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ABSTRACT: Latex dispersions having a well-controlled, bimodal particle size distribution are gaining
attention because they potentially enable control of the dispersion rheology, the film formation
characteristics, and the final film properties. Here we study the film formation of dispersions with a
bimodal particle size distribution (large:small size ratio of ca. 6:1) and with varying concentrations of the
two particle sizes. We also compare the film formation of blends containing only deformable (i.e., “soft”)
particles with blends containing both soft and nondeformable (i.e., “hard”) particles. We use ellipsometry
as a noninvasive tool for studying film morphology as film formation proceeds. We interpret our
ellipsometry data using a physical model of the morphology based on atomic force microscopy observation.
Electron microscopy of film cross sections provides information about the bulk morphology. We measure
void content and surface roughness in blend films as a function of the concentration of large particles for
three series of blends based on soft particles only and on the two combinations of hard and soft particles.
When large and small soft particles are blended above a small particle concentration of ca. 16.5 wt %
(corresponding to a number ratio of small:large of 43:1), the void concentration in freshly prepared films
reaches a low value. This concentration approximately corresponds to the critical volume fraction (V) of
small particles required to obtain a continuous phase of small particles surrounding the large particles.
Below this value, there are not enough small particles to create a continuous phase, so more interparticle
voids are present in the film. Surface roughness and void volume concentration in blends of large—soft
and small—hard particles also reach a minimum at V.. At higher concentrations of small—hard particles,
void concentration increases because the continuous phase is non-film-forming. Finally, when large—
hard particles are blended with small—soft particles, film formation is hindered by the clustering of the
large particles and the subsequent creation of voids. In this case, film formation at concentrations of
small particles below about ca. 45 wt % cannot be achieved. A coherent film cannot be obtained at small

particle concentrations nearer to or below V..

1. Introduction

Within the past several years, the use of latex blends
has gained increased attention in the literature,* which
reflects an even greater amount of study in industry.
Of particular interest are (1) blends of large and small
particles, (2) blends of film-forming and non-film-
forming (i.e., “hard” and “soft”) particles, and (3) blends
with both various sizes and hardnesses. Research by
Winnik and Feng? has shown that hard/soft latex blends
can be used to achieve films that produce lower levels
of volatile organic compound (VOC) (compared to for-
mulations containing a coalescent that evaporates dur-
ing film formation) and thus are less damaging to
human health and the environment. Eckersley and
Helmer? have demonstrated that careful control of large/
small size ratio and hard/soft concentration ratio can
produce composite films with desired film formation
characteristics and also with enhanced blocking resis-
tance and mechanical properties. Latex dispersions with
controlled particle size distributions have been devised
so as to increase the solids content and thereby mini-
mize solvent usage while gaining additional control of
viscosity.* As the viscosity of a colloidal dispersion
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depends on the particle size,’ the control of particle size
distribution has a pronounced effect on the rheology of
latex dispersions.

Underlying the development of latex blend films are
several implicit or explicit aims in blending large and
small latex particles. One aim might be for a single
small particle to fill each interstitial void produced by
the close-packing of the large particles. The size ratio
of large:small particle diameters will determine the type
of interstitial void that the small particles will be able
to fill. For instance, if the ratio is 4.45:1, then a small
particle will be able to fill a tetrahedral void formed by
the face-centered packing of four large particles in
analogy with the zinc blende crystal structure.® In this
scenario, the number ratio of large:small particles
should be 1:1. Several years ago, Bartlett et al.” obtained
colloidal crystals with the composition AB,; and ABj3
from careful control of large (A) to small (B) particles.
In principle, therefore, it is technically feasible to form
a latex film from a colloidal crystal. Such a film would
presumably be highly dense and void-free as a result of
efficient particle packing. In most real latex blends,
however, higher concentrations are used, and there is
a certain amount of polydispersity of sizes in the parent
dispersions. Thus, in practice, films derived from latex
colloidal crystals are not a realistic aim. Moreover, as
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Figure 1. Critical volume percent above which the dispersed
(i.e., small particle) phase is continuous around primary (i.e.,
large) particles for various size ratios of primary to dispersed
particles. The calculations are based on the equations of Kusy*?
assuming that the critical concentration is defined a continu-
ous, dispersed, hexagonally packed phase around each primary
particle. At a large:small size ratio of 6:1 (as used here), the
critical volume concentration, V., which is the minimum
concentration of small particles required for continuity, is
about 18%.

Geurts et al.8 have pointed out, particle packing can be
affected by particle stability and the clustering of
particles of the same size. In a hard/soft blend, the
clustering of hard particles has been shown to create
air voids® that are filled exceedingly slowly by the soft
phase. Such air voids cause light scattering and thereby
lead to film opacity.’® In a similar vein, it has been
known for several decades that void fractions as low as
0.0384 can be obtained in blends of hard particles if the
particle size ratios are carefully controlled and if five
or more particle sizes are used.!! Such a strategy would
require very tight control of particle sizes and is likewise
not realistic in most applications.

An alternative aim of bimodal blends has been
proposed by Eckersley and Helmer.? They have made
use of the concepts of phase continuity (developed by
Kusy'?) to suggest that optimal particle packing is
achieved when the smaller particles form a continuous
phase around the larger particles. The minimum volume
fraction of small particles that is required to achieve a
continuous phase is defined as the critical volume
fraction, V.. The value of V. has been calculated as a
function of the size ratio of large:small particles.’? In
Figure 1 we plot the critical volume percent of the
dispersed phase (i.e., small particles), which is required
to achieve a continuous network of these particles
around the primary phase (i.e., large particles), in the
terminology used in refs 3 and 12. (Note that V. should
not be confused with the percolation threshold, which
is the critical fraction to achieve connectivity of the
phase but not to form a continuous phase.) In the work
presented here, the ratio of the primary to the dispersed
phase diameters is about 6:1. Figure 1 shows that for
this size ratio, V. of the dispersed phase, according to
the continuity calculation, is ca. 0.18. Physically, this
means that when the void volume fraction of small
particles is 0.18, there will be just enough small
particles to surround the large particles and to fill the
void space between them, thereby resulting in an
efficient particle packing. One might expect that ef-
ficient particle packing will correlate with optimal film
formation and low permeability in latex films. In this
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work, we explore film formation characteristics above,
below, and near the V. of 0.18.

