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Stellingen

De vaak praktische aanpak van problemen door de verfindustrie, wordt zeker gekenmerkt
door haar termen nagelhard, duimvast en stofdroog. Om deze problemen beter te kunnen
karakteriseren cq. oplossen is een wetenschappelijker aanpak noodzakelijk

'OSV, Verfkroniek 64, 250 (1991)

V;I.J . Nijveld, A.F. Ross, De Praktische Controle van Droging, Verfkroniek 57, 424

(1984)

De benaming "Minimale Filmvormings Temperatuur” is misleidend, omdat deze parameter
niet het filmvormingsproces van een drogende latexfilm karakteriseert, maar alleen
die temperatuur waarbij de gedroogde latexfilm, onder standaard condities, homogeen
en transparant wordt.

Dit proefschrift

De invloed van deeltjesgrootte op de MFT kan grotendeels verklaard worden door de
verschillen in het lichtverstrooiingsgedrag van latices met respectievelijk grote en
kleine deeltjes.

Eckersley, S.T., Rudin, A., J. Coat. Techn. 62, 89 (1990).

Jenson, D.P., Morgan, L.W.,, J. Appl. Polym. Sci. 42, 2845 (1991).

Dit proefschrift

De interne grenslagen die na de coalescentie van de latexdeeltjes nog zichtbaar zijn
zullen pas verdwijnen wanneer de emulgatormolekulen migreren of oxideren.
Dit proefschrift
Chevalier, Y., Pichot, C., Graillat, C., Colloid Polym. Sci. 270, 806 (1992).
Bradford, E.B., Vanderhoff, J.W., J. Macromol. m. 1, 335 (1966).

In het algemeen wordt vaak - het isotrope deformatiemechanisme toegepast voor de
beschrijving van latexcoalescentie. Dit is niet juist, want de Ilatexdeeltjes
coalesceren volgens een bi-axiaal mechanisme.

Dit proefschrift

Bierwagen, G.P., J. Coat. Techn. 51, 117 (1979).

Kendall, K., Padget, J.C., Int. J. Adhesion and Adhesives 1, 149 (1982).

"Chemische"” stoffen die op zichzelf niet milieuvriendelijk zijn, kunnen toch als
milieuvriendelijk aangeduid worden indien zij de levensduur van schaarse, natuurlijke
produkten verlengen. -

De internationale gemeenschap is pas echt geinteresseerd in mensenleed wanneer ook
irote economische belangen een rol spelen. Doet zo een situatie zich voor, dan worden
osten nog middelen gespaard -om de crisis het hoofd te bieden.
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Om de bezettingsgraad van computers te verminderen, zouden computers niet meer van

een kleurenmonitor voorzien dienen te worden.

Muziek is een kunstvorm die berust op het ordenen en harmoniseren van klankfenomenen.
Daarom kan, in sommige gevallen, de hedendaagse electronische "popmuziek” niet meer
tot deze kunstvorm worden gerekend, omdat in deze gevallen alleen nog maar sprake is
van ordenen van klanken.

Webster’s Third New International Dictionary of the English Language (1986)

Grote Winkler Prins, Encyclopedie, achtste druk, Elsevier (1980)

Rotterdam termination source, Midtown : Poing, Poing, Poing ....

Het kennisniveau van een afgestudeerd HTS- (mu TH) en TU-ingenieur verschilt op dit
moment niet zo veel meer. Echter, andere minstens zo belangrijke aspecten van de
opleiding als zelfstandigheid, inzicht, overzicht en kennisaccumulatic liggen bij een
TU-ingenieur op een veel hoger niveau dan bij een HTS-ingenieur. Daarom is het
egaliseren van HTS- en TU-opleidingen niet juist, omdat dit altijd ten koste zal gaan
van de kwaliteit van de TU-ingenieur.
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CHAPTER 1
INTRODUCTION

1.1. GENERAL INTRODUCTION

The study described in this thesis was performed as part of an innovation oriented
research program funded by the Dutch government, called "Onderzoeks
Stimuleringsprogramma Verf (OSV)" to support the paint industry in The Netherlands. The.
objective of the program was to introduce the scientific approach to help solving the
normally very practical problems of the paint industry [1,2]. To get industrial
attention for the program, the choice was made that all projects had to be focused on
aqueous dispersion coatings. Because of the limited budget of the program only five
projects could be supported, which already started in the period of 1986-1987. The five
projects were carefully chosen in order to investigate the complete spectra of problems
involved with aqueous dispersion coatings. The projects varied from the synthesising of
aqueous dispersion coatings to the intrastructure of the coalesced polymer particles in
thin films of dried dispersion coatings. Normally, industrial aqueous dispersion
coatings consist of many components. This often leads to a very complicated macroscopic
behaviour, where the influences of the different microscopical properties are not
easily accessible for the interpretation of the macroscopic properties. Therefore, the
research was done on less complicated systems, in which only basic components were
varied to get a better understanding of the macroscopic properties of the dried coating
from changes in microscopic properties like particle interactions (polymer particles,
pigments and additives), latex morphology, latex coalescence and autohesion.

Evaluation of the research program OSV at a conference (The Netherlands, Rhenen, 21
March 1991 [3,4]) proved that the accomplished scientific results are of great
importance for the better understanding of problems involved with aqueous dispersion
coating. Therefore a new and much larger innovation oriented research program,
Innovatie gericht Onderzoek Programma Verf (IOP-Verf), has been set up. This IOP-Verf
program started in the beginning of 1992 with an initial budget of 5 million dollars
for a period of two years [5].



1.2. THIS THESIS

This thesis concerns the study of the process of film formation of drying thin films
of acrylic latices by means of turbidity measurements. Turbidity determines the extent
of the attenuation of a light beam which passes the latex film. The turbidity of non-
absorbing media is caused by scattering and interparticle interference. The aim of this
study ' is to determi‘ne ‘the factors that define the process of film formation of binder
particles in drying aqueous dispersion coatings, based on acrylic polymers.

The film formation process of latices involves the physical processes that play
important roles after the application of the latex to a surface until the complete
drying and ageing of the applicated latex coating. The physical processes involved are
for the water component diffusion and evaporation and for the polymer and the
stabilizer component flocculation, coalescence and autohesion. Autohesion involves the
- processes by which the internal interfacial boundaries disappear between the deformed
latex particles. Some of these physical processes are of very different nature and some
will interact during the film formation process. Because of this multi-disciplinary
character of the film formation process of latices it will be rather complicated to
investigate the influences of the microscopical physical properties on the
macroscopical behaviour of the dried coating.

This thesis will be focused on the process of coalescence and autohesion during the
film formation process of a drying latex film, because very little is known about the
mechanisms that operate during the coalescence and the autohesion process.

In order to study the coalescence process of the particles in drying films of very
concentrated latices, it is necessary to determine the sizes and the spatial
arrangement of the latex particles. In Chapter 2, a technique is described, which
determines from the turbidity of a thin latex film, the particle size, interparticle
displacements and stacking of the latex particles. The technique is based on the
scattering and interparticle interference properties of concentrated thin latex films.
The interparticle interference and scattering can be described with the multilayer
interference theory and Rayleigh scattering theory respectively. Some experiments will
be discussed, which support the hypotheses developed by the theory. These experiments
were done on static systems, whereby the latices are fixed between two plane parallel
quartz plates to exclude the influence of water evaporation. The results of these
measurements were verified with other particle size measurements and imaging
techniques, like QELS, SF3, TEM and SEM.

Typical interference patterns measured during the film formation process, will be




discussed of latex films which were dried above and below the minimal film formation
temperature (MFFT). In chapter 3 these specific interparticle interference patterns are
subjected to a more detailed investigation. This results in detailed information about
the regularity of the interparticle structure during the drying process of the latex
film, the critical interparticle distance at which the flocculation process is
initiated and the size of the stabilizer layer around the latex particles.

Theoretical descriptions of deformation and autohesion of the latex particles during
the drying and ageing process of a thin latex film can be found in chapters 4 and 5.
The coalescence theories are used to relate the turbidity behaviour of drying thin
latex films with the (visco)elastic properties of the dried latex film, which were
measured in a DMTA. The interparticle interference change in a drying latex film is
related to the interparticle distance and displacement. When the latex particles
coalesce the interparticle distances become smaller. This means that the change in
interparticle interference from this point on is related to the indentation of the
latex particles. From the typical behaviour of the interference patterns of drying
latex films the mechanism by which the latex particles deform can be determined.

When the latex particles are completely coalesced the film becomes transparent.
However, when this film is immersed into a 0.1 N HCI solution, the remaining internal
interfacial boundaries between the adherent binder particles will swell, which
regenerates an interference pattern. The regenerated interference pattern is related to
the size and number of the swollen interfacial boundaries. It is tried to relate the
turbidity behaviour of swollen latex films with the autohesion theory. Experimental
evidence will be demonstrated, which supports some of the hypotheses underlying various
theories (see chapter 5). These preliminary measurements give a good describtion of the
internal interfacial boundaries that remain in dried latex films.

In the literature MFFT measurements are often used to compare the film formation
properties of different latices. This MFFT is defined as the drying temperature at
which the drying latex film becomes homogeneous, transparent and crack free. The MFFT
is determined by the visual interpretation of the transparency of dried films. The
visual transparency is related to the concentration and the sizes of the remaining
interstices in the dried latex film. Because the sizes of the interstices are related
to the size and the extend of the deformation of the latex particles, it is evident
that larger particles need to coalesce more than smaller particles to get evenly
transparent latex films (see Chapter 4). It was found that the MFFT strongly depends on
the wave-length when the transmittance of dried latex films is used to evaluate the
MFFT.



Core-shell morphology in latices has been used to improve the latex coalescence and
the elastic properties of the finally dried latex film. When the core consists of a
hard polymer and the shell of a soft polymer, then it was expected that the latex
coalescence will mainly be determined by the shell material, whereas the firmness of
the finally dried latex film will depend on the elastic properties of core material in
a continuous phase of shell material.

Chapter: 6 is focused on the core-shell (PS-PBMA) characterization by turbidity
measurements. Also other techniques are used, like TEM, DSC, MFFT, QELS and Soap
titration to support the turbidity measurements and to get a better insight in the
core-shell morphology of the two-staged polymerized latex particles. Combinations of
the results of these techniques with the changing interparticle interference patterns
during latex coalescence gave detailed information about the mechanism of coalescence
of core-shell particles in relation to the (visco)elastic properties of the dried latex
film.

References
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CHAPTER 2

INTRASTRUCTURE OF THIN FILMS OF
ACRYLIC LATICES DETERMINED
WITH TRANSMISSION SPECTROPHOTOMETRY.

This chapter relates the turbidity behaviour of thin latex films with physical
properties of the latex. It is focussed on the intrastructure in films of concentrated
acrylic dispersions. In concentrated latices the binder particles are arranged in
closely packed structures, which cause coloured light patterns, due to Bragg
diffraction [1-3,22]. Light waves travelling in the latex film are scattered at the
internal structures of the spheres and the water voids. The pattern of the light -
transmission as a function of wave-length reveals the internal structure of the latex
film. The influence of weight fraction, particle size, particle size distribution and
film thickness on the transmission pattern has been investigated. The results are
verified with other particle-size measurements and imaging techniques.

2.1. INTRODUCTION

In order to study the coalescence process of particles in drying concentrated acrylic
dispersions, it is necessary to determine the particle sizes. Techniques by which
particle sizes in the mesoscopic area (50-500 nm) can be measured are Transmission
Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), Sedimentation Field Flow
Fractionation (SF3), Quasi Elastic Light Scattering (QELS) [4] and Turbidity/
Transmission [S]. The main disadvantage of the first four techniques is the destruction
of the latex structure as a result of the necessary complete drying or dilution of the
latex.

In this study a transmission technique will be demonstrated. With this technique a
transmission spectrum is measured, i.e. the transmission (7) of light through a thin
latex layer is measured as a function of the wave-length (A). This is a non-destructive
technique by which latices can be characterized during the drying process. Much
literature exists on the optical properties of latices. The literature that describes
the optical properties of very concentrated aqueous latices is limited [1-3,5,16-22].
Recent work is concentrated on colloidal silica particles in benzene or cyclohexane



[22-27] and on diluted aqueous latices [27-31].

In non-absorbing media transmission of light is, in general, prevented to some extent
by scattering. In media with a regular structure the transmission may also be prevented
by interparticle interference, which is strongly dependent on the wave-length. In that
case a sharp minimum in the transmission spectrum arises. An example of such a spectrum
is shown in Fig. 2.1.
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Fig. 2.1 Typical transmission spectra of latex (c9) films.
1-Vr=060 dy=13um, 2 - VF= 045 d; = 18 ym.

The interparticle interference is given by Amip, Timin, from which the particle size
and their mutual distance can be calculated, provided the packing structure of the
latex is known. Spectrum (1) is that of a latex with a polymer volume fraction of 0.60
and spectrum (2) of 0.45. The increase of polymer concentration decreases the
interparticle distance between the latex particles, so that the shift of the
interparticle interference is related to the decrease of interparticle distance.

In order to obtain an interference pattern as shown in Fig. 2.1, the latex has to
satisfy the following criteria :

a) narrow particle size distribution; |

b) high volume fraction (V) of particles (to get a stable packing);

c) small film thickness (d)) (low degree of scattering);

d) difference between refractive indices of solvent (ng) and polymer (np).

In this study multilayer interference is used to characterize drying latex
dispersions, and Rayleigh scattering to describe the ultimate drying of the




dispersions, where the scattering is caused by the water interstices between the
deformed polymer particles in the nearly dry medium.

