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ABSTRACT: Aqueous acrylic-polyurethane hybrid emulsions were prepared by semi-
batch emulsion polymerization of a mixture of acrylic monomers (butyl acrylate, methyl
methacrylate, and acrylic acid) in the presence of polyurethane dispersion. Equivalent
physical blends were prepared by mixing acrylic emulsion and polyurethane dispersion.
The weight ratio between acrylic and polyurethane components varied to obtain differ-
ent emulsion properties, microphase structure, and mechanical film properties of hy-
brid emulsions and physical blends. Particle size and molecular mass measurements,
scanning electron microscopy, glass transition temperature, and rheological measure-
ments performed characterization of the latex system. The mechanical properties were
investigated by measuring tensile strength and Koenig hardness of dried films. The
experimental results indicate better acrylic-polyurethane compatibility in hybrid emul-
sions than in physical blends, resulting in improved chemical and mechanical proper-
ties. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78: 67–80, 2000
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INTRODUCTION

Water-borne polymer emulsions are an important
class of materials, especially in the paint and
coating industry. Increasing concern for health,
safety, and the environment has driven many re-
searchers to prepare water-borne polymers with
sophisticated composition and architecture,
which are expected to exhibit almost the same
performances as conventional solvent-borne sys-
tems.

Acrylic (AC) emulsions and polyurethane (PU)
aqueous dispersions have been used extensively
in coatings applications. Both systems have some
disadvantages such as reduced film formation,
lower chemical resistance, coarse mechanical
properties of acrylic, a high cost, low pH stability,
and limited outdoor durability of PU.1 To improve

the properties of an individual polymer system it
is common to mix them. Better mechanical stabil-
ity, solvent and chemical resistance, and tough-
ness are obtained from the PU portion. Outdoor
resistance, pigmentability, and lower cost are due
to the AC component. Direct blending of AC emul-
sion and PU dispersion results in films with prop-
erties of lower quality to those predicted by the
“rule of mixtures,” because of limited compatibil-
ity between PU and polyacrylate.

An alternative approach to the physical mixing
of AC emulsion and PU dispersion is the emulsion
polymerization of AC monomers in the presence
of aqueous PU dispersion called “hybrid process.”
When using this approach AC monomers swell
into the particles of PU dispersion and increase
the ability of mixing of these two polymers.2

Hirose and Kadowaki3 found that it is possible
to develop water-borne emulsions with superior
performances by producing emulsions with a
multi-phase structure in each emulsion particle
with different techniques, such as core-shell poly-
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merization type, seeded polymerization technol-
ogy or formation of interpenetrating network.

Hegedus and Kloiber1,4 observed that forma-
tion of the so-called “hybrid” particles is the result
of in situ polymerization of the respective mono-
mers and prepolymers. PU is formed by step-
growth polymerization, whereas polyacrylate is
formed by free radical chain-growth polymeriza-
tion. Therefore AC and PU segments are not di-
rectly attached through primary bonds. The pres-
ence of hybrid particles is the result of numerous
entanglements and secondary intermolecular
bonding forces (hydrogen bonding, dipol-dipol in-
teractions, etc.). The process appears to result in
interpenetrating network (IPN) formation of AC
and PU chains at the molecular level.

Bontinck et al.5 observed that the simplest
combination of AC and PU is a physical blend.
When both polymers consist of a cross-linked net-
work, an IPN is formed. These IPNs show a lower
amount of phase separation than physical blends.
A more complicated approach involves preparing
the new hybrid system by chain extension of the
PU in the presence of AC, or the opposite, by
emulsion polymerization of AC monomers in the
presence of PU. To obtain a storage stable AC-PU
dispersion, the emulsification and/or dispersing
mechanism of both polymers must be compatible
within the desired pH-range, usually of 7–8.