Experimentally, the work of Peters et al.’® supports
Kusy's concepts of phase continuity. They studied a
blend of large and small latex particles having a size
ratio of 6:1. The V. for this size ratio is predicted to be
about 20 vol % of small particles. At concentrations of
small particles below this critical value, there is evi-
dence for interparticle voids as indicated by perme-
ability measurements. In a related study, Guerts et al.8
considered how the minimum film-formation tempera-
ture (MFT) varied with the concentration of small
particles in a blend of particles with a size ratio of 10.4:
1. V. for this size ratio is estimated to be about 12 vol
%. A latex blend with a volume fraction of small
particles above this critical value was found to have a
low MFT value, similar to the MFT of the latex consist-
ing of only small particles. This result is consistent with
what is expected for a continuous phase of small
particles. Blends with concentrations of small particles
below this critical value had a relatively high MFT,
similar to the MFT of a latex consisting of only large
particles. In this latter case, the small particles are not
continuous and therefore cannot eliminate the voids
associated with the large particles, so that the MFT is
not made lower.

These and other previous results®0 indicate that the
second scenario (based on concepts of phase continuity)
is a more desirable and practical aim. In this present
work, we monitor interstitial void concentration for
blends with different concentrations of large and small
particles. We investigate how the void volume concen-
tration of films varies with the concentrations of large
and small soft particles, and we determine which
concentration is ideal in order to achieve improved
packing properties, as reflected in the minimization of
the concentration of air voids. We compare the film
formation of soft blends to those that contain both hard
and soft particles with the same size ratios.

2. Experimental Materials and Procedure

2.1 Latex Dispersions. The latex dispersions used here
were prepared by semibatch emulsion polymerization using
sodium dodecyl sulfate (SDS) to achieve stability and am-
monium persulfate as the initiating salt. The latex composition
is based on a copolymer of butyl acrylate, methyl methacrylate,
and methyl acrylic acid. Further details on the synthesis are
given elsewhere.'® Table 1 provides some characteristics of the
four parent latex dispersions used in making the latex blends.
Two parameters of particular relevance to this study are the
particle size and the glass transition temperature. The poly-
mers with a glass transition temperature (Tg) of 20 °C are
referred to here as “soft” as a means of achieving conciseness
with clarity. We refer to the high T4 particles as “hard”. The
refractive indices of the acrylic polymers (also listed in the
table) were determined from ellipsometry measurements of
thin films (=100 nm thick) prepared by spin-casting latex
copolymer solutions in toluene onto silicon substrates.

Bimodal blends were prepared by mixing different fractions
(by weight) of the large and small particle size dispersions.
Specifically, we prepared three series of blends.

Series 1: large—soft and small—soft (LgSf/SmSf).

Series 2: large—soft and small—hard (LgSf/SmHd).

Series 3: large—hard and small—soft (LgHd/SmSf).

We will refer to the particle types using the abbreviations
shown in Table 1 and in parentheses above. The blends were
stirred continuously for at least 15 h to ensure a uniform
dispersion. Table 2 lists the concentrations of large particles
in the blends according to both weight fraction and number
ratio.
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Table 1. Latex Characteristics of Dispersions Having Monomodal Particle Size Distributions

mean solids glass refractive
description particle? content transition index
(abbreviation) size (nm) polydispersity (wt %) temp (°C) at 500 nm
small and soft (Sm/Sf) 50.0 1.18 40.5 20 1.4886
large and soft (Lg/Sf) 297.2 1.26 52.0 20 1.4886
small and hard (Sm/Hd) 50.0 1.15 50.5 80 1.4970
large and hard (Lg/Hd) 286.0 1.16 41.0 80 1.4970

a Particle sizes were measured by photon correlation spectroscopy (Otsuka ELS800).

Table 2. Number Ratio of Small-to-Large Particles for
Various Blends

wt % large wt % large
particles used  Nsmai/Niarge particles used  Nsmai/Niarge
100 0 56 150
99 2 24 681
92 19 12 1533
83.5 43 0 )

2.2 Film Formation. Samples used for analysis by ellip-
sometry, AFM, and SEM were prepared by casting the
dispersions onto glossy black card substrates under identical
conditions. The card was attached to a rigid substrate to
prevent bending. Typically 0.5 mL of dispersion was spread
over a substrate area of 6 cm x 6 cm using a casting bar. Film
formation took place in still air under the ambient conditions
of the laboratory. Temperature and relative humidity were
measured during each experiment. The final latex film thick-
ness achieved by this method was approximately 80 um.

2.3. Film Characterization. 2.3.1. Atomic Force Mi-
croscopy (AFM) and Scanning Electron Microscopy
(SEM). Images providing information about latex film mor-
phology and viscoelasticity were obtained with an atomic force
microscope (Digital Instruments, Nanoscope I11) in the tapping
mode. At least three different regions of each surface were
imaged to verify reproducibility and to ensure that a truly
representative image was obtained. The results were also
reproduced for up to three different samples prepared sepa-
rately.

Although atomic force microscopy is a relatively new
technique,** its use is already well-established in the study of
latex film formation, as was recently discussed.! Use of tapping
mode AFM is particularly suitable for soft latex surfaces'®16
that are liable to be disturbed by mechanical forces imposed
by the AFM tip in the contact mode. Tapping mode provides
two types of images: the height and the phase image. The
height image (usually shown on the left-hand side) provides
topographical characterization of the surface, and the phase
image (on the right-hand side) provides some indication of the
viscoelastic properties. Phase images are known to be more
sensitive to particle interfaces, which is particularly useful in
the case of the small (50 nm) particles studied here. Small
particles are clearly revealed in the phase images, even in
cases where they cannot be seen in topographical (height)
images.

In some cases, images of film cross sections were obtained
with scanning electron microscopy (SEM) to complement
images of the film surface obtained with AFM. SEM analysis
was performed 4 days after the film preparation. The films
were immersed in liquid nitrogen after peeling from the
substrate. They were then fractured in a direction normal to
the surface while still at a low temperature. The fractured
surfaces were sputter-coated with a thin film of gold to make
the surface conducting. The cross sections were analyzed at
room temperature in the electron microscope (Hitachi S-3200N).
A low accelerating voltage of 15 kV and a low beam current of
~70 uA were used to minimize the amount of damage during
the experiment.

