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ABSTRACT: The use of soft core−hard “shell” polymer particles is an
alternative to overcome the film formation dilemma (achieving, at the same
time, good film formation at a low temperature and good mechanical
properties at a usually higher service temperature). In this article, blends of
soft core−hard “shell” particles of different sizes have been prepared, and it
has been observed that by adding tiny amounts of small particles (e.g., 1 wt
%) to big particles, film formation can be substantially improved (lower
minimum film formation temperature (MFFT) and higher critical cracking
thickness (CCT)). Furthermore, mechanical properties of the films are also
improved (higher elongation at break and toughness, maintaining Young’s
modulus and the stress at break) without affecting the water sensitivity of
the film. It has been found that the viscoelastic properties of the small
particles must be similar to those of the large ones in order to have a
significant effect.

■ INTRODUCTION
Deceivingly unimportant, coatings play a significant role in the
global economy (yearly corrosion losses account for almost 2%
of the world’s GDP1). Environmental concerns are pushing for
the substitution of solvent-based coatings by waterborne ones.2

Although waterborne coatings have the largest share of the
market, the full substitution of solvent-based coatings in
demanding applications has not yet been completely achieved.
The reason is the so-called film formation dilemma of the
waterborne coatings, that in order to form a good film, they need
to have a low glass transition temperature ( Tg), but to achieve
good mechanical properties, a high Tg is needed. Out of the
alternatives available to overcome this dilemma,3−17 the use of
latexes comprising a soft core covered by patches of a hard
polymer (this morphology is referred to as soft core−hard
“shell”) is one of the more promising approaches.12−17 The
advantage with respect to a well-defined soft core−hard shell
morphology is that the particles with a discontinuous shell
deform more easily during film formation and yield a film
morphology consisting of a honeycomb structure of the hard
polymer filled with the soft polymer. However, although this
structure results in very good mechanical properties,12,15−17 the
presence of a hard polymer at the surface of the particles
increases the stress generated during film formation that often
results in cracking,17,18 which is catastrophic for substrate
protection.14,17 It is worthmentioning that cracking occursmore
easily in thick films,19 which are needed for demanding
applications. Therefore, the ideal system should present low
minimum film forming temperature (MFFT, minimum temper-
ature at which a crack is not formed in the film), high critical

cracking thickness (CCT, the maximum thickness of the coating
for which no cracks appeared), and good mechanical and other
application properties.
We recently reported on the effect of both the characteristics

of soft core (Tg = 0 °C)−hard “shell” (Tg = 100 °C) latexes and
the drying conditions on the stress generation and crack
formation. This study led to the definition of the range of
conditions to form a crack-free mechanically strong coating that
can be cast at low temperatures.17 In particular, small size (e.g.,
90 nm in diameter) soft core−hard “shell” particles containing
an acidic monomer in the formulation and 25 wt % of hard phase
led to low MFFT (<5 °C), high CCT (1000 μm), and good
mechanical properties at room temperature (Young’s modulus =
5.2 MPa; stress at break = 10.5 MPa; elongation = 100%,
hardness 3°Koening = 35 s). However, due to the relatively high
concentration of surfactants used to stabilize the small particles,
the films presented water sensitivity (water uptake = 11.25%),
which is deleterious for substrate protection. In addition, the
films cast from small particles presented some brittleness that
may be a problem for some applications. Larger particles
required lower concentrations of surfactants and hence were less
sensitive to water. In addition, they presented a good balance
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between stress at break and elongation that results in tough
films. However, MFFT increased and the CCT decreased with
the particle size. On the other hand, higher contents of the hard
phase led to stronger films, but they had high MFFT and low
CCT. Although there is room for some improvement and these
latexes can be further optimized by tuning the Tg and polymer
architecture of the soft and hard polymers, these results show the
limits of the technology.
This article is an attempt to go beyond these limits using

blends of soft core−hard “shell” particles of different sizes. This
strategy is somehow inspired by the work of Peters et al.,20 who
found that 75/25 (wt/wt %) blends of large and small
homogeneous particles gave an MFFT that was significantly
lower than those of the individual components of the blend.
Similar results have been recently reported for blends of large
and small hard core−soft shell particles.21 Based on these results,
we wondered if theMFFT could be reduced and CCT increased
by adding low quantities of small particles to dispersions of large
particles. The reason for limiting the amount of small particles is
to reduce the total amount of surfactant and therefore the water
sensitivity of the resulting films.

