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Polyhedral oligomeric silsesquioxane (POSS) was added as a reinforcing agent in waterborne
polyurethane (WPU)-based coatings to improve their properties. The morphology, structure, thermal
stability as well as mechanical properties of the resulting WPU and WPU/POSS hybrid films were
investigated. The good compatibility of POSS in the WPU matrices was demonstrated by transmission
electron microscopy. Furthermore, Fourier-transform infrared spectroscopy analysis (FTIR) suggested
the successful bonding of POSS and WPU matrices. The thermal stability of WPU/POSS hybrids was
improved than that of pure WPU according to thermal gravimetric analysis (TGA). The results also
revealed the enhancement of the pencil hardness and abrasion resistance of the hybrid films compared
with WPU. However, the pull-off adhesion slightly decreased from Grade 0 to Grade 2.
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1. Introduction

In recent years, the massive replacement of conventional
solvent-based polyurethanes (PUs) wood coatings has occurred
because of their adverse environmental effects. Waterborne
polyurethanes (WPUs) exhibit outstanding environment-friendly
features compared with conventional organic-solvent-based
PUs. However, limitations such as their lower mechanical
strength and thermal stability than those of organic-solvent-
based PUs have restricted their application. These issues have
gradually been overcome with recent extensive studies of
organic-inorganic nanocomposites that exhibit the combined
characteristics of organic polymers (e.g. flexibility, ductility
and dielectric property) and inorganic materials (e.g. rigidity,
high thermal stability, strength, hardness and high refractive
index) !, thus leading to their wide application.

Effective ways of improving the properties of WPUs
include the chemical modification of their structures and
hybridisation with nanomaterials*3. Molecular chemical
modification either changes the hard and soft segments of
WPUs or introduces chemical crosslinks*. Nanomaterials
are divided into inorganic materials such as clay >,
silica,’graphene’and various nanoparticles such as ZnO?,
Fe,0,” and Al,0,', which give the film high hardness,
rigidity, thermal stability, strength, refractive index, abrasion
resistance as well as scratch resistance!!"'2. However, the poor
sanding behaviour of the coatings has negative effects such
as limiting the repairability of pre-finished parquet flooring.
Therefore, instead of inorganic fillers, organic polymers

*e-mail: zhxwhit@aliyun.com.

such as polyacrylate', vinyl acetate-acrylic', cellulose'>"7,

starch'® and chitosan'® have been studied. Furthermore,
bio-based nanomaterials such as nanofibrillated cellulose
have been studied as reinforcing filler for a wide range of
polymer matrices because of their network structure and
high stiffness?-*.

A functional organic/inorganic hybrid material has attracted
widespread interest. The synergistic combination of organic
polymers and inorganic silica has received considerable
attention because of the potential for the development
of new materials with designed properties by molecular-
level structural manipulation®*#, specifically, polyhedral
oligomeric silsesquioxane (POSS)-based hybrid polymers
have emerged as unique materials for various applications.
The empirical formula of POSS nanostructure is RSiO, |
The core of POSS is a silica cage consisting of Si-O-Si, and
the shell layer consists of organic reactive groups that can
be compounded with polymers at the molecular level, thus
forming a molecular organic/inorganic hybrid. The unique
properties of POSS result in a strong interaction between
the organic and inorganic components*-’.

Waterborne polyurethane (WPU) coatings are one of the
most important coatings for protecting wooden substrates.
However, utilizing POSS as reinforcing agent to tailor the
properties of WPU coatings and overcome its weakness is
still rare. In this work, POSS with a Si-O-Si cage structure
and active functional groups such as epoxy and Si-OH are
first prepared via a sol-gel method. Inducing POSS to WPU
wood coatings increase the crosslinking density between
organic/inorganic moieties and urethane or hydroxyl groups
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in it. The effects of POSS on the structure, morphology,
mechanical properties, thermal stability and performance of
the coatings are investigated. The aim is to fabricate a hard,
abrasion-resistant organic-inorganic hybrid barrier film for
wood coating applications to improve the thermal stability,
hardness and stiffness of it.

2. Material and Methods

2.1 Materials

Commercial 2,3-epoxypropoxy propyltrimethoxysilicane
(silane coupling agent KH-560), ethanol (C,H,OH, 99.7%)
and formic acid (HCOOH, 98%) were purchased from Youpu
Chemistry Company (Nanjing, China).

A waterborne polyacrylic secondary dispersion (Bayhydrol
A 2651, 3% OH content on solids) and an anionically modified
hexamethylene diisocyanate polyisocyanate (Bayhydrol XP
2655) waterborne curing agent were purchased from Bayer
Materials Science & Technology Co. Ltd. (China). Tego Airex
902W and Tego Foamex 810 were obtained from Evonik
Industries AG (Shanghai, China). BYK-333 and BYK-345
were purchased from BYK Additives Company (Beijing,
China). Ethylene glycol butyl ether was purchased from
Chisheng Company of Tianjin (Tianjin, China). Deionized
water was prepared in the laboratory.

2.2 Preparation of POSS

KH-560 was used as a precursor for hydrolytic condensation
by using the sol-gel method. Distilled water and ethanol were
used as solvents, and formic acid was used as a catalyst.
KH-560 was placed in beakers, which were then placed
in a water bath with HCOOH in a molar ratio of KH-560/
ethanol = 1/3, KH-560/distilled water = 1/3 and HCOOH/
KH-560 = 1/50. The reaction was performed in three stages:
1) plastic films were used to seal the beakers for six days;
2) several small needle-sized holes were made on the films
for another one day; and 3) the film was removed, and the
reaction was continued for four days. The temperature at
every step was held at 35 °C. POSS synthesized this way
was a mixture and was characterized by UV-MALDI-TOF
MS* to obtain an accurate description of the main species
present in the silsesquioxane, as shown in Fig. 1. Table 1
shows the assignment of peaks which intensity is higher
than 70%. Theoretical masses were calculated using the
average isotopic composition of the proposed compounds.
The agreement between theoretical and experimental values
is excellent and comprised within the experimental error
of the technique. As indicated in Table 1, a possible isomer
of the key species T, is used as an example to illustrate the
POSS structure in Fig. 2.
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2.3 Preparation of WPU/POSS hybrids

Bayhydrol A 2651 and Bayhydrol XP 2655 were
stirred at room temperature for approximately 20 min, and
a defoamer, surfactant, dispersant and thickener were added
to synthesise the WPU coatings. The viscous transparent
POSS gel was slowly added to WPU stirring at 300 rpm at
room temperature until the gel was evenly dispersed. The
pH value was adjusted in the range of pH 8 to pH 9 by using
the basic compound, and the material was adjusted to fit the
viscosity requirements.

2.4 Coating application on wood surface

For the preparation of the wood coatings, the WPU/POSS
suspensions were coated on wood samples by using a 300-pm
metering rod and then dried at 25 °C-30 °C. The thicknesses
of the resulting wood coatings were approximately 60 pm.
The WPU/POSS synthesis process and chemical structure
of the hybrid material are shown in Fig. 3.

2.5. Characterization and measurements

The morphology of POSS particles in water and WPU
coatings with 5 wt% loading and 10 wt% loading was examined
using transmission electron microscopy (TEM; JEM-2100,
Japan Electronics Corporation). Particles were stained with
a solution of 2 wt% phosphotungstic acid. Hybrid materials
were diluted to 0.1 wt% solids content. Micrographs were
obtained after the specimens were stained. The structures of
WPU and WPU/POSS coatings were analysed using Fourier-
transform infrared (FT-IR) spectroscopy (Magna-IR560
E.S.P, Nicolet Company) and collected in the wavenumber
range from 500 cm™ to 4,000 cm™' with a resolution of 4
cm' under reflection mode. The number of scans was 32 for
each spectrum. A thermal gravimetric analyser (PerkinElmer,
TGA-7) was used to investigate the thermal stability of the
hybrids. The samples were heated in an air atmosphere from
ambient temperature to 600 °C at a heating rate of 20°C/
min, and the gas flow rate was maintained at 50 mL/min.
The mechanical properties of the WPU-based films were
evaluated using nano-indentation (Nano indenter G200,
Agilent Technologies Company) with a pressed depth
of 5 pm. The average value of at least five replicates for
each sample was obtained following ASTM D1474 5. The
abrasion resistance, pencil hardness and pull-off adhesion
properties of the WPU and WPU/POSS coatings were
measured according to GBT4893.8-2013, GB/T 6739-2006
and GBT4893.4-2013 (GT 0 =no spalling, GT 5 = complete
spalling), respectively. Pencil hardness was determined using
a QHQ-A pencil hardness apparatus (Tianjin Instrument
Co., China). Pull-off adhesion test was performed with a
cross-cut apparatus (BYK-5213, Germany). The abrasion
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Figure 1. UV-MALDI-TOF MS of POSS

Table 1. Assignments of GP structures based on UV-MALDI-TOF MS data

Exptl. m/z z Intensity Assignment Predicted (M+zH+)/z
727.4 2 100 T,[H,0] 2H" 728.1
759.4 2 92 T,(OH),(OCH,),[H,0] 2H" 760.1
773.5 2 75 T,(OCH,),[H,0] 2H" 774.2
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Figure 2. Schematic of the synthesis of POSS
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Figure 3. Schematic diagram of synthesis of hybrid material
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resistance was measured with an abrasion tester (Kunshan
Jiesite Instrument Co., China).

3. Results and Discussion

3.1 Structures of WPU and WPU/POSS hybrid
films

The FT-IR spectra of the cured pure WPU, WPU/POSS-
5 wt% and POSS are presented in Fig. 4. The wide bands
between 3300 and 3500 cm™ in Figs. 4(a) and 4(b) were
attributed to the presence of the stretching vibration of N-H
and O-H bonds and interactions hydrogen bonds between
functional groups such as amine, hydroxyl and carbonyl**-°.
Furthermore, the bands at 1690 cm™! were attributed to the
stretching vibration of C=0 in the urethane group. The
peaks at 907 and 847 cm™ in Fig. 4(c) are characteristic
peaks of epoxy groups; however, in Fig.4(b), the peak at
907 cm™ completely disappeared, and the peak at 847 cm™
significantly decreased. This finding indicates that the epoxy
group as the active functional group in POSS reacted with
the-NH-and -OH groups in the WPU/POSS hybrid film
via a ring-opening reaction. The absorption peak at 1158
cm™! is ascribed to the stretching vibration of C-O-C. This
absorption peak was introduced by epoxy groups reacting
with hydroxyl on WPU chain. Also, the peak that appeared
at 1080 cm™ is attributed to the stretching vibration of Si-
O-C. This peak is the result of the reaction of Si-OH and
-NCO. The absorption peak of the stretching vibration of
C-N at 1360 cm™ in Fig. 4(b) which is due to the urethane
group in WPU reacting with epoxy groups in POSS, is more
intense than that in Fig. 4(a).

3.2 Thermal stability of WPU and WPU/POSS
films

Fig. 5(a) and Fig. 5(b) present the TGA curves and
their derivative curves (DTG), respectively, for the WPU,
POSS and WPU/POSS hybrid films with different POSS
loadings and shows their thermal decomposition behaviours.

Transmittance/%

3425 1690

4000 3500 3000 2500 2000 7500 7000 500
Wavenumber/cm”™ |

Figure 4. FT-IR spectra of (a) WPU, (b) WPU/POSS-5 wt% and

(c) POSS

As indicated in Fig.5, the initial thermal decomposition
temperature of POSS is 300 °C and maximum thermal
decomposition temperature is 427 °C. After the temperature
exceeds 700 °C, the residual weights is almost invariable, and
the residue of POSS remains 42 wt%. The WPU and WPU/
POSS hybrid films with different POSS loadings consisted
of four stages of decomposition. The first stage occurring
less than 200 °C presented a weight loss from 0% to 5%
which is due to the loss of small molecules such as ethanol
in the films. The curves of the WPU and WPU/POSS hybrid
films were similar in this stage. In the second stage, the
decomposition changed remarkably from 200 °C to 380 °C
shown in Fig.5(b) and the weight loss was approximately 30%
that was attributed to the cleavage of the urethane linkages.
In the third stage, temperature ranged from 380°C to 600°C,
the thermal degradation of the WPU and WPU/POSS films
with different POSS loadings changed significantly, which
is due to the breakdown of the hydrocarbon in the soft and
hard segment phases of the polyurethane structure*®. The
maximum degradation temperature is increased from 463°C
to 483°C with the increasing of POSS loading which was
attributed to the inorganic silicon element with higher heat
resistance and the chemical bonds formed by Si-O-Si have
higher bond energies. Furthermore, the small inorganic
components in size easily infiltrate into the free volume
of organic phase that is conducive to the reduction of free
volume and result in a strong interaction between the two
phases in the organic-inorganic hybrid system. In the last
stage at over 600 °C, the residual weights of the WPU/
POSS-5%, WPU/POSS-10%, WPU/POSS-15% hybrid
films were 5%, 8%, 12%, respectively, which are greater
than 3% of WPU film. The more the amount of POSS added,
the better thermal stability and the more residual weight of
the film was. The incorporation of silica and the Si-O-Si
cross-linked structure can reduce the amount of combustible
organic components and produce siliceous residue barrier
layers that inhibit heat and mass transfer, which contributed
to the increased thermal stability %.

3.3 Mechanical properties of WPU/POSS hybrid
films

The hardness and Young’s modulus at maximum load
were used to evaluate the mechanical properties of the WPU
and WPU/POSS hybrid films, and the results are summarized
in Fig. 6. The pure WPU displayed hardness and Young’s
modulus of approximately 0.125 and 3.556 GPa, respectively.
The WPU/POSS hybrids exhibited enhanced hardness and
Young’s modulus values with increasing POSS content. The
hardness value at maximum load in WPU/POSS-5%, WPU/
POSS-10% and WPU/POSS-15% was 3, 5 and 6 times that of
pure WPU, respectively. Furthermore, the Young’s modulus
values were 2.161,4.301 and 6.367 GPa greater than that of
pure WPU. The increase in the hardness and Young’s modulus
can be interpreted on the basis of the reinforcement of the
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Figure 5. (a) TGA curves for WPU, POSS and WPU/POSS hybrid films (b) DTG curves for WPU, POSS and WPU/POSS hybrid films
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Figure 6. Hardness and Young’s modulus at max load in different
POSS/WPU specimens

POSS structure in the polymer matrices, which restricts
the motion of macromolecular chains. The POSS content
in the WPU/POSS hybrid films had a significant effect on
the mechanical properties.

As shown in Fig. 6, with the increase of POSS content in
WPU, Young’s modulus and hardness showed a highly linear
relationship,. The variance R? was 0.99989 and 0.98257,
respectively. The following equation predicts hardness as a
function of inherent properties of the polymer nanocomposites
and is known as the Kohlstedt equation (Eq. (1)):%

HB=[007+0.6In(E/0)lc O

where E and ¢ are Young’s modulus and yield stress,
respectively. As indicated by Eq. (1), the hardness value is
proportional to the elastic modulus.

3.4 Morphologies of POSS and WPU/POSS
hybrid particles

Figs. 7(a) and 7(b) present TEM images of POSS
dispersed in water and the WPU coating with 5 wt% loading,
respectively. Fig. 7(a) shows that the POSS particles were
homogeneously dispersed in the aqueous solution at the
nanometre level. Fig. 7(b) shows some small clusters
composed of POSS particles dispersed in the WPU coating.
Furthermore, the POSS nanoparticles were tightly packed
for the 10 wt% loading, as observed in Fig. 7(c). Given
the presence of a large number of polar hydroxyl groups
on the surface of the POSS nanoparticles, good adsorption
was achieved via hydrogen bonding. However, excess nano
POSS in the system with more than 10 wt% loading led to
excessive packing of particles, with clear agglomeration
observed. The aggregation was associated with interactions
between hydroxyl and epoxy groups of POSS molecule.
SEM micrographs of WPU films with POSS loadings of
(a) 0 wt% and (b) 5 wt% loading are shown in Fig. 8. No
obvious difference was observed in these two images. The
surface of the modified film was uniform and no particles
were agglomerated. Further observation of the cross section
of the modified film (Fig. 9) revealed a large number of
white particles distributed evenly. The surface elements
were analysed (Fig. 10) and silicon was found in the white
particles. The presence of silicon indicated that POSS
particles were present in the polyurethane coatings and that
an organic-inorganic hybrid system is formed.

3.5 Performance of WPU and WPU/POSS hybrid
films

The pull-off adhesion tests of the coating were performed
to measure the adhesion strength between wood and the
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Figure 7. (a) Morphology of POSS particles in water (b) Morphology of POSS particles in WPU coatings with 5 wt% loading (c)
Morphology of POSS particles in WPU coatings with 10 wt% loading

Figure 8. (a) Morphology of WPU films with POSS loadings of 0 wt% (b) Morphology of WPU films with POSS loadings of 5 wt%
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Figure 9. Cross-sectional film with a POSS 5 wt% loading
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coating, and the results are presented in Table 2. The pure
WPU coating exhibited adhesion values of Grade 0. The
addition of POSS slightly decreased the adhesion of the
coating on wood from Grade 1 to 2. Adhesion strength is

Figure 10. Element surface analysis of the white particles shown
in Fig. 9

not only related to the crosslinking of WPU with hydroxyl
groups on the wood surface but also to the spreading
wettability and penetrability of the liquid coatings on the
surface. With increasing POSS loading, the viscosity of the
coatings increased which limited their ability to penetrate
into the wood pores. Wood is a biomass material made up
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Table 2.. Comparison of film performance for various POSS contents

Adhesion / Pencil Abrasion
Sample hardness / .
grade resistance /g
grade

WPU 0 H 0.04
WPU/POSS-

50, 1 3H 0.036
WPU/POSS-

10% 2 3H 0.032
WPU/POSS-

15% 2 4H 0.030

of numerous cells, and its surface is covered with pores.
The low-viscosity coatings exhibit good fluidity and good
penetrability on the surface of the wood. Consequently, the
coatings can form a large number of anchors on the wood
which results in highly improved adhesion. By contrast, the
coatings with high viscosity exhibited poor wettability and
poor penetrability which led to lower adhesion.

Hardness is an important property of the coating that
is related to durability and long-term performance. The
results in Table 2 clearly show that the pencil hardness
increased with increasing POSS content; this phenomenon
can be mainly attributed to the increase in Young’s modulus.
The hardness performance has been widely reported to be
affected by the degree of crosslinking, network density and
polymer module®. The increase in the hardness and Young’s
modulus results can be correlated to better distribution and
crosslinking of POSS particles in the POSS/WPU hybrid
films. The epoxy group and Si-OH in POSS produce the
3D crosslinking with the urethane or hydroxyl groups in
WPUs which increases the crosslinking density between
the organic and inorganic moieties. The results indicate that
POSS molecules were incorporated into the polymer chain
as molecular reinforcements in the hard segment.

Abrasion resistance is represented by the loss amount of
the coating. The results in Table 2 show that the loss amount
of the coatings gradually decreased with increasing POSS
content, thus indicating that the coating abrasion resistance
was enhanced by the addition of POSS particles which
was attributed to the use of POSS with Si-O-Si inorganic
chains and to crosslinking between POSS and WPU. POSS
framework closely resembles that of silica; silsesquioxanes
can form hard, abrasion-resistant coatings. Furthermore, the
reaction of active groups between POSS and WPU increases
the crosslinking density and contributes to the mechanical
interlock between the polymer chains.

4. Conclusions

The improvement of the properties and performance of
WPU coatings with the addition of POSS as a reinforcing
agent was investigated. FT-IR analysis confirmed the presence
of hydrogen bonding and chemical crosslinking between
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the WPU and POSS. The POSS components retained their
partial structure, thus improving the thermal stability and
mechanical properties of the hybrid films compared with
the pure WPU coating. An appropriate loading of 5 wt%
of POSS was essential to achieve a dispersed system and
avoid the excessive packing of the particles in the WPU.
Furthermore, the pencil hardness was improved significantly
to 3H and the abrasion resistance gradually increased with
increasing POSS content; however, the pull-off adhesion
slightly decreased from Grade 0 to Grade 2.
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