Many techniques described in the literature
have been used to determine the miscibility of
polymer blends.6 The most widely used criterion
relies on the measurement of the glass transition
temperature (Tg). The detection of a single glass
transition temperature, with value somewhere
between the Tg’s of individual polymers indicates
a miscible system. Conversely, a nonmiscible sys-
tem will exhibit two Tg’s corresponding to the Tg’s
of individual components. The term “miscible” is
used to describe the blends that are homogeneous
at the molecular level. Various equations have
been made to relate the Tg of miscible blends to
blend composition. Couchman and Karasz pro-
posed the following relationship6:

ln Tg 5
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where Dcpi is the change in specific heat of the i-th
component at the glass transition temperature
Tgi and wi represents the mass fraction of i-th
component. Eq. (1) may be simplified7:

Tg 5 w1Tg1 1 w2Tg2 (2)

where Tg, Tg1, and Tg2, are the glass transition
temperatures of the blend, homopolymer 1, and
homopolymer 2, respectively. In the case of an
immiscible system, the Tg’s of the two phases can
render some information on whether there is par-
tial miscibility between the two components. For
a completely immiscible system, the Tg’s of the
two phases in the blend should be equal to the
Tg’s of the respective pure polymers. A shift in Tg
of the polymer in the blend, with respect to the
pure polymer, may indicate some degree of mis-
cibility. The shift can be used to quantify the
amount of one polymer dissolved into the other
one in a two-phase blend.

The rheological properties of latex systems are
of both practical importance and theoretical inter-
est. Most practical uses of latexes in processing
and in various coatings applications require the
control of viscosity. Some latex may exhibit New-
tonian behavior with constant viscosity, indepen-
dent of shear stress or shear rate. However, the
viscosity of many liquids and emulsions are de-
pendent on shear rate (Non-Newtonian). The
pseudoplastic or shears thinning emulsions show
decrease of viscosity with increasing shear rate.
Many dispersions, including latex systems, may
exhibit complex viscoelastic rheological proper-
ties.8,9

There are some patents10–14 on AC-PU hybrid
emulsion synthesis, and only a few available pub-
lications discussing the behavior and fundamen-
tal properties of these emulsions.1–5 To contribute
to these investigations, our work is oriented to
AC-PU hybrid emulsions prepared by emulsion
polymerization of AC monomers in the presence
of PU dispersion. The objective of the study is to
compare the chemical and mechanical properties
of hybrid emulsions and blends of equivalent
chemical compositions.

EXPERIMENTAL

Chemicals

As the AC component, a mixture of butyl acrylate
(BA; BASF) and methyl methacrylate (MMA;
BASF) in ratio of 1:1 was used together with an
AC acid (AA; BASF). As the initiator water solu-
ble potassium persulfate (Peroxide Chemie) was
used. The emulsifier TRITON XN 45 S (ammoni-
um alkylphenoxypolyethoxy sulfate) was supplied
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by Union Carbide. The chemicals were of commer-
cial purity and were used without further purifi-
cation. The aqueous PU dispersion was a commer-
cial anionic polyester carbonate (Industrial Co-
polymers).

Synthesis of AC Emulsion

MMA/BA/AA copolymer particles were prepared
by the semibatch emulsion polymerization pro-
cess. The basic recipe is given in Table I. The
polymerization was carried out under an inert
nitrogen atmosphere in a 2-L glass reactor,
equipped with a reflux condenser, stirrer, ther-
mometer, and addition funnels. Emulsifier was
dissolved in distilled water charged to the reactor
at 60°C. A part of separately prepared preemul-
sion and potassium persulfate was added and the
initial charge was heated to 80°C. The initial
charge reacted at 80°C for 15 min to obtain the
emulsion seeds. Then the remaining preemulsion
and initiator solution were fed in two separate
streams at constant flow rates of 6.26 3 1022 g/s
and 4.77 31023 g/s, respectively, for 3 h. The
emulsion was then neutralized with 25% ammo-
nia solution.

Preparation of AC-PU Physical Blends

Physical blends including same proportions of AC
and PU components as the hybrid emulsions (Ta-
ble II) were prepared by mixing of AC emulsion
and PU dispersion sufficiently long to reach con-
stant physical properties.

Preparation of AC-PU Hybrid Emulsions

A series of AC-PU hybrid emulsions with the AC
component content shown in Table II were pre-
pared. The preemulsion was made by dissolving
emulsifier, Triton XN 45 S (1.5% on the total
monomer) in water. The mixture of MMA and BA
(1:1) and 0.15% of AA (based on the total weight of
MMA and BA) were then slowly added under
constant stirring to the emulsifier solution to
form the preemulsion.

AC-PU hybrid emulsions (APE) were prepared
by semibatch emulsion polymerization of AC
monomers in presence of PU dispersion. The
same reactor as for preparation of AC emulsion
was charged with the amount of aqueous PU dis-
persion (particle size of 43.0 nm), 10% of sepa-
rately prepared AC preemulsion and 10% of po-

Table I Recipe for Preparing AC Emulsion

Component
Initial Charge

(g)
Preemulsion

(g)
Initiator Solution

(g)

Butyl acrylate BA 240.0
Methyl methacrylate MMA 240.0
Acrylic acid AA 2.5
Potassium persulfate 0.3 1.5
Emulsifier 1.7 14.0
Distilled water 220.0 230.0 50.0
Preemulsion 50.0

Table II Composition of AC-PU Hybrid Emulsions

PU APE 1 APE 2 APE 3 APE 4 APE 5 APE 6 APE 7 AC

Acrylic (wt %) 0 20 40 50 60 70 80 90 100
PU dispersion

(g) / 600.0 500.0 400.0 400.0 400.0 300.0 150.0 /
MMA (g) / 25.67 57.03 68.44 102.66 159.69 205.32 230.99 /
BA (g) / 25.67 57.03 68.44 102.66 159.69 205.32 230.99 /
AA (g) / 0.077 0.171 0.205 0.308 0.479 0.616 0.693 /
Solid content of

final emulsion
(%) 34.2 39.6 44.4 46.4 48.2 50.8 51.2 56.7 49.9
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tassium persulfate initiator solution. Potassium
persulfate presented 0.4%, based on total solids of
AC component. The content was heated to 70°C.
After 0.5 h the remaining initiator solution and
AC preemulsion were fed in two separate streams
at a constant flow rate for 4 h.

CHARACTERIZATION

Observation of Acrylate-PU Microphase Structure

Differential scanning calorimetry (DSC) was per-
formed to characterize the thermal response
properties of the coatings prepared from the AC-
PU hybrid emulsions and physical blends. The
samples were cured for 7 days at ambient condi-
tions. They were then placed in a vacuum until a
constant weight was obtained.

DSC was performed on a Perkin Elmer 7 calo-
rimeter, with nitrogen purring the cell at the
heating rate of 20°C/min from 2120°C to 60°C. In
order to investigate potential morphological
changes during heating, a sample was quench
cooled to 2120°C and after 5 min reheated to
60°C.

Particle Size and Particle Size Distribution

The particle size and particle size distribution of
AC-PU hybrid emulsions and blends were mea-
sured with photon correlation spectroscopy on a
MALVERN ZETASIZER 3000. The measuring
range of the apparatus was 3–3000 nm. The sam-
ples of the emulsions were diluted and directly
placed in the capillary cell. The temperature of
the cell was kept at approximately 25°C.

Observation of Emulsion Particles by Using
Scanning Electron Microscope Microscopy

Scanning electron microscope (SEM) analysis was
performed using JEOL T 300 emission SEM. The
samples were imaged at 20 kV accelerating volt-
age and analyzed by the conventional secondary
electron imaging technique. Highly diluted sam-
ples were coated with a thin layer of gold to re-
duce any charge build-up on the fracture surface.

Observation of the Molecular Mass and Molecular
Mass Distribution by Gel Permeation
Chromatography

The average molecular weights Mn and Mw were
determined by gel permeation chromatography

(GPC) using Hewlett Packard HPLC 10/90
equipped with a refractive index detector. Two
PLgel mixed-bed columns (10 mm and 5 mm) were
used for the analysis. The latex samples were
dissolved in n-Methyl pyrolidon (NMP) and 0.01%
LiBr was added. Each solution (25 mL) was in-
jected into the NMP flow stream and pumped
throughout the column at a flow rate of 0.5 mL/
min. The average molecular weights were calcu-
lated from molecular weight versus retention
time curves of monodisperse polystyrene stan-
dards.