■ EXPERIMENTAL SECTION
Materials. Soft core−hard “shell” latexes of different particle size,

acrylic acid (AA) content, and hard-phase content were synthesized by
means of a two-stage semicontinuous seeded emulsion polymerization,
following the procedure detailed in ref 17. Table 1 summarizes the soft
core−hard “shell” latexes synthesized. In addition, pure poly(methyl
methacrylate) and poly(butyl acrylate) latexes of 55 nm in diameter
were prepared. The solid content of all latexes was 45 wt %.
Characterization. The average particle diameter (dp) was

measured by dynamic light scattering (DLS) using a Zetasizer Nano
Z (Malvern Instruments). The minimum film forming temperature
(MFFT) was measured by casting the latexes on a temperature gradient
bar (Rhopoint-Model 90) using a range of temperatures between 5 and
40 °C. The MFFT was observed visually as the point where the film
became optically clear without visible cracks.

Critical cracking thickness (CCT) is the thickness at which the layer
starts to crack. CCT was measured using a device made of anodized
aluminum that has a thickness gradient between 0 and 2000 μm.17 The
device is filled with latex, and upon drying, the critical cracking
thickness was determined visually at the point where the cracking
started.

The stress evolution during film formation was examined via the
beam bending technique.17 Simultaneously, with the measurement of
the stress, the rate of drying was determined gravimetrically using a
Sartorius Entris 124-1S analytical balance (resolution 0.1 mg).

Table 1. Characteristics of the Soft Core/Hard “Shell” Latexes Prepared

latex soft core hard “shell” dp (nm)*

BA/MMA/S/AA (wt/wt %) wt % MMA/AA (wt/wt %) wt %

1 70/15/15/0 75 100/0 25 55
2 68/15/15/2 75 97/3 25 70
3 70/15/15/0 75 100/0 25 70
4 68/15/15/2 75 97/3 25 90
5 70/15/15/0 75 100/0 25 90
6 68/15/15/2 75 97/3 25 250
7 70/15/15/0 75 100/0 25 250
8 68/15/15/2 75 97/3 25 350
9 70/15/15/0 75 100/0 25 350
10 70/15/15/0 70 100/0 30 359

*dp: average particle diameter measured by DLS.

Figure 1. Effect of adding 1 wt % of small particles with 55, 70, and 90 nm of diameter (latexes 1, 3, and 5) to a 350 nm latex with (latex 8) and without
(latex 9) AA on (a) MFFT and (b) CCT.
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Figure 2. ESEM images of latex 9 (350 nm) and blends of latex 9 and latex 3 (70 nm), both of which are devoid of AA. (a) Latex 9 at 20 °C, (b) latex 9 at
30 °C, (c) latex 9 with 1 wt % of latex 3 at−5 °C, (d) latex 9 with 1 wt% of latex 3 at 10 °C, (e) latex 9 with 3 wt % of latex 3 at−5 °C, and (f) latex 9 with
3 wt % of latex 3 at 0 °C.
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Tensile tests were carried out as detailed in ref 17.
Environmental scanning electron microscopy (ESEM) images were

acquired on a Quanta 250 FEG ESEM (FEI, Netherlands) equipped
with a Peltier cooling stage and a GSE detector. Particle coalescence
was studied following the procedure detailed in ref 22.

Water uptake of the films, dried from the latexes, was measured. The
films were cast on silicone molds and had a dry thickness of 250 μm.
After drying for 7 days at 23 °C/55% RH, the samples were weighed
(w1) before immersing in water for 72 h. After that, the samples were
dried with paper and then weighed again (w2). Water uptake % was
calculated as follows

= ×w w
w

Water Uptake %
2 1

1
100

(1)

■ RESULTS AND DISCUSSION
As a benchmark for checking the effect of blending, the most
demanding conditions were tested. The largest latex (350 nm,
devoid of AA; latex 9), which gave the highest MMFT and the
lowest CCT, was blended with only 1 wt % of smaller latexes
(55, 70, and 90 nm also devoid of AA, latexes 1, 3, and 5). All of
the blends were stable. It is worth pointing out that no
stratification is expected for a 45 wt % solid content with size
ratios (large/small) smaller than 7 and 1 wt % of small
particles.23 On the other hand, for 45 wt % of the solid latex, the
average interparticle distance for 350 nm particles is given by

= =i
k
jjj y

{
zzzdp

solids content
IPD

0.64
43 nm

1/3

(2)

This means that the 70 nm small particles should be
accommodated in the interstitial sites between particles.
Examples of this arrangement have been reported.24,25