2.2. THEORY
1
Transmission is defined as T = A where I, is the intensity of the incident light,
0

and I, the intensity of the transmitted light. If the reduction in the transmission is
caused by scaftering and interference the experimental results of the section 2.5 can
be described with the aid of :

(a) Fresnel’s regular reflection theory [6];

(b) Multi-layer interference theory [7-10];

(c) Rayleigh and Mie’s scattering theory [6,11,12].

The theoretical part of this study is focused first on transmission and reflection in
a multilayered structure and secondly on light scattering by particles which are small
compared to the wave-length.

2.2.1. Multilayer Interference

The transmission and reflection in a plane parallel transparent layer of thickness A
and with an absolute refractive index n, is schematically shown in Fig. 2.2. It
represents a polymer particle layer with a thickness A being directly proportional to
the characteristic structure-length of the packed polymer particles in the latex.

It

Fig. 2.2 Light interference in a plane parallel transparent layer.



As a result, light beam I will interfere with light beam 2 at point c. If the optical
path-length difference equals (é-i-k).)« (k=0,1,2..), both beams are in opposite phase and

the transmission will be minimal. In principle, the phase difference (¢) is given by :

¢ = = (2.nfab] - fec]) = f’ﬂ.[

n

> ¥

- tan iy.sin i 1
A |cos iz 2 22] M

Substituting Snellius’law (i.e. sin iy = n.sir i) into Eq.(1) we obtain:

4.n.A.n.cos i

For a given plate thickness (4) minimal transmissions are obtained for:

Pmin = QC.k+1).n k=0,1,2..
4.A.n.cos iy
Amin = —55—5— k=0,1,2..
n 2.k+1 ’ 3

In Fig. 2.3 part of a multilayer system is demonstrated schematically. It represents
the lamellar phase of the latex, where polymer particle layers are separated by water
layers. It consists of 2k+1 layers of alternatively low and high refractive indices,
sandwiched between two relatively thick glass plates.

Ee | E;

aji/

Fig. 2.3 Light interference in a multilayer system.




In the multilayer interference theory [7-10] a system transfer matrix (mjj) is
defined in the absence of absorbence :

+ - +
Ee + Ef mjp] mj2 E;
+ _ = * (4)
e|Ee - Er m21 m22| |, ET

where the system transfer matrix is the result of the multiplication of the transfer
matrices of (2k+1) layers :

i,
mip miz| Zk]:ll-l cos ¢; ;j sin ¢; 5

m2;  m22 Jj=1 iuj.sin ¢j  cos ¢

where :

ET = the electric field vector of incident light
E, = the electric field vector of reflected light
E'}' = the electric field vector of transmitted light

i =dT
¢j = the phase shift for the jrh layer :

2.n.n;.d;.cos i;
¢ = 7 J ©)

A
where nj = absolute refractive index of the jrh layer
dj = thickness of the jth layer.
ij = angle of incidence of the jth layer
For S-polarized light :
Mj = nmj.cos lj @)
and for P-polarized light :
Mj = 1y / cos 11 ®)
Hence, for normal incidence B = 1y whereas p; and pp are, for normal incidence, the
refractive indices of the glass plates (ng).



Eq. (4) can be rearranged to:

- - ~ -1
E, mpp - “elo#t~m22 + ppmp2 - e .m2g
F—— = _1 - ©
Ee mi] t e -mp.m22 * upmpp + pe.mz]
As the reflection coefficient is given by R = r2, we obtain for the transmission

coefficient of non absorbing media :

T=1-R=1-7P=1 -[E;/Ej]2= [E}L/ Ej]z (10)

If the thickness of the constituent polymer and water layers dp and dp as well as
their absolute refractive indices np and np are known, then by combining Eqs. (4) and
(5) and (10), we obtain a relationship between the number of layers (2k+1) and the
transmission or the reflection coefficient. For normal incidence ij=0, Mj=n; and

Me=ur=ng. Moreover, inserting the special phase shifts ¢m,'n=(2k+1).1—2t (k=0,1,2...) or,
1
with k=0 so that nj.dj= Z.Am,-n, into Eq. (5). we obtain :

mpp =my2 =0

k k

np _ . ng

mjy = i(2k+1).[n—] .nel mp] = 1(2k+1).[;—] g (11
L h

Substituting Eq. (11) into Eq. (9) gives :

2 2 2
ng“.mjp2 - myj ng”. - n
. _" eff (12)

2 2 2
ng .mj2 + myp ng". + ngff

Where :
. 2.k
2 _ " 2

which is called the effective index of refraction at normal incidence of the light
beam.
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Combining Eqs. (12) and (10) we obtain, after some rearrangement :

2 _  21r _ 22—T-2J1-T
nefy = ngP s = ng? T (13)

Hence, the number of layers will be equal to :

2
ng” 2-1-2{1-T ny

2% = In —— / In [;;} 14)

ng

An example is given in Table 2.1, where the transmission, calculated with the aid of
Eq. (14), is given for various numbers of layers ( ng= 1.52, m= 1.33, np = 1.47). The
values of the measured transmission must be corrected for the outer boundaries
reflections (air/glass and glass/air); these (Fresnel) reflections [6] are given by

Ry = ((ng - D/ing + 1))?

Table 2.1 Influence of Number of Layers on Tyin.

2k+1 0 1 3 5 15 25 35 55 75
Tmin 0.993 0.983 0.947 0.896 0.534 0.234 0.097 0.014 0.002

2.2.2, Rayleigh Scattering
The attenuation of a light beam which passes a scattering medium, is defined by
Lambert-Beer’s relation [6,11] :

S=-dilmrT (15)

where § is the scattering coefficient, and dl the optical path-length in the sample. In

concentrated latices multiple scattering occurs. Penders [27] and Jansen [25] stated
that turbidity is not very sensitive to multiple scattering and that multiple
scattering only changes the angular distribution of the scattered intensity. Therefore
the turbidity may be calculated from the scattering theory of single-scattered light. A
lineair plot of In T versus path-length will not exclude the presence of multiple
scattering, but demonstrates only that multiple scattering (according to Lambert-Beer’s
Eq. 15) is not important. Figure 2.4 shows an experiment, where In T is given as
function of path-length (film thickness) and wave-length (latex c9 table 2.III). This
figure shows linear relations, which means that multiple scattering is not important,

I1



In (T) (=)

Wy = 0482

0 50 100 ' 150
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Fig. 2.4 Influence of film-thickness/ wave-length on transmittance
of latex (c9). o = 700 nm, + = 600 nm, A = 400 nm, * = 300 nm.

Mie’s theory yields a relationship between the scattering coefficient and the
properties of a monodisperse sample of isotropic spherical particles [6,11-13]. For the
conditions :

x < 0.8 and ep > 3.rp (16)
where x = 2.1t.rp/A
2.eP = interparticle distance
Mie’s theory yields as a solution :
§ = Npmrp’.Qsca o 4 [r s 2 a7
where Qsca = 3.x . m2+ 2
Ny =T numb ticlesim’
p =—3———3 (number of particles/m”)
3 .ﬂ.rp
m -= relative refractive index np/ns
ng = refractive index of solvent
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On substituting Eq. (17) into Eq. (15) we obtain the well known Rayleigh scattering
equation :

2
-32.n4.t'1,3.‘/fa‘1 m2-1

2

. (18)
7\4 m°+2

In Tmodel] =

This equation can only be used at low volume fractions of polymer particles, but the
principle can also be applied at higher volume fractions. Figure 2.5 shows a plot of
In(») against In(-In(T)), which reveals the wave-length dependence of the overall
transmission data of the latex ¢9 film (except for the interparticle interference
minimum). The data are fitted with the least squares method and resulted in a slope of
4.0 £ 0.1. This means that the Rayleigh wave-length dependence to the power 4 can be
used to describe the behaviour of this kind of latex.

Interparticle
interference min.

T-2;

Eal T
:‘5—3 -----
|

-4

— Wr= 0.482

T -5 dlz 9 um

6 T L T T T
5.6 2.8 6 6.2 6.4 6.6 6.8 7
—_— In (wave-length) (nm)

{
p

Fig. 2.5 Wave-length dependence of transmittance of thin latex(c9) films.
o = Experiment, ---+ = Curve fir

2.3. MODEL
The interference patterns are a consequence of the layered structure of the binder

particles. The most common packing structures for regularly arranged spheres of uniform
size are (see Fig. 2.6) : Hexagonal close packing (h.c.p.), face centered cubic packing
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(f.c.c.), body centered cubic packing (b.c.c.), simple cubic packing (s.c.p.) and
simple hexagonal packing (s.h.p.) with packing densities of 0.7405, 0.7405, 0.6802,
0.5236 and 0.6981 respectively [14,15]. The f.c.c. structure can be divided into two
repeating units viz. hexagonal (equal to h.c.p.) and cubic packing.

FCC BCC ScP

2e
Hexagonal Cubic

Fig. 2.6 Packing structures for regularly arranged spheres of uniform size.

2.3.1. The Particle Distance and Layer Distance
The relation between volume fraction . particle radius (rp) and particle distance
(Z.ep) is given by :

3
ﬂ.rp

= (19)
Cl.(rp + ep)

where the geometric constant Cj is given in Table 2.1I, along with Cy (Eq. 20) and C3
(Eq. 25).

The experimental value of A, of the interference pattern depends on the optical
layer thickness of the packing structure. So, Ay, is dependent on the distance between
the sphere layers (A4) perpendicular to the incident light beam (Fig. 2.6). For the
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mentioned packing structures 4 will be given by :
a=Cu(rp + ) (20)

where the geometric constant C7 is given in Table 2.11.

Table 2.11 Packing Structure Constants.

Structure C; Cz C3

1

hexagonal 32 }J—g 2{3
1

cubic 312 54'2‘ 4
1

b.c.c. = 4
c.c 3 3

s.c.p 6 1 4
1 1

shp. 4 ?I? 23

2.3.2. The Average Refractive Index

For the calculation of A, with the aid of Eq. (3), the refractive index of the
medium is needed. If we consider a system with N large molecules in a pure solvent,
then it is usually assumed that the polarizability of the large molecules is related to
the excess dielectric constant of the solution over that of the pure solvent (eps), )
that

(e—eps) = 4.n.y. NV = 4n.ay.c 21

For dilute solutions, we obtain :

de
oy = [ _]/(4.1:) (22)
ac

Since the optical dielectric constant e is equal to the square of the solution

refractive index, it is evident that n2 is proportional to the polymer concentration.
So that the average refractive index of a latex may be formulated as [10,32] :

n = Vf.np2 +(1- Vf).nsz = nsz + ‘?(nPZ - nsz) 23)
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This solution, however, is only an approximation for high concentrations of polymer.
Substituting Eqgs. (19), (20) and (23) into Eq. (3), we obtain :

+ k]-"min

r‘\)I —

T = 24)

Wl ~

- h'
2.Co.
C1-VA

.n.cos arcsin[sm ll]

n
The particle radius r, can be calculated from A, and Vr for the different packing
structures and the number of layers ( Eq. (14), whereby in this case ¢ = = (k=0);
np/hy, = ns/np and T=Ty,;p) -

Because the wave-length of the light beam, at which interference occurs, is much
bigger than the size of the polymer particles and the water interstices, the light beam
will pass the latex film as it would be a homogeneous medium with small perturbations
in optical density. These perturbations in a medium with a very regular structure can
be viewed as a variation in refractive index alternating gradually between a relatively
high and low value. A more sophisticated solution is needed to simulate the gradually
alternating refractive index of the latex film. The basis of the solution is the value
of the average refractive index (ny) over the cross-section of the packing structure
perpendicular to the incident light, in order to calculate A, and Tpy;,. The volume
fraction of spheres as function of the height x over a thickness Ax is given by (see

Fig. 2.6) :

é.n. I [rp2 - x2 dx
Vx,bx) = a e = - 2 [rpz- xz- XAx - .{? Azx] (25)
~.C3 [rp + ep] " J. dx 3. [rP + ep]

For the different structures the results for C3 are given in Table 2.1I. On letting Ax
tend to zero, we obtain :

Vax) = lim Ve.(bhx) = ——=  ~ 26
o) = Lim 26)




Substitution of Eq.(26) into Eq.(23) yields :

P

nx = ns )
C3.(rp + ep)Z

Figure 2.7 shows the change of n, across the hexagonal packing structure for various
fractions (Vp. When this ny-curve is approximated by two transitions in refractive
index (two steps), then Eqs (3) and (12) can be used to calculate Apip and Tiyip.
However, when the ny-curve is approximated by more transitions (multi steps), then the
ny-curves can be considered as representing a multilayered system. For each step the
results need to be substituted in the interference matrix which will give the system
transfer matrix over one layer Eq.(4). Then the transmission coefficient can be
calculated from the multiplication of these system transfer matrices over the number of
sphere layers. The calculations will be discussed in the section "Model results and
discussions”.

("p2 - n%) @n

3
- Mg —— two steps np
| ——— multi steps
1 |/_
2 [ ]
_ -
&
NS
E -
1- L
T() r s
1.3 1.4
. Nz

Fig. 2.7 Change of ny over the hexagonal packing structure.

2.3.3. Rayleigh Scattering Models

In order to fit the experimental results with the Rayleigh scattering theory the
following assumptions are made at high weight fractions: the water phase with polymer
particles inverts into a polymer phase with water particles (inclusions), the number of
inclusions is equal to the original number of particles (Np) and the relative
refraction index is defined as m™*= ns/np.
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We can distinguish two models, the first model is based on spherical inclusions with
a characteristic radius corresponding to the length z in Figure 2.8, the second model
is based on the projected area and perimeter, perpendicular to the incident light, of
the water inclusions (Fig. 2.9).