2.3.2. Ellipsometry. Ellipsometry was performed using a
Woollam variable angle spectroscopic ellipsometer (VASE),
which incorporates a rotating-analyzer configuration.” Ellip-
sometry is sensitive to the refractive index profile of the
material under investigation. In turn, the refractive index is

a function of material density, composition and morphology.®
Ellipsometry provides a noninvasive means of measuring
surface roughness and the concentration of nanovoids in latex
films. The use of ellipsometry in probing latex film formation
has been reported previously.%1920

Ellipsometry determines the change of the state of polariza-
tion of light upon reflection from a surface or interface. In an
experiment, two parameters (known as W and A) are mea-
sured. Prior to reflection, the polarization of light is character-
ized by the amplitude ratio of the components in the plane of
reflection (p-component) and perpendicular to this plane (s-
component), designated as Ay/As. The difference in phase
between the two components (designated as dp-0s) is zero in
the case of the linearly-polarized light used here. Upon
reflection, both the amplitude ratio and the phase difference
usually change. A is defined as this change in the phase after
the reflection

A= (0, = 0) = (8, — 65) = (6," — 3" @)

where r represents the reflected light and i, the incident light.
The parameter W is the ratio of the amplitude ratio before
and after the reflection:

tanyp = —"— 2

The ellipsometric angles W and A are related to the Fresnel
reflection coefficients through the equation of ellipticity:

R, .
p=—==tan W exp(iA) ?3)
RS

where R, and Rs are the Fresnel reflection coefficients for the
p- and s-planes, respectively, and p is the ellipticity. The
Fresnel reflection coefficients are directly related to the
complex refractive indices of the two media at a planar
interface.

Two types of ellipsometry analysis were performed: dy-
namic scans and variable-angle scans. In a dynamic scan, we
determined W and A at a fixed wavelength and angle-of-
incidence, ¢, at time intervals of 2 s. during the course of latex
film formation, starting with a wet dispersion and finishing
with a polymer film. The dynamic scans were initiated with a
time delay of approximately 5 min after the deposition of the
dispersion onto the substrate. Typically scans were obtained
with light in the visible region (500, 600, or 700 nm) at an
angle-of-incidence of 56°, corresponding to the Brewster angle
of a dry film where greatest sensitivity is obtained. All the
dynamic scans were performed either at room temperature
(22—25 °C) or on a temperature-controlled stage at a temper-
ature of 24 °C, in cases where the room temperature was lower
than 22 °C. The relative humidity of the room was 45—55%.

In a variable-angle scan, which takes approximately 2 min
to perform, we determined 3 and A as a function of ¢, from a
film 1 h after casting on the substrate. Variable-angle scans
provide sufficient data to determine with certainty the void
concentration and surface roughness of a latex film, as will
be explained later.

2.3.3. Spectrophotometry. A double-beam UV-visible
spectrophotometer (Camspec M350) was used to measure
optical transmission of films prepared from various blends over
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Figure 2. AFM topographical images of the polymer—air
interface of a film prepared from LgSf latex particles, showing
a large (A) area (5 um x 5 um) and small (B) area (2.5 um x
2.5 um). In part A, regions of more densely packed particles
can be seen, such as indicated by the white lines. In part B,
interparticle voids can be seen as well as larger voids where
there are defects in particle packing.

the wavelength range from 500 to 800 nm. Samples prepared
for spectrophotometry were cast on clean glass slides at room
temperature (22—25 °C) using a consistent casting method in
order to achieve similar final thicknesses (~ 80 um). The
samples were then left to dry and film-form in air for an hour
at a relative humidity of ca. 45% before analysis at room
temperature.

3. Results and Discussion

3.1 Microscopy. AFM reveals the surface morphol-
ogy and particle packing of films prepared from the
various blends of large and small particles. Figure 2
shows an AFM scan of the polymer—air interface of a
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Figure 3. SEM image of the cross section of a film prepared
from monomodal LgSf particles. Voids have sizes and shapes
that are consistent with particle coalescence in an hexagonal
array of 300 nm particles, as illustrated schematically. The
bar indicates 1 um.

latex film cast from a monomodal dispersion of LgSf
particles. As can be seen, particles at the polymer/air
interface tend to cluster together to form close-packed
domains. These domains are separated from each other
by disruptions in the packing in which particles appear
to be missing. This type of structure gives rise to
relatively high average surface roughness. Additionally,
at points of contact between particles, there is deforma-
tion from a spherical shape. Even so, particles retain
their identity (at least at the film surface), and there is
no particle coalescence. Interparticle voids are readily
seen, even though visually the bulk film is continuous
and glossy.

The bulk morphology of the same type of film was
determined by SEM analysis of the film cross-section
(Figure 3). Although the film was 4 days old when
analyzed, one can clearly see elongated void regions
having a length that is of the same order of magnitude
as the particle size (300 nm) throughout the bulk of the
film. The size of the voids suggests that they result from
defects in the particle packing. Particle identity, how-
ever, is lost because of particle coalescence, in contrast
to what was seen in freshly cast films using AFM.

The requirement of phase continuity, as already
described, predicts that the critical volume concentra-
tion of the small particles to achieve a continuous
network (for the size ratio of 6:1) is ca. 18 wt %. (As the
density of the large and small particles are virtually the
same, concentrations by weight and volume are equiva-
lent.) AFM analysis of a blend near the V. (83.5 wt %
LgSf and 16.5 wt % SmSf), shown in Figure 4, reveals
that, at the film surface, the large particles are com-
pletely surrounded by small ones. The latter form a
continuous network, which prevents contact between
the large particles. Quantitative AFM analysis per-
formed on numerous images indicates that the average
center-to-center distance between the large particles is
401 + 24 nm. Thus, the large particles are not in contact
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Figure 4. AFMimage of the polymer—air interface of a film prepared from a blend of 83.5 wt % LgSf and 16.5 wt % SmSf
particles. The area of the scan is 1.15 um x 1.15 um?. The small particles form a continuous network around the large particles.

Figure 5. SEM image of the cross section of a blend film
having the same composition as in Figure 4 (83.5 wt % LgSf
and 16.5 wt % SmSf). The bar represents 1 um. The large
particles are not in an ordered array as at the air surface, but
they are nevertheless surrounded by a continuous matrix. The
“dimples” are thought to be caused by the pullout of large
particles during the fracture process.

with each other below the surface, but are separated
by a distance of about 100 nm, which is equivalent to
the distance of two small particle diameters. This
particle arrangement is consistent with the expectations
of models of phase continuity for a concentration of
small particles at approximately the critical volume.
To gain further insight into bulk morphology, a cross
section of this blend film was analyzed by SEM. Several
images were acquired across the bulk of the film (from
the polymer/air to the polymer/substrate interface), and
no significant variation was observed. In the represen-
tative image shown in Figure 5, the morphology in the
bulk appears to be very similar to that of the surface.

