pittman, C.U., Zeldin, M., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2005; Volume 3, pp. 89-131.

3. Lichtenhan, J.D.; Otonari, Y.A.; Carr, M.]. Linear hybrid polymer building blocks: Methacrylate-functionalized
polyhedral oligomeric silsesquioxane monomers and polymers. Macromolecules 1995, 28, 8435-8437.
[CrossRef]

4. Schiavo, S.L.; Mineo, P.; Cardiano, P; Piraino, P. Novel propylmethacrylate-monofunctionalized polyhedral
oligomeric silsesquioxanes homopolymers prepared via radical bulk free polymerization. Eur. Polym. .
2007, 43, 4898-4904. [CrossRef]


http://dx.doi.org/10.1039/C6QM00062B
http://dx.doi.org/10.1021/ma00128a067
http://dx.doi.org/10.1016/j.eurpolymj.2007.09.015

Polymers 2019, 11, 2058 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Kanehashi, S.; Tomita, Y.; Obokata, K.; Kidesaki, T.; Sato, S.; Miyakoshi, T.; Nagai, K. Effect of substituted
groups on characterization and water vapor sorption property of polyhedral oligomeric sislsesquioxane
(POSS)-containing methacryl polymer membranes. Polymer 2013, 54, 2315-2323. [CrossRef]

Shim, J.; Kim, D.G.; Lee, ].H.; Baik, J.H.; Lee, ].C. Synthesis and properties of organic/inorganic hybrid
branched-graft copolymers and their application to solid-state electrolytes for high-temperature lithium-ion
batteries. Polym. Chem. 2014, 5, 3432-3442. [CrossRef]

Zhang, W.; Yuan, J.; Weiss, S.; Ye, X.; Li, C.; Miiller, A.H.E. Telechelic hybrid poly(acrylic acid)s containing
polyhedral oligomeric silsesquioxane (POSS) and their self-assembly in water. Macromolecules 2011, 44,
6891-6898. [CrossRef]

Xue, Y.; Wang, H.; Yu, D.; Feng, L.; Dai, L.; Wang, X.; Lin, T. Superhydrophobic electrospun POSS-PMMA
copolymer fibres with highly ordered nanofibrillar and surface structures. Chem. Commun. 2009, 6418-6420.
[CrossRef]

Hanifeh, M.; Zandi, M.; Shokrollahi, P.; Ataie, M.; Ghafarzadeh, E.; Askari, F. Compositional design and
taguchi optimization ofhardness properties in silicone based ocular lenses. Prog. Biomater. 2017, 6, 67-74.
[CrossRef]

Liu, B.; Wang, H.; Guo, X,; Yang, R.; Li, X. Effects of an organic-inorganic hybrid containing allyl benzoxazine
and POSS on thermal properties and flame retardancy of epoxy resin. Polymers 2019, 11, 770. [CrossRef]
Li, M.; Wu, W,; Li, M,; Xu, Y.; Chen, G.; Dai, L. A novel POSS-based copolymer functionalized grapheme: An
effective flame retardant for reducing the flammability of epoxy resin. Polymers 2019, 11, 241. [CrossRef]
Cordes, B.D.; Lickiss, PD.; Rataboul, F. Recent developments in the chemistry of cubic polyhedral
ligosilsesquioxanes. Chem. Rev. 2010, 110, 2081-2173. [CrossRef] [PubMed]

Marcinkowska, A.; Przadka, D.; Andrzejewska, E. POSS functionalized with mixed fluoroalkyl and
methacryloxysubstituents as modifiers for UV-curable coatings. . Coat. Technol. Res. 2019, 16, 167-178.
[CrossRef]

Marcinkowska, A.; Przadka, D.; Andrzejewska, E. Modification of poly-HEMA with nonreactive POSS
derivatives by in situ photopolymerization. J. Therm. Anal. Calorim. 2019, 182, 1033-1047. [CrossRef]
Andrzejewska, E.; Marcinkowska, A.; Szczesniak, B. Nanocomposites obtained by photopolymerization
of (methacrylate monomer)/(methacrylate functionalized polyhedral oligomeric silsesquioxane) system.
Polimery-Warsaw 2011, 56, 63-66. [CrossRef]