Figure 1 presents the CCT and MFFT results of the blends.
The values for the 350 nm latex (latex 9) are included for
comparison. It can be seen that the MFFT is substantially
reduced by adding only 1 wt % of the small latex. Thus, MFFT
decreased from 62 °C (for the 350 nm latex) to 43 °C, adding
only 1 wt % of the 90 nm latex, and down to 18 °C when 1 wt %
of the 70 nm latex was added. In parallel, the CCT increased
from 80 to 150 μm when 1 wt % of the 90 nm latex was added
and to 250 μm for 1 wt % of the 70 nm latex. Figure 1 also shows
that similar results were obtained for the 350 nm latex containing
3% of AA (latex 8), but due to the hydroplasticization effect,17

the MFFTs were lower and the CCT was higher than those for

the 350 nm latex devoid of AA. Higher concentrations of the
small latexes led to further decrease of theMFFT and increase of
the CCT (Table S1).
It is remarkable that the MFFT increased, and the CCT

decreased when the size of the small particles was further
decreased to 55 nm. In this regard, it is worth pointing out that
for blends of the 250 nm latexes with 1 wt % of smaller latexes
(55 and 70 nm), the best results were obtained in blends with
the 55 nm latex (Table S2). This suggests that there may be an
optimal ratio between the sizes of the large and small particles,
which is close to five. For 1 wt % of small particles, this ratio
results in a similar number of small and large particles (particles/
interstitial gaps = 1.2). It is worth pointing out that while the AA
content of the large particles strongly affected the results, the AA
content of the small particles had only a small effect (Figure S1).
It is surprising that only 1 wt % of the small latex could

produce such a significant effect. In order to investigate this
phenomenon, the effect of the presence of small particles on film
formation was investigated by environmental scanning electron
microscopy (ESEM). Figure 2 shows that the 350 nm particles
(latex 9)maintained their identity at 30 °C (Figure 2a,b), adding
only 1 wt % of 70 nm particles (latex 3) was enough to force
sintering of particles at 10 °C (Figure 2c,d), and this
temperature was further reduced to 0 °C when 3 wt % of the
70 nm latex was used (Figure 2e,f). This demonstrated that the
presence of a tiny fraction of small particles facilitates the
deformation of the large particles, which likely reduces the
generation of stress during film formation.
In order to check this point, the stress generated during film

formation was determined via the beam bending technique.
Figure 3 shows the evolution of the stress for films cast from
blends of 350 (latex 9) and 70 nm latexes (latex 3), both devoid
of AA. The stresses for the individual latexes are included for
comparison. It can be seen that contrary to the expectations, the
presence of small particles resulted in an increase in the stress
generated during film formation, but no cracks were formed,
whereas cracking was observed for the 350 nm latex, as
evidenced by the decrease of the stress that is a fingerprint of
cracking. These results suggest that the reason for the higher
resistance of the films cast from the blends was an increase in
their cohesion. One may speculate that this is the result of an
increase in the number of contact points due to the presence of
small particles. Another possibility, suggested by the ESEM

Figure 3. Evolution of the stress generated during film formation. One and 5 wt % of latex 3 (70 nm) was blended to latex 9 (350 nm).
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results, is that the higher deformation led to an increase in the
overall contact area between particles.

It can be speculated that the reasons for the increase in stress
are linked to the decrease in the radius of curvature of the

Figure 4. Effect of the presence of 70 nm soft core−hard “shell” particles on the deformation of 350 nm soft core−hard “shell” particles immersed in
water.
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menisci, resulting in an increase in Laplace pressure, which
accelerated the deformation of the viscoelastic particles. In order
to check this hypothesis, the sintering of 350 nm particles with
and without one interstitial 70 nm particle was simulated. The
Navier−Stokes equations were modified to account for the
viscoelasticity of the particles and solved using COMSOL
Multiphysics version 5.6 (information given in the Supporting
Information). Homogeneous particles were used for simplifica-
tion. Figure 4 presents the evolution of the sintering and the
values of the deforming stresses. It can be seen that the presence

of the small particle almost doubled the value of the particle
deforming stress. This phenomenon is linked to the decrease of
the contact angle between particles that increased the Laplace
pressure. This accelerated and facilitated the deformation of the
viscoelastic particles. As a result of the higher deformation stress,
the 350 nm particles deformed faster in the presence of the 70
nm particles (Figure 5).

Figure 5. Effect of the presence of 1 wt % of 70 nm soft core−hard “shell” particles (latex 3) on the reduction of the volume of the gaps between 350 nm
soft core−hard “shell” particles (latex 9).