The large particles are well-separated in a continuous
network formed by the small particles. Contact between
the large particles is seen only on rare occasions. The
large particles retain their spherical shape in the bulk
as they do at the surface.

Surprisingly, the surface structure of a film prepared
from a blend of 90 wt % LgSf and 10 wt % SmSf (Figure
6) appears similar to that of the monomodal LgSf
(Figure 4). The surface is dominated by large particles,
and there is no evidence for small particles at the
polymer/air interface. It would be expected that some
small particles would appear at the polymer/air inter-
face, considering that the number ratio of small:large
particles is 19:1.

In comparison to the blends of soft particles, Figure
7A shows an AFM image of the polymer/air interface of
a film prepared from a blend of 55 wt % LgHd and 45
wt % SmSf particles. The LgHd particles tend to cluster
together, as has been also reported elsewhere.%16 In
some cases, the SmSf particles appear to cover the LgHd
particle clusters and bury them below the surface.
Because of LgHd particle clustering the film surface is
significantly rougher compared to the other blends
shown. In some regions, the hard particles create
crevices or nanosize cracks at the surface, as if a
precursor to the nonfilm formation found at higher
concentrations of hard particles. For comparison, Figure
7b shows the surface of a LgSf/SmSf containing ap-
proximately the same concentration of large particles.
This surface is smoother. The large particles appear for
the most part in isolation rather than in clusters. We
will discuss later how the optical transparency of the
hard/soft blend is reduced in comparison to the soft/soft
blend.

In summary of the microscopy analysis, the disor-
dered packing of only partly deformed LgSf particles
leads to both high surface roughness and relatively high
interparticle void volume concentration. The addition
of 16.5 wt % small particles leads to improved particle
packing, which is responsible for the reduction of the
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Figure 6. AFM images of the polymer/air surface, prepared from a 90 wt % large latex dispersion. No small particles are apparent

at the surface. Key: (A) 5um x 5 um and (B) 1.5 um x 1.5 um.

void volume concentration in the bulk. In blends con-
taining large, hard particles, significant void content
develops within clusters of the hard particles. (In other
AFM and ellipsometry analysis, we have found that the
average void size decreases over time as particle defor-
mation continues.)

3.2. Ellipsometry after Film Formation: Void
Content and Surface Roughness. Analysis of ellip-
sometry data requires fitting to a proper theoretical
model. Observations of film morphology, reported in
section 3.1, can be used to construct such a model. First,
we note that the film surfaces are not smooth but have
a surface roughness that results from the contours of
the individual particles. Second, we note that the bulk
of the film contains interparticle voids. We have there-
fore constructed a model for ellipsometry analysis that
consists of a rough layer on top of a bulk layer contain-
ing voids, as shown schematically in Figure 8. Both
layers are composed of a mixture of dense acrylic
polymer and air voids. If the size of the voids is below
the wavelength of light, then the refractive index of a

layer depends on the volume fraction of voids, as
predicted in an effective medium approximation (EMA).2!
Given that n, is the refractive index of the fully dense
polymer at a certain wavelength (measured indepen-
dently) and that ny is the refractive index of air voids
(ny = 1.00), one can calculate the void concentration
from a measurement of the index, n, of a composite film
consisting of polymer and voids. According to an EMA
model, the volume fraction of voids, f,, is

2 2 2 2
n“—n," nS+2n,

T2 2 2 2
n°+2n," n,/”—n,

(4)

v

A rough layer is modeled as consisting of 50 vol %
polymer and 50 vol % void. For patterned silicon
surfaces, roughness measured with ellipsometry was
found elsewhere to equal 1.5 times the root-mean-
squared values obtained with AFM.?2 In our experi-
ments, the correlation is in the range 1.5—2.0 and shows
some variation. The variations are believed to result
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Figure 7. AFM images of the polymer/air interface of a film prepared from (A) a 55 wt % LgHd and 45 wt % SmSf blend and (B)
a 56 wt % LgSf and 44 wt % SmSf blend. The image area in both scans are 5 um x 5 um. Clustering of LgHd particles is apparent.

Surface Roughness
EMA: L 50% air-voids
2. 50 % dense polymer
(e} [e]
%5 o ° °o 4 o EMA: 1. Fully dense Polymer Film|
o 0° | /o 0 o 2. Air-voids
voids

Film Morphology Ellipsometry Model

Figure 8. (left) Pictorial illustration of film morphology, in
which there is a rough surface caused by particle contours and
nanosized air voids distributed in the bulk. (right) Model used
to fit and interpret the experimental data acquired by variable-
angle ellipsometry. The surface is described as an EMA model
with 50% voids and 50% dense polymer material. We fit for
the effective thickness of the top layer, which corresponds to
surface roughness. The bulk is described with an EMA model
for a continuous, dense polymer phase (n ~ 1.5) containing
voids with n = 1. We fit for the volume concentration of voids.

mainly from the different scan sizes analyzed by the two
techniques. Ellipsometry analyses a much larger area,

which depends on the light beam size and the angle of
incidence and is typically 2 mm x 5 mm. AFM scans in
this work were over a maximum area of 10 um x 10
um. The tip quality also affects the AFM roughness
measurements.?3

Figure 9 shows data obtained in an angular scan of a
blend film of soft particles (83.5 wt % LgSf and 16.5 wt
% SmSf) obtained 50 min after film casting. The best
fit to the data, shown with a solid line, corresponds to
a surface roughness of 251 + 10 nm and a void content
of 6.8 £+ 0.5 vol %. If we perform a data simulation using
a value of 0 for the void fraction, then, as also seen in
Figure 9, the theoretical prediction is based on a high
refractive index for the film, and the fit is shifted to the
right (i.e., to higher angles-of-incidence). If, on the other
hand, the surface roughness value in the simulation is
changed to 50 nm, then the simulated data has a
sharper step in A and a lower minimum in W. Thus, it
is apparent that the analysis is robust because the two
fitting parameters (surface roughness and void concen-
tration) are not strongly correlated. They each can be
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Figure 9. Ellipsometry parameters, W and A, obtained from
an angular scan obtained from a blend film of 83.5 wt % LgSf
and 16.5 wt % SmSf particles using a wavelength of 500 nm.
The data were acquired 50 min after casting. The predictions
of a model based on a surface roughness of 251 nm and void
volume fraction of 6.8 vol % are shown by the solid line. There
is good agreement with the experimental data points (—). The
simulations for a film with 0% void fraction (— —) but a
roughness of 251 nm differ markedly from the best fit.
Likewise, the simulations for a film with 50 nm roughness
(- - -) deviate from the best fit but in a distinctly different way.

independently determined with certainty via the fitting
procedure.