Franczyk, A.; He, H; Burdyniska, J.; Hui, C.M.; Matyjaszewski, K.; Marciniec, B. Synthesis of high molecular
weight polymethacrylates with polyhedral oligomeric silsesquioxane moieties by atom transfer radical
polymerization. Macro Lett. 2014, 3, 799-802. [CrossRef]

Caydamli, Y.; Yildirim, E.; Shen, J.; Fang, X., Pasquinelli M.A.; Spontak, R]J.; Tonelli, A.E.
Nanoscale considerations responsible for diverse macroscopic phase behavior in monosubstituted
isobutyl-POSS/poly(ethylene oxide) blends. Soft Matter 2017, 13, 8672-8677. [CrossRef]

Wang, Y.; Liu, F.,; Xue, X. Morphology and properties of UV-curing epoxy acrylate coatings modiefied with
methacryl-POSS. Prog. Org. Coat. 2015, 78, 404—410. [CrossRef]

Norouzi, S.; Mohseni, M.; Yahyaei, H. Preparation and characterization of an acrylic acid modified polyhedral
oligomeric silsesquioxane and investigating its effect in a UV curable coating. Prog. Org. Coat. 2016, 99, 1-10.
[CrossRef]

Przadka, D.; Marcinkowska, A.; Andrzejewska, E. POSS-modified UV-curable coatings with improved
scratch hardness and hydrophobicity. Prog. Org. Coat. 2016, 100, 165-172. [CrossRef]

Strachota, A.; Kroutilova, I.; Kovafova, J.; Matejka, L. Epoxy networks reinforced with polyhedral oligomeric
silsesquioxanes (POSS). Thermomechanical properties. Macromolecules 2004, 37, 9457-9464. [CrossRef]
Wu, K;; Song, L.; Hu, Y.; Lu, H.; Kandola, B.K.; Kandare, E. Synthesis and characterization of functional
polyhedral oligomeric silsesquioxane and its flame retardancy in epoxy resin. Prog. Org. Coat. 2009, 65,
490-497. [CrossRef]

Jones, LK.; Zhou, Y.X,; Jeelani, S.; Mabry, ] M. Effect of polyhedral-oligomeric-sil-sesquioxanes on thermal
and mechanical behaviour of SC-15- epoxy. eXPRESS Polym. Lett. 2008, 2, 494-501. [CrossRef]

Zaioncz, S.; Dahmouche, K.; Paranhos, C.M.; San Gil, R.A.S.; Soares, B.G. Reletionships between nanostructure
and dynamic-mechanical properties of epoxy network containing PMMA-modified silsesquioxane. eXPRESS
Polym. Lett. 2009, 3, 340-351. [CrossRef]


http://dx.doi.org/10.1016/j.polymer.2013.03.002
http://dx.doi.org/10.1039/C4PY00123K
http://dx.doi.org/10.1021/ma201152t
http://dx.doi.org/10.1039/b911509a
http://dx.doi.org/10.1007/s40204-017-0065-y
http://dx.doi.org/10.3390/polym11050770
http://dx.doi.org/10.3390/polym11020241
http://dx.doi.org/10.1021/cr900201r
http://www.ncbi.nlm.nih.gov/pubmed/20225901
http://dx.doi.org/10.1007/s11998-018-0111-2
http://dx.doi.org/10.1007/s10973-019-08178-9
http://dx.doi.org/10.14314/polimery.2011.063
http://dx.doi.org/10.1021/mz5003799
http://dx.doi.org/10.1039/C7SM01788J
http://dx.doi.org/10.1016/j.porgcoat.2014.07.003
http://dx.doi.org/10.1016/j.porgcoat.2016.04.027
http://dx.doi.org/10.1016/j.porgcoat.2016.01.011
http://dx.doi.org/10.1021/ma048448y
http://dx.doi.org/10.1016/j.porgcoat.2009.04.008
http://dx.doi.org/10.3144/expresspolymlett.2008.59
http://dx.doi.org/10.3144/expresspolymlett.2009.43

Polymers 2019, 11, 2058 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

Akopova, T.A; Osichik, V.S.; Olikhova, Y.V.; Ivanov, G.A.; Zhukov, A.F. The modification of epoxy binders
with oligomeric silsesquioxanes. Plasticheskie Massy 2013, 7, 6-8. [CrossRef]

Longhi, M.; Phandolphi Zini, L.; Kunst, S.R.; Zattera, A.J. Influence of the type of epoxy resin and concentration
of glycidylisobutyl-POSS in the properties of nanocomposites. Polym. Polym. Compos. 2017, 8, 593—602.
[CrossRef]