Observation of the Minimum Film Formation
Temperature

Minimum film formation temperature (MFFT)
was performed using SHEEN MFFT Bar.60. The
instrument consisted of a substrate plate with a
temperature gradient. The film of the emulsion
was cast on the plate and allowed to dry at the
substrate temperature. After the film was dried it
was visually inspected for formation damage such
as cracks and other discontinuities. The lowest
temperature at which a consistent and coherent
film was formed was MFFT.

Determination of Rheological Properties

The rheological tests were performed under
steady and oscillatory shear conditions at 25°C.
Controlled stress rheometer Haake RheoStress
RS 150, equipped with the double cone sensor
system (DC 6/°4) was used. Rheological properties
were studied under small and large deformations
by applying different measuring procedures:
stress and frequency sweeps, stress ramps, and
multistep sequences.

Measurements of Mechanical Properties of Dried
Films

The hardness of the films was measured by the
Koenig method (DIN 53157). A film of the emul-
sion was cast on a glass plate and cured for 5 days
at ambient temperature. An average of five mea-
surements was taken to report.

Tensile properties, particularly tensile
strength and elongation at break, were measured
at 20°C using ZWICK 1435 tensile testing ma-
chine with a cross-head speed of 20 mm/min. The
specimens of casted films were 15-mm wide and
50-mm long. An average of at least five measure-
ments of each sample was taken for the report.
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RESULTS AND DISCUSSION

Observation of Microphase Structure

The microphase structure was investigated by
DSC method. The shift of Tg was used as a mea-
sure of compatibility between polyacrylate and
PU in AC-PU hybrid emulsions (APE). The values
were compared with glass transition tempera-
tures of physical blends of AC emulsion and PU
dispersion. The experimental results are listed in
Table III.

Pure PU dispersion and pure AC emulsion
show very sharp glass transitions at 258.2 and
19.5°C, respectively.

Emulsions prepared with physical blending ex-
hibit two distinct Tg’s , one of PU and one of
acrylate component. The Tg’s are shifted with re-

spect to the pure polymers from 4.4 to 6.8°C at the
lower temperature and 5 to 14°C at the upper
temperature. The shifts are the result of partial
compatibility and interdiffusion of PU and AC
components and indicate some degree of miscibil-
ity. The blends with 80 and 90 wt % of AC emul-
sion show only one Tg at 14.3°C. It may be as-
sumed that the influence of AC component in the
mixture is predominant.

The APE emulsions exhibit only one broad
glass transition. The Tg increases with the in-
creasing amount of AC component and is almost
the same as the Tg’s calculated by eq. (2) for three
component systems (Fig. 1). The Tg values of pure
AC components (MMA and BA) were taken from
the literature.8 The appearance of a single Tg in
hybrids means that they are homogenous at the
molecular level. This molecular level mixing is
demonstrated by broad glass transitions in the
temperature range above 70°C as is indicative of
entangled AC and PU chains, compared with
larger individual AC- and PU-rich domains
present in blends with two distinct Tg’s (Fig. 2).

Observation of Particle Morphology

Determination of the microstructure of emulsion
particles was made by SEM and photon correla-
tion spectroscopy. Hybrid emulsions were pre-
pared by polymerizing a mixture of AC monomers
in the presence of PU with the particle size (num-
ber average particle diameter) of 43.0 nm, which
were used as seeds. The particle size dispersion
index was defined as dw/dn,8 where dw and dn are
the weight and the number average of particle

Table III Glass Transition Temperatures of
AC-PU Blends

Sample
Composition

AC/PU
Tg-Lower

(°C)
Tg-Upper

(°C)

PU 0/100 258.2
B1 20/80 252.3 5.5
B2 40/60 253.8 14.2
B3 50/50 252.1 12.4
B4 60/40 251.4 10.8
B5 70/30 251.7 14.5
B6 80/20 14.3
B7 90/10 14.3
AC 100/0 19.5

Figure 1 Tg dependence on weight fraction of acrylic component in acrylic polyure-
thane hybrid emulsions.
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size, respectively. The index for PU dispersion
was 1.09. Only a small amount of emulsifier was
used to stabilize the hybrid system by adsorption
on the seed particles. Very narrow particle size
distribution indicates poor secondary nucleation
in hybrid emulsions. The average particle size of
the prepared hybrid emulsions increases in non-
linear manner (Fig. 3). Hybrid emulsion with 20
wt % of AC component has the same particle size
as pure PU. With increasing AC/PU ratio to 40/
60, the average particle diameter slightly in-
creases from 43.0 to 56.2 nm. Further addition of
the AC component results in a drastic increase of
the average particle size. At AC/PU ratios from
50/50 to 90/10 the particle size becomes larger,
due to the AC monomers tendency to swell into

the PU particles. This results in larger particle
size after polymerization. It is also possible that
when more AC component is introduced the fu-
sion of particles further proceeds to form much
larger particles.

AC-PU hybrid emulsions are monodispersed
with narrow distribution of particle size. The par-
ticle size dispersion index is in the range from
1.00 (APE 3) to 1.06 (APE 6). The secondary nu-
cleation is neglected and the higher amount of AC
component is reflected in a linear relation be-
tween particle size and AC/PU ratios.

SEM pictures of hybrids show different particle
morphologies such as hemisphere structure and
sandwich-like structure (Fig. 4). This confirms
that PU and AC components affect each other.

Figure 2 DSC curves of APE 3, APE 4, and physical blends with composition AC:
PU550:50 and 60:40.

Figure 3 The particle size dependence on composition of acrylic polyurethane hybrid
emulsions (the term particle size means number average particle diameter).
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Emulsions prepared by physical blending of AC
and PU in different proportions have the particle
size in a range from 146.4–176.1 nm. Blends with
weight percent of AC up to 50% show bimodal
distribution of particle size. For example, a blend
with composition AC/PU of 20/80 has half of the
particles almost of the same size as PU disper-
sion, namely 44.8 nm. The rest of the particles are
169.8 nm in size (AC emulsion has the particle
size 164.3 nm). The particle size dispersion index
for this blend is 1.56. Blends with AC/PU ratios
higher than 60/40 have almost uniform particle
size in a range from 152.0 nm to 160.7 nm, which
is comparable with the particle size of pure AC
emulsion. This is probably the result of the pre-
dominant influence of larger AC particles.

Physical blends show in some cases bimodal
distributions of particle size and also SEM photo-
graphs confirm the presence of particles which
are only mixed together (Fig. 5).

Observation of Average Molecular Weights

Molecular weights were determined by using the
polystyrene calibration curve. Therefore, the mo-
lecular weights are not absolute but relative to
each other. The results are listed in Table IV.

AC emulsion shows bimodal distribution of mo-
lecular weights. Two main peaks can be observed
from the chromatogram. The peaks at the reten-
tion times of 17.698 and 24.760 min indicate the
Mw of 1.23 3 108 g/mol and 7.70 3 105 g/mol,
respectively. Also evident is more than one small
peak in the low-molecular-weight region. These
peaks are the result of secondary interactions of

AC acid’s hydroxyl groups with column packing.
The total average molecular weight of AC is 2.55
3107 g/mol.

PU dispersion has the average Mw of 2.16
3 106 g/mol. Molecular weight polydispersity in-
dex (PDI) defined as the ratio of Mw/Mn is 17.7.
This value of PDI indicates some degree of
branching between PU chains. Branching is also
evident from the results of mechanical property
measurements. PU dispersion has high Young’s
modulus resulting in a more rigid and less flexible
film.

AC-PU hybrid emulsions show monomodal dis-
tribution of molecular weights, which slightly de-
crease with increasing AC/PU ratios (Table IV).
The intermolecular bonding forces between the
AC and the PU component cause a reduction in
hydrodynamic volumes of macromolecular chains.
The hydrogen bonding mechanism between ure-
thane -NH- and acrylate carbonyls or -OH groups
from AC acid were also detected with other mea-
surements (DSC, testing of mechanical proper-
ties, and rheological behavior). The intermolecu-
lar interactions contract the hybrid polymer chain
entanglements. This is shown in longer retention
time and lower average molecular weights.

All physical blends, except from the one with
AC/PU ratio 20/80, show bimodal distributions of
molecular weights. The results of the Mw, Mn, and
the PDI of the two separate peaks present in
blends are listed in Table IV. The chromatogram
of blend with 20 wt % of AC component shows
only one peak with calculated Mw 2.72 3 106

g/mol. With increasing AC/PU ratio another peak

Figure 5 SEM photograph of acrylic polyurethane
physical blend with composition AC: PU 5 50:50 con-
firms the presence of larger AC and smaller PU parti-
cles (the scale bar is 1 mm).

Figure 4 SEM photograph of acrylic polyurethane
hybrid emulsion APE 7 presents different particle mor-
phologies (the scale bar is 1 mm).
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in the higher molecular weight region become
pronounced. The height and the area of these
peaks (Mw ranges from 1.41 3 108 g/mol for B 2,
to 1.11 3 108 g/mol for B 7) increase with AC
concentrations in blends, due to influence of AC
emulsion with bimodal distribution of molecular
weights one Mw being 1.23 3 108 g/mol and the
other 7.70 3 105 g/mol.

The total average molecular weights Mw and
also the PDI of blends increase drastically with
the percentage of the bimodal AC component with
very high PDI of 607.1. All this confirms that AC
and PU components are only mixed together.

Rheological Properties

PU dispersion shows Newtonian behavior (h
5 41.8 mPas). The other basic component, AC
emulsion, exhibits pseudoplastic flow properties
with higher viscosity in the first Newtonian pla-
teau (h05 235 mPas).

Although the starting components show differ-
ent rheological properties, the flow curves in Fig-
ure 6 demonstrate that all blends exhibited New-
tonian behavior. In this case there wasn’t proba-
bly any significant interaction between the
particles. All blends of AC emulsion and PU dis-
persion are composed of particles of different sizes
and size distributions, which results in lower vis-
cosity values than for the two parent components.
The measure of particle concentration is the par-
ticle volume fraction F, which is the single most
important factor controlling the latex viscosity. It
is calculated from the weight concentration of the

polymer solids and the density of polymer parti-
cles.9 The influence of physical mixing of AC
emulsion and PU dispersion expressed by volume
fraction of large particles (FAC) on the relative
viscosity (hr) is shown in Figure 7. The relative
viscosity (hr) is expressed as the viscosity of the
latex, divided by the viscosity of the aqueous
phase.8 In blends of different particle sizes and
size distributions small particles fit between the
larger particles. The particle size distribution of
blends examined was almost bimodal with the
ratio of the diameters between larger AC and
smaller PU particles around 3.82. The particle
packing efficiency depends on the amount of
larger with respect to smaller particles. The min-
imum viscosity was observed for the system con-
taining 70 wt % of larger AC particles (at FAC

value of 0.77; Fig. 7).
The rheological properties of AC emulsion un-

der nondestructive conditions of oscillatory flow
showed predominant viscous contribution in the
examined frequency range (0.1–1 Hz). Under the
conditions of linear viscoelastic response deter-
mined by stress sweep tests, the system exhibits
frequency independent dynamic viscosity and ne-
glected elastic contribution.

AC-PU hybrid emulsions exhibit Newtonian
behavior until the concentration of AC polymer in
the AC/PU hybrids reaches 50/50. When the
amount of AC polymer increases the Newtonian
viscosity increases from 14.0 to 74.0 mPas. The
molecular structure of these emulsions has no
direct influence on the viscosity of the latex. For

Figure 6 Flow curves of all physical blends (AC/PU) and PU dispersion.
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these hybrid emulsions also the particle sizes are
still small and the volume fractions are so low
that no deviation from Newtonian behavior was
observed. At higher AC concentrations (. 60%)
the AC-PU hybrid emulsions exhibit pseudoplas-
tic flow properties and the viscosity of first New-
tonian plateau drastically increases (h0 ranges
from 220.8 to 1345.1 mPas). When the amount of
AC component is predominant, the emulsions ex-
hibit nonmonotonous increase of viscosity h0. As

shown in Figure 8, the flow curves of APE 7 and
APE 6 are appreciably higher than the rest of the
curves. In this region of emulsion composition,
solid volume fraction controls viscosity level.
When relative viscosity of APE is plotted versus
solid volume fraction (Fig. 9), relative viscosity
asymptotically increases toward the limiting vol-
ume fraction (Fm), at approximately 0.56. These
emulsions also have internal structures as a re-
sult of secondary intermolecular bonding forces,

Figure 7 Relative viscosity of physical blends as a function of volume fraction (FAC)
of large particles (ratio of the diameter of large to small particles is 3.82).

Figure 8 Flow curves of all acrylic polyurethane hybrid emulsions.
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such as Van der Waals attractive forces, hydrogen
bonding, Brownian motion, and electrostatic re-
pulsive forces. The structural breakdown of this
secondary network structure at higher shear
rates leads to a decrease in viscosity and results
in systems exhibiting pseudoplastic behavior.

The AC-PU hybrid emulsions at higher AC con-
centrations (. 60%) exhibit viscoelastic behavior
under nondestructive conditions of oscillatory
shear. The frequency sweep tests (0.1–2 Hz) were
performed in a range of linear viscoelastic re-
sponse. In the frequency range examined also
these emulsions exhibit predominant viscous con-
tribution. The highest elastic contribution of vis-
colelastic response is observed for the system
APE 7, prepared with the highest solid volume
fraction. Figure 10 illustrates the mechanical
spectra of samples APE 5, APE 6, and APE 7. For

the system containing lower particle concentra-
tion (APE 5) the elastic contribution is almost
negligible. The phase angle (d) in this case re-
mains close to 90° as shown in Figure 11. Increase
of solids loading (APE 6 and APE 7) leads to
particle interactions and appearance of elastic
contribution in the frequency range examined.
When frequency increases, the phase angle de-
creases and reaches the value of 54.7° for the
system APE 7. The SEM photographs of these two
emulsions show the presence of some nonspheri-
cal particles and aggregates as a result of second-
ary bonding forces. These are not close packed
resulting in higher viscosity. The energy dissi-
pated in breaking down the aggregates is re-
flected in a higher viscosity level, but the ten-
dency of the aggregates to re-form imparts results
in viscoelastic effect.

Mechanical Properties of Emulsion Films

The results of the measured mechanical properties
are listed in Table V. Figure 12 shows the Koenig
hardness as a function of composition for all AC-PU
hybrid emulsions and blends. All hybrid emulsions
show higher hardness values than blends. The low-
est differences in hardness between hybrids and
blends are obvious in emulsions with AC/PU vary-
ing from 60/40 to 90/10. The underlying reason is
that the “soft” AC component diffuses across the
interface of PU particles and causes the softening of
the surface particle layer.

The tensile strengths of the hybrids, on the
other hand, are well above the blends’ strengths
and the value predicted by “the rule of mixtures”
(Fig. 13).

Figure 10 Loss and storage modulus of acrylic poly-
urethane hybrid emulsions as a function of frequency.

Figure 9 Relative viscosity of acrylic polyurethane hybrid emulsions as a function of
volume fraction (the linear viscosity ho was taken for the psevdoplastic emulsions).
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Physical blends show lower tensile strength
perhaps because of the nonhomogeneity caused
by separate regions of AC and PU components
present in the film. The interfaces between these
regions may have excessive internal stress and
incomplete coalescence resulting in reduced cohe-
sive film strength.

The elastic modulus decreases with increasing
AC/PU ratio for both hybrid emulsions and blends
(Table V).

Comparison of the results of mechanical proper-
ties between hybrids and blends indicates that hy-
brid polymers with higher compatibility between
the AC and the PU component show pronounced
characteristics of polyacrylate emulsions. The de-
velopment of cohesive strength in hybrid emulsions
results from particle/particle or interfacial contacts
and molecular interdiffusion of polymer chains be-
tween the latex particles during the coalescence

phase in the film formation process. The final me-
chanical strengths of hybrid emulsion films in-
crease as the particle boundaries disappear and
critical degrees of entanglement of the interdiffus-
ing polymer chains are achieved. In hybrid emul-
sions there are also small amounts of carboxyl
groups incorporated into the latex particle struc-
ture, most likely at the surface of the particles.
These groups are capable of associating with amine
groups from PU through the hydrogen bonding
mechanism. The interparticle interactions between
these functional groups may result in an enhance-
ment of the latex polymer film via an interfacial
crosslinking mechanism.

CONCLUSIONS

In order to obtain cost/performance properties
aqueous AC-PU hybrid emulsions were prepared

Figure 11 Phase angle d dependence on frequency.

Table V Chemical and Mechanical Properties of AC-PU Hybrid Emulsions

PU APE 1 APE 2 APE 3 APE 4 APE 5 APE 6 APE 7 AC

Acrylic (wt %) 0 20 40 50 60 70 80 90 100
pH 9.51 8.06 8.04 7.52 7.64 7.34 7.01 6.11 9.05
MFFT (°C) / / / / 25.1 23.4 22.0 20.8 0.12
Tensile strength

(N/mm2) 20.7 20.7 17.6 12.3 14.8 10.0 10.2 9.0 3.7
Elongation at

break (%) 5.9 46.3 144.7 160.3 245.2 262.1 295.1 319.7 340.6
Young’s

modulus
(N/mm2) 450.0 323.4 164.6 125.0 72.9 39.4 23.0 17.8 17.7

Koenig
hardness (s) 129.2 92.6 59.7 51.2 34.8 24.9 20.6 19.1 12.1
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by polymerization of a mixture of AC monomers
(BA, MMA, and AA) in the presence of PU disper-
sion. The ratios AC to PU were varied from 0.25 to
9. A series of physical blends were also prepared
using the same proportions of AC and PU compo-
nents. The experimental results indicate an in-
crease in the particle size of hybrids with a higher
amount of AC incorporated in PU. This is caused
by the AC monomers tending to swell into the PU
particles. On the other hand, the blends show
bimodal distribution of particle size in some
cases.

The improved mechanical strengths of hybrids
are the result of cohesive film formation via inter-
diffusion of polymer chains across the original
boundaries. The separate regions of AC and PU
components present in the dried film are assumed

to be the reason for the coarse mechanical prop-
erties of the blends.

The appearance of a single Tg indicates homo-
geneity of hybrid emulsions at the molecular
level. Blends exhibit two distinct Tg’s shifted to-
gether, indicating a low degree of miscibility.

The differences between hybrids and blends
are also obvious from the measurements of mo-
lecular weights. The blends show bimodal molec-
ular weight distribution, whereas hybrids exhibit
decreasing in Mw with increasing AC/PU ratios.

The results of rheological measurements indi-
cate Newtonian behavior in all blends. The hy-
brids are Newtonian only at the weight fractions
of AC from 0 to 0.5. At higher ratios, the hybrids
are pseudoplastic indicating the presence of sec-
ondary bonding forces. APE 5, APE 6, and APE 7

Figure 12 Koenig hardness as a function of composition of hybrid emulsions and
blends.

Figure 13 Tensile strength dependence on composition of hybrid emulsions and
blends.
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have d values 86.6°, 78.4°, 54.7°, respectively, and
show viscoelastic properties.

The experimental results indicate improved
performance of AC-PU hybrid emulsions com-
pared with the physical blends. By a careful
selection of distinctive building blocks, the po-
lymerization process and optimization of
AC/PU ratios, tailor-made hybrid systems can
be developed.
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