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Influence of the Particle Size and Particle Size Ratio on the Morphology
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ABSTRACT: The morphology and viscoelastic properties of films prepared from bimodal latex blends
containing equal weight fractions of soft and hard latex particles were investigated as a function of the
particle sizes and the particle size ratio (soft particle diameter/hard particle diameter). Minimum film
formation temperature (MFT) measurements were associated with transmission electron microscopy
(TEM) to emphasize the particle size ratio dependence of the film formation properties. A significant
increase of the MFT values with the soft/hard particle size ratio was observed. As long as the particle
size ratio was low, TEM micrographs showed that the film forming soft particles, undergoing complete
coalescence, clearly act as the continuous phase where the non film forming hard particles are found
evenly dispersed while keeping their initial spherical shape. At higher values of the particle size ratio,
TEM micrographs pointed out that the soft particles are prevented from coming into contact with each
other by the surrounding hard particles, therefore dramatically increasing the MFT of the sample and
resulting in a non film forming latex blend. The existence of a critical volume fraction of hard particles
that is directly related to the soft/hard particle size ratio was then established on the basis of geometrical
arguments involving the percolation theory. The higher the particle size ratio, the lower the critical volume
fraction of hard particles that leads to a macroscopic phase inversion resulting in a non film forming
bimodal latex blend. Subsequently, the mechanical film properties were investigated by solid-state dynamic
mechanical analysis. The size of the dispersed hard phase was found to affect the final viscoelastic film
properties. The smaller the size of the hard particles, the better the mechanical enhancement of the
mechanical film properties. Last, the experimental viscoelastic thermograms were compared with some
theoretical predictions based on self-consistent mechanical modeling. The final film properties of the
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bimodal hard/soft latex blends were then directly connected to the film formation properties.

1. Introduction

The technology involving polymer blends has been a
major area of research in the past decades. Most classes
of polymer blends have been discussed! > in great detail,
including engineering polymer blends, polyolefin blends,
reactive blends, and glassy polymer/elastomer blends.
The one area of polymer blends that has been virtually
ignored involves simple latex blends. Recently, an
increasing number of publications have appeared®—4°
that investigate the characteristics of film formation and
the mechanical film properties of blends of polymer
dispersions.

An area of specific scientific and technical interest
involves the combination of hard and soft latexes.
Basically, it is expected that a dispersion of latex with
a glass transition temperature (Tg) below room tem-
perature (i.e., soft latex) will form a continuous film
upon evaporation at room temperature even when
blended with a substantial amount of high-Ty latex
(i.e., hard latex). Although the presence of aggregates
of hard particles could affect the transparency of latex
blend films, the addition of hard latex particles was
reported’®~153° as greatly improving the mechanical
performance of latex blends. When compared to that of
the soft polymer, the dynamic storage modulus of the
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hard/soft latex blends was significantly increased and
stayed decently high at elevated temperatures, i.e., far
above the Ty of the soft polymer. In addition, it was also
established®® that transparent latex blend films require
that the hard latex particles be sufficiently small and
well dispersed in the final film.

With a similar challenging intention of developing
room-temperature film forming latexes which exhibit
improved mechanical properties, Eckersley and Helm-
er'? reported that the addition of hard latex particles
in a soft film forming latex significantly improved the
block resistance of the resulting hard/soft latex blend
films. Although it was concluded!? that the hard phase
could be viewed as an inert filler, it was also pointed
out that hard/soft latex blends showed highly desirable
final properties, provided that their soft/hard particle
size ratio was large. It was also mentioned that a careful
control of the particle sizes, particle size ratio and hard/
soft blend composition is required when one wants to
produce hard/soft latex blends with desired film forma-
tion properties.

There are numerous fundamental parameters (in-
cluding physical, chemical, geometrical, and environ-
mental parameters) that govern the complex relation-
ship between the film formation, the morphology, and
the final film properties of latex blends. The aim of the
present paper was to investigate the influence of the
particle sizes and the particle size ratio on the morphol-
ogy and viscoelastic film properties of bimodal hard/soft
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Table 1. Chemicals and Recipes for the Latex Preparation

latex recipes (wt %)

large soft small soft large hard small hard
chemicals (suppliers) (Lgsf) (SmSf) (LgHd) (SmHd)
initial charge demineralized water 32.27 31.85 31.91 31.52
of the reactor sodium dodecyl sulfate (BDH Lab. Suppl.) 0.01 0.21 0.01 0.21
sodium carbonate (BDH Lab. Suppl.) 0.02 0.02 0.02 0.02
pre-emulsion (part of the feed, see below) 50 mL

initiator sodium persulfate (Aldrich)