Barra, G.; Vartuccio, L.; Vietri, U.; Naddeo, C.; Hadavinia, H.; Guadagno, L. Toughening of epoxy adhesives
by combined interaction of carbon nanotubes and silsesquioxanes. Materials 2017, 10, 1131. [CrossRef]
Marcinkowska, A.; Przadka, D.; Dudziec, B.; Szczesniak, K.; Andrzejewska, E. Anchor effect in polymerization
kinetics: Case of monofunctionalized POSS. Polymers 2019, 11, 515. [CrossRef]

Przadka, D.; Andrzejewska, E.; Marcinkowska, A. Multimethacryloxy-POSS as crosslinkers for hydrogel
materials. Europ. Polym. J. 2015, 72, 34—49. [CrossRef]

Raut, HK.; Dinachali, S.S.; He, A.Y., Ganesh, A.; Saifullah, M.; Law, J.; Ramakrishna, S. Robust
and durable polyhedral oligomericsilsesquioxane-based anti-reflective nanostructureswith broadband
quasi-omnidirectional properties. Energy Environ. Sci. 2013, 6, 1929. [CrossRef]

Toepfer, O.; Neumann, D.; Choudhury, N.R.; Whittaker, A.; Matisons, ]J. Organic-inorganic poly(methyl
methacrylate) hybrids with confined polyhedraloligosilsesquioxane macromonomers. Chem. Mater. 2005, 17,
1027-1035. [CrossRef]

Sastre, R.; Martin, V.; Garrido, L.; Chiara, J.L.; Trastoy, B.; Garcia, O.; Costela, A.; Garcia-Moreno, 1.
Dye-doped polyhedral oligomeric silsesquioxane (POSS)-modified polymeric matrices for highly efficient
and photostable solid-state lasers. Adv. Funct. Mater. 2009, 19, 3307-3316. [CrossRef]

Chen, C; Liang, X.; Wang, J.; Yang, S.; Yan, Z.; Cai, Q.; Yao, S. Development of a highly robust solid phase
microextraction fiber based on crosslinked methylmethacrylate-polyhedral oligomeric silsesquioxane hybrid
polymeric coating. Anal. Chim. Acta 2013, 792, 45-51. [CrossRef] [PubMed]

Qin, Y,; Bi, Y,; Ren, H.; Zhu, E; Luo, M.; Zhang, L. Poly(methyl methacrylate)/methacryl-POSS nanocomposites
with excellent thermal properties. Chin. J. Chem. 2010, 28, 2527-2532. [CrossRef]

Shokrolahi, F.; Zandil, M.; Shokrollahi, P.; Atai, M.; Ghafarzadeh, E.; Hanifeh, M. Cure kinetic study of
methacrylate-POSS copolymers for ocularlens. Prog. Biomater. 2017, 6, 147-156. [CrossRef]

Pramudya, I.; Rico, C.G.; Lee, C.; Chung, H. POSS-containing bioinspired adhesives with enhanced
mechanical and optical properties for biomedical applications. Biomacromolecules 2016, 17, 3853-3861.
[CrossRef]

Chian, W.; Mallampalli, C.; Winter, R.M. Nano-reinforcement of epoxy adhesives with POSS. NSTI-Nanotech
2005, 2, 107.

Fadaie, P.; Atai, M.; Imani, M.; Karkhaneh, A.; Ghasaban, S. Cyanoacrylate-POSS nanocomposites: Novel
adhesives with improved properties for dental applications. Dent. Mater. 2013, 29, 61-69. [CrossRef]
Higgins, A. Adhesive bonding of aircraft structures. Int. J. Adhes. Adhes. 2000, 20, 367-376. [CrossRef]
Weglewski, J.; Pastirik, D. Structural bonding tapes and articles containing the same. Patent Application WO
079337, 10 November 2002.