Table 2. Effect of the Viscoelastic Properties of the Small
Particlesa

PMMA PBA

fraction of small
particles

MFFT
(°C)

CCT
(μm)

MFFT
(°C)

CCT
(μm)

0.5 wt % 62 70 62 80
1 wt % 58 85 62 80
2 wt % 63 50 60 80
4 wt % 68 50 55 120
10 wt % >70 ≅0 21 200

aBlends of latex 9 (350 nm) with 55 nm particles of PMMA and PBA.

Figure 6. Effect of the addition of 1 wt % of 70 nm particles on the tensile strain curve of films formed with 350 nm particles. (a) Latex 9 (350 nm,
without AA) with 1 wt % of latex 3 (70 nm, without AA) and (b) latex 8 (350 nm, 3% AA) with 1 wt % of latex 2 (70 nm, 3% AA).

Table 3. Effect of the Addition of 1 wt % of 70 nmParticles on
the Tensile Strain Curve of Films Formed with 350 nm
Particles (with and without AA)

latex

Young’s
modulus
(MPa)

stress at
Break
(MPa)

elongation
at break
(%)

toughness
(MPa)

latex 9 (350 nm, no
AA)

3.0 10.3 130 9.2

latex 9 + 1 wt % of
latex 3 (70 nm, no
AA)

2.7 8.9 257 16.1

latex 8 (350 nm, AA
3%)

2.7 7.1 160 8.6

latex 8 + 1 wt % of
latex 3 (70 nm, no
AA)

1.9 7.4 280 14.5
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Experimental results and model predictions support the
hypothesis that the presence of small particles facilitates the
deformation of particles. In this context, the viscoelastic
properties of the small particles might have an effect. To
investigate this point, latex 9 (350 nm, devoid of AA) was
blended with different fractions of 55 nm latexes of different
glass transition temperatures (poly(butyl acrylate) (PBA, Tg =
−54 °C) and poly(methyl methacrylate) (PMMA), Tg = 110
°C). The results are presented in Table 2, where it can be seen
that the small PMMA and PBA latexes behaved as hard and soft
fillers, respectively, without any significant effect for small
fractions of the small particles. The volume fraction of the small
particles was lower than that required to form a continuous
phase in the film.24 The results in Table 2 indicate that in order
to have a significant effect, the small latex should have
viscoelastic properties similar to the large one.
The results presented above suggest that the film formation

behavior of a large particle latex can be substantially improved by
adding only 1 wt % of small particles of similar viscoelastic
properties. However, this would not be useful if it were
accompanied by a detriment in the mechanical properties.
Figure 6 and Table 3 present the effect of blending on the tensile
tests. It can be seen that both in the presence and in the absence
of AA, blending has a positive effect on the mechanical
properties of the films. Blending slightly reduced the Young’s
modulus and had almost no effect on the maximum strength,
while it increased the maximum strain and the film toughness.
Therefore, blending with 1 wt % of small particles improved
both film formation and mechanical properties.
One of the limitations of using small particles is that they

contain higher surfactant contents, which leads to a higher water

sensitivity. Therefore, it is important to check the effect of
blending on water uptake. Figure 7 shows that the addition of 1
wt % of 70 nm particles with 0 wt % AA had nearly no effect on
the water sensitivity of the film after 3 days of immersion in
water.
In ref 17, it was shown that the increase of the hard phase

content from 25 to 30 wt % led to a severe increase of theMFFT
and to a strong decrease of the CCT, limiting the usefulness of
this latex. Table 4 and Figure 8 shows that the addition of low
amounts of small particles to a larger latex having a high amount
of hard phase (latex 10, 30 wt % of hard phase, diameter: 359
nm) resulted in a substantial reduction of the MFFT and an
important increase in CCT. This broadens the range of hard
phase/soft phase ratios that can be used.

■ CONCLUSIONS
This article shows that the addition of tiny amounts of small
particles (e.g., 1 wt %) leads to a substantial improvement of
both film formation (strong decrease of MFFT and increase of
CCT) and mechanical properties (higher elongation at break
and toughness, slightly reducing the Young’s modulus and
maintaining the stress at break), without any effect on the water
sensitivity of the film. It was found that there is an optimal ratio
between the sizes of the large and small particles, which is close
to five. An important finding is that in order to have a significant
effect, the small particles should have similar viscoelastic
properties as the large ones. Furthermore, the addition of
small particles allows one to use high contents of the hard phase,
broadening the range of hard phase/soft phase ratios that can be
used.
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