5 mL + 2 x 1 mL of a solution of 4.0 g of Na,S,0g
in 10 mL of demineralized water

pre-emulsion feed demineralized water 29.19 28.85 28.82 28.50
to the reactor sodium dodecyl sulfate (BDH Lab. Suppl.) 0.33 1.29 0.33 1.28
sodium carbonate (BDH Lab. Suppl.) 0.03 0.03 0.03 0.03
methyl methacrylate (Aldrich) 17.18 17.00 35.00 34.60
butyl acrylate (Aldrich) 20.97 20.75
styrene (Aldrich) 3.88 3.84
Y (wt %) 100.00 100.00 100.00 100.00
Table 2. Composition of the Bimodal Hard/Soft Latex Blends
composition (wt %)
systems LgSf SmSf LgHd SmHd > latex blends: sample codes
bimodal binary 50 0 0 50 100 LgSf50/SmHd50
50 0 50 0 100 LgSf50/LgHd50
0 50 0 50 100 SmSf50/SmHd50
0 50 50 0 100 SmSf50/LgHd50
bimodal multiple 25 25 0 50 100 LgSf25/SmSf25/SmHd50
30 20 0 50 100 LgSf30/SmSf20/SmHd50
40 10 0 50 100 LgSf40/SmSf10/SmHd50
0 50 25 25 100 SmSf50/LgHd25/SmHd25
0 50 10 40 100 SmSf50/LgHd10/SmHd40
25 25 50 0 100 LgSf25/SmSf25/LgHd50
25 25 25 25 100 LgSf25/SmSf25/LgHd25/SmHd25

latex blends in connection with the film formation
properties.

2. Sample Preparation and Characterization

2.1. Materials and Latex Preparation. 2.1.1. Materials.
All chemicals and suppliers involved in the neat latex recipes
are given in Table 1. The monomers, i.e., styrene (Sty), methyl
methacrylate (MMA), and butyl acrylate (BuA), were first
purified by passing them through a column filled with alumi-
num oxide (Aldrich, active base), and then they were kept at
5 °C before use. All other chemicals were of analytical grade
and used as supplied.

2.1.2. Latex Preparation. The three fundamental param-
eters of particular relevance to the present work are the
particle size, the particle size ratio, and the glass transition
temperature of the neat latexes. Thus, four separate neat latex
dispersions were synthesized. All of the particles are based
on copolymers of MMA, and either BUA or Sty. The recipes,
which are given in detail in Table 1, were defined by taking
into account the Fox law* with the intention to reach T, values
either lower (typically <5 °C) or higher (=110 °C) than room
temperature. In Table 1, these neat latexes are referred to
either as soft (Sf) when Ty < room temperature or as hard
(Hd) when Ty > room temperature. They were prepared
through semibatch emulsion polymerization in a 2000 mL
reactor (ChemiSens, RM-2L)*?43 using sodium dodecyl sulfate
(SDS) as the emulsifier and sodium persulfate as the initiator.
By properly adjusting the amount of SDS, it was also possible
to control the particle size of the dispersions, that is referred
to in Table 1 as small (Sm) or large (Lg).

As described in Table 1, demineralized water, SDS, and
sodium carbonate were initially charged into the reactor
together with a certain amount of a pre-emulsion that consists
of monomers and all the other chemicals except the initiator.
Under gentle mechanical stirring, the reactor content was
repeatedly degassed and purged with nitrogen before it was
heated to the polymerization temperature (i.e., 65°C) and held
there for 30 min. Adding the initiator solution then started

the reaction. Subsequently, the reactor was continuously fed
(under mechanical stirring) with the rest of the pre-emulsion
for about 3 h, using a variable-speed motor-driven syringe,
which was also repeatedly degassed and purged with nitrogen
prior to the beginning of the feed. The reactor was then held
at 65 °C for 1 h under stirring and, finally, slowly cooled to
room temperature.

2.2. Latex Blends. Film Preparation. Bimodal hard/soft
latex blends were prepared by mixing (using a magnetic
stirrer) equivalent weights of hard and soft latex dispersions
in order to always keep a final hard/soft blend ratio equal to
1. After 10 min of mixing, 4 g of the mixture of dispersions
was cast into Petri dishes with similar surface areas (~40 cm?)
and allowed to dry under the ambient conditions of the
laboratory. The final dried latex film thickness achieved by
this method was approximately 400 um.

Although the bimodal blend compositions were all equal to
50/50 (Hd/Sf wt %), the investigated bimodal latex blends
(presented in Table 2) were divided into two series, referred
to as binary or as multiple systems, depending on how many
neat dispersions were involved in the hard and soft phases.
Basically, the bimodal binary hard/soft systems corresponded
to latex blends whose hard and soft phases involved two neat
dispersions (i.e., one each), whereas the bimodal multiple
systems involved more than two neat dispersions (i.e., more
than one for at least one of the phases).

In the present paper, the latex blends are denoted with a
view to describing their composition in weight percent of each
neat latex dispersion (see Table 2). For example, the sample
code LgSf25/SmSf25/LgHd25/SmHd25 corresponds to a bimo-
dal multiple hard/soft latex blend based on 25 wt % of each of
the neat dispersions described in Table 1.