Kowalczyk, A.; Kowalczyk, K.; Czech, Z. Synthesis and properties of solid structural adhesives modified
in-situ using 1D and 2D-type microfillers. Int. ]. Adhes. Adhes. 2012, 32, 76-81. [CrossRef]

Kowalczyk, A.; Kowalczyk, K.; Weisbrodt, M. Influence of a phosphorus-based methacrylate monomer on
features of thermally curable self-adhesive structural tapes. Int. |. Adhes. Adhes. 2018, 85, 286-292. [CrossRef]
Lachenal, G.; Pierre, A.; Poison, N. FT-NIR spectroscopy: Trends and application to the kinetic study of
epoxy/triamine system (comparison with DSC and SEC results). Micron 1996, 27, 329-334. [CrossRef]
Kazicyna, L.; Kupletska, N. Metody Spektroskopowe Wyznaczania Struktury Zwigzkéw Organicznych (Spectroscopic
Methods for Chemical Structure Determination of Organic Compounds); PWN: Warsaw, Poland, 1976.

Przadka, D. Polimery Hybrydowe i Kompozyty Polimerowe Zawierajace Funkcjonalizowane Poliedryczne
Oligomeryczne Silseskwioksany (Hybride Polymers and Polymer Composites with Functionalized Polyhedral
Oligomeric Silsesquioxanes). Ph.D. thesis, Poznan University of Technology, Poznan, Poland, 2014.

Chiou, C.W,; Lin, Y.C.; Wang, L.; Hirano, C.; Suzuki, Y.; Hayakawa, T.; Kuo, S.W. Strong screening effect of
polyhedral oligomeric silsesquioxanes (POSS) nanoparticles on hydrogen bonded polymer blends. Polymers
2014, 6, 926-948. [CrossRef]


http://dx.doi.org/10.1177/0307174X1504200204
http://dx.doi.org/10.1177/096739111702500804
http://dx.doi.org/10.3390/ma10101131
http://dx.doi.org/10.3390/polym11030515
http://dx.doi.org/10.1016/j.eurpolymj.2015.09.007
http://dx.doi.org/10.1039/c3ee24037a
http://dx.doi.org/10.1021/cm048622x
http://dx.doi.org/10.1002/adfm.200900976
http://dx.doi.org/10.1016/j.aca.2013.07.018
http://www.ncbi.nlm.nih.gov/pubmed/23910966
http://dx.doi.org/10.1002/cjoc.201190033
http://dx.doi.org/10.1007/s40204-017-0074-x
http://dx.doi.org/10.1021/acs.biomac.6b00805
http://dx.doi.org/10.1016/j.dental.2013.03.003
http://dx.doi.org/10.1016/S0143-7496(00)00006-3
http://dx.doi.org/10.1016/j.ijadhadh.2011.10.006
http://dx.doi.org/10.1016/j.ijadhadh.2018.07.002
http://dx.doi.org/10.1016/S0968-4328(96)00022-4
http://dx.doi.org/10.3390/polym6030926

Polymers 2019, 11, 2058 14 of 14

47. Kowalczyk, A.; Kowalczyk, K.; Gziut, K.; Nowakowski, D.; Salaciriski, M. Influence of a wollastonite
microfiller and a halloysite nanofiller onproperties of thermally curable pressure-sensitive structural
adhesives. J. Adhes. Adhes. 2019, 95, 102397. [CrossRef]

48. Urbaniak, M. A relationship between the glass transition temperature and the conversion degree in the
curing reaction of the EPY® epoxy system. Polimery 2011, 56, 240-243. [CrossRef]

49. Zhang, C; Li, T; Song, H.; Han, Y.; Su, H.; Wang, Y.; Wang, Q. Epoxy Resin/POSS Nanocomposites with
toughness and thermal stability. J. Photopolym. Sci. Technol. 2017, 30, 25-31. [CrossRef]

50. Penzel, E; Rieger,].; Schneider., H.A. The glass transition temperature of random copolymers: 1. Experimental
data and the Gordon-Taylor equation. Polymer. 1997, 38, 325-337. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.ijadhadh.2019.102397
http://dx.doi.org/10.14314/polimery.2011.240
http://dx.doi.org/10.2494/photopolymer.30.25
http://dx.doi.org/10.1016/S0032-3861(96)00521-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation and Characterization of the EA-POSS Hybrid Copolymers 
	Preparation and Characterization of Self-Adhesive Tapes (SATs) and Al/SAT/Al Joints 

	Results 
	Properties of A-POSS-Modified Epoxyacrylate Copolymers 
	Properties of Thermally Uncured SATs with A-POSS-Based Epoxyacrylate Copolymers. 
	Properties of Thermally Cured SATs with A-POSS-Based Epoxyacrylate Copolymers 

	Conclusions 
	References