The soft and hard particles have slightly different
compositions and therefore have slightly different re-
fractive indices, as shown in Table 1. Note that in the
mixtures in which the large and small particles have
the same composition, the refractive index values of a
fully dense film are the same regardless of the relative
concentrations. In this case, ellipsometry is therefore
insensitive to the number ratio of large and small
particles per se, although it is highly sensitive to any
variation in void content or surface morphology induced
by changing this ratio. On the other hand, when
analyzing blends of hard and soft particles, the refrac-
tive index of the fully dense film can be calculated using
an EMA model to be intermediate between the two
polymers. This fact is taken into account in the analysis
of blend films.

Figure 10 shows the results of ellipsometry analysis
of bimodal blends of large and small particles, contain-
ing varying fractions of large particles. For consistency
and ease of comparison, all measurements were made
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Figure 10. Dependence of the surface roughness and void
volume concentration on weight percentage of large particles
in bimodal blend films, as determined by ellipsometry. The
solid lines are a guide to the eye. The symbols designate films
from series 1(LgSf and SmSf) (), series 2 (LgSf and SmHd)
(0), and series 3 (LgHd and SmSf) (x).

1 h after latex casting. Surface roughness and void
concentration, obtained by fitting data to the model
(Figure 8), are plotted for each series.

When large and small soft particles (Tq = 20 °C) are
blended (series 1), then both roughness and void con-
centration are weakly dependent on the amount of large
particles up to a concentration of 83.5 wt % large latex.
Above this concentration, there is a marked increase in
the measured values of both parameters with increasing
concentration of large particles. At least 16.5 wt % small
particles are required to obtain a minimization of the
void volume concentration. At lower concentrations of
small particles, there are insufficient numbers to form
a continuous phase around the large particles, and so
voids develop. At higher concentrations of small par-
ticles, roughness and voids do not change significantly,
which is consistent with large particles being isolated
in a continuous medium of small particles. The data are
thus consistent with the ideas of phase continuity
introduced earlier.

We have independently measured the surface rough-
ness of films using AFM analysis. There is a general
correlation between the two sets of values. AFM analy-
sis, however, is much more time-consuming, and the
film is subject to aging effects during the course of a
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measurement. Ellipsometry measurements, in contrast,
can be performed within a few minutes. The LgSf
particles do not deform fully upon film formation, as
observed previously with AFM. Ellipsometry finds there
is a surprisingly high fraction of voids in monomodal
LgSf films (28 vol %). In a random-close packing of
monomodal hard spheres, the void fraction is expected
to be in the region of 37 vol %.5 In a more ordered
packing, voids are introduced when particles are miss-
ing from the array (i.e., vacancies). In light of these two
facts, the experimental value is not implausible when
there are partially ordered, partially deformed particles
composing the film.

We next consider the results for blends of LgSf and
SmHd particles (series 2), also shown in Figure 10. As
with the blends of soft particles already discussed, both
the void fraction and surface roughness decrease as the
concentration of small particles increases from zero until
reaching a minimum value at a concentration of 16.5
wt % SmHd (i.e., 83.5 wt % LgSf). At lower concentra-
tions of large particles, there is a greater proportion of
nonfilming particles, and this is reflected in a higher
void content and a slightly higher surface roughness.
Below ~55 wt % LgSf particles, the continuous phase
of SmHd particles will not allow film formation. A
comparison of series 1 and 2 provides further insight.
Near V, (corresponding to 83.5 wt % large particles) for
both series, optimum packing is indicated by the low
values of void content. When the small particles are
film-forming (series 1), increasing the number of small
particles above V. has little effect. But when the small
particles are nonfilm-forming (series 2), the addition of
small particles—beyond the number required to create
a continuous phase in the void space between large
particles—leads to a higher void fraction.

Finally, we consider series 3 (a blend of LgHd and
SmSf particles). Previously, Eckersley and Helmer3
have pointed out that this type of blend is a poor film-
former, and our results are consistent with that finding.
Figure 10 shows an increase of both roughness and voids
upon the addition of LgHd particles. Above 55 wt %
LgHd particles, film formation does not occur. In
principle, one might expect film formation to be possible
as long as there are sufficient numbers of SmSf particles
to serve as a “glue” to hold the LgHd particles together.
Film formation with up to about 80 wt % large particles
would then be possible with this size ratio. However,
our AFM analysis (Figure 7) showed that clustering
between LgHd particles was unavoidable. Other work®
has shown that clusters of hard particles create inter-
particle voids that are filled extremely slowly (i.e., over
days) by a soft polymer matrix. Increasing the concen-
tration of LgHd particles thereby increases the void
concentration as determined by ellipsometry. The LgHd
particles, also apparent in AFM images at the polymer/
air interface, are expected to cause an increase in
surface roughness. The roughness data from ellipsom-
etry (Figure 10b) suggest that significant numbers of
large particles do not appear at the surface below a
concentration of ca. 30 wt %.

3.3. Optical Transmission. Ellipsometry analysis
is sensitive to the nanovoid volume concentration of a
film via its refractive index. Optical transmission mea-
surements, by contrast, are a way of probing the number
and size of air voids in a polymer film.2* Previous
workers?52% have used Rayleigh scattering theory to
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Figure 11. Predicted optical transmission of 100 um thick
films of a continuous medium with n = 1.5 and containing
spherical air voids (ny = 1.0). The volume fraction of voids (f,)
is taken to be 0.25 (—); 0.025 (— —) and 0.0025 (- - -).

relate optical transmission, T, to volume fraction of
voids, fy, via the relationship

N (—32n4r;°;fvd (mz _ 1)2

2 m?+ 2 ®)

where ry is the radius of the voids (assuming that they
are spherical in shape), d is the optical path length (i.e.,
film thickness), 4 is the wavelength of light, and m is
the relative refractive index equal to n/np, with ny being
the refractive index of air voids (ny = 1) and n, the
refractive index of the fully dense polymer (n, = 1.489
at 500 nm). Note that the number of voids per unit
volume, N, is related to f,

N = (6)

so that transmission measurements can, in principle,
be used to determine N provided that other parameters
are known. Equation 5 applies only for certain ranges
of void size and refractive index. We have tested its
applicability by measuring T over a wide range of 1 and
have found that the dependence of In(T) is somewhat
weaker than —A17* predicted by eq 5. Nevertheless,
optical transmissivity can be qualitatively?* related to
void size and concentration for these films.

Here we use transmission measurements to construct
a phase diagram that relates void content to the fraction
of large particles, just as elsewhere?10.16 transmission
measurements have been used to construct phase
diagrams for blend films. Figure 11 shows the optical
transmission predicted by eq 5, assuming a constant
volume fraction of voids with increasing radius. Regard-
less of the void fraction, transmission decreases with
increasing void radius. This figure also demonstrates
that, for a void radius of 30 nm, the film can be nearly
transparent, nearly opaque, or partially transparent,
depending on the void volume fraction (and hence the
number of voids per unit volume). In Figure 12 we plot
the transmission of films prepared from blends from
series 1, 2, and 3. All the films produced from blends of
soft particles (series 1) are optically transparent. At the
highest concentrations of large particles (above 80 wt
% large), there is a slight drop in the transmission.
Drawing upon the ellipsometry results, we can conclude
that although the void concentration is high, high
transparency is achieved from the void size being small.
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Figure 12. Optical transmission of bimodal blend films from
series 1 (a), 2 (O), and 3 (x) as a function of the concentration
(weight percent) of large particles. The symbols are the same
as used in Figure 10.

On the other hand, films prepared from series 2 (LgSf
and SmHd) have high transmission only at higher
concentrations of large particles. As the SmHd phase
is increased, the transmission decreases gradually,
which is consistent with more and/or larger voids being
present. Ellipsometry indicates an increasing void frac-
tion with an increase of the SmHd phase. The two
measurements are thus consistent with each other.

Samples from blends of series 3 (LgHd and SmSf)
have high transmission for lower concentrations of the
hard particles, which correlates with the low void
fractions measured with ellipsometry. As more LgHd
particles are added to the dispersion, the transmission
of the film is reduced. The void fractions measured with
ellipsometry for this series, however, are relatively low.
We suggest that the voids probably result from clusters
of hard particles and are relatively large in size. They
therefore scatter light significantly, so that the optical
transmission is reduced. But the overall fraction of voids
in the film is low because the relatively small number
fraction of LgHd particles are surrounded by a continu-
ous, void-free phase of SmSf particles. This interpreta-
tion of the optical data was formulated from observa-
tions of film morphology shown in section 3.1.

3.4. Dynamic Ellipsometry Analysis. Until this
point, we have described analysis of films after their
formation. We have also used dynamic ellipsometry
scans to probe the morphological changes during film
formation for blends in each of the series. Figure 13
shows the raw ellipsometry data from a typical dynamic
scan obtained during the film formation of a sample
prepared from a monomodal LgSf latex dispersion. The
two ellipsometric parameters, W and A, are plotted as
a function of time (where time zero corresponds to
casting the wet latex on the substrate). Both W and A
change substantially within approximately the first 30
min and then evolve at a much slower rate. The region
over which the parameters change most abruptly cor-
responds to the onset of optical clarity, which is usually
interpreted as marking the point of film formation. At
earlier times, water is the continuous phase in the latex.
At later times, there is a continuous polymer layer.

The raw ellipsometry data shown in Figure 13 can
be inverted to obtain the complex pseudo-refractive
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Figure 13. Typical dynamic ellipsometry scan of a film
prepared from a latex dispersion of soft particles with a
diameter of 300 nm (LgSf). The ellipsometry parameters, W
(x) and A (O), are plotted vs time after latex casting and while
film formation proceeds. Data were obtained using a wave-
length of 500 nm was and ¢, of 56°.

index, ON[J as a function of time, as shown in Figure
14. Note that INO= mO+ k[ where MOis the real
component of the pseudo-refractive index and [k[is the
pseudo-extinction coefficient. The pseudo-refractive in-
dex is obtained directly from the ellipticity, p (a complex
number)

4p . 2 1/2

IN[= N [tan ¢,|1 — ————sin ¢, (7)
(1+p)
where N,[is the complex pseudo-refractive index of the
ambient medium, which in our case is air with IN,[=
ho[0= 1. INOcorresponds to the refractive index of the
semiinfinite medium leading to the measured ellipticity.
Since in the case of latex films, the index is expected to
vary in the direction normal to the surface, the pseudo
index can be considered to be an effective value that is
a function of void content, composition and surface
roughness. The real component of the pseudo-refractive
index, C]will increase with increasing film density and
with decreasing void size, both resulting from particle
coalescence. A large imaginary component, [k[J usually
indicates a rough surface?” and will therefore decrease
as the film becomes smoother. The value of k(in a
dense, optically clear film with a smooth surface is O.
Thus, the pseudo-refractive index of a latex provides
gualitative information on the evolution of surface
roughness and air voids as influenced by particle
deformation during the process of film formation.

Figure 14 compares the thJand [k(Odevelopment of
the monomodal LgSf latex to a blend with the addition
of only 1 wt % SmSf particles. In both, mCstarts off at
the value of the refractive index of water (1.33), as would
be expected since water is the primary phase at the
surface during the early stages of film formation. As
water evaporates, particles become more concentrated,
causing an increase in the film density that is reflected
by the increase of thl] After about 20 min, drying nears
completion, and the film becomes optically clear. In both
the monomodal latex and the blend, th[Cdecreases as kO
increases. Our previous microscopy has indicated that
freshly formed films do not consist of fully coalesced
particles but have significant interparticle voids. The
decrease in hlis consistent with the replacement of
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Figure 14. (A) Pseudo-refractive index (M) and (B) the
pseudo-extinction coefficient (kD) as a function of time after
latex casting for three different films. One set of data (shown
by ¢) was obtained from the raw data shown in Figure 13 for
LgSf particles. Data obtained from the same particles film-
formed at 60 °C are shown for comparison (O). Date obtained
from a bimodal blend of 99 wt % LgSf and 1 wt % SmSf
particles (a) are also plotted. All experiments were performed
with a wavelength of 500 nm and ¢, of 56°.

water—initially present in the interparticle space — by
air voids. Since h{is a combination of the refractive
index of the polymer (n = 1.489 at A = 500 nm) and air
(n = 1), an increase of air voids causes a reduction in
hJ The decrease of [M[corresponds to the lateral
passage of the drying front in the film. The minimum
in m0is attributed to the completion of water evapora-
tion. Thereafter, the particles are expected to eliminate
the voids, provided that the particles are deformable.
Coalescence of particles is indicated by a very gradual
increase of th[over several hours (coalescence front). h[
of a film prepared from LgHd particles, measured by
ellipsometry immediately after the water is evaporated,
is ~1.2. After this film is aged at room temperature for
4 days, mCincreases to 1.41, which can be explained by
a decrease in void content caused by particle coales-
cence. With further aging of the film, the refractive
index is expected to eventually reach its maximum value
(1.489 at 500 nm), when all the voids are eliminated
and the film is fully dense.

With the addition of just 1 wt % small particles,
Figure 14 shows that 0h{Jdecreases less upon film
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Figure 15. hOduring the film formation of bimodal blends.
Plots in (A) show data from a blend of 92.0 wt % LgSf and 8.0
wt % SmST particles (series 1) (a) in comparison to 90.3 wt %
LgSf and 9.7 wt % SmHd particles (series 2) (x). Plots in (B)
show data from blends of 83.5 wt % large and 16.5 wt % small
particles in series 1 (a) and series 2 (O). The same axes and
symbols are used for parts A and B for ease of comparison.

formation and [kOincreases less. This finding is consis-
tent with fewer interparticle voids and a smoother
surface caused by small particles packing around the
large ones.

As a means of testing our interpretation of the data
from dynamic scans, we compare the results from film
formation of monomodal LgSf particles at room tem-
perature to what is obtained at a temperature of 60 °C
(40 °C higher than the minimum film formation tem-
perature). At the elevated temperature, void coalescence
is expected to proceed at an enhanced rate. Figure 14
shows that, in this case, [mOincreases throughout film
formation. This steady increase provides evidence that
there is not significant void formation accompanying
water loss. After 55 min, the index is close to the value
of the fully dense polymer (1.489 at 500 nm), indicating
that particle coalescence is nearly complete.

Figure 15 illustrates the effects of substituting SmHd
for SmSf particles in bimodal blends containing ap-
proximately 91 wt % large particles (Figure 15A) and
83.5 wt % large particles (Figure 15B). The same ver-
tical axes are used in these two plots for ease of com-
parison. In the blends of series 1 (LgSf and SmSf), there
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is a general upward trend in hOduring film formation.
With 8 wt % SmSf particles, there is a slight decrease
in MOat the onset of film formation, which can be
interpreted as a result of air void formation. Quickly,
however, [h{ increases again, probably as particle
coalescence proceeds and voids diminish. With 16.5 wt
% SmSf particles, in comparison, there is no evidence
for a separate drying and coalescence front. Instead, [h[J
increases throughout the process and it quickly attains
a value of ~1.47, which is close to what is expected for
a fully dense film. This more efficient film formation is
consistent with the measurements of void concentration
presented previously in Figure 10. This finding comple-
ments the weight loss measurements performed by
Peters et al.1® According to their result, at a concentra-
tion of 20% SmSf, there is a continuous and linear
increase of the drying rate with increasing solids
percentage. They suggested that there is therefore a
single drying mechanism for this blend, just as we find
that there is a continuous change in optical constants.
In monomodal systems and other blends, on the other
hand, the drying rate changes after a certain solids
concentration. The authors considered Croll's model of
drying?® and interpreted the change in the drying rate
as a result of the transition layer (with small amounts
of water in a porous structure) reaching the substrate.
In the present work, we find evidence for voids at the
surface, as expected in the Croll model.

In the blends of series 2 (LgSf and SmHd), the
efficiency of film formation, as indicated in Figure 15,
is not as high. With both 9.7 wt % and 16.5 wt % small,
hard particles, a significant drop in Oh{Jsuggests the
formation of air voids with the drying of water. With a
greater concentration of small particles (near V; where
the small particles form a continuous phase), the index
drop is lower, which probably is because there is a lower
concentration of voids. It should be noted that the scans
of series 1 and series 2 blends differ dramatically, but
their differences cannot be attributed to differences in
either particle size or in concentration. The only differ-
ence between the two series is the relative hardness of
the small particles.

Figure 16 likewise compares the film formation of two
different series. Bimodal blends containing approxi-
mately 50 wt % large particles are compared: one
composed of LgSf and SmSf particles (series 1) and the
other composed of LgHd and SmSf particles (series 3).
A scan obtained from monomodal SmSf particles is
shown for comparison. As expected, the monomodal soft
particles form films with maximum density almost
immediately upon water evaporation, as indicated by
the sharp rise in hto about 1.49. With the addition of
50 wt % LgSf particles, AFM analysis reveals a matrix
of coalesced small particles surrounding isolated large
particles. Figure 16 shows that the behavior of this
blend is nearly identical to the monomodal latex. The
small particles apparently dominate the film formation
characteristics by making a dense continuous phase,
and LgSf particles do not interrupt it. In contrast, a
similar concentration of hard particles has a substantial
impact on the film formation. There is a marked drop
in MmOat the onset of film formation, which can be
explained by voids being formed within clusters of LgHd
particles, as observed with AFM.

4. Further Discussion

The dynamic ellipsometry analysis of films prepared
from bimodal blends of soft particles during the early
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Figure 16. [mOduring the film formation of bimodal blends
and a monomodal small latex dispersion. Plots show data from
a blend of 56.0 wt % LgSf and 44 wt % SmSf particles (series
1) (a) in comparison to a blend of 50.0 wt % LgHd and 50.0 wt
% SmSf particles (series 3) (a). Data from a monomodal latex
of 50 nm soft particles (SmSf) is shown for comparison (+).

stages of film formation reveals significant differences
as the concentration of small particles is varied. Com-
parison of the data in Figures 14, 15, and 16 allows one
to see the trend in series 1 blends with increasing
concentrations of LgSf particles. When the concentration
of small particles is above V., such as in the 56 wt %
LgSf/44 wt % SmSf blend (Figure 16), there is a sharp
and steady increase in OhOnear the end of the drying
period. At the end of drying, a plateau value of 0h[]
corresponding to the value of a dense film, is obtained.
At concentrations of SmSf particles below V, e.g., 8 wt
% (Figure 15A), 1 wt %, and 0 wt % (Figure 14), there
is a clear drop in MCupon completion of drying, possibly
indicative of the formation of air voids with water loss.
This drop is followed by an increase in [hover time,
which results from the decrease in void concentration
caused by particle coalescence. This so-called coales-
cence front is most obvious in the 92 wt % LgSf/8 wt %
SmSf blend in which the drop in thOis small and is
followed immediately by a sharp rise. At or above a
concentration of 16.5 wt % SmSf particles, which is
approximately the value of V. for this size ratio, (h{J
increases steadily with time and shows no evidence for
a separate drying and coalescence front. The high value
of mCthat shows a very slight increase over time, which
is observed in Figure 15B, indicates that, although low
in concentration, voids close over time. AFM and SEM
analysis of this film morphology reveals efficient film
formation, in support of the ellipsometry data. In all
cases in which there is evidence for voids, [hOand kO
change steadily with time. Thus, the initial differences
between latex blend films narrow with passing time.
Dynamic analysis of series 2 films (LgSf and SmHd
particles) reveals that for all of the samples analyzed,
a drying front (defined by a drop in [} is followed by a
coalescence front (defined by a gradual rise in h[). This
result indicates that air voids develop during the drying
of particles. The volume fraction of voids is a function
of the concentration of small particles. At a concentra-
tion of 16.5 wt % SmHd particles, the magnitude of the
drop in M and hence the void content, is minimized.
Variable angle ellipsometry provides a reliable, quan-
titative measurement of both surface roughness and
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Figure 17. Schematic illustration of various morphologies in
bimodal blend films based on LgSf particles (series 1 and 2)
above and below V. for this size ratio. The particle sizes are
not drawn to scale.

void content that is consistent with these findings from
the dynamic scans.

Our conclusions for films containing LgSf particles
(series 1 and 2) are summarized in Figure 17. When the
concentration of small particles is at or above V., the
large particles do not deform from their spherical shape
but are separated from each other by small particles.
The film formation behavior of the small particles then
determines the void content in the film. When the
concentration of small particles is below V., the inter-
particle space of the large particles is not completely
filled by the small particles. Consequently, with both
hard and soft small particles, voids are present in the
film, but even more so with the former.

When the small particles are soft, they form a
continuous matrix at concentrations above V.. In con-
trast, when the small particles are hard, they introduce
new voids at concentrations above this value. Thus, with
the addition of SmHd particles to LgSf particles, there
is a gradual transition from the situation in which voids
between the partly deformed, 300 nm particles are
dominant to a situation in which a greater number of
small voids between 50 nm particles is dominant. With
16.5 wt % SmHd particles, which is near V., the voids
concentration due to the two types of particles achieves
a minimum.

Figure 18 compares the morphologies of series 3 films.
Clusters of hard particles create air voids and subse-
quent film opacity. Clustering of large, hard particles
has also been observed elsewhere.®162° Tang et al.?®
correlated the extent of cluster formation with the
concentration of carboxyl groups at poly(styrene) par-
ticle surfaces. A higher concentration of carboxyl groups
(e.g., 77% coverage) resulted in an increased amount of
cluster formation. We saw no evidence for the clustering
of LgSf particles, but we are unable to provide an
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Figure 18. Schematic illustration of the clustering of LgHd
particles in a blend with SmSf particles (series 3) leading to
the creation of large air voids.

explanation for the differences observed. If LgSf par-
ticles were to cluster, however, particle coalescence
would cause a gradual decrease in the void size formed,
while hard particles create larger, longer-lasting voids.

We recall that a number ratio of large to small
particles of 1:1 is required to achieve a colloidal crystal
with the sodium chloride or zinc blende structures. With
the particle size ratio of 6:1 used here, such a crystal is
geometrically feasible, provided that there are about 99
wt % large particles (as required for a 1:1 number ratio
according to Table 2). Our ellipsometry analysis of 99
wt % large bimodal blend films reveals a significant
fraction of voids, thereby indicating that the optimum
packing of a colloidal crystal was unsurprisingly not
achieved.

Finally, we consider why ellipsometry indicates sig-
nificant void content in monomodal LgSf films but much
less in SMST films. The driving force for film formation
is proportional to the inverse of the particle size,
according to descriptions of film formation driven by
capillary forces.! The greater curvature and higher
surface area of small particles are expected to encourage
film formation and thereby lead to films with lower void
content. Previous workers®30:31 have demonstrated that
smaller particles have a lower MFT for these reasons.
Moreover, Sperry and co-workers,3! using a geometric
argument, have proposed that it should take a longer
time for voids to close in a latex film based on larger
particle sizes. In light of these past results and theoreti-
cal work,%? in latex dispersions of larger particles, poorer
film formation and a greater void fraction at a given
time are expected in comparison to an identical latex
with smaller particles. Thus, polymer particles with the
same glass transition temperature and presumably the
same mechanical properties but with different sizes (i.e.,
LgSf and SmSf) form films with differing void concen-
trations. Blends dominated by LgSf particles have a
high void fraction, whereas films containing a fraction
of SmSf particles greater than V. have a much lower
void fraction, as seen for series 1 in Figure 10. Increas-
ing the SmHd particles of series 2 above about 16.5 wt
% (i.e., above V,), in stark contrast, leads detrimentally
to higher void content.
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5. Concluding Summary

We have presented evidence that achieving the criti-
cal volume fraction of small particles required for
continuity in bimodal latex blends can be correlated to
the creation of a film with low void content. For the ratio
of large:small diameters studied here (ca. 6:1), above a
volume fraction of small particles of about 0.18, a theory
of continuity predicts that a continuous phase of small
particles is formed. At about this same fraction of small
particles in bimodal blends of soft particles, we find a
transition between films with higher void contents and
those with lower void contents. If the small particles
are hard (i.e., non-film-forming), the void fraction at-
tains a minimum at V.. At higher concentrations of
SmHd particles, instead of merely filling the void space
between the large particles, the small particles create
additional voids in the matrix surrounding the large
particles. Additionally, films cannot be formed with high
weight fractions of large hard particles. At relatively low
concentrations (30 wt %), the hard particles form
clusters that create air voids and nanocracks. It is
therefore not possible to obtain a film consisting of
isolated large hard particles surrounded by a matrix of
film-formed soft particles at the V. value of ca.18 wt %.
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