2.3. Sample Characterization. 2.3.1. Solids Content.
The solids content of the neat latex dispersions was measured
gravimetrically. Approximately 3 g of the dispersions was
poured into test tubes and was allowed to dry overnight in an
oven at 60 °C. The data reported in the paper correspond to
the average from a set of 5 measurements.
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2.3.2. Particle Size. Quasielastic Light Scattering
(QELS). Quasielastic light scattering (QELS) measurements
were performed using a Coulter model N4AMD particle sizer.
Prior to the measurements, the neat latexes were diluted with
doubly distilled, deionized, and doubly filtered (Millipore, 100
nm) water in order to minimize the influence of dust particles.
The measurements were carried out at room temperature at
a scattering angle of 90°. The reported results are averages of
20 runs having a dust factor of 0%.

2.3.3. Density. A Quantachrome Corporation Ultrapycnom-
eter-1000 (using nitrogen gas) was used to determine the
density of the neat latex films. Samples of ~1 g were placed
in the measurement cell at a controlled temperature of 26 °C.
Prior to the measurements, an equilibrium time of 20 min was
selected. All the density values given here correspond to the
average of five measurements with a maximum standard
deviation of 0.05%.

2.3.4. Minimum Film Formation Temperature (MFT).
The minimum film formation temperature (MFT) was mea-
sured on a thermostair MFT gradient bridge (Coesfeld, GmbH,
Germany) having a controlled temperature interval ranging
either from —3 to +35 °C or from 30 to 60 °C in a static
atmosphere, using freshly regenerated silica gel applied on a
grid in the MFT bridge to obtain a controlled environment with
no airflow and constant relative humidity. The dispersion
samples that consisted of neat latexes and bimodal latex blends
were applied with an applicator bar with a gap thickness of
200 mm on a metal foil. The MFT was defined as the crack-
point temperature above which the dispersion would form a
continuous film.

2.3.5. Differential Scanning Calorimetry (DSC). The
differential scanning calorimetry (DSC) thermograms were
recorded using a TA Instruments DSC-Q1000 under N
atmosphere. The samples were first jumped from room tem-
perature to 150 °C, maintained at 150 °C for 3 min, and then
cooled at 10 °C/min down to —70 °C. After 3 min equilibrium
time at —70 °C, the samples were heated to 180 °C with a
heating rate of 10 °C/min. The weight of the samples was about
5 mg.

2.3.6. Dynamic Mechanical Analysis (DMA). The TA
Instruments “dynamic mechanical analyzer” DMA 2980 was
used, operating in tensile mode under isochronal conditions
at the frequency of 1 Hz, to measure the temperature depen-
dence of the absolute value of the complex elastic modulus |E*|
(storage, E', and loss, E"", moduli) and loss factor tan ¢ of the
films. The viscoelastic spectra were recorded from —110 to
+200 °C with a heating rate of 2 °C/min. The samples were
approximately 12 mm long, 5 mm wide, and 400 um thick.

2.3.7. Transmission Electron Microscopy (TEM). The
samples were examined in a Philips CM 10 transmission
electron microscope. To investigate their film formation prop-
erties, each 50/50 bimodal hard/soft mixture was first diluted
to 0.1 wt % solids. A drop of the latex was then placed on a
Formvar-coated grid and the excess water was removed by
adsorbing with a filter paper. Micrographs were recorded on
negative films, which were subsequently scanned.

In the micrographs, the PS phase appeared as dark and the
MMA-co-BUuA phase as bright domains.*

2.4. Theoretical Considerations. Self-Consistent
Schemes. The dynamic mechanical properties of multiphase
polymeric materials, such as polymer blends, can be theoreti-
cally investigated by mechanical modeling either based on
phenomenological laws*~47 and variational methods,*~%° or
based on self-consistent schemes,>~%" for which the static
elastic solutions are extended to the viscoelastic ones through
the correspondence principle.>® When compared to the others,
mechanical models based on self-consistent schemes do not
require any adjustable parameters to perform the numerical
calculations.

The self-consistent interlayer model®*%° used in this work
has been well presented® -6 and requires the definition of a
representative volume element (RVE) in order to predict the
dynamic mechanical shear properties of multipolymeric ma-
terials having a particulate morphology. An RVE, as typically
involved in the numerical simulations, consists of three
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Figure 1. lllustration of a representative volume element
(RVE) of the interlayer model.

concentric spheres embedded in an equivalent homogeneous
medium. This geometrical arrangement not only is representa-
tive of the “particle-interphase-matrix” morphology of a three-
phase particulate system but also takes into account the
composition of the multicomponent material through the radii
of the concentric spheres. Basically, such an RVE, that is
independent of the dispersed particle size, is therefore expected
to respond to external stresses, as would do the homogeneous
blend material. From a theoretical point of view, it is possible
to perform numerical simulations by assuming a volume
fraction of interphase equal to zero, therefore leading to the
prediction of the viscoelastic properties of a two-phase par-
ticulate system. An illustration of the corresponding two-phase
RVE is given in Figure 1.

In the present work, two distinct geometrical arrangements
have been used for the numerical calculations. Both involve a
two-phase particulate morphology (as depicted in Figure 1)
where the soft latex either acts as the continuous or as the
dispersed phase, and simultaneously vice versa for the hard
latex.

3. Results and Discussion

3.1. Properties of Dispersions and Films of the
Neat Latexes. The neat latexes (LgSf, SmSf, LgHd, and
SmHd) were all characterized before blending. The soft
neat latexes were film-forming under the ambient
conditions of the laboratory (both LgSf and SmSf having
an MFT value around 0 °C), whereas the hard ones
could not form a film (MFT > 60 °C) and became white
powders when left overnight for drying. To be able to
characterize them by DMA, a certain amount of each
of these SmHd and LgHd powders was placed in a mold
between two aluminum foils and heat-pressed at 180
°C for 8 min, followed by 2 min under 10 tons of
pressure. Following this procedure, clear hard films with
a thickness of around 500 um were obtained.

The main characteristics of the four neat latexes are
reported in Table 3. In the wet state, equivalent solids
contents (~39 wt %) were observed for all the disper-
sions, and the sizes of the particles were found to
decrease with increasing amount of SDS (i.e., surfac-
tant) in the latex recipes (Table 1). In addition, it can
be noticed that the size ratio between large and small
particles was roughly equal to 4, similarly for the two
soft latexes (ratio = 336/86) and for the two hard ones
(ratio = 237/54).

In the dry state, the densities of the two soft films
were found to be (Table 3) similar to each other but
slightly higher than those of the hard films, whose
densities were also close to each other. Also reported in
Table 3 are the Tq values of the four neat latexes. The
Ty's of the soft systems were similar and lower than 5
°C, and those of the hard latexes were both found to be
slightly higher than 110 °C. The investigated bimodal
latex blends (presented in Table 2) therefore all dis-
played a constant ATy ~ 110 °C between their hard and
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Table 3. Properties of the Neat Latexes

neat latexes

properties LgSf SmsSf LgHd SmHd
dispersions (wet stage) solids content (wt %) 38.9 38.8 38.2 39.1
particle size (nm) 336 86 237 54
films (dried stage) density at 26°C (g-cm~3) 1.119 1.121 1.061 1.069
Ty (°C)2 2+1 3+1 114+ 1 118+ 1

a Obtained by DSC at the inflection point of the change in the baseline.
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Figure 2. Viscoelastic properties (at 1 Hz) of the neat latex
films. (a) Storage modulus (E') vs temperature. (b) Loss
modulus (E'") vs temperature.

soft constituents, independent of their respective phase
composition.

The mechanical viscoelastic properties of the neat
latexes are given in Figure 2. It can be noticed that the
a-relaxations, associated with the glass transition, of
the soft films were located in the same temperature
range. Both led to a significant drop of the storage
modulus (between —20 and +60 °C in Figure 2a) coupled
with a maximum of the loss modulus (Figure 2b) located
at (10.5 £ 0.5) °C for the LgSf film and at (11.0 £ 0.5)
°C for the SmSf film. In agreement with earlier obser-
vations,’? such a superimposition in the mechanical
spectra (E' and E") of both LgSf and SmSf films points
out that the particle size does not influence the vis-
coelastic properties of the neat soft constituents.

Similarly, the maxima of E" (Figure 2b) following the
drop of E' (between 90 and 160 °C in Figure 2a) observed
for the LgHd and SmHd films were also found close to
each other, and located at (109.5 + 0.5) °C and at (112.5
+ 0.5) °C, respectively.

In summary, all the bimodal hard/soft latex blends
that were investigated in this paper were based on the
mixing of one or two hard neat dispersions with one or
two soft ones. One would have to keep in mind that the
investigated bimodal latex blends only differed by the
size of the particles and the resulting soft/hard particle
size ratio, whereas many other experimental param-
eters (such as the blend composition, the solids contents
of the dispersions, the densities of the soft films and
those of the hard ones, T*%, Tg"ad, and ATgy) were
identical for all the presented systems. Such bimodal
systems can therefore be viewed as suitable models for
studying the influence of both the particle size and the
soft/hard particle size ratio on the film formation and
mechanical film properties of latex blends.

3.2. Film Formation Properties of the Bimodal
Latex Blends. 3.2.1. Particle Size and Particle Size
Ratio. Taking into account the composition of the
bimodal blends of dispersions (Table 2), and all the

particle sizes, densities, and solids contents of the neat
latexes (Table 3), it was possible to estimate the number
(Ny) of latex particles that were from each of the neat
latex dispersions (k) involved in 1 g of each bimodal
blend, as follows:

_Sw, 1

KTode 4 D’

N

where Kk is related to LgSf, SmSf, LgHd, or SmHd (all
dispersions considered as monodisperse), with Sy, dy,
and D referring to the solids content [wt %], to the
density [g-cm™3] and to the latex particle size [cm] of
the neat latex k, respectively, and wy is the weight
fraction [wt %] of the dispersion k that was introduced
in the bimodal mixture.

Subsequently, the surface-average particle sizes of the
soft and the hard particles (denoted Dsot and Dhardg,
respectively) can be calculated®? as follows:

zNiDi3

Dsoft - (I I)
ZNiDiZ
I
where i refers either to LgSf or to SmSf and
3
> ND,
]
Dhard = (I I I)

N.D?2
Z 1]

where j refers either to LgHd or to SmHd.

Dsoft and Dnarg Values obtained for the bimodal binary
and multiple latex blends are all reported in Table 4,
together with their corresponding particle size ratio
Dsofi/Dhard- Despite the fact that all the systems have
the same 50/50 hard/soft blend composition, it can be
noticed that an interesting set of values was obtained
for Dsott and Dhnarg, leading to particle size ratios Dgesi/
Dharg ranging from 0.36 to 6.22.

It was deemed to be of interest to study the depen-
dence of the film formation properties on the particle
sizes Dgot and Dparg and on the particle size ratio Degs/
Dhard-

3.2.2. Minimum Film Formation Temperature.
An important characteristic related to the film forma-
tion properties of latexes is the minimum film formation
temperature (MFT). MFT determination is commonly
performed in the coatings industry and considered as
the primary indicator of the lower temperature range
over which a latex can be used in applications.?2:25:3540
Below this critical temperature, the dry latex is opaque
and powdery. Several definitions of MFT were reported
in the literature.”1122.253540.63 As mentioned in the
Experimental Section, MFT has been considered in the



Macromolecules, Vol. 37, No. 18, 2004

Bimodal Hard/Soft Latex Blends 6869

Table 4. Surface-Average Particle Sizes and Particle Size Ratios and MFT'’s of the Latex Blends

surface-average particle sizes
(Dsoft and Dnarg) and particle size ratios

systems latex blends: sample codes Dsott (NM) Dharda (nm) Dsoft/Dhard MFT’s (°C)
bimodal binary LgSf50/SmHd50 336 54 6.22 40 £ 2
LgSf50/LgHd50 336 237 1.42 7+2
SmSf50/SmHA50 86 54 1.59 8+2
SmSf50/LgHd50 86 237 0.36 5+2
bimodal multiple LgSf25/SmSf25/SmHdA50 138 54 2.55 14+ 2
LgSf30/SmSf20/SmHd50 156 54 2.90 1742
LgSf40/SmSf10/SmHA50 214 54 3.96 30+2
SmSf50/LgHd25/SmHd25 86 83 1.04 5+2
SmSf50/LgHd10/SmHd40 86 62 1.38 6+2
LgSf25/SmSf25/LgHd50 138 237 0.58 6+2
LgSf25/SmSf25/LgHd25/SmHd25 138 83 1.66 8+2
. 45
present study as the temperature above which the cast a 0 T
latex dispersion formed a coherent film. 35 <
The MFT values measured for all our bimodal latex 0 I
blends are reported in Table 4. It can first be noticed ° >
L . MFT (°C 25 | § b, =54
that the MFT values were significantly different, rang- 20 : "
ing from (5 + 2) to (40 + 2) °C. To study the influence 5 3% | ¥ Dry=237nm
of the soft particle size on the MFT, Figure 3a presents ©
the evolution of the MFT values measured for bimodal 5 |
systems having a constant Dparg @s a function of Dgggt. o

The MFT values were clearly found to be affected by
the soft particle size, and had a tendency to increase
linearly with Dy at a constant Dparg. FOr a given set of
drying conditions and constant Dparg, @ better film
formation is therefore expected for latex blends when
the soft particles are smaller. As mentioned earlier,3
this result suggests that smaller soft particles can more
efficiently fill the interstitial spaces between the hard
particles. As a direct consequence, it can also be noticed
in Figure 3a that the smaller the Dpag, the more
pronounced the dependence of MFT on Desost.

Similarly, Figure 3b shows the evolution of the MFT
values obtained for bimodal blends with a constant Do,
as a function of the hard particle size Dparg. Although
the influence of Dnarg 0N MFT was much less pronounced
than that of Dso, it can be observed that the MFT
values decreased when Dparg increased. However, the
Dharg dependence of MFT was not linear, and the MFT
values were found to quickly reach a plateau corre-
sponding to the MFT of the soft particles.

An interesting way to associate the MFT measure-
ments of all our bimodal systems is presented in Figure
3c, where the evolution of the MFT values is given as a
function of the soft/hard particle size Dgt/Dhard - When
plotted together in such a way, it is relevant to notice
that the MFT data all belong to a unique curve. Such a
sigmoidal evolution of MFT following the increase of
Dsoft/Dhard (Figure 3c) points out that the MFT values
of the bimodal latex blends were strongly influenced by
the soft/hard particle size ratio.

The crucial dependence of the film formation proper-
ties of the bimodal blends on the particle size ratio is
clearly illustrated in Figure 4, which shows TEM
micrographs recorded during the film formation of
diluted (0.1 wt %) 50/50 bimodal hard/soft mixtures of
various particle size ratio. The TEM pictures of the
three bimodal binary latex blends, that were SmSf50/
Lng50 (Dsoft/Dhard = 0.36), LgSf50/Lng50 (Dsoft/Dhard
= 1.42), and LgSf50/SmHA50 (Dsoft/Dharg = 6.22) are
presented in Figure 4a to Figure 4c, respectively. Seeing
as the styrene had a higher stability than the acrylics
in the electron beam,** the styrene-rich hard phase
appeared dark in the TEM micrographs, whereas the

50 100 150 200 250 300 350

— Dy (M) ——>

b 18
16 - : | § b, =86mm
ol D, =138m
= n
12 41\ f0u
MFT (°C) | 10
8
6
4
2
0 : .
50 100 150 200 250
B
D,y (nm)
c 45

MFT(°C) | 20 -

Figure 3. Minimum film formation temperature (MFT) of the
latex blends as a function of (a) the particle size of the soft
phase (Dst), (b) the particle size of the hard phase (Dnarg), and
(c) the particle size ratio (Dsoft/Dhard)-

P(MMA-co-BuA) soft phase corresponded to the bright
areas.

At a lower value of the particle size ratio (Figure 4a),
the bimodal SmSf50/LgHd50 latex blend was film
forming and the soft particles, having undergone com-
plete coalescence, clearly acted as the continuous phase
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Figure 4. TEM micrographs during the film formation of bimodal latex blends with different particle size ratio: (a) SmSf50/
LgHd50; (b) LgSf50/LgHd50; (c) LgSf50/SmHA50. The films were formed under the ambient conditions of the laboratory. For a
clearer overview, the scale of Figure 4c differs from that of Figure 4, parts a and b.

where the dark hard particles were evenly dispersed
while they kept their spherical shape. Although the
LgSf50/LgHd50 blend remained film forming, the hard
particles were shown to be less well dispersed in the
soft matrix where a nonnegligible fraction of voids (see
white domains in Figure 4b) was also observed. At a
higher particle size ratio (Figure 4c), the soft particles
were found slightly deformed from their original spheri-
cal shape but prevented to come into contact with each
other in order for them to coalesce by the surrounding
spherical hard particles. An inversion of the continuous
phase was therefore observed (Figure 4c), and the
presence of cracks can be noticed within the dark phase
in the TEM micrograph of the resulting nonfilm forming
LgSf50/SmHA50 latex blend.

The particle size ratio is therefore here presented as
a parameter of primary importance for better under-
standing and control of the film formation properties of
bimodal latex blends, independent of both the latex
blend composition and the neat latex properties. The
results of our investigation fully support earlier obser-
VatiOnsS—lO,lZ—16,20,22,25,30,31,35,36,39,40 and discussions.12’13’35
As a matter of fact, the particle size ratio was for
example found!? to have a dramatic effect on the block
resistance of bimodal poly(styrene-co-butyl acrylate)
latex blends: the best performance was observed for
the highest value of Dgt/Dhara - Other papers focusing
on the film transparency33¢ pointed out that, for a
given latex blend composition, transparent films
were easily achieved when the particle size ratio was
low. When put together, it comes out that these
observations8—1012-16,20.22,25,3031,35.3640 yyere actually mainly
dependent on the ability or nonability of the hard
particles to come into contact with each other and to
form a continuous percolated network during the film
formation of the latex blends. The idea of taking into
account the percolation concept® in latex blends was
initially proposed by Eckersley and Helmer,*2 who have
made use of the concept of phase continuity (initially
developed®® for the study of the dispersion of fine
metallic powders into polymeric systems) to suggest that
optimal particle packing could be achieved in their
blends depending on the particle size ratio. In bimodal
latex blends, when one aims to enhance the final
mechanical film properties, the idea is to reach final film
morphologies where the hard particles are finely dis-
persed within a soft continuous matrix. As long as the
volume fraction of the hard phase does not exceed a
critical value leading to the percolation of the nonfilm
forming particles, the bimodal latex blends remain film
forming. Above this critical volume fraction of hard
particles, the soft particles cannot prevent the percola-

tion of the hard ones, which leads, during the drying
process, to a macroscopic phase inversion that dramati-
cally shifts the MFT of the bimodal blend toward the
higher temperatures. On the basis of the geometrical
arguments involving the percolation theory proposed by
Eckerseley and Helmer,!? it becomes clear from the
results presented in Figure 3c and Figure 4, that such
a critical value is directly related to the particle size
ratio. The higher the particle size ratio Dsot/Dhard , the
lower the critical volume fraction of hard particles
leading to percolation. Before starting the preparation
of latex blend series over a whole blend composition
range, our present investigation would therefore first
recommend to have a look on the particle size ratio of
the studied systems, then to quickly estimate!236 the
critical volume fraction of hard particles that is related
to this Dsoft/Dharg ratio.

The next section will be devoted to the mechanical
film properties of the bimodal latex blends. Especially,
the influences of both the dispersed particle size and
the particle size ratio on the final film properties will
be discussed.

3.3. Film Properties of the Latex Blends. 3.3.1.
Influence of the Dispersed Particle Size. To study
the influence of Dnarg On the final mechanical film
properties, two series of bimodal latex blends have been
investigated by DMA. Within a series, the soft phase of
the selected blends was always kept identical. Subse-
guently, the MFT values of blends that belong to the
same series were also similar.

Thus, the first series involved the three bimodal
blends SmSf50/LgHd50, SmSf50/LgHd25/SmHd25, and
SmSf50/LgHd10/SmHd40: these blends all had similar
MFT’s (~5 °C, see Table 4) as well as an identical soft
phase based on SmSf50 (Dsf = 86 nm, Table 3).
Therefore, they differed only in the size of their dis-
persed hard particles, ranging from 237 to 62 nm (Table
4), respectively. Similarly, two latex blends, with soft
phase based on LgSf25/SmSf25 and with similar MFT’s
(~7 °C, see Table 4) were chosen for the second blend
series.

The temperature dependence of the dynamic storage
modulus recorded for these two series are presented in
parts a and b of Figure 5, respectively. The viscoelastic
properties of the neat latexes involved in the series are
also recalled in Figure 5 for comparison.

Similar observations can be drawn from the thermo-
mechanical spectra of the two series of bimodal blends.
First of all, it can be noticed that all the latex blends
showed two distinct transitions, to which drops in E’
values corresponding to the a-relaxation of both the soft
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Figure 5. Influence of the dispersed particle size on the
viscoelastic properties of the latex blends: (a) blends based
on SmSf50 as matrix; (b) blends based on LgSf25/SmSf25 as
matrix. The viscoelastic behavior of the neat latex films is
recalled for comparison.

and the hard phases in the blends were associated. Such
viscoelastic spectra are typical of films with phase
separated morphologies.1:25358.66 |n addition, the tem-
perature location of the drops in E' values for the blends
were found rather close to those separately recorded for
both soft and hard neat latexes.

The main feature pointed out in Figure 5 is the
significant enhancement of the mechanical film proper-
ties that can be noticed at temperatures between the
a-relaxations of both the soft and the hard phases,
where the storage modulus of the latex blends was
found far above that of the neat soft constituent. In
addition, it can be observed that the mechanical en-
hancement of the blends was found (Figure 5, parts a
and b) to be more pronounced when the size of the
dispersed hard particles decreased, whatever the soft
phase. This is a strong indication that these bimodal
systems can all be considered as phase separated blends
with morphology involving a soft matrix filled with hard
Spheres_1,2,12,53,58,66768

3.3.2. Influence of the Particle Size Ratio. As
mentioned in the previous section, the size of the
dispersed hard particles affected the viscoelastic film
properties. Therefore, to focus on the sole influence of
Dsoft/Dhara 0N the mechanical film properties, two bimo-
dal binary latex blends, i.e., LgSf50/LgHd50 (Dsoft/Dhard
~1.42) and SmSf50/LgHA50 (Dsofi/ Dhard ~ 0.36) that both
had a hard phase based on LgHd50, were chosen. As a
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Figure 6. Influence of the particle size ratio on the viscoelas-
tic properties of latex blends based on LgHd particles.

consequence of the difference in the particle size ratios
of these two blends, the MFT value of the LgSf50/
LgHd50 sample (MFT ~ 7 + 2 °C, Table 4) was slightly
higher than that of the SmSf50/LgHd50 blend (MFT ~
5 + 2 °C, Table 4), but both values remained similar.

Figure 6 shows the temperature dependence of the
mechanical storage modulus of the two bimodal binary
latex blends. In addition, two theoretical predictions of
the viscoelastic properties of these blends are also given
in Figure 6. These numerical calculations were per-
formed using the self-consistent interlayer model>#59.60.66
by taking into account two distinct two-phase particu-
late morphologies. In the first case, the soft latex was
considered as the continuous phase, in which the hard
latex particles were dispersed. The second simulation
involved the opposite morphology, i.e., the hard latex
acted as the continuous phase.

From the experimental thermomechanical spectra
(Figure 6), significant differences were found between
the two latex blends, especially in the temperature
range between the o-relaxations of both the soft and
the hard phases. Thus, it can be noticed that the
enhancement in the mechanical properties was higher
for the bimodal system with the highest particle size
ratio (i.e., LgSf50/LgHd50). Similar observations related
to the influence of Dso/Dnarg ONn the magnitude of the
storage modulus of latex blends were mentioned ear-
lier,’2 but they were interpreted as resulting from the
decrease in the dispersed particle size. In the present
study, both the hard particle size and the blend com-
position have been kept identical. Therefore, the differ-
ences in the experimental mechanical spectra result
from the sole difference in the particle size ratio of the
two bimodal latex blends.

Concerning the theoretical viscoelastic spectra, it
should first be noticed that both predicted thermome-
chanical evolutions of the storage modulus (Figure 6)
were clearly distinct, and mainly influenced by the
continuous phase.158.66 When associated together with
the experimental data, it comes out (Figure 6) that when
Dsoit/Dnard decreased, the experimental viscoelastic spec-
tra became more and more close to the theoretical
evolution of E" assuming a continuous soft phase. Such
an observation may be interpreted as indicating a better
quality of the soft matrix in the SmSf50/LgHd50 blend,
i.e., preventing the aggregation of hard particles.®0 It
was also found®:6869 that the presence of such ag-
gregates of particles in filled systems resulted in an
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additional contribution of mechanical coupling between
the phases, which, in the viscoelastic thermogram, led
to a significant additional increase of the storage
modulus of the filled systems. Insofar as Dgot/Dhara Of
the LgSf50/LgHd50 blend was higher than that of
SmSf50/LgHd50, the critical volume fraction of hard
particles was expected to be lower (see above in section
3.2.2) in the case of LgSf50/LgHd50. Subsequently, it
can be reasonably assumed that the aggregation of the
LgHd particles may have at least partially taken place
in the LgSf50/LgHd50 sample. Even if the entire
percolation of the hard particles was not achieved (the
LgSf50/LgHd50 sample being film forming), the exist-
ence of such aggregates of hard particles would therefore
explain the observed differences between the experi-
mental dynamic mechanical spectra of the two bimodal
latex blends (Figure 6). Our interpretation of the higher
storage modulus of the LgSf50/LgHd50 blend as result-
ing from the presence of aggregates of LgHd particles,
whose presence can be justified by a higher particle size
ratio compared to the SmSf50/LgHd50 blend, was also
supported by the TEM micrographs (Figure 4, parts a
and b).

4. Conclusion

The influence of both the particle size and the particle
size ratio on the morphology and on the final viscoelastic
film properties of bimodal 50/50 (wt %) hard/soft latex
blends was investigated in connection with the resulting
changes in the film formation properties.

Four different neat latex dispersions were synthesized
and characterized; bimodal hard/soft latex blends were
then prepared by mixing them while keeping a final
hard/soft blend composition equal to 50/50. It was shown
that the investigated latex blends only differed by the
size of the particles and their resulting soft/hard particle
size ratio.

The minimum film formation temperature (MFT) of
the bimodal systems was determined. Although the
influences of the soft (Dsott) and the hard (Dnarg) particle
sizes on MFT were also discussed, the strong influence
of the particle size ratio Dg/Dnarg 0N the MFT values
was especially emphasized: thus, the MFT values were
found to significantly increase with Dgsft/Dhard-

In addition, the particle size ratio dependence of the
film forming properties was also investigated by trans-
mission electron microscopy. It was clearly observed
that the hard particles acted as the dispersed phase in
the blends as long as the particle size ratio was low,
and in agreement with a correspondingly low MFT, the
soft particles formed the continuous phase. At higher
Dsoft/Dhard, it was found that the soft particles were
prevented from coming into contact with each other by
the surrounding hard particles, resulting in dramati-
cally increased MFT’s of the samples and non film
forming latex blends. Subsequently, it was concluded
that as long as the volume fraction of the hard phase
in the bimodal latex blend did not exceed a critical value
leading to the percolation of the nonfilm forming
particles, the bimodal latex blends remain film forming.
Above this critical value, the latex blend was no longer
film forming at room temperature. On the basis of
geometrical arguments involving the percolation theory,
such a critical volume fraction of hard particles was
presented as directly related to the particle size ratio:
the higher Dsot/Dnarg, the lower the critical volume
fraction of hard particles leading to percolation.
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The mechanical film properties were last investigated
by solid-state dynamic mechanical analysis. The size of
the dispersed hard phase was found to affect the final
viscoelastic film properties. The smaller the size of the
hard particles, the better the mechanical enhancement
of the mechanical film properties. In addition, the
experimental viscoelastic data were also compared with
some theoretical predictions based on self-consistent
mechanical modeling. It was then established that the
final film properties of such 50/50 bimodal latex blends
are directly connected to the film formation properties,
which are strongly influenced by the particle size ratio
of the soft and hard phases.

Finally, it should be brought to the attention of the
reader that the consequences of thermal annealing on
the viscoelastic properties and morphologies of these 50/
50 bimodal hard/soft latex blends have also been
investigated and are reported in a separate paper.”®
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