Fig. 2.8 The size (Z) of a water Fig. 2.9 Projection of a water inclusion
inclusion between three spheres. in a hexagonal packing structure.

Model 1. The length z in Fig. 2.8 is equal to :

z = Jé'(rl’"' ep)2 + epz (28)

This radius z seems to be arbitrarily chosen, but in comparison with experimental
results it describes the transmission very well. Rewriting Eq.(17) with rp = z and
m = m* and substituting this into Lambert-Beer’s Eq. (15), we obtain :

2
4.26. Vrdy m*2.1

3.4
p A

-32.n

In Tiodel] = 29)

m*2+2

The experimental results can be verified with a combination of the multilayer
interference model and the Rayleigh scattering model (1). Figure 2.10 shows the
influence of volume fraction on the transmission spectra, calculated with these
combined models. The change in refractive index over a sphere layer is approximated
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with 20 steps. Figure 2.10 shows :

a) the transmission increases, with increasing volume fraction of polymer because the
size of the interstices decreases;

b) the transmission minimum shifts to a lower wave-length, because the interparticle
distance decreases. The transmission minimum rises also, because the ratio between the
maximum and minimum value of the alternating refractive index over the sphere layer

decreases.
1
T ]
o]
kel 1
@ 0.5 Parameters
g 4 Steps=20
g i T, = 100 nm
& afl =5 um
T U U np-: 15
. 2
I ;
300 ' ' ' ' 800
—_ Wave-length (nm)

Fig. 2.10 Model calculations of transmission spectra.
1- V=040 2-Vr= 074

Model 1 is based om the assumption that the water inclusions in the array of

hexagonally packed latex particles are responsible for the scattering properties. The

characteristic size z (Eq. 28) gives the effective size of the scatterer, but 4/3.1:.13

represents only 1/3 of the total volume of water present in one inclusion. The
Rayleigh-theory is based on the Lorentz-Eq. [12], where the polarizability of a
scatterer depends on its volume. If the exact volume of the water inclusion is used,
the theory does not describe the turbidity behaviour of the concentrated latex films.
However, model 1 can describe the turbidity behaviour over a long range of
concentrations.

Model 2, also based on eq. 17, where the scattering coefficient of spherical

scatterers depends on the projected area (n.rpz) and the ratio of perimeter and wave-
length (2.m.rp/x). This principle is applied to the water inclusions in an array of
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hexagonally packed latex particles.

The triangular interstice between three spheres is given by “triangle" abc (Fig.
2.9). If a sphere is placed on top of these three spheres (hexagonally), this will give
three interstices more. These interstices are congruent to triangle abc, however
rotated around the axes mjmy, mpym3z or m3mj. The rotation factor is 1 /3, because the
angle between the base mympm3 and the sides of the pyramid is 70.5 degrees. In appendix
I the calculations‘ of perimeter and projected area are given. These calculations
resulted in Eq. 30. The difference between model 1 and model 2 is very small and will
be shown in the section Rayleigh Scattering models 2.5.3.

4 2
-2.4j.xj . Vyd) m*2.1

(30)
2

In Tnodel2 =

3.4
n.rp A +2

where A4; is the area of the projected inclusion and «; the primeter.

2.4. EXPERIMENTAL

Thin latex layers of various thicknesses were obtained by fixation of the latex
between two plane parallel quartz plates, separated by a spacer. The thickness of the
spacer could be varied between 6 and 55 wm. The influence of weight fraction of binder,
film thickness, particle size and particle size distribution and angle of incidence on
the interference patterns were investigated.

2.4.1. Materials

The latices (see Table 2.1II) were synthesized by DSM Resins Holland. The disperse
phase of the c-series consists of copolymers and terpolymers of butyl acrylate (BA),
methyl methacrylate (MMA) and methacrylic acid (MAA) in various compositions, whereas
the copolymer in the psl latex consists of styrene and styrene sulfonic acid.

Most latices are stabilized by either sodium dodecyl benzene sulfonate (SDBS) or
nonylphenol26 ethylene oxide (NF26éo). Dispersions ¢3 & psl are free of stabilizer (the
emulsifier was kindly removed by Dr. R. Struis, State University Leiden, The
Netherlands). The polymerizations were initiated by potassium peroxydisulfate. The
composition and physical parameters of the latices are given in Table 2.111.
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Table 2.1l Composition and Physical Properties of the Latices.

Latex c4 c5 c8 c9 clo c3 psl
MMA/BA/MAA (W»t%) 48/50/2 48/50/2 48/50/2 10/90/0 74/24/2 95/0/5 ---
SDBS 0.4 0 0.4 1.0 0 0 0
NF26eo0 0 0.7 0 0 0.9 0 0
Wj(- ) 0.494 0.482 0.497 0502 0.504 -- ---
PH 2.2 2.1 2.3 2.1 2.6 - ---
M.F.F.T. °C) 14 14 12
n (mPa.s) 330 30 30 60 30 - ---

p (Malvern) (nm) 70 122 110 99 157 76 64
Tq ©cC) 7 7 7 -45 50 >100 >100
p (kg/m ) 1120 1120 1120 1060 1153 1210 1045
np 1.482 1.482 1.482 1.477 1486 1.490 1.60

Wy = Weight fraction polymer; pH = -Log [H +], M.F.F.T. = Minimal Film Formation
Temperature; n = Viscosity latex; Ty = Glass transition temperature of the polymer; p =
Density polymer;, np = Refractive index polymer.

2.4.2. Influence of Weight Fraction on Transmission

Figures 2.11 and 2.12 show the influence of polymer weight fraction on the
transmission spectrum. The transmission spectra are shown for a large number of samples
of constant thickness (55 um) and composed of latices ¢9 (Fig. 2.11) and c10 (Fig.
2.12). At first the transmission decreases with increasing polymer weight fraction
(Figs. 2.11a/2.12a), but at a certain weight fraction the transmission increases again
(Figs. 2.11b/2.12b). The initial decrease of the transmission can be explained by the
increase of the scattering area with increasing polymer concentration. During the
drying process phase inversion takes place, so that water becomes the dispersed phase.
The simultaneous increase of the transmission is a result of the decrease of scattering
area with decreasing water content.

From Figs. (2.11b-8,9) and (2.12b-10,11) it is clear that the interference is
increasing. This is the consequence of a better arrangement of the polymer particles.
An increasing weight fraction of polymer causes the transmission minimum to be shifted
to lower wave-lengths (Figs. 2.11c¢/2.12c), as a consequence of the closer packing
structure of the particles.
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Fig. 2.11 Influence of Wy on the Fig. 2.12 Influence of Wr on the
transmission spectrum of latex (c9): transmission spectrum of latex (c10):

(a) 1=0.006, 2=0.010, 3=0.026, (@) 1=0.006, 2=0.011, 3=0.025, 4=0.054,
4=0.054, 5=0.103; (b) 6=0.173, 5=0.109, 6=0.162; (b) 7=0.217, 8=0.327,

7=0.285, 8=0.382, 9=0.430; (c) 9=0.382, 10=0.490, 11=0.540; (c)
10=0.475, 11=0.516, 12=0.587. 12=0.546, 13=0.588.

2.4.3. Influence of Weight Fraction on Ap,jp

Fig. 2.13 demonstrates the influence of the polymer weight fraction on Ayy. In
latices containing an emulsifier, a transmission minimum only appears at high weight
fractions, in latices without emulsifier, however, it appears already at low weight
fractions. Apparently the emulsifier shields off the electric double layer around the
particles, so that a stable packing structure can be achieved only if the particles are
forced to pack together, e.g., due to a high weight fraction. In the absence of an
emulsifier the double layer will be relatively large [1], because of the highly charged

surface of the polymer particles, due to the SO4 end groups of the polymer. As a result
of the electrostatic repulsions, which are extended to several particle diameters, the
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particles will be forced into a regular packing structure at much lower weight
fractions. This is in agreement with measurements by Hiltner et al [2], who reported
closely packed structures for weight fractions of 1 %.

It also appears that A,,;, strongly increases with particle size, hence, measurement
of A;yin provides a method to determine the size of the particles.

E 800+
- i ’ A\A
€
»<E X X\x\x
A
300
0 1

——==— Weight fraction
Fig. 2.13 Influence of Wron Apip : A = c4, X=c5 e =c8 mw =9,
A=cl0, o=c3 O=psl

2.4.4. Influence of Angle of Incidence on

_V‘\ Amin
A\\ Figure 2.14 shows the angle of incidence
B b

750

700 of the light beam on A,;,;,. With increasing

v angle of incidence A, decreases (just as

650 — \ can be expected for an interference
E J filter). This effect arises from the
£ ool ‘ decrease in optical path length difference
~ o\o in the packing structure.
D\u\
\o Fig. 2.14 Influence of the angle of
400 | n incidence on Apy:
0 20 40 Latex c10 v-Wg=0.51, 4-Wr=0.61
————sm— Angle (*) Latex c9 O-Wf =0.52, D-Wf=o.56
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2.4.5. Influence of Film Thickness on the Interference Pattern

Figure 2.15 demonstrates the influence of the layer thickness of the latex on the
interference. The film thickness, which varied from 6 to 25 pum, has hardly any effect
on Apn, but a tremendous effect on the overall transmission and on Tpjp. With
increasing film thickness the transmission and Tp;, decrease, which is due to.the
increase of the number of particles in the optical path, and to the increase of the
number of regular particle layers.

1
0 o — o———
f Eo oo omee—
2 o
13
2

o
£

0

400 550

———m=—  Wavelength (nm)

Fig. 2.15 Influence of film thickness on transmission spectrum of latex (c9) with :
Wf = 0.50, o= 6 pym, o = 12 ym, A = 25 um.

2.4.6. Influence of Particle Distribution on the Interference Pattern
Figure 2.16 illustrates the influence of a binary particle size distribution on the

interference pattern. The distributions were obtained by mixing latices ¢9 (rp= 99 nm)
and c10 (rp= 157 nm) up to a particle number fraction of latex c10 of 0.048. The figure
shows that the interference effect decreases and even disappears when the number
fraction exceeds 5 %. This dramatic effect is due to the destructive effect on the
packing structure by larger particles. The conclusion is that it might be possible to
determine the particle size distribution from the interference pattern. However, more
experiments are needed to find a useful relationship for such determinations. In any
case, the extinction of the interference pattern might be used to determine the time
needed for coalescence of the particles in a continuous drying experiment.
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Fig. 2.16 Influence of a binary particle size distribution on the
transmission spectrum. Particle number fraction (c10/c9):
0=0, o=0003 A=0010, x =0.022, ¢ = 0.048.

2.5. MODEL RESULTS AND DISCUSSIONS

2.5.1. The Particle Size

The particle sizes calculated from Ap;j,; and their weight fraction, are shown in Table
2.1V. The calculated particle size depends strongly on the packing structure.
Calculations have shown that the weight fraction does not affect the calculated
particle radius.

In order to determine the packing structure of the samples, the calculated particle
sizes are compared with the results of other particle size measuring and imaging
techniques. The particle sizes calculated with the two step model and the multi step
model are almost equal. SEM and TEM measurements can be performed only on latices with
a high T,. The SEM picture of latex c10 (Fig. 2.17) shows a very dense hexagonal like
structure. The particle sizes according to hexagonal, s.c.p. and s.h.p. are close to
the SEM and 7EM results.

The particle sizes according to QFELS depend on the absorbed water layer around the
particle. The particle sizes of the hydrophilic acrylic particles, measured with QELS
will have larger values compared to those measured with SEM and TEM, but in the case of
the hydrophobic polystyrene particles they will have the same values.
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Pore volume measurements on dried acrylic latex films with a high T, showed a pore

volume fraction of about 0.25. This is a value expected for hexagonal or cubic packing.
On the one hand we came to the conclusion that the packing structure could be
hexagonal, s.c.p. or s.h.p. and on the other hand hexagonal or cubic. Hence, it is not
unrealistic to con¢lude that the packing
hexagonal, which can be f.c.c. or h.c.p. (see Fig. 2.6). In the following sections of
model results this hexagonal packing is used in the calculations.

structure of the drying dispersion is

Table 2.1V Particle Sizes (nm) Determined with Different Techniques

) Latices
Analysis
technique c4d ¢S5 c8 ¢9 cl0 c3 psi
QEL S-Malvern 70 122 110 99 157 76 --
Coulter -- -- -- 95 152 72 64
SF3 -- -- -- -- 138 --  --
TEM -- -- -- -- 125 59 58
SEM -- -- -- -- 139 -- 64
Interference
hexagonal 66 117 101 90 142 62 59
cubic 76 134 116 04 163 74 71
b.c.c. 97 170 147 33 207 93 88
s.c.p. 61 107 93 83 130 58 56
s.h.p. 63 112 97 8 135 59 56

Fig. 2. }7 SEM pzcture of drted latex (c10).
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2.5.2. Interparticle Interference

Influence of film thickness on transmission. From the transmission minimum the number
of regularly packed layers of spheres can be calculated. In the model where the film is
built up of lamellae of alternatively high and low refractive indices the number of
layers is Kjp (Eq. 14), whereas in the model where the film is built up of a continuous
phase with a periodically changing refractive index the number of layers is Kgp. The
maximum possible number of layers is given by Kp,y, which is equal to the film
thickness divided by the structure length (4) (Eq. 20). Table 2.V shows the results of
Kjp and Ky for the latices ¢9 and c10. The value of Tpy;p is corrected for Rayleigh
scattering and for regular reflections at the glass/air boundaries.

Table 2.V Number of Regularly Packed Sphere Layers

Exper imental Multilayer
d Amin
Latex (um) (nm)  Tmin Kmax  Kip Kcp
co" 6 474 0.228 35 20 36
12 474 0.132 71 24 44
25 480 0.007 149 47 84
c10™ 6 758  0.615 22 9 14
12 758 0. 322 44 12 20
25 755 0.297 92 13 22

* Latex C9 Wy = 0.516 p = 90 nm; ** Latex C10 Wy = 0.508 rp = 142 nm.

The number of layers Ky, calculated with Eq. 14, is always smaller than Kep as a
consequence of the bigger difference in refractive indices. The number of regular
layers increases with increasing film thickness, but not as much as the relative
increase of Kp,qy, which is proportional to the film thickness. Microscopic observations
have shown that the regular layers start to build up from the glass interfaces. The
maximal thickness of these regular sphere layers (ch) at the glass interfaces is about
7 and 3 pm for latices ¢9 and c10 respectively. This is in agreement with measurements
by Luck et al [3], who report regular layers of about 6.6 um for a 20 um film. For thin
films (6 wm) of latex c9 the number of layers Kep is equal to the experimental value
(Kmax)- The calculated number of layers reaches a maximum value for high film
thicknesses. This means that the interference is only caused by the regular packed
sphere layers close to the glass interface. The differences between Kyyqx and K¢p depend
on the particle size distribution (see Fig. 2.16) and the balance between the
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attractive and electrostatically repulsive forces between the particles.

Influence of angle of incidence on Xy;y. The theory predicts that A, depends on the
angle of incidence and is proportional to cos i (Eq. 3). The experiments also show (see
Fig. 2.14) that Ay, - decreases with increasing angle of incidence. The agreement
betweén experiments and the model for the dependence on the angle of incidence is
extremely good, see Table 2.VI

Tabel 2.VI Influence of Angle of Incidence on Apyiy.

Angle Xmin(exp.) Amyinfcalculated)
Latgx (degree) (nm) (nm)
c9 0 476 478
20 463 462
40 4238 426
9" 0 458 458
20 445 445
40 412 409
ciot 0 753 756
20 734 733
40 676 674
clot T 0 717 720
20 693 697
40 639 640

* Latex c9 Wf = (0.516, ** Latex c9 Wf = 0.561; + Latex cl10 Wf = 0.508;
++ Latex cl10 Wf = 0.610.

2.5.3. Rayleigh Scattering Models

Comparisons of the results of the calculations of the Rayleigh-scattering, (Eqs.
(18), (29) and (30)), and the experimental results are shown in Figs. 2.18 and 2.19.
The transmission in these figures is adjusted for the glass/air interfaces and
multilayer interference, so that the transmission is given

by :
T = Tscartering * Tinterference * Tfresnel (€2))

The experimental results for the latices ¢9 and cl0 are in good agreement with Eq.
(18) for Wr = 0.10 (Figs. 2.18a and 2.19a), whereas for Wr = 0.30 they are in good
agreement with Eqs. (29) and (30) (Figs. 2.18b and 2.19b).

Apart from the important role of the interference in the transmission spectrum for
volume fractions 0.528 and 0.588, Egs. (29) and (30) still give an accurate description
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of the scattering behaviour of the latex (Figs. 2.18¢ and 2.19c). 1t is surprising that
Eq. (18) yields a relatively good fit to the experimental data, as this equation is
only valid for x<0.8 (Eq. (19)), so for values of Vr smaller than 0.05. Egs. (29) and
(30), for water inclusions, are also valid only for x<0.8, which in this case means,
volume fraction larger than 0.78. The ratio Kjp/Kmqy used in Figs. 2.18c and 2.19c are
0.2 and 0.16 respectively for 55 pwm latex films.

1.0

’f = 0103

1 . o

%00 1100
—_— Wave-length (nm)

Fig. 2.18 Transmission spectra of latex (c9) compared with

the Rayleigh scattering models
+ = Experimental, m = Ray.Scat.(Eq.[18]), A = Model 1, X= Model 2,
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Fig. 2.19 Transmission spectra of latex (c10) compared with
the Rayleigh scattering models
+ = Experimental, w = Ray.Scat.(Eq.[18]), A = Model 1, X= Model 2.

2.6 CONCLUSIONS

The multilayer interference theory provides a method to characterize the geometrical
parameters of the particles in a drying latex film. Besides A, and Ty, the model
only makes use of the physical parameters of the latex to calculate the particle
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diameter and packing structure of the concentrated acrylic latex films.

The scattering behaviour of concentrated latices can be described with the “inverse"
Rayleigh scattering equation based on the water inclusions in the packing structure.
This empirical relation can be used to characterize the size of the water inclusions
between the binder particles.

The interference pattern is very sensitive to the particle size distribution. The
fading of the interference pattern can be used in drying experiments to find the time
of flocculation or coalescence of the particles, because this disrupts the regular
packing of sphere layers (Chapter 3). The calculated particle sizes for a hexagonal
structure are in agreemeni with the results of SEM and TEM measurements.

The dependence of Ay, on the angle of incidence agrees extremely well with the model
calculations.

The light scattering and multilayer interference theories give a good description of
the behaviour of the internal displacements of polymer particles in concentrated
acrylic latex films. This theory can be used to describe, from the change in the
transmission spectrum, the film formation mechanism of a drying and ageing latex film.
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CHAPTER 3

THE FILM FORMATION PROCESS OF DRYING
THIN FILMS OF ACRYLIC LATICES.

In this chapter the changing interparticle interference patterns during the drying
process of latex films are investigated. These™ patterns are verified with the
multilayer interference theory, described in chapter 2. This results in detailed
information about the regularity of the interparticle structure during the drying
process of the latex film, the critical interparticle distance at which the
flocculation process is initiated and the size of the stabilizer layer around the latex
particles. These measurements give a good description of the behaviour of the latex
particles during the process of film formation of a latex film.

3.1. INTRODUCTION

The process of film formation of an acrylic latex film can be divided into six stages
[1-4] (Fig. 3.1).
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Fig. 3.1 Typical film formation behaviour of drying acrylic latices.
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The first four stages describe the process of flocculation and coalescence and the

last two stages describe the process of autohesion.

I:  Evaporation of water from the bulk causes uniform shrinkage of the interparticle
distance.

II: Percolation of -water between the flocculated particles near the air/latex
interface and eventually evaporation of water at the air/latex surface.

IIl: Dense packing of particles.

IV: Evaporation of water from the formed interstices between the densely packed
immobile particles causes the particles to deform into a polyhedric structure;

V: Diffusion of water through the closed polymer film and autohesion of polymer
particles (the particles lose there identity);

VI: Homogeneous polymer film.

The process of flocculation and coalescence of a drying acrylic latex film consists

of the first four stages of Fig. 3.1. For drying temperatures above the Minimal Film
Formation Temperature (MFFT) it was found that the latex particles deformed into a
polyhedric structure but at drying temperatures far below the MFFT the latex particles
did not deform and the remaining interstices were filled with air. These first four
stages can be followed clearly from the changing transmission spectrum of a drying
latex film. Examples of such experiments are shown in Figs. 3.2 to 3.6, where latex B4
films are dried below and above its MFFT (see Table 3.1).
Figure 3.2 - The water evaporates from the bulk, resulting in an isotropic decrease of
the interparticle distance (stage ). The shift of the interparticle interference
minimum  (Apip, spectra 1— 4) is related to the decrease of the interparticle
distance.

For the calculation of the interparticle distances in a drying latex film only the
changes of Apip are required, assuming that the latex particles are ideally packed
(Chapters 2). But this is hardly the case when a latex film is just applicated to the
glass surface. As a consequence of the evaporation of water at the air-latex surface a
concentration difference develops across the latex film, It is possible to simulate
these concentration differences with the multilayer interference model by, for
instance, a slow increase of the interparticle distances across the latex film. The
results of these simulations are shown in section 3.3.1b.

Figure 3.3 - More evaporation of water causes the particles in the latex film to
flocculate (stage 1I). The transmission spectrum has now two minima, because the
interparticle distance in the flocculated state is smaller than that in the dispersed
state. From these Ap;, values the interparticle distances can be calculated for the
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dispersed state just before flocculation and in flocculated state (see section 3.3.2).
The intensity of the lowest Ay, increases when the drying time advances, due to the
evaporation of water the flocculated state is building up from the surface (spectra
1— 6).
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Fig. 3.2 Turbidity behaviour of a drying latex B4 film during the first
stage of the film formation process.
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Fig. 3.3 Turbidity behaviour of a drying latex B4 film during the second
stage of the film formation process.

35



Figure 3.4 - All particles are now flocculated (spectrum 1, stage III), resulting in
hexagonally closely packed latex particles. Because the latex is dried below the MFFT
the latex particles can not deform, so that the interparticle distance stays constant
when more water evaporates. This means that A, stays at the same wave-length (spectra
1 — 6), where the value of A, (444 nm) corresponds to an interparticle distance of
zero. In this stage the overall transmission decreases very fast due to the evaporation
of water from the inclusions between the particles, by which air inclusions remain
behind. The dried latex, that remains, looks like a crumbly/powder-like film.
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Fig. 3.4 Turbidity behaviour of a drying latex B4 film at a drying
temperature below the MFFT.

Figure 3.5 - When this same latex is dried just below the MFFT, latex coalescence is
initiated, so that Az, decreases, when more water evaporates. However, when Amin has
reached a value of 370 nm (spectrum 4) the transmission drops (spectrum 5) and the Amin
does not change any more. This means that the deformation of the latex particles stops,
because at this point the forces of resistance of particle deformation become bigger
than the capillary forces. From the last value of A, it is possible to estimate how
far the coalescence process has been progressed. Measuring this last 2,,;, as function
of temperature reveals the elastic properties of the latex particles as function of
temperature (see chapter 4). The transmission decreases because the remaining
interstices are filled with air. The overall transmission is higher than in the
previous case, because the size of the air filled interstices are smaller.

36




100

— Transmission (%)

O T T T
300 400 500 600 700
—_— Wave-length (nm)

Fig. 3.5 Turbidity behaviour of a drying latex B4 film at a drying
temperature just below the MFFT.

Figure 3.6 - At temperatures above the MFFT the latex particles can deform
completely, so that the interparticle distance decreases further when more water
evaporates (spectra 1 —> 6, stage 1V)). Thus when the particles make contact and
deform, the changing interparticle interference patterns reveal the deformation time
and the magnitude of the deformation. This behaviour reveals the deformation mechanism
of the latex particles (see chapter 4). These results can be used to determine and
improve the mechanisms that describe the process of coalescence.

The latex becomes transparent because the interstices disappear or become so small
that they hardly scatter any light in the UV-Vis spectrum range. When this transparent
latex film is immersed in a 0.1 N HCI solution, the remaining internal interfacial
boundaries will swell. This regenerates an interference pattern, which must be related
to the size and number of the swollen interfaces. It is expected that during ageing of
the latex film the amount of interfaces will decrease with time. So that changes in the
number and the size of the remaining interfaces as function of drying and ageing
process of the latex film could give some information about the autohesion process of
the coalesced latex particles (see chapter 5).
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Fig. 3.6 Turbidity behaviour of a drying latex B4 film at a drying
temperature above the MFFT.

3.2. EXPERIMENTAL

3.2.1. Materials

The latices that have been used for this study were made in a semi continue emulsion
polymerization process. The binder of the latices consists of copolymer of Butyl
Acrylate (BA) and Methyl Methacrylate (MMA) in a mass ratio of 35:65. The emulsion
polymerization took place under starved conditions, which means that the polymer
composition is distributed uniformly over the particle. The physical parameters and
chemical compositions are given in Table 3.1.

3.2.1a. Procedure Semi-continue Emulsion Polymerization

The semi continuous emulsion polymerization was carried out in a stirred tank reactor
under nitrogen vapor. The polymerization consisted of three parts :
a) Inlay; The tank was filled with 300 m/ water with some dissolved SDBS. The particle
size of the synthesized latex is controlled by the amount of SDBS in the inlay when all
other parameters are held constant during the emulsion polymerization process. Then the
inlay is heated up to 80 OC.
b) Pre-mulsion; The pre-emulsion consisted of 280 g MMA, 180 g BA, 140 g H>O and 4.6 g

38




SDBS (I wt% of monomer). The pre-emulsion was stirred until a stable viscous emulsion
was obtained.
¢) Initiator; The initiator consisted of 1.5 g NapS20g dissolved in 10 g of water.

When the inlay reached a temperature of 80 OC the initiator was added to the reactor.
After one minute the pre-emulsion was dosed to the reactor over a period of 3.5 hours
(starved conditions). After that, the temperature was increased to 85 OC for a period
of 1 hour (fo get 100 % conversion). Then the reaction mixture (Lafex) was cooled
slowly to room temperature. The physical parameters and chemical compositions of the
latices are given in Table 3.1.

Table 3.1 Composition and Physical Properties of the Latices.

Latices B4 B6
MMA/BA(wt %) 65/35  65/35
SDBS (g/)* 0.584 0.502
(we)t+ 0.01 0.01
Wf (at 50 °C) 0.481 0.473 + =Concentration in inlay
MFFT (9C) 25-28  29-31 ++=Based on polymer content
p (nm) (QELS) 103 132 Wy =Weigt fraction polymer
(Interference) 94 119 Ty =Glass transition temperature
Ty (0C) Dry 32 35 np =Refractive index polymer
Wet 28.5 30 p =Density polymer (Calculated)
p ﬂcg/m3) 1145 1145 * =GPC (a significant polymer
np 1.482 1.482 Jraction is non soluble in THF,
My tkg/mol) > 130" possibly due to crosslinking)
M,,  (kg/mol) >493*

3.2.2. Equipment and Measurements

The acrylic latices were dried in a conditioned room, where the weight loss and
transmission spectra were measured simultaneously (Fig. 3.7). The relative humidity
(R.H.) and drying temperature in the conditioned room could be changed respectively
between 10-90 % and 0-50 OC. The weight loss of the drying latex film was measured
every second with the aid of an analytical balance (Mettler AM-100). The transmission
spectra were measured with the aid of a diode-array spectrophotometer (ORIEL-Instaspec
II). A transmission spectrum was measured every S seconds, where the measured
transmission spectrum is the average of a collection of 4 spectra with a total scan
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time of 0.32 s. The transmittance of the drying-latex film was measured in the middle
of the coated glass plate with a radius of 3 ¢m and a scan radius of 300 pm.

The problem with these drying experiments is the non-uniform drying behaviour of the

latex films across the coated glass plate. The latex film dries with a circular drying
front [5,6], starting at the edge of glass plate (Fig. 3.8).
This means that the measured average weight fraction (W) as a function of time differs
strongly from the weight fraction of the scanned area. Initial measurements showed that
there were big differences in polymer concentration of the drying latex film across the
coated glass plate (Fig. 3.9).

This was done by washing the partly dried latex films with water, so that only the
coalesced part of the latex film stayed on the glass plate, The weight fraction of the
non-coalesced area (Wy.) will then be given by :

Wiy - M
e = 3 Th o
t c
where WMy is the total polymer weight brought on the glass plate at t=0, M, is the
weight of the polymer (coalesced latex) that stayed on the glass plate after washing
with water and M, is the total weight of the partly dried latex film at time t. Figure
3.9 shows that the particle concentration of the non-coalesced area increases very
slowly. This can be explained by the flocculation of the latex particles at the drying
front, as a consequence some free water will be excluded, which will flow in the
direction of the non-coalesced center (less resistance).

@’ 1) Halogen lamp, which focus a plane
parallel light beam on the sample. 2)
Temperature and R.H. controlled air current
in conditioned room. 3) Plateau of the
{ ‘ * —] analytical balance (AM-100 Mettler). 4)
Optical glass fiber, which directs the

-
transmitted light of the sample to the
] diode array spectrophotometer (ORIEL
o _ﬁs : 2 Instaspec 1I). 5) Temperature and R.H.

measurements  6) Sample, a latex coated

4’ 3 -1 quartz glass plate.

Fig. 3.7 Schematic representation of the experimental drying equipment.
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Fig. 3.8 Typical circular drying front of a thin latex film coated on a glass plate.
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The volume fraction of the drying latex film in the detection zone (VP can be

calculated from the interparticle interference data (see chapter 2). Figure 3.10 shows
an experiment where Vr is given as a function of drying time of a latex B4 film. The
volume fraction patterns are very different. The volume fraction predicted from the
interparticle interference data (V;) increases slowly, until the drying front reaches
the detection zone (300 s.); then the volume fraction increases very fast and equals 1
when the drying front passes the detection zone (425 s5.). This means that the time

needed for the coalescence of the particles is about 75 s (0.74< ‘6"<1 '), which is much

shorter than predicted by the average volume fraction (V,), which is 300 s. Because the
time of coalescence is important for the relation of the (visco)elastic properties

during latex coalescence and the DMTA-properties of dried latex films (see chapter 4),
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Fig. 3.10 Polymer volume fraction as function of drying time.
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the volume fraction as calculated from the interparticle interference is used for the
description of the drying process of the latex films.

3.3 RESULTS AND DISCUSSIONS

This section gives a detailed study of the interparticle interference patterns of
drying thin films of acrylic latices at different stages of the film formation process.

3.3.1 Regularity of the Interparticle Structure

In the beginning of the drying process, when the latex film is just brought onto the
glass plate, secondary interparticle interference minima are present, as a consequence
of a concentration difference across the latex film. Two types of interference patterns
were measured of latex B4. In the first case (Fig. 3.11a) an interference minimum was
found, which consisted of two minima, and in the second case (Fig. 3.11b) was found one
primary and many secondary interparticle interference minima. When more water
evaporates these secondary interference minima disappear and the primary interparticle
interference minimum becomes more and more distinct (Fig. 3.11c). This is a consequence
of decrease of the concentration difference across the latex film and of the better
arrangement of the latex particles in the packing structure, which increases the
overall regularity of the interparticle structure.
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Fig. 3.11 Typical Interparticle interference patterns of the latex films
in the early stage of the drying process.

3.3.1a Secondary Interference Minima

The secondary interparticle interference minima are also present in the computer
calculation of the multilayer interference theory (see Fig. 2.10). For the model
calculation the multilayer interference theory (section 2.2.1 and 2.3.2) and the
Rayleigh scattering model 1 (section 2.3.3) were used. These theoretical secondary
interference minima are caused by light interference over the latex film, so that the
frequency of the secondary interference minima corresponds to the film thickness.
Figure 3.12 shows how the frequency of the secondary interference minima changes when
the film thickness is changed from 5.1 to 15.2 um (calculated). From the wave-length
difference between the secondary interference minima the thickness of the latex film
can be calculated with (see section 2.2.1. Eq (3)) :

@

2.ng

_p |MAp M
! AkAk+p

where p is the number of minima from Ag to Ag4p (Ak4p<Ap), ng is the refractive index
of the latex. It was found that the film thickness calculated from the secondary
interference minima of respectively 5.5 and 15.9 um corresponds very well with the film
thickness used in the computer calculation of respectively 5.1 and 15.2 pm.
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Fig. 3.12 Influence of the film thickness on the frequency of the
secondary interparticle interference minima.

3.3.1b. Polymer Concentration Profiles

The decrease of the concentration difference and the increase of the regularity of
the packing structure of a drying film can be described by two possible models depicted
in Fig. 3.13. In the first model (a) the interparticle structure in the drying latex
film at the air/latex surface consists of very regularly packed layers of particles,
where the interparticle distances are constant, below these regularly packed layers the
interparticle distances are gradually increasing towards the glass surface (¢7). By
further evaporation of water th¢ number of regularly packed layers increases (t2 to
t3). When the interparticle distance across the latex film becomes constant (f4), more
evaporation of water causes a uniformly decrease of the interparticle distances
throughout the latex film (z5). In the second model (b) two interparticle distances are
present (¢7, A(x=d1) & Ap=()), where the number of regularly packed layers at the air-
latex interface increases and at the glass interface decreases when more water
evaporates (f7 to £3). The rest of the course is equal to that of the first model.

For these typical systems the average refractive index can be calculated across the
latex film. The interparticle interference patterns can be calculated from the
multilayer interference theory by approximating the alternating average refractive
index with small decrements (see section 2.4.2). The scattering is described with

Rayleigh scattering model 1. The results of the model calculations can be seen in Fig.
3.14.
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Fig. 3.13 Possible polymer particle concentration profiles across the latex
film in the early stage of the drying process.

Figure 3.14a shows how the theoretical pattern should look like when no concentration
difference exist across the drying latex film. This corresponds to the experimental
situation depicted in Fig. 3.1l1c, where the regularity of the interparticle structure
is maximal. However, the secondary interference minima disappear in the measured
interparticle interference pattern, which contradicts the hypothesis of the increase of
regularity of the interparticle structure.

Figure 3.14b shows the result of model @, where 50 % of the film thickness has a
constant interparticle distance and the other 50 % has a difference in layer distance
of 2.7 nm. This results in a broader primary interference minimum and in secondary
interference minima only at higher wave-lengths (A >2,;,). This corresponds very well to
the experimental situation depicted in Fig. 3.11b.

Figure 3.14c shows the result of model b, where two layer distances coexists both
occupying 50 % of the film thickness. This results in one primary interference minimum,
which consists of two minima. This corresponds very well to the experimental situation
depicted in Fig. 3.11a.
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Fig. 3.14 The influence of the different particle concentration profiles on
the computer calculations of the theoretical multilayer interparticle
interference patterns.

The concentration differences discussed here, can give an accurate description of the

experimental interference pattern caused by the latex film in the beginning of the
drying process.
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3.3.2 Critical Interparticle Distance

The latex particles in the drying latex will start to flocculate when they reach a
critical interparticle distance. Because the interparticle distance in the flocculated
state is smaller than that in the dispersed state, the transmission spectrum will show
two interparticle interference minima (Fig 3.15 spectrum no. 5 at 444 nm and 462 nm).
It appears that, with advancing drying time the intensity of the 444 nm interparticle
interference minimum increases. This means that the flocculated state is build up from
the latex-air surface into the film due to the water loss (Fig. 3.15 spectra 1 — 8)
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Fig. 3.15 The interparticle interference pattern change during the

flocculation process of a drying latex (B4) film.

From the Ay, values the interparticle distances in the dispersed state can be
calculated just before flocculation and in the flocculated state [Chapter 2 Egs.
3,19,20]. For latex B4 we have found that the interparticle distance in the dispersed
state is about 13 nm and in the flocculated state about 3 nm (Table 3.1I). For latex B6
the results were of the same order of magnitude.
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Table 3.11 Interparticle Interference Minimum Change During
the Flocculation of the Latex Particles.

Latex Amirll Ami% oy K2
(nm) (nm) (nm) (nm) interparticle di
t
B4 462 444 13.2 2.8 1 before Flocculation -
B6 590 566 16.4 2.7 2 after flocculation

3.3.3. Size of Stabilizer Layer around the Latex Particles

When the latex film is dried below the MFFT, the latex particles can not deform after
they are flocculated. Therefore the interparticle interference minimum does not shift
anymore when more water evaporates (Fig. 3.16a spectra 1 — 7). The overall
transmission decreases very fast, because the water evaporates from the remaining
interstices, by which these are filled with air. As a consequence the scattering
intensity increases, because the relative refractive index (polymer/water—polymer/air)
increases. However, when the film is almost completely dry, suddenly the transmittance
increases very fast, which happens in a few seconds. Simultaneously the interparticle
interference minimum has been shifted from 566 nm to 531 nm (Fig. 3.16b spectra 7 —
15). This behaviour is completely reversible when the film is wetted and dried again.
An explanation for this typical behaviour is the shrinking of the stabilizing layer
(solved emusifier molecules) at the surface of the latex particles, due to the complete
water loss of the drying latex film. This causes a decrease of the effective size of
the latex particle and the scattering volume of the interstice between the latex
particles. The Ay, shift of 31 nm and 35m for latices B4 and B6 respectively, can be
explained by a stabilizer layer thickness of about 2-3 nm (xsppBs, see appendix 1l and
Table 3.III). This value is of the same order of magnitude as the length of the
SDBS-molecule, which, when fully stretched is about 2 nm long. When the film is wetted
the emulgator will be dissolved again, which explains the reversible nature of this
typical behaviour.

Table 3.111 Thickness of Stabilizing Layer.
7 2
Larex Amin Amin AA kSDBS
(nm) (nm) (nm) (nm)
B4 444 413 2.4 3.0
B6 -566 531 2.1 2.6

1 = interstices filled with water; 2 = interstices filled with air.
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Fig 3.16 The interparticle interference pattern change of a drying latex (B6)
film at the end of the drying process, when the film is almost dry.

3.4 CONCLUSIONS

The types of turbidity-measurements discussed in this chapter are a first attempt to
investigate the mechanisms of film formation. These preliminary results demonstrate
that turbidity-spectrophotometry could be a valuable tool for latex film research.

The changing interference pattern of a drying latex film reveals the interparticle
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distances and displacements of the latex particles. It is found that the regularity of
the internal interparticle structure of the latex particles increases in the beginning
of the drying process. The increases of regularity of the interparticle structure can
be simulated by different polymer concentrations profiles across the drying latex film.

The flocculation process can clearly be followed from the changes in the
interparticle interference pattern. These changes reveal the critical interparticle
distance at which the flocculation of the particles is initiated. It is found that the
critical interparticle distance is about 14 % of the particle radius. After
flocculation the particles are still separated by the stabilizer layer around the latex
particles. It was found that the the size of this stabilizer layers around the latex
particles is of the order of the size of a SDBS molecule (emulsifier).
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CHAPTER 4

THE PROCESS OF COALESCENCE OF LATEX
PARTICLES IN DRYING THIN FILMS
OF ACRYLIC LATICES.

This chapter will focus on those theories that describe the deformation of the
polymer particles during the drying process of thin films of acrylic latices. The
coalescence theories are used to relate the turbidity behaviour of drying thin latex
films with the viscoelastic properties of the dried latex films.

The changes in interparticle interference (see chapter 2, 3 and [1-7]) in a drying
latex film are related to the changes in interparticle distance and displacement. When
the latex particles coalesce the interparticle distance becomes smaller. This means
that from this point on the change in interparticle interference is proportional to the
indentation of the latex particles. From these measurements the mechanism by which the
latex particles deform can be determined.

Turbidity measurements give a good description of the behaviour of the latex
particles during the process of flocculation and coalescence and they can also be used
to evaluate the MFFT of the latex. Investigated is the influence of drying temperature,
humidity and particle size on latex coalescence and the MFFT.

4.1. INTRODUCTION

The process of flocculation and coalescence of a drying acrylic latex film consists
of the first four stages of Fig. 3.1. For drying temperatures above the Minimal Film
formation Temperature (MFFT), it was found that the latex particles deformed into a
polyhedric structure, but at drying temperatures far below the MFFT the latex particles
did not deform and the remaining interstices were filled with air.

In literature two possible mechanisms to describe the process of coalescence are
proposed :

a: Dry sintering theory, (Frenkel [11], Dillon [12]). The concept of this theory is
the formation of contact between polymer particles as a result of purely viscous flow.
The driving force is the surface energy of the polymer.

b: Wet sintering theory, (Brown [13], Sheetz [14], Mason [15], Lamprecht [16], Menges
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[17]). The concept of this theory is the application of Laplace’s principle of
capillary pressure to a system of three contiguous spheres, where the water surface
tension is the  driving force. Vanderhoff [18] proposed that the polymer/water
interfacial tension is the driving force and that the Laplace principle must be applied
to the radii of curvature between two coalescing spheres. The resulting contact
pressure is used for the viscoelastic deformation of the particles, given by Hertz [19]
or the JKR-contact theory [20,21].

This chapter gives a review of the coalescence theories known in literature and how
the turbidity measurements can support these theories. Much has been written about
latex coalescence [8-27], but only in the past several years a few non-destructive
techniques (Scanning Laser Acoustic Microscopy - SLAM [28,29], Dielectric measurements
[30,311 and turbidity [6,7,32,33]) have been developed to follow the coalescence
process of the latex particles during the drying process.

4.2. LATEX COALESCENCE THEORIES

The MFFT of these latices lie around the T, of the polymer. This means that all the
film formation mechanisms take place around the Ty of the polymer. In this section the
coalescence theories are divided into two categories and are evaluated at temperatures
around the 7.

4.2.1. Dry Sintering

In this model the polymer particles are deposited upon the surface, as the water
evaporates, where they fuse into a film. For this model Dillon [12] has developed the
following relationship for the coalescence of spheres caused by purely viscous flow
(Fig. 4.1):

L.t
92= 3.y
2.1t.n.l‘p

)

where @ is the coalescing angle, y the polymer-air interfacial tension , = the
viscosity of the polymer, p the sphere radius and ¢ the time..

In chapter 2 we have concluded that the latex particles lie in a hexagonal packing
(h.c.p. or f.c.c.). In this matrix of packed particles the complete deformation is a
fact when o is 30 OC. The time needed to get complete deformation by purely viscous

flow will than be about 2.106 5, assuming a polymer/air interfacial tension value of
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the order of 0.03 N/m, a viscosity at Ty of about 101 2 Pa.s and a particle radius of
100 nm. Normally the the coalescence process takes place in the order of minutes, which
is much faster than predicted by Eq. 1. However, the polymer particles in latices are
not purely viscous. The polymer is mainly elastic, with a high viscous component. Even
for cross-linked rubber latices, which are completely elastic, coalescence still
occurs. The interfaces between these particles are often still visible after
coalescence [21,34-39]. This is in contradiction with the viscous deformation theory as
pointed out by Brown [13].

Fig. 4.1 Dry Sintering, coalescence of between two contacting
latex particles as a result of purely viscous flow.

4.2.2. Wet Sintering

In the wet sintering theories the deformation of the polymer particles is thought to
be caused by the capillary pressure. This deformation is a function of Youngs’ elastic
modulus and the coalescing time. To get complete coalescence, the capillary forces must
be bigger than the forces of resistance of particle deformation. If the particles have
been deformed completely, the cohesive energy between them prevents their separation as
the cohesive forces at least counterbalance the internal forces build up during the
time of the coalescence process. The resulting cohesive strength is a function of
contact area, relaxation and the interaction energy of the surfaces.
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4.2.2a) Capillary Forces [13-18]

The wet sintering model, which makes use of the capillary pressure as a driving force
for the deformation of the polymer particles, was first developed by Brown.

Brown [13] used the capillary pressure which is caused by the possible capillary
(Fig. 4.2a) between three spheres. The radius of the capillary is given by :

2
r, = }.ﬁ.(rp+ep)— ™ @

where 7. is the radius of the capillary, ™ is the radius of the sphere, and 2.ep is
the interparticle distance (ep>0) or indentation (ep<0) of the spheres.

The relationship between the packing volume fraction of spheres (Vp and the
deformation is given for a hexagonal close packing (appendix III) by :

Tp 3)

The compressive pressure due to the curvature of the water in the surface of this
capillary is given by the Laplace equation and is :
Ye/a
Pp =~ 2.— @
e
where 7p/, is the air-water(+additives) surface tension.
Brown postulated that this pressure acts over the compression area with radius ap,
which results in a deformation force given by :

Fp = Pomay’ ®)

Sheetz [14], on the other hand, postulated that the capillary pressure acts over the
capillary area, which is divided into a shearing force Fy and normal force Fj in a
capillary (Fig. 4.2b) :

Fs = Pc."[.rcz.cos $ and Fn = Pc."[.rcz.sin ] (6)

where ¢ is the contact angle between water and polymer, which is determined by Young’s
equation. This means that Fyg exerts a compression force on the matrix particles,
whereas Fjp tends to pull the wall of the capillary (particles) towards the centre.
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Vanderhoff [18] and Menges [17] used the polymer-water interfacial tension as driving
force. Their schematic representation of the coalescence of two spheres is given in
Fig. 4.2c, where rj is the radii of curvature, rp is the radius of the compression
segment and 6 is the coalescing angle. The resulting pressure is given by :

_ 1 1 2
Pv—wp/g.ﬁ-6+a

Q)

Vanderhoff’s model, which calculates r; and rp, is based on the mass balance in the
contact/compression region (for more details see his original article [18]).

a)

Fig. 4.2 Wet Sintering,

a) Brown’s capillary pressure between three contiguous latex particles.

b) Sheetz’ normal and perpendicular capillary forces acting over the matrix of latex
particles.

¢) Vanderhoff’s deformation model.
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4.2.2b Deformation Forces of Viscoelastic Bodies.

Hertz theory [19-21]. The contact between two smooth elastic bodies is given by the
approximate theory of Hertz. For two spheres of radius ry and rp , which are pressed
together under a load F, (e.g. the capillary force), the radius a, of the circle of
contact is given by (Fig. 4.3):

4y’ = KLRF, ®
where K is a constant consisting of elastic constants of the material of each sphere
and R is a function of ry and ro:

2
3 |1- 1-
¥kl=2|"" + ve ,and R =
4 Ej Ej ry+ro

®

where v is the Poisson ratio and E the Young’s modulus of each material. At zero load
the contact area is zero. The compression of the contact region, results in the
approach of the two spheres by a distance 2.¢p :

4o 2/3 .. 2/3 ,-1/3
ep & '2.? = ‘2.K- .Fo .R (10)

Johson-Kendall-Roberts-theory [20,21,27]. The JKR-contact theory takes also into
account the attractive surface forces which operate between the solid spheres, so that
it describes the equilibrium between two elastic spheres under a combination of body
forces and surface forces. These 'additional’ contact forces become important when the
external load reduces towards zero. The basis of this theory is the Hertz equation,
which is modified to take into account the cohesion/adhesion energy ¥ (Fig. 4.3) :

3

ay = k!

R.|Fp +3.9.n.R + j[G.'a’.u.R.Fo + (3.1.1(.R)2]J 11)

So far we have dealt with the fundamental aspects of deformation of two contacting
spherical bodies to a normal load c.q. capillary force. We have to bear in mind that
these models of coalescence only describe contacts between pairs of particles. If these
theories are extended for latex coalescence the large deformations can only be
approximated and the influence of multiple contacts have to be considered in the
analysis. For latex coalescence there are two possible mechanisms, viz. isotropic
deformation or bi-axial deformation [40] (Fig. 4.4).
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Fig. 4.3 Contact mechanics of elastic latex particles

by Hertz (----) and JKR (— ).
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Fig. 4.4 Schematic representation of isotropic
and bi-axial deformation mechanism.
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4.2.2c Latex Coalescence
The indentation (-ep) of the isotropically coalescing latex particles as a function
of volume fraction is given by (see appendix II1).

n

Wl ~

ep = - 1| (12)
P p
32y

A triangular shaped interstice is formed when the latex particles just touch (see
Fig. 4.5a). When the latex particles deform the shape of the interstice changes (Fig.
4.5b) as a function of indentation according to the Vanderhoff’s deformation model.
When the deformed particles have reached a packing volume fraction of 88 %, the
interstice between the coalesced latex particles becomes circular (Fig. 4.2c). Further
deformation causes the separate contact areas to interact. When this effect is
neglected and the deformation is simply extended, then the interstices will be closed
when the packing volume fraction reaches 93 %, at which the capillary forces (from
¥2/a) become zero. During this deformation the contact area between the coalescing
latex particles will change from a circular into a rectangular shape, due to the
interacting contact areas. The corresponding maximum indentation of the coalescing
latex particles has a value of 0.095 p (V)r=1, Eq. 12).

The indentation (-ep*) of the bi-axially coalescing latex particles as function of
volume fraction is also given by (see appendix III) :

ep* = L 7p (13)
27.vf 3

In this case the separate contact areas begin to interact when a packing volume
fraction of 81 % has been reached. When this effect is also neglected and the
deformation is simply extended, then the maximum indentation will have a value of
0.165 p (Yf=1, Eq. 13). During this deformation the contact area between the latex
particles will also change from a circular into a rectangular shape. The formed
polyhedric structure will be honeycomb shaped for the isotropically, as well as for the
bi-axially deformed latex particles. In the case of bi-axially deformed particles the
honeycomb structure is somewhat flattened. The projected size of the honeycomb
structure (benzene ring, as seen by SEM [34-39]) will be in the case of bi-axial
deformation about 10 % bigger than in the case of isotropic deformation.
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a) b)

©), d)

Fig. 4.5 Visualization of the change of the triangular interstice
between three contiguous coalescing latex particles.
a) No deformation Vy= 0.7405 and ep = 0.
b V= 0.80 and ep/ry = 0.025.
¢) The interstice becomes spherical and the separate contact areas begin to
interact at Ve= 0.88 and ep/rp = (.056.
d) When the influence of the interacting contact areas is neglected then

the interstice will be closed at Vf= 0.945 and ep/rp = (0.078.
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Figure 4.6 shows how the indentations of the contacting particles change as a
function of the packing volume fraction of the isotropic and bi-axial deformation
mechanisms.

0.2

—» —€} /;5 (—)

E:
0.74 1
— Packing volume fraction h.c.p.~unit (-)

Fig. 4.6 The expected indentation as function of packing volume fraction for
respectively the bi-axial (o) and the isotropic (+) deformation model.

Many theoretical combinations of the capillary forces and deformation forces are
possible to evaluate latex coalescence. Three of these combinations will be discussed
in the section 4.4.2.

4.3 EXPERIMENTAL

4.3.1. Materials

The latices that have been used for this study are made in a semi continue emulsion
polymerization process. The binder of the latices consists of copolymer of Butyl
Acrylate (BA) and Methyl Methacrylate (MMA) in a mass ratio of 35:65. The emulsion
polymerization took place under starved conditions, which means that the polymer
composition is distributed uniformly over the particle. The physical parameters and
chemical compositions are given in Table 3.1.

4.3.2. Equipment
The process of coalescence of drying thin films of latices was investigated with
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transmission  spectrophotometry. Therefore the acrylic latices were dried in a
conditioned room, where the weight loss and transmission spectra were measured
simultaneously (see Fig. 3.3). The transmittance of the drying latex film was measured
in the middle of the coated glass plate with a radius of 3 ¢m and a scan radius of 300
wm. The weight loss of the drying latex film was measured every second with the aid of
an analytical balance (Mertler AM-100). The transmission spectra were measured with the
aid of a diode-array spectrophotometer (ORIEL-Instaspec II).

4.4. RESULTS AND DISCUSSIONS

This section shows how to relate the film formation mechanisms with the scattering
properties of the drying latex film. Some experimental evidence will be discussed here,
which supports some of the hypotheses developed in the foregoing sections.

4.4.1. Determination of Deformation Mechanism.

This is done by measuring transmission spectra and water loss of a drying latex film
coated on a quartz glass plate. The measured spectra reveal the interparticle
interference (A;;,) as a function of volume fraction of polymer. Fig. 4.7 shows the
results of such an experiment, where the interparticle interference (A;;,) is given as
a function of the volume fraction of a drying latex B4 film above its MFFT. The plot
can be divided roughly into two parts. First, evaporation of water causes the
interparticle distance to decrease uniformly, as a consequence A, shifts to lower
wave-lengths. Secondly, further evaporation causes the latex particles to pack into
h.c.p. structure. From this point on latex coalescence starts. The shift of A, is now
proportional to the indentation of the latex particles. The theoretical relations
between A,in, indentation and volume fraction for the two deformation mechanisms are
given by (see appendix 1V):
isotropic deformation

3
128 = rphd

Vp=oom (14)

Amin
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bi-axial deformation

as

4 —[rpna
‘.’f =-.u.J'§ . L
9 Amin

where ng is the refractive index of the latex. The theoretically expected dependence of
Amin on the volume fraction of the isotropic and the bi-axial deformation mechanisms
differ considerably. The results are also given in Fig. 4.7. It shows clearly that the
bi-axial deformation mechanism describes the experimental data very well. So it is not
unrealistic to conclude that the latex particles during latex coalescence of latex B4
are bi-axially deformed. |

520
“a_ — (ecrease of interparticle distance
- i
£
£ ]
N~
g
DY) E
»<E |
rp= 94 mm Coalescence
J RH.=50 7% process
drying time = 500 s.
T =33°C i
320 T T A A\l Y
0.4 1
— Vs (-)

Fig. 4.7 The interparticle interference (Amin) change of a

drying latex B4 film as function of volume fraction polymer.
A - Experimental, o - Bi-axial def., %- Isotropic def. .

4.4.2, Evaluation Hypotheses Wet Sintering Theory

Latex films that are dried just below the MFFT, deform partly. The extend of this
deformation depends on the temperature and drying time (which is a function of film
thickness dj and relative humidity R.H.). This latex looks like a crumbly, powder-like
white film, when it becomes completely dry. When this film is carefully rewetted with
water the interparticle interference reappears and can be measured. Fig. 4.8 shows the
results of dried latex B6 films over a temperature range of 20 to 50 ©C. When the
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particles of latex B6 did not deform, A, has a value of 560 nm. From Fig. 4.8 it
follows that no deformation takes place below drying temperatures of 20 ¢C. Above 20 0C
the latex particles begin to deform, first slowly, but in the region of the MFFT very
fast. The last A,;;,;, below the MFFT is found at 498 nm, which corresponds to a packing
volume fraction of 84 % (Eq. 15). Higher volume fractions (lower Api,) could not be
found at these temperatures. This would mean that the capillary forces are always
bigger than the forces resisting the deformation of the particles for packing densities
above 84 %, so that complete deformation follows.

o RH=15-30%
o Q5 .
. = 4 5 Wetted films
a
’g "{ non swellable o
g (]
— - a
£ |
g MFFT
;] I
1 % % E swellable
420 T .
20 50
—_— Drying temperature { °C)

Fig. 4.8 The interparticle interference (Amin) of rewetted dried latex B6
films as function of the drying temperature.

Above the MFFT the latex particles have deformed completely. The resulting
transparent latex film will swell when immersed into water, as a consequence of
internal interfacial boundaries still present between the deformed latex particles.
During this immersion process Apjy shifts from 426 to maximal 460 nm ( Apin=460 nm
corresponds to a packing volume fraction of 90 %, Eq. 15).

Figure 4.9 shows the calculated indentation (—ep*/rp) of the coalesced latex
particles as a function of the drying temperature. Substituting these data in the
following wet sintering models, the theoretical dependence of the maximum Young’s
modulus (E) of the polymer particles, for which coalescence is possible, as a function
of temperature can be determined during latex coalescence. The following three wet
sintering models give a good synopsis of the behaviour of the capillary and deformation
forces proposed in literature.
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Fig. 4.9 The expected indentation (-ep*/rp) of the latex B6 particles, according to
the bi-axial deformation model, as function of the drying temperature.

1) Brown capillary pressure / Hertz-contact theory (Eqgs. 2,4,5,8-10).

2
3 (I-v p
Eg/y = 5.1!. ).r—c.n/a (16)

Where q, = J—rp.ep*, which has been found by Hertz and which is only valid for small
indentations and r, is for the bi-axially deformation mechanism independent of ep* S0
that re = 0.155.rp .

2) Sheetz capillary pressure / Hertz-contact theory (Egs. 2,4,6,8-10)

3 (1+9) .
Eg/g = E.n.—3—.rp.rc.y&a.sm e.cos ¢ amn
G
Where aq, = J-Z.rp.ep*, which is the relation used by the dry sintering theory. This

model can explain the bi-axial deformation mechanism, by postulating that a compression
force (Fg) acts on the matrix of particles and that a normal force (Fp) tends to pull
the particles towards the centre of the packed particles. In Fig. 4.10 is depicted the
schematics of the forces acting on a latex particle in a h.c.p. matrix. The normal
forces will try to pull the particles at positions a,b,c and d in the direction of the
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centre of the h.c.p.-unit, on the contrary the compression forces will try to push the
particles at positions a,b and ¢ away from the centre. When Fg becomes equal to Fj, then
the positions of centres of the latex particles in the x-y-plane are not changed during
latex coalescence, only the positions in z-direction changes. Fg is equal to F; when
the Young-contact angle (2) is of the order of =~ 520 (equal to 6). The net compressive

force to deform the latex particles will then be of the order of Fy.sin 6.

Fig. 4.10 Schematic representation of Sheetz’ capillary forces on a latex
particle in a h.c.p.-unit.

3) Vanderhoff / JKR-contact theory (Egs. 7,9,11)

Fy=naly L. L 2 (18)
Vv H2%) -Wp/e. " r rp
2 -
3 (I-V ) 3
EV/JKR = 2 3 'rp' FV + —.y.n.rp + {[3.7.1!.)?.17‘/ + (E.W.ﬂ.rp)z (19)
a9

Where r] = a, = .I-4.rp.ep* and ¥

2.9p/a (Cohesive energy)

Figure 4.11 shows the theoretical results of the maximum admissible values of the
Young modulus for a given packing volume fraction and ep* for the bi-axial deformation

mechanism. For these model calculations the next parameters were used :
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- Radius of polymer particle 119 nm (Latex B6);

- Polymer/air interfacial tension ¥/, of our latex lies in the range of 0.03 N/m. The
water/air interfacial tension for latices lies in the range 0.03-0.07 N/m. When the
concentration increases due to evaporation of water the Polymer/air interfacial tension
will decrease due to the presence of surface active agents, so that for 7p/, the
minimum value -of .03 N/m is chosen. It has also been found that the Polymer/water
interfacial 'tension vp/e in the presence of surface active agents lies in the range of
0-0.01 [14]. This means that Young-contact angle (8) is expected to lie between OF and
480,

- Poisson’s ratio v=0.4.

9.5
9 4
—_ 8.5 7

T T T AJ T T T T T T T L T T Y T ~T

0 0.05 0.1 0.15 T 0.2
% / o (-)
Fig. 4.11 Results of model calculations of the Young-modulus (Ej

as a function of indentation (ep*/rp).
o -Vanderhoff/JKR (Eq. 19), * -Brown/Hertz (Eq. 16), A -Sheetz/Hertz (Eq. 17).

The combination of Figs. 4.9 and 4.1] then gives the expected theoretical Young
modulus-temperature plot of the latex particles during latex coalescence (Fig. 4.12).
This theoretical modulus-(time)-temperature plot has been verified with the DMTA
results of the completely coalesced dried latex films. The DMTA results taken
correspond to the coalescing time of the latex particles. The coalescing time in this
experiment is about 100 s, which corresponds to a frequency of 0.0l Hz. The DMTA
results at 0.0! Hz of dried latex B6 films is also shown in Fig. 4.12.

Figure 4.12 shows that the calculated just admissible Young’s modulus-temperature
plots from the interparticle interference data are shifted substantially to lower
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temperatures (about 5-70 0C), with regard to the DMTA results of the dried latex film.
This effect can be explained by the influence of water on the glass transition
temperature. The influence of water on Ty was determined in a DSC by measuring the Ty
of liquid latex and of the dried latex film. We found that the T, of the dried latex
film is about 5 OC higher than that of the latex itself (see Table 3.I). Tt is well
known that absorbed water [41] and relative humidity [42,43] lower the Young’s elastic

modulus of acrylic polymers.

10 No coalescence Partly coalescence Complete coalescence
| jun) S
& To B
E O B4
N "oo B
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~ A4 A,
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5 T
10 a0
—_— Drying temperature (°C)

Fig. 4.12 Comparison of the theoretical expected Young-modulus-temperature

plot of the latex B6 particles during latex coalescence with a 0.01 Hz DMTA

plot of a completely coalesced dry latex b6 film. u -Vanderhoff/JKR (Eq. 19),
*-Brown/Hertz (Eq. 16), A -Sheetz/Hertz (Eq. 17), + -0.01 Hz DMTA

Smith et al. [43] observed that the glass transition temperature of PMMA slides
decreases 20 OC at high humidities. They could predict the glass transition temperature
of the acrylic polymer as function of the water absorption. They used for the ’glass
transition temperature’ of water a value of 104 K. It has been observed {8,33,38] also
that the film formation properties of drying hydrophilic latices were improved by
higher humidities, while those of hydrophobic latices were not improved.

In view of this, the Vanderhoff/JKR model gives the best relation between the
macroscopic viscoelastic properties (DM7A4) and the calculated viscoelastic properties
during the coalescence process of the latex particles. This kind of results was also
found by Kendall [15] for polystyrene latices. The only shortcoming of the Vanderhoff
model is that it is difficult to explain by which mechanism the latex particles bi-
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axially deform. Only the model of Sheetz can give a satisfactory explanation for the
bi-axial deformation mechanism, but the magnitude of the capillary force is not high
enough for latex coalescence. Perhaps a combination of the two theories is possible,
where Sheetz model only describes interparticle contact in the z-direction of the
h.c.p.-unit and prevents interparticle contact in the x-y-direction (see Fig. 4.10). In
the case that interparticle contact is established the Vanderhoff model will be able to
describe further deformation of the latex particles. In the next two sections more
experiments will be shown, where the influence of particle size and relative humidity
on latex coalescence and the MFFT are investigated.

4.4.3. Influence of rp on Latex Coalescence.

Latex films that are dried just below the MFFT, deform partly. The extent of this
deformation depends on temperature and drying time (which is a function of film
thickness and R.H.). The latex looks like a crumble powder-like white film, when it
becomes completely dry. When this film is carefully rewetted with water, the
interparticle interference reappears and can be measured. Figure 4.13 shows these
results for dried latex B4 and B6 films over a temperature range of 5 to 35 0C at a
RH.of 70 % .

600
RH. =70 7
d;=25 ym
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5 : 35
—_— Drying temperature (°C)

Fig. 4.13 The influence of the drying temperature on the interparticle
interference (Zyin) of the rewetted dried latex B4 (o) and B6 (¥) films.

When the particles of latices B4 and B6 do rot deform, A, will have experimental
values of 438 nm and 560 nm respectively. From the Ap;, values the indentation of the
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latex particles as a function of drying temperature can be calculated from the bi-axial
deformation model (Eq. 15). Figure 4.14 shows the calculated indentation (—ep*/rp) of
the coalesced latex particles as a function of the drying temperature. It appears that
the latex B4 particles deform at lower temperatures, with respect to those of the latex
B6, but the deformation behaviour of latex B4 and B6 is almost the same. The difference
is about 5 OC , which corresponds accurately to the higher Ty of latex B6. That latex
B6 has a higher T, than latex B4 is surprisingly because the chemical composition and
synthesizing method were the same. For both latices it appears that on reaching an
indentation —ep*/rp of 0.09 (Vf=0.85), complete deformation of the latex particles
follows (see section 4.4.2.). This means that from this point on the forces of
resistance of particle deformation become lower than the capillary forces.

0.18 RH. =70 7%

d;y=25 ym

- —e */ (/) (—)

5 ' — ' 35
— Drying temperature (%C)

Fig. 4.14 Influence of the drying temperature on the indentation (~ep*/rp)
of the particles in dried films of latices B4 (c) and B6 ).

The latices B4 and B6 are coalescing completely at respectively 26 0C and 30 OC. The
resulting transparent latex films will swell when immersed in water, as a consequence
of the intact internal interfacial boundaries between the deformed latex particles.
During this immersion process Apy;, shifts in the case of latex B6 from 426 to maximal
460 nm (See Fig. 4.15; A\yjn=460 nm corresponds to a packing volume fraction of 0.9).
This phenomena will be discussed in more detail in chapter 5.
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Fig. 4.15 Typical immersion pattern of a dried latex B6 film.

4.4.4. Influence of rp and R.H. on the MFFT
Figure 4.16 shows how the transmittance, at wave-lengths of 275 nm and 500 nm, of
dried latex B4 films changes as a function of the drying temperature. This plot can be
divided into three regions, namely :
I) In the first region the latex particles are not deformed. This results in a
crumbly/powder-like film;
1) In the second region the latex particles are deformed partly. This results in a
latex film with cracks;
1) In the third region the latex particles have deformed completely. This results in
a homogeneous, transparent polymer film.

The MFFT of a latex is equal to the drying temperature at which the drying latex film
becomes homogeneous, transparent and crack free. Therefore the temperature between the
second and third region is called the MFFT of the latex B4, which is in this case 26
oC.

Normally the minimum film formation temperature is determined by using a messing bar
over which a temperature gradient is established, in this case from 0 to 50 ©C. The bar
is then coated with a 50 um thick latex film. The MFFT is determined by visual
interpretation of the transparency of the dried latex film. Visually, the dried latex
B4 film becomes transparent and crack free at a drying temperature of about 23 ©C. The
visual wave-length optimum of the human eye is about 500 nm.
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Fig. 4.16 The transmittance of dried latex B4 films, at wave-lengths of
275 nm (¥) and 500 nm (o), is given as function of the drying temperature.

Therefore the visual MFFT corresponds to the drying temperature of the dried latex
film, where it has a transparency of about 90 % at a wave-length of 500 nm. The MFFT
will increase here with 3 0C, when the 90 % transparency criterion is used at a wave-
length of 275 nm.

The scattering (Rayleigh) of almost completely deformed latex particles is caused by
the remaining interstices, pores [7]. The size and volume of these interstices depend
on the size of the latex particles and the extent of the deformation. Figure 4.17 shows
the calculated transmission spectra of dried latex films with particle sizes varying
from 50 to 400 nm. The dried latex films have a pore-volume of 3 %, which corresponds
to 99 % deformation of latex particles (see appendix 5, where the volume of absorbed
water has been replaced by the pore-volume). The transmittance of these latex films
decreases fast in the visual wave-length range when the particle size increases. This
means that the extent of the deformation of bigger latex particles must be higher than
those of smaller latex particles to form evenly transparent latex films. Therefore if
the latex coalescence of different latices is characterized by comparing their MFFT’s,
it is necessary that the minimal film formation temperatures are determined at a
constant ratio of particle radius and wave-length.
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Fig. 4.17 Influence of particle size on the transmission spectra
of evenly deformed latex particles (99 %).
o-T1p =50 nm, %-rp = 100 nm, & - rp = 200 nm, + -rp = 400 nm.

Figure 4.18 shows the influence of the humidity and particle radius on the MFFT of
the latices B4 and B6. This plot shows that when the humidity decreases the MFFT
increases. The MFFT’s of latices B4 and B6 shift 8 0C and 14 OC respectively when the
R.H decreases from 90 to 10 %. This increase of the MFFT is caused by the decreasing
drying time of the latex films at lower R.H.; as a consequence the time of coalescence
of the latex particles decreases proportionally. In section 4.4.2. we have found that
the MFFT corresponds to the DMTA-T, at a frequency reciprocal to the coalescing time.
In this case the drying time is decreased by a factor of 10, so that the DMTA-T,
increases about 5-10 ©C. The latex with the bigger particles (B6) have higher MFFT’s
than those with the smaller particles (B4). This effect can be explained by the 5 0C
higher T of latex B6. The conclusion is that the latex B4 particles coalesce at a low
humidity much more easily than the latex B6 particles, because the MFFT of latex B4
shifts less than that of latex B6, when the humidity decreases from 90 to 10 %.

Some recent articles make use of the MFFT to investigate latex coalescence [44,45].
There it was found that the MFFT increases with increasing particle size. Moreover,
blending latices of small particles with those of big particles also reduces the MFFT's
(of rp:rp=7.3). This was explained by assuming that bigger latex particles have more
resistance against coalescence. This explanation is not fully true, because the MFFT
was determined by visual interpretation of the transparency of dried latex films. This
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means that the MFFT of latices with small particles is always lower than that of
latices with big particles, because the visual wave-length range of the human eye is
limited and constant.
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Fig. 4.18 Influence of particle size and relative humidity on the MFFT.

o - latex B4 90 % R.H. A = 400 nm, * - latex B6 90 % R.H. A = 500 nm,
A-latex B4 10 % RH. Ax = 400 nm, + - latex B6 10 % R.H. A = 400 nm.

These blending results can be explained by the fact that lager latex particles disrupt
the packing matrix of the small latex particles (chapter 2). This results in bigger
interstices, which scatter much more light, so that the MFFT increases. It was reported
that on adding no more then 0.8 number % larger particles (75 wt %) to the latex with
the smaller particles, the MFFT of the blend became almost equal to that of the latex
with the larger particles.

4.5. CONCLUSIONS

The process of coalescence of latices can be followed accurately by measuring the
change in the transmission spectrum during the drying process of a thin latex film.
These changes give detailed information of the displacements and deformations of the
latex particles during the drying process. This information will be needed to
understand the influences of additives and morphology on the film formation process of
industrially synthesized latices.

From the change of the interparticle interference of drying latex films it has been
found that the latex particles are deformed during the process of coalescence by a bi-
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axial mechanism. The wet sintering model of Sheetz gives a satisfactory explanation of
the bi-axial deformation mechanism, but the magnitude of his capillary force is not
high enough for latex coalescence. Therefore the Sheets model predicts only connectly
interparticle contact between latex particles in the z-direction of the h.c.p.-unit.
When good interparticle contact is established the deformation of the latex particles
is then caused by the interfacial contact forces resulting from the radii of curvature
between them (Vanderhoff model).

The Vanderhoff/JKR wet sintering model gives the best agreement between the
macroscopic viscoelastic properties (DMTA) and the calculated viscoelastic properties
during the coalescence process of the latex particles. In testing this model, the
influence of absorbed water and relative humidity is taken into account, because they
lower the viscoelastic properties of our acrylic polymers.

By measuring the interparticle interference of rewetted dried latex films, the
"deformation behaviour of the latex particles as a function of drying temperature can be
investigated. It is found that, when -ep*/rp has been reached a value of 0.09
(Vf=0.85), complete deformation of the latex particles follows. This means that from
this point on the forces of resistance of particle deformation become lower than the
capillary forces. It probably also means that in this temperature range the Young’s
elastic modulus of the polymer decreases very fast and or the interaction of the
separate contact areas, which have been neglected in the wet sintering model, causes a
sudden increase of the capillary forces. The sudden increase of the capillary forces
must then come from the radii of curvature formed between the interacting contact
areas, which will be much smaller than the radii of curvature of the contact areas it
self.

The MFFT of latices can be determined accurately by using turbidity measurements of
dried latex films as a function of drying temperature. The MFFT can be used to
investigate latex coalescence of different latices by relating their MFFT’s, provided
the MFFT's used are determined at a constant ratio of particle radius and wave-length.

It is found that the R.H. is affecting the MFFT of our latices B4 and B6. It was
shown that the MFFT lowers 8 and 14 OC for latices B4 and B6 respectively when the R.H.
was increased from 10 % to 90 %. This effect can be explained by the increasing drying
time (coalescing time) of the latex films. Further more, we have found that at very low
R.H. the latex B4 particles coalesces much more easily than the bigger latex B6

particles.
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CHAPTER 5

THE PROCESS OF AUTOHESION OF COALESCED
LATEX PARTICLES IN DRIED
THIN FILMS OF ACRYLIC LATICES.

This chapter will focus on the phenomena that describe the autohesion of the
coalesced polymer particles in dried thin films of acrylic latices. When the latex
particles are completely coalesced the film becomes transparent. However, when this
film is immersed into a 0.I N HCI solution, the remaining internal interfacial
boundaries between the adherent binder particles will swell, which regenerates an
interference pattern. The regenerated interference pattern is directly related to the
size and number of the swollen interfacial boundaries. It is tried to relate the
turbidity behaviour of swollen latex films with the autohesion theory. Experimental
evidence will be given, which supports some of the hypotheses predicted by the theory.

The internal interfacial boundaries between coalesced latex particles were also
studied with TEM. The TEM-photographs revealed the shape of the formed contact area
between the coalesced latex particles.

These preliminary measurements give a good description of the internal interfacial
boundaries that remain in dried latex films.

5.1. INTRODUCTION

For drying temperatures above the MFFT it was found that the latex particles deform
into a polyhedric structure. This can be followed clearly from the changing
transmission spectrum of a drying latex film (chapter 3). The autohesion process
describes the process which causes the individually coalesced latex particles to lose
there identity.

In the literature two possible mechanisms to describe the process of autohesion are
proposed :

a: Interfacial contact and binding in autohesion, (Anand [1-5], Savkoor [6]). This
theory was developped for the case of polymers in a highly viscous state. The rate of
contact formation is controlled by the shape of the surfaces in contact, the
viscoelastic properties of the polymer and the contact pressure (Hertz). The
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establishment of molecular interaction between the surfaces, which have been brought
into contact, is treated with a Lennard-Jones potential.

b: Interdiffusion, (Voyutskii [7-10], Bueche [11-13], Skewis [14] and recent
articles [15-26]). This theory describes the diffusion of polymer chains across the
interfacial boundary of two layers of polymer, which have been brought into contact.
The formed transition layer increases the molecular contact area which increases the
adhesive strength of the junction.

Over the past several years in the literature much attention has been paid on the
process of autohesion, because it has become possible to examine the autohesion at
molecular level with Small Angle Neutron Scatteri’ng-SANS [17-20]1, Direct non-radiative
Energy Transfer-DET [21,26] and marker displacements [16,25]. The issue here is whether
the polymer molecules within each particle in fact diffuse across the particle

-interfacial boundary during film formation. Early studies by electron microscopy [27-

32] have demonstrated that the film formed initially has a honeycomb-like structure. In
some cases, the particle interfaces disappeared with time, but in other cases, the
interfaces persisted for months or longer. If the interfaces represent the contact
areas between the deformed latex particles then it is not unrealistic to conclude that
interparticle diffusion takes place or that an intermolecular polymer interface is
formed in the former case but not in the latter.

5.2. AUTOHESION THEORIES

As long as all the water has not been evaporated the deformation energy, which
generally will be needed for the deformation of the coalescing polymer particles, will
be supplied by the cohesive energy and the capillary energy. When all the water has
been evaporated the latex coalescence will be almost complete and only the cohesive
energy remains. Diffusion of polymer chains over the contact area [7-26] and/or the
forming rate of the intermolecular interface by viscous flow decrease the cohesive free
energy. The cohesive energy is a function of the mobility of the main chain and the
contact time and also of the cohesive energy between the diffused polymer and the bulk
polymer.

5.2.1. Interfacial Contact and Bonding in Autchesion [1-6]
When the particles finally have deformed completely, the occurring internal stresses
will try to relax. The particles will stay together when the |cohesive energy| is
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higher then the |stress energy|. The cohesion energy is obtained from the surface free
energy. The energy needed to create two new identical polymer surfaces is called
cohesive energy and is given by :

AG = 2.79] )
Where 7 is the interfacial energy (J/m2) between the polymer and the surrounding
medium. The force-separation relation of the interaction between macroscopic solids can

be described by the 3-9 Lennard-Jones potential (Fig. 5.1). This potential can be
expressed by the force per unit area of the interacting surfaces :

3 9
A
Fo) = — [Z_"] ; [zﬁ] (N/m?) @)

6.1[_z0 zZ Z

where Ay, is the Hamaker’s constant, z, is the separation of the surfaces, where the
interaction energy is minimal. The work W(z,») is the specific work of adhesion per
unit area, which must be exerted to separate the two different surfaces 1 and 2. Hence,

W(z,=) =91 +¥2-7]2 = -JF(Z) dz = —— (€)
Zp 1 6.1'[.20

The force of attraction between two surfaces attains its maximum at 1.2+z, (See Fig.

5.1).

- Repulsion
Fz T

Attraction

Fig. 5.1 Representation of a 3-9 Lennard-Jones force-separation relation
between interacting macroscopic solids.
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The attractive force per unit area can be calculated with the Lennard-Jones Eq.(2). For
that purpose the values of the intermolecular spacing and Hamaker’s constant must be
known. The Hamaker’s constant Ay, depends on many molecular parameters [33]. From the
refractive index, molecular weight and density of the polymer the value of the Hamakers

constant can be estimated, which results in Ay = 2.10'20 J for our 65:35 MMA/BA
copolymer latex. With' the Hamaker’s constant and the surface energy of the polymer the
intermolecular spacing can be calculated, which results in z, » 0.22 nm.

Substituting these values into the Lennard-Jones Eq. (2) results in an attractive
force per unit area of about 3.107 N/m®. This calculated value of the attractive force
corresponds very well to the value of the cohesive strength of PMMA listed in the

Polymer Handbook (4.107 to 11.107 Nim®).

The particles will rebound when the particles are not sufficiently attracted or
bonded to resist the internal stresses, as a consequence cracks will be initiated in
the drying latex film. These cracks propagate under the release of internal stresses,
until the cohesion energy matches the stress energy. For pure elastic deformations the
internal stresses of the particles equals the Young’s elastic modulus of polymer
[34,35].

The results of a latex coalescence experiment can be seen in Fig. 4.12, in which the
just admissible Young’s elastic modulus (Vanderhoff/JKR model) of the latex particles
as function of drying temperature is given. From it, the Young’s elastic modulus of the
latex particles can be determined when the dried latex film becomes homogeneous and
crack free. In this case the Young’s elastic modulus lies between 1.107 and 6.107 N/m2.
This means that when the Young's elastic modulus of the latex particles becomes of the

order of the calculated attractive force (3.107 N/mz) no more cracks will be initiated
in the drying latex film.

5.2.2. Interdiffusion

When the particles deform a polymer interfacial contact area will be formed. Polymer
chains or segments will try to cross the interface, resulting in an increase of
cohesive strength. To get a good cohesional strength between the deformed latex
particles it is assumed that a penetration depth of a few chain segments (x = I nm) is
necessary.

5.2.2a. Self-diffusion Theories
Bueche and co-workers [11-14] have found a simple relationship between self-diffusion
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constant and the bulk viscosity data for polymer molecules at temperatures at Tg and

above, which resulted in :

L. _PRT <> @
"3 M

where <r2 > is the average square of the end-to-end polymer chain distance, p the
density of the polymer and M the molecular weight. The diffusion constant can also be
used to calculate the diffusion length from the segmental mobility of the freely

orienting chain segments, which is given by :

kp = {20 ®)

where Kp is the distance (m) of the movement of the centre of a molecule over a time
interval of ¢ (s). Bueche’s Eqs. 4 and 5 make it possible to estimate the magnitude of
the self-diffusion constant and the rate of autohesion. The average square of the end-
to-end polymer chain distance is given by [39]:

<P>I2.NP) = C (6)

where C is a constant, [ is the length of a C-C-unit and N is number of monomers in a
polymer chain.
The values for C, N and [ corresponding to latex B4 are respectively 6.9, 4482 and

0.154 nm [39]. The viscosity of polymers at T, is about 1012 Pa.s [35]. Substituting

0% mlls. To get a good

these values into Eq. 4, yields for D a value of 2.4 1
cohesional strength between the deformed latex particles it is assumed that a
penetration depth of a few chain segments (x, ~ 1 nm) is necessary. The calculated time
needed for this penetration will than be about 2.106 S.

More recently is the theory of reptation proposed by De Gennes, which describes the
one-dimensional translational motion of a chain in the presence of fixed obstacles, due
to the propagation of kinks along its length [25,40-42]. The time (t,) required for the
chain to disengage from its original conformation by reptation increases as M3 , and is
given by :

ty = N7 (3.2°0% 0

where ¢ is the segment length and D is the self-diffusion constant based on reptation.
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There have been some experiments performed to measure the molecular weight dependence
of D*. Skewis [14] measured the displacement (k) as function of time, temperature and
molecular weight. He found that there were no major differences of self-diffusion

constants between different types of linear polymers of comparable molