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ABSTRACT: Polyurethane (PU)/acrylate hybrids with
different acrylic contents (10, 30, 50, 70, and 90 wt %) were
prepared by the polymerization of acrylic monomers in
the presence of preformed PU chains with polymerizable
terminal vinyl groups. Films obtained by the casting of
polymer dispersions before and after thermal annealing
were characterized by dynamic light scattering, Fourier
transform infrared spectroscopy, transmission electron mi-
croscopy (TEM), TEM electron energy-loss spectroscopy,
differential scanning calorimetry, and gel fraction determi-
nation. Small-angle X-ray scattering (SAXS), wide-angle X-
ray scattering, mechanical properties testing, atomic force
microscopy, water contact angle testing, Buchholz hard-
ness testing, and roughness testing of the films were also
performed. The effects of the acrylic content and thermal
treatment on the structure and properties were deter-

mined. TEM showed that a core-shell morphology was
formed during polymerization. When the acrylic content
increased, smaller particles without core-shell morpholo-
gies were observed. TEM energy-loss spectroscopy studies
confirmed this observation. Systems with up to 50 wt %
acrylic component were homogeneous, as determined by
SAXS, before and after thermal annealing. An attempt to
incorporate a higher amount of acrylic component led to
phase-separated materials with a different morphology
and, therefore, different properties. The relationship
between the acrylic content and properties did not follow
linear behavior. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci
116: 2694-2705, 2010
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INTRODUCTION

Aqueous polyurethane (PU) dispersions are widely
used for applications such as adhesives and coatings
for various materials, for example, textiles, metals,
plastics, and wood. PUs are known for their excel-
lent mechanical properties, and depending on their
structure, it is possible to have hard or tough sys-
tems with flexibility (even at low temperatures).
This characteristic is attributed to the combination of
hard segments (HSs) and soft segments (SSs) in the
polymer and the hydrogen bonding between the
urethane linkages of different chains. PU films show
excellent elasticity and abrasion resistance and a
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superior low-temperature impact resistance. In addi-
tion, they represent a major trend of PU develop-
ment because of the increasing concern about envi-
ronmental pollution and health and safety risks."
However, the interest in new materials that have
intimate combinations of incompatible components
at the nanoscale level has attracted significant atten-
tion because these materials offer prospects for new
and synergistic properties. For example, mixtures of
PU with polyacrylate (AC) systems can be used.””
However, the simple blending of AC dispersions
with PU dispersions often leads to films of lower
quality, which is attributed to a low compatibility of
both components. The formation of hybrid systems,
on the other hand, leads to a better mixing of com-
ponents by the suitable combination of the proper-
ties of both polymers. Several trials toward this
objective have been described during recent decades,
so there are examples of syntheses of polyacrylic/
PU hybrid dispersions and morphology characteriza-
tions of these systems in the existing literature.*'* A
useful synthetic method is the polymerization of
acrylic monomers in the presence of preformed PU
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chains with polymerizable terminal vinyl groups;
this leads to products known as PU/acrylate or
acrylic/PU hybrids."*

In these hybrid systems, the two polymers may
form a homogeneous blend within the particle, or
nanophase-microphase separation may occur. In
practice, the product of the polymerization of acrylic
monomers in the presence of a premade polymer
dispersion (e.g., an acrylic emulsion seed or PU dis-
persion) is characterized by one of a broad range of
multiphase particles in which partial or complete
phase separation has occurred (core-shell, lobed,
inverted core—shell, etc.)."”

It is generally understood that the chemical spe-
cies occupying the shell region of the emulsion par-
ticles is preferentially located in the surface layer of
the cast films after the process of coalescence of
emulsion particles and film formation.'® Waterborne
coatings are most prone to this, and this is some-
times intensified by imperfect film formation due to
the process of coalescence. So, the films are clearly
heterogeneous in a nanoscopic-microscopic sense.

In addition, the curing process (thermal annealing)
can originate heterogeneities, such as voids and low
crosslinked zones, in the solid film. This affects the
phase-separation behavior and the eventual mor-
phology. Even seemingly insignificant structural
changes in individual polymers can cause significant
differences in the phase behavior."”'®

It is well established that the physical and me-
chanical properties of polymers depend not only on
the chemical structure but also on their morphology.
The elasticity, toughness, and other physical proper-
ties of these materials are determined largely by the
degree of phase separation, interconnectivity of the
HSs, nature of the segment interface, and mixing of
the HS in the SSs.'” Systems that exhibit a very low
degree of phase separation often exhibit worse prop-
erties than those with a higher degree of separa-
tion;** however, depending on the nature of SSs,
results suggest that exceeding a certain degree of
phase separation leads to inferior properties. Adhe-
sion between HSs and SSs also plays an import role,
and it has been suggested that the adhesive process
occurs primarily through physical bonds.** The im-
portance of hydrogen bonding in determining the
physical properties is well known, and the incorpo-
ration of increasing amounts of AC to PU or vice
versa produces important changes in the polymer
properties.

The characterization of polymer morphology is
very important from a practical point of view. In
many technical applications, the observation of
changes in polymer morphology allows the best
polymer composition and preparation conditions to
be chosen and the achievement of desired properties
in the final product.
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However, there have not been many reports in the
published literature about the preparation and prop-
erties of these hybrid materials in all ranges of con-
centrations (from pure PU to pure AC). In addition,
there have been few attempts to study the effect of
thermal annealing on the phase behavior and mor-
phology of these systems over all ranges of acrylic
content.

In previous studies, we examined the kinetic reac-
tions of these systems,* and we reported the charac-
terization of samples where the acrylic content was
varied from 0 to 50 wt %. Higher amounts of acrylic
components led to coagulation, and no film-forming
systems were obtained.”> These film-forming poly-
meric systems are suitable for the formulation of
gloss top coatings.**

This article describes the most important aspects
of the synthesis of hybrid acrylic/PU systems by the
polymerization of acrylic monomers in the presence
of preformed PU chains containing polymerizable
terminal vinyl groups. To extend our studies, the
glass transition of the acrylic component was
adjusted to obtain film-forming systems in all ranges
of composition (from pure PU to pure AC) and with
a surfactant to prevent coagulation at higher acrylic
contents. Here, the emphasis was placed on the com-
parative properties of the hybrid polymer films
obtained from purified dispersions, before and after
annealing, to study the effect of the thermal treat-
ment on their structural characteristics, according to
the acrylic content.

EXPERIMENTAL
Materials

Methyl methacrylate (MMA) and n-butyl acrylate (n-
BuA) were technical grade and were distilled before
use. Methacrylic acid (MAA; Fluka, Buenos Aires,
Argentina), isophorone diisocyanate (IPDI; Aldrich,
Buenos Aires, Argentina), 2-hydroxyethyl methacry-
late (HEMA; Aldrich), potassium persulfate (Ane-
dra), hydrazine monohydrate (HZN; Aldrich), dibu-
tyltin dilaurate (DBTDL; Aldrich), triethylamine
(TEA; UVE), and sodium dodecyl sulfate (SDS; Ane-
dra) were analytical grade and were used as received.
Polypropylene glycol 1000 (PPG1000; Voranol 2110,
Buenos Aires, Argentina) was dried and degassed at
80°C at 1-2 mmHg, before use. Dimethylol propionic
acid (DMPA; Aldrich) was dried at 100°C for 2 h in
an oven.

Polymer dispersion synthesis

PU was synthesized according to a prepolymer mixing
process by the polyaddition of IPDI, polypropylene
glycol, HEMA, and 2,2-bis(thydroxymethyl)propionic

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Recipe for the Synthesis of the PU Dispersion
Component Weight (g) Moles
Prepolymer reaction
IPDI 108 0.49
PPG1000 147.23 0.15
DMPA 14.81 0.11
HEMA 12.65 0.10
DBTDL 0.42
Neutralization reaction
TEA 11.17 0.11
Dispersion and chain-extension reaction
HZN 5.75 0.18
Water 700

acid. The PU anionomer with 2-ethoxymethacrylate
terminal groups was dispersed in water containing a
chain extender (hydrazine) with prior neutralization
of carboxylic acid groups with TEA. A typical base
formulation of PU used in this article is given in
Table I. An emulsion polymerization with an MMA /
n-BuA/MAA (45/53/2% w/w) mixture was per-
formed in the presence of SDS as an emulsifier (2%
w/w on an acrylic monomer base). The polymeriza-
tion led to the formation of colloidal dispersions of
the PU/acrylic hybrids. More experimental details on
the preparation of these polymers were described in
a previous article.”> Shorthand notation is used in
this article to describe the hybrid systems. For exam-
ple, H90 : 10 denotes the hybrid system prepared
with 90 wt % PU and an acrylic feed of 10 wt %. The
pure acrylic dispersion (AC) was prepared by the
emulsion polymerization of an MMA /n-BuA/MAA
mixture in the same way as used for the PU/acrylic
hybrids with 2% SDS in the monomer base as an
emulsifier. The polyurethane polymerized dispersion
(PUpol) was prepared in the same way as the hybrid
systems without the addition of the acrylic mono-
mers. Both polymers were used as reference materials
for comparison with the hybrid systems (Table II).

Polymer dispersion cleaning

The dispersions were cleaned before analysis with
Spectra/Por Biotech poly(vinylidene difluoride) dial-
ysis membranes 15 mm in diameter and with a mo-
lecular weight cutoff of 1,000,000 Da to eliminate re-
sidual monomers, initiators, and water-soluble
compounds, as they could interfere in the analytical
techniques.

Film formation

We prepared the films by casting the dispersions on
a Teflon substrate by evaporating the water at 30°C.

Journal of Applied Polymer Science DOI 10.1002/app
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Samples were thermally treated (cured) at 60°C for
48 h to allow complete coalescence.

Characterization

The particle sizes of the dispersions were determined
by dynamic light scattering (DLS) with a Malvern
4700 instrument (Worcestershire, UK). This technique
gives an intensity-weighted average particle size:

dint avg = Z(nilid;) / Z(n:l;)

where I; is the intensity of light scattered from n;
particles of diameter d; being close to the z-average
particle size (d.):

d. = Z(nd] ) /Z(n;dy)

The gel fraction was determined by Soxhlet extrac-
tion with tetrahydrofuran as a solvent during a 24-h
period. The cartridge (Whatman 1, weight W;) was
loaded with about 1 g of dry polymer (weight W),
and then, the extraction was carried out. The car-
tridge was dried in a ventilated oven at 60°C and
weighed again (weight W3). The amount of insoluble
material (the gel fraction) was calculated as follows:

Gel fraction = [(W3; — Wy)/(W, — W7)] x 100

Fourier transform infrared (FTIR) spectra were
measured in the transmission mode with a Nicolet
380 FTIR spectrometer (Thermo Fisher Scientific,
Waltham, MA). Films of the polymers were pre-
pared by spontaneous evaporation at room tempera-
ture of a diluted dispersion placed on a CaF, win-
dow. The number of scans per experiment was 64.

Transmission electron microscopy (TEM) studies
were performed with a JEOL JEM 1200 EX II instru-
ment (Tokyo, Japan). Dilute dispersions were dried
onto carbon-coated copper grids covered with For-
mvar and without a metal coating. To improve the
contrast, some samples were stained with 1%

TABLE II
Typical Base Formulation of Different Polymers
Prepared in This Study

Acrylic PU Acrylic
content dispersion monomers

System  (wt %) (8) (g SDS (g) Water (g)
PUpol 0 100 — — —
H90 : 10 10 90 3 0.06 7
H70 : 30 30 70 9 0.18 21
H50 : 50 50 50 15 0.30 35
H30:70 70 30 21 0.42 49
H10 : 90 90 10 27 0.54 63
AC 100 0 30 0.60 70

* n-BuA/MMA /AA (53:45:2 wt%).
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TABLE III
Particle Size and Gel Fraction of the Systems Prepared
in This Study

Sample Diameter (nm) Gel fraction (%)
PU 94 0
PUpol 114 84
H90 : 10 165 91
H70 : 30 159 94
H50 : 50 134 87
H30: 70 120 92
H10: 90 107 91
AC 80 0

phosphotungstic acid for 40 s and then air-dried.
Electron spectroscopy imaging in the TEM, based on
electron energy-loss spectroscopy, were performed
with a Zeiss CEM902 microscope. Other experimental
details regarding TEM were presented elsewhere.”°

Differential scanning calorimetry (DSC) were per-
formed with a Shimadzu (Kyoto, Japan) DSC-60
instrument between —100 and + 270°C at a heating
rate of 10°C/min. The samples were first heated to
150°C at 30°C/min and then cooled down at 30°C/
min before scanning to erase their thermal history. A
nitrogen gas purge was applied, and the second
heating curves were used for analysis.

Tapping-mode atomic force microscopy (AFM)
studies were performed in a Discoverer TMX 2010
(TopoMetrix, Santa Clara, CA) microscope. Topogra-
phy and phase image were obtained simultaneously
with Si probes with a 20-nm nominal tig radius and
with standard laboratory procedures.”*

Simultaneous small-angle X-ray scattering (SAXS)
and wide-angle X-ray scattering (WAXS) measure-
ments of the films were performed at the SAXS-1
beamline at the National Laboratory of Synchrotron
Radiation in Campinas, Brazﬂe. A monochromatic
beam of wavelength (A) 1.488 A was used, and the
exposure time was 600 s. In the SAXS experiments,
the scattering intensity was registered with a one-
dimensional position-sensitive gas detector with a
sample—detector distance of 1084.3 mm for values of
the scattering vector (q) of 0.009 < q < 0.32 [q =
(4m/1) sin(0/2), where 0 is the scattering angle]. We
corrected the acquired data, subtracting the back-
ground contribution of the empty cell. The diffrac-
tion data were collected in a 20 range from 10 to 80°
with image plate detection and aluminum oxide (o-
Al,O3) as a calibration standard.

The tensile properties (tensile strength, elongation
at break, and tension at break) of the polymer films
were measured at 25°C with an EMIC DL-3000 ten-
sile testing machine (Sdo José Pinhais, Brasil). Speci-
mens were of the dog-bone test type with a 0.250-
mm thickness, 6-mm width, and 33-mm length,
according to the test procedure given in ASTM D 638
(Type IV specimen) and a speed of 500 mm/min.
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Contact angle measurements were carried out with
a Ramé-Hart goniometer (model 500, Netcong, NJ)
with water as the probe liquid. All of the tests were
performed on the air-facing surfaces of the samples.
Measurements were performed on six different points
to calculate the mean static contact angle (6).

RESULTS AND DISCUSSION
Particle size and gel content results

The resulting products were stable dispersions with
solid contents of about 30 wt %. Table III shows the
particle size (by DLS) and gel fraction values of the
systems prepared in this study. The decrease of par-
ticle size when the acrylic content increased was a
consequence of the variable amount of added SDS (2
wt % acrylic monomer base).

The gel fraction for pure PU before polymerization
was 0%, but after polymerization (PUpol), the cross-
linking density increased because of the reaction of
terminal double bonds. The gel fraction of AC poly-
mer (0%) was in agreement with the synthetic
method and the MMA /n-BuA ratio and was consist-
ent with data reported in the literature.”® The pres-
ence of PU increased the gel content for all of the
samples to about 90%, regardless of the acrylic con-
tent This fact indicates that those PU/acrylate
hybrids were crosslinked systems and explains the
insolubility observed for these systems in normal
solvents (e.g., tetrahydrofuran, dimethylformamide,
dimethyl sulfoxide).

FTIR spectroscopy results
Figure 1 shows the FTIR spectra of PUpol, AC poly-
mer, and the hybrid systems after cleaning. The
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Figure 1 FTIR spectra of PUpol, AC, and the hybrid
systems.
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Figure 2 FTIR spectra in the N—H stretching region.

PUpol spectra showed typical bands corresponding
to the HSs, where the absorption around 3332 cm ™"
arose from the hydrogen-bonding N—H stretching
vibration, whereas the free N—H stretching vibration
appeared as a shoulder at about 3440 cm™ . In addi-
tion, an absorption at 1537 cm ™! (a combination of
C—N stretching and NH bending, amide II band), a
broad band centered at 1709 cm ™' (free C=0 and
H-bonded C=O stretching), a signal centered at
1305 cm ™! (a combination of NH bending and C—N
stretching), an absorption at 1239 cm ™' (a combina-
tion of NH bending and C—N stretching, amide IV
band), and a band at 1110 cm ™! (C—O—C stretching
vibration of polyetherdiol) were observed. Typical
bands corresponding to SSs were also observed at
1373 cm ™' (bending of methyl groups), at 1457 cm ™!
(antisymmetrical methyl bending and methylene
scissoring), and from 2960 to 2875 cm ' (saturated
C—H stretching vibration bands).*® The shoulder
observed at about 3510 cm ™' was assigned to the
OH stretching of the DMPA component. The spec-

PERUZZO ET AL.

trum of AC polymer (Fig. 1, bottom) showed a band
at 1734 cm™ assigned to carbonyl (C=O) stretching
vibration of the acrylic ester groups and a band at
1168 cm™' corresponding to the C—O stretching
vibration. A progressive change in the spectrum was
observed with increasing acrylic content, and the in-
tensity of the acrylic C=O peak increased accord-
ingly. A shift to higher wave numbers in the NH
stretching bands was observed with increasing
acrylic content; this arose from the breaking of
hydrogen-bonding interactions (Fig. 2). The presence
of the acrylic component changed; therefore, so did
the hydrogen-bonding interactions. A low acrylic
content (10 wt %) did not seem to be enough to
modify this interaction, but acrylic contents of 30 wt
% and higher shifted the maximum NH absorption
band to a higher frequency characteristic of NH
free-stretching vibrations.

TEM and TEM electron energy-loss
spectroscopy results

Observation of the microstructure of colloidal par-
ticles was made by TEM. TEM images of the H90 :
10, H50 : 50, and H10 : 90 acrylic/PU hybrid par-
ticles are shown in Figure 3. For the H90 : 10 sam-
ple, a core-shell morphology was clearly observed.
The TEM image of the H50 : 50 sample showed sev-
eral particles, some of which showed core—shell mor-
phologies similar to the H90 : 10 sample, but others
showed no contrast at all. This indicated the pres-
ence of different types of particles. The same trend
was observed when the acrylic content increased.
Thus, in the H10 : 90, the same kinds of particles
were observed (core-shell particles and homogene-
ous particles). Therefore, increasing the acrylic con-
tent favored multiple nucleation loci in the reaction
media, and on the basis of the image analysis of
samples with increasing acrylic contents, the

Figure 3 Typical TEM micrographs of the PU/acrylic hybrid systems. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 BF image obtained with monochromatic elastic
electrons and energy-loss spectroscopy elemental maps of
the H30 : 70 sample: (a) BF, (b) C, (c¢) N, and (d) S.

particles were the core-shell ones composed of PU
and AC and homogeneous particles.

In agreement with previous studies, the acrylic
component formed the core, and PU formed the
shell.”'*' This result was confirmed by electron
energy-loss spectroscopy, where the contrast in the
elemental maps revealed point-to-point particle com-
position variations and composition differences from
one particle to another.’" Bright-field (BF) and ele-
mental map distributions of the H70 : 30 hybrid
sample are presented in Figure 4. The micrographs
are arranged in plates and display a standard BF
image, together with element maps for all major la-
tex constituent elements: C, S (from the initiator resi-
dues and surfactant), and N (from the polyurethanic
polymer).

In the sample, the C map presented a uniform dis-
tribution of this element in the particles following a
definite pattern. The particles in this map were the
same size as the particles in the BF image. As carbon
was the main element of the polymer, it was likely
well distributed throughout the particle. As
expected, adjacent particles displayed similar inten-
sities because this was their main constituent ele-
ment. This was different in N and S distribution
maps. Although the N maps showed a homogene-
ous distribution of nitrogen in the particles, it also
showed a lower density of this element in the par-
ticles compared to the C distribution. In addition,
the larger particles showed a higher distribution of
nitrogen in the outer portion of the particle; this
indicated that this element had a higher concentra-
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tion in this region. On the other hand, the S distribu-
tion maps for these particles also displayed a homo-
geneous distribution of sulfur inside the particles,
which corresponded to the accumulation of this ele-
ment in some domains. Because N represented the
PU constituent and S was associated with the acrylic
component, the results of the distribution maps sug-
gest core-shell morphology for the larger particles,
where the PU was in the shell and acrylic was in the
core region.

On the other hand, the smaller particles displayed
a uniform gray level in both the N and S distribution
maps, without any evidence for local N or S accumu-
lation within each particle. Although this was in ac-
cordance with previous TEM results, where smaller
particles did not present a core-shell morphology
[Fig. 3(b,c)], this indicated the coexistence of both PU
and acrylic material within these particles.

DSC results

Figure 5 shows the DSC curves for PUpol and the
AC copolymer, used as references, and the hybrid
polymers. Typically, the PUs displays multiple tran-
sitions related to HSs and SSs. In this case, PUpol
(Fig. 6, bottom) showed a glass transition of the SS
around —30°C and an HS melting point around
160°C.**° Another transition was observed around
35°C, but its origin was not completely understood.
Therefore, additional thermal analyses, scanned at
different rates, needed to be performed to elucidate
the transition. Anyway, these results demonstrate
the segmented nature of the PU, which was phase-
separated into amorphous SS and partially crystal-
line HS domains. In addition, the pure AC polymer
(Fig. 5, top) did not show a single glass-transition
temperature (Ty); this proved that it did not have a
homogeneous composition. Some composition drift
may have occurred during the synthesis of the latex

DSC
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Figure 5 DSC curves for PUpol, AC, and the hybrid
polymers.
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Figure 6 SAXS curves of PUpol and the acrylic polymer and hybrid systems (a) before and (b) after thermal curing.

because the polymerization involved a batch pro-
cess, and the monomers had different reactivities in
radical copolymerization. At least two transitions
were observed: a sharp transition around —40°C and
a broad transition at about 0°C; these transitions
indicated the presence of two kinds of polymers
with different compositions.””*® Thus, the lower T,
corresponded to a rich n-BuA copolymer, and the
higher T, corresponded to the mean composition of
the copolymer in the sample. In Figure 5, it is possi-
ble to observe a progressive change in the curves
with increasing acrylic content. As the acrylic con-
tent increased in the systems, there was a broaden-
ing of the SS glass transition of the PU. The reason
for this behavior resulted from the lower flexibility
of the SSs and their interaction with HSs or acrylic
chains. In the H50 : 50 sample, the glass transition of
the SS and transitions related to the HS were negligi-
ble; this indicated that, according to the DSC tech-
nique, this sample behaved like a homogeneous ma-
terial, although the TEM data previously discussed
showed that particles in this sample were of the
core-shell types.”***’ However, an important change
occurred when the acrylic content increased to 70
and 90 wt %. In H30 70, a weak transition
appeared around 81°C, and in H10 : 90, a well
defined transition appeared around 60°C, neither of
which were observed in samples with lower acrylic
contents. This additional transition suggested that, at
the H10 : 90 composition, segregation occurred and
led to the presence of acrylic domains. The HS melt-
ing point observed in PUpol was no longer observed
in the hybrid systems; this indicated that the acrylic
chains modified the HS ordering.

SAXS and WAXS results

SAXS experiments yield information on the segrega-
tion of phases of different electron densities within a
sample. Of primary importance are (1) the interdo-
main spacing (or d-spacing), which may be corre-

Journal of Applied Polymer Science DOI 10.1002/app

lated with domain size, and (2) the interfacial thick-
ness, which may be used to correlate the chemistry
and structure. Figure 6 shows the scattering intensity
versus q for pure PU and the acrylic polymers and
hybrids with different acrylic contents before and af-
ter thermal curing. The SAXS spectrum of pure PU
showed the typical broad central maximum at about
01 A~ due to microphase separation between the
hard and soft domains composing the PU chains.*!

The pure acrylic sample, on the other hand dis-
played two peaks at about 0.137 and 0.154 A1 after
film formation at room temperature, which were
related to the presence of the interface between latex
particles and the tendency of acrylic acid to form
local crystalline domains. Neither peak was
observed after curing at 60°C [see Fig. 6(b)], in
agreement with the T, of the acrylic polymer, where
a general coalescence of latex particles after curing
was expected, therefore, loosing the interface
between particles and the domains of acrylic acid.
Because of the high mobility of the PU chains, the
morphology after film formation at room tempera-
ture of this sample did not change after curing and
reached almost complete coalescence at room tem-
perature. The incorporation of the acrylic component
reduced the intensity of the maximum at 0.1 Al
observed in the pure PU polymer. Increasing the
acrylic content reduced the intensity even more [Fig.
6(a)], and interestingly enough, a featureless spec-
trum was observed for 50 wt % acrylic content in
both the cured and uncured samples. This indicated
a high degree of phase mixing or a very homogene-
ous matrix at the nanoscale level. However, in the
sample containing 70 wt % acrylic component, a
peak in q at about 0.15 Al appeared after curing.
This type of SAXS curve is attributed to a two-phase
system with sharp boundaries and with electron
density contrast and indicated phase separation in
this particular composition. At 90 wt % acrylic con-
tent, phase separation was observed in both the
cured and uncured samples. From a synthetic point
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Figure 7 WAXS curves of PUpol and the acrylic polymer and hybrid systems (a) before and (b) after thermal curing.
The curves were shifted on the y axis by an arbitrary amount for clarity.

of view, during the emulsion polymerization in sys-
tems with acrylic contents of up to 50 wt %, the PU
particles swelled completely, and copolymerization
took place with the acrylic monomer inside the par-
ticles. The presence of the acrylic component influ-
enced the crystallization process during film forma-
tion, and the broad band observed in the pure PU
spectrum was not observed anymore. When the
acrylic content was increased, part of the acrylic
monomers was not incorporated into the particles,
and in addition to the PU/AC hybrid particles, latex
particles of the pure acrylic polymer were also
formed during polymerization, which, in turn, segre-
gated during film formation. As expected, thermal
curing facilitated phase separation. The positions of
the correlation peaks corresponded to those typical
of this length of sample. The interdomain repeat dis-
tance (L), defined as the average distance between
two hard domains, was obtained from SAXS inten-
sity profiles by the application of Bragg’s equation:**

L=2n/q"

where g* is the observed peak position in the SAXS
curve.

Thus, the interdomain spacing in pure PU was
about 6.3 nm; this indicated that IPDI promoted
hydrogen-bond formation and efficient packing in
the hard domains. The incorporation of the acrylic
polymer seemed to modify this situation by decreas-
ing the intensity of the scattering and eliminating
peaks in the hybrid systems with intermediate
acrylic content. The observed peaks with 90 wt %
acrylic content at about 0.15 A~ corresponded to a
smaller interdomain distance of 4.2 nm. The interdo-
main spacing, specific for this composition, may
have resulted from the presence of acrylic segments
and, therefore, formed a two-phase system.

To investigate the underlying microstructure of
PU with different acrylic contents, in addition to

SAXS, WAXS was used. As shown in Figure 7 (the
spectra were shifted for clarity), all samples showed
similar WAXS curves with wide diffraction halos
around 19 and 39°, which are typical for amorphous
polymeric materials, because the molecular chain
distance in noncrystalline materials is about 0.4-0.5
nm.** The first halo was very wide and gave evi-
dence for the presence of a poorly ordered phase
with looser packing. After curing, diffuse crystalline
scattering peaks for samples with a higher acrylic
content were observed. By a close analysis of Figure
7(a) (samples before thermal annealing), a slight shift
to higher 20 values of the peak at 19° was observed
when the acrylic content increased. An increase in
the overall intensity for 20 < 15° was also observed;
this followed the same trend. Additionally, a weak
contribution appeared at 20 = 30° in the pure acrylic
sample. However, thermal treatment of the samples
promoted changes in the morphology and in the
WAXS curves as well, especially in the sample with
90 wt % acrylic content. The narrow shift previously
observed and the shoulder at 20 < 15° were no lon-
ger present after curing. In this case, a sharp peak
appeared on the broad peak at 19°, probably due to
the distinction between the PU and AC phases at
this scale after curing.

AFM results

Phase contrast in tapping-mode AFM is determined
by the topographic, viscoelastic, and adhesive prop-
erties of samples. It is a powerful tool that provides
micrometer /nanometer-scale information about the
surface structure. Under the phase setting we used,
low-modulus soft regions appeared as brighter
tones, whereas high-modulus hard regions were
darker. Figures 8 and 9 show the topography and
viscoelastic behavior of samples H70 : 30 and H30 :
70, respectively, before and after annealing. These
samples were taken as representative of the two

Journal of Applied Polymer Science DOI 10.1002/app
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H70:30 with curing

Figure 8 Topography and respective phase-contrast image of the H70 : 30 sample before (top) and after (bottom) thermal
annealing. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

systems with different behaviors, on the basis of the
SAXS data previously discussed in this article.
Before annealing, a close packing of the particles
was observed in both samples. Topography pictures
clearly showed the shape of the latex particles of
both as-cast films, where particles from H70 : 30

were bigger than particles from H30 : 70; this was in
agreement with the TEM results and the particle
sizes obtained by DLS measurement. In the phase-
contrast images, the films displayed hard-phase
domains in a soft matrix. Profiles in different regions
of each film were used to determine the average

H30:70 with curing

Figure 9 Topography and respective phase-contrast image of the H30 : 70 sample before (top) and after (bottom) thermal
annealing. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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hard-domain size. The regular distribution of the
hard domains in the film supported the proposition
that the acrylic polymerization occurred within the
urethane particle; this was in agreement with the
TEM observations. Consequently, results demon-
strate that the structure of the single particles was
maintained during film formation, and this deter-
mined the film structure. After annealing, topogra-
phy showed a more coalesced film as compared to
the uncured sample for H70 : 30; the particles were
flattened, and interdiffusion was observed in the
phase-contrast image for this hybrid sample.** On
the other hand, sample H30 : 70 was similar to the
uncured sample; this indicated that the thermal
treatment did not improve the packing of the hybrid
particles in the film. However, the shape and mor-
phology of the latex particles were still clearly visi-
ble in the surface morphology after annealing. This
suggested that the morphology was preserved at
this scale, even after curing. A close examination of
the cured 30 : 70 sample revealed some stripes,
which could be tentatively explained as some sort of
particle segregation during the annealing of the
sample.

Mechanical properties results

In this section, the stress—strain response, extent of
stress relaxation, and mechanical behavior of the
pure and hybrid polymers are presented and com-
pared. Figure 10 shows the stress versus strain
curves of the films before curing of PUpol, AC, and
the PU/acrylate hybrids. Curves for the samples af-
ter curing are not included for simplicity, but similar
behavior was observed. Table IV displays the elastic
modulus (Young’s modulus), and elongation and
stress at break values of the cured and uncured
films. The pure acrylic polymer sample showed a
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Figure 10 Stress versus strain curves of PUpol and the
acrylic polymer and hybrid systems before thermal
annealing.

2703

TABLE IV
Parameters Obtained from the Stress Versus Strain
Curves of Pure PUpol, AC, and the Hybrid Systems
Before and After Thermal Curing

Elongation
at break Modulus Stress at
(%) (MPa) break (MPa)
Sample bc ac bc ac bc ac
PUpol 244 257 87.7 108.1 17.9 22.2

H90 : 10 227 289 68.5 83.7 14.5 23.3
H70 : 30 249 244 49.6 66.9 11.4 15.1
H50 : 50 268 369 21.8 22.0 74 14.1
H30 : 70 420 421 10.9 11.2 9.2 9.2
H10: 90 490 518 49.6 54.0 10.1 12.1
AC 505 535 103.9 112.7 10.3 13.6

bc = before curing; ac = after curing.

yield point at a very low elongation with a stress
peak and then a minimum in the curve followed by
a strain-hardening phenomenon. The presence of a
yield point is characteristic of a two-phase struc-
ture.*> The maximum stress was close to 10 MPa,
and the elongation at break was about 500%. On the
other hand, no distinct yield point was observed for
PUpol and samples with 10 and 30 wt % acrylic; this
indicated that these systems had a one-phase struc-
ture. Samples containing more than 50 wt % acrylic
behaved more similarly to pure acrylic with compa-
rable elongation at break values, and they displayed
rubbery behavior in the tested conditions. All of
these results were consistent with the morphology
SAXS results and indicated that, for high acrylic con-
tents, the acrylic phase acted as a continuous matrix
with soft (hybrid) inclusions. Although all of the pa-
rameters increased with thermal treatment for the
cured samples, an interesting effect was observed
for both the elongation at break and breaking stress.
Increases in both of these parameters were notable
for the H50 : 50 with curing, but they were less im-
portant for H30 : 70 and H10 : 90. As in the SAXS
results, these samples again showed different behav-
ior, and this was probably related to changes in the
morphology of the polymers. The first systems of
the series, with 10, 30, and 50 wt % acrylic compo-
nent (H90 : 10, H70 : 30, and H50 : 50, respectively),
behaved like homogeneous materials, which, after
thermal annealing, improved the chain packing and
formed a much more regular structure. In a different
way, the samples with higher acrylic contents (H30 :
70 and H10 : 90) behaved like phase-separated sys-
tems, and thermal treatment did not change their
morphology. This was the reason why the tensile
properties of the last group were not affected to the
same degree as the first group. These significant
changes in the elastic modulus and the breaking
stress after thermal treatment were due to the forma-
tion of an extended polymeric network. The
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TABLE V
Contact Angle, Roughness, and Buchholz Hardness
Values of the Films Before and After Thermal Annealing

Conctact angle Roughness Buccholz

©) (mm) hardness

Sample bc ac bc ac bc ac
PUpol 62.49 64.03 0.11 0.20 38 51
H90 : 10S 62.14 65.58 0.64 0.47 47 50
H70 : 30S 63.26 67.23 2.72 0.85 33 38
H50 : 50S 72.93 75.09 3.54 1.90 27 28
H30 : 70S 63.24 50.27 1.71 1.45 27 28
H10 : 90S 62.15 50.31 0.74 0.30 33 34
AC 57.41 38.28 0.27 0.31 34 48

bc = before curing; ac = after curing.

nonlinear behavior described here, with increasing
acrylic content, was previously observed by Kukanja
et al." However, the systems studied by Kukanja
et al.'® were slightly different, and we did not
expected to have the same conclusions. Regardless
of these dissimilarities, the PU/AC hybrids pre-
sented nonlinear behavior as the acrylate content
increased.

In addition to effects at scales larger than the do-
main structure, the hard-domain cohesion can also
influence the mechanical properties.*® The incorpora-
tion of SSs in the HS domain would be expected to
reduce the HS domain cohesion. In this case, the
incorporation of 10-50 wt % acrylic content probably
affected the HS domain cohesion and reduced the
mechanical properties. At higher acrylic composi-
tions (>50 wt %), the most likely morphology, as
suggested by SAXS, was of the two-phase type, with
a continuous acrylic phase and the hybrid polymer
as the second separated phase; this would explain
the similar behavior of the H30 : 70 and H10 : 90
samples and the pure acrylic polymer.

Water contact angle, roughness, and Buchholz
hardness results

To investigate the surface properties of the hybrid
materials, water contact angle, roughness, and Buch-
holz hardness measurements were performed (Table
V). Before thermal curing, the PU film had a fairly
polar surface and showed a water contact angle of
62.5°. The contact angles increased with acrylic con-
tents up to 50 wt %. At higher acrylic contents, this
parameter changed up to the value of the acrylic
polymer. The cured samples presented similar
behavior, with a slight increase in the contact angle
for samples up to 50 wt %; a notable decrease was
observed for the rest of the samples. Again, the sam-
ple with 70 wt % acrylic content behaved differently
and did not follow the trend observed for the other
samples; this indicated a change in morphology for

Journal of Applied Polymer Science DOI 10.1002/app
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this composition, in agreement with the SAXS
results and observed stress—strain properties.

The roughness increased as the acrylic content
increased up to 50 wt %, with a maximum at this
composition. After that, the roughness decreased
down to the acrylic extreme. The cured samples fol-
lowed the same trend observed in the uncured sam-
ples, but in this case, the roughness values were
smaller; this indicated that thermal annealing pro-
duced coalescence. The Buchholz hardness results
showed a minimum around 50 wt %/70 wt %
acrylic content (before and after curing), in agree-
ment with the modulus results presented previously
with the mechanical properties’ results. Small differ-
ences were observed after thermal annealing, except
for in the PUpol and AC systems, which probably
had increased Buchholz hardness because these sys-
tems improved the chain packing.

Importantly, the nonlinear behavior of the proper-
ties for these systems, which presented an inflexion
point at around 70 wt % acrylic content, was
probably related to the morphology changes in
the hybrid systems after the particle composition
changed.

CONCLUSIONS

Water-based PU/acrylate dispersions were synthe-
sized and characterized to investigate the effects on
morphology and mechanical properties of the varia-
tion of the acrylic content in a broad range. The
incorporation of different amounts of acrylic compo-
nents in PU and the formation of a hybrid material
changed the morphology of the original PU and,
therefore, the final properties. The acrylic monomers
reacted with the PU prepolymer double bonds,
altered the HS distribution, and inhibited the micro-
phase separation typically found in pure PU. The
SAXS data suggested that, beyond the usual micro-
phase separation between SSs and HSs in the PUs,
phase separation might also have occurred within
soft domains, specifically for the acrylic polymer,
because of some degree of incompatibility between
them. Depending on the application required, as
much as 50 wt % acrylic was incorporated without a
loss of the excellent properties of PUs. However, to
obtain a homogeneous material, the incorporation of
acrylics should be performed with a suitable path-
way, such as that described in this article, to obtain
chemical bonds between both polymers. Physical
blends do not have the same properties as the
hybrid systems described in this article; therefore,
the comparison of these two systems will be the sub-
ject of a future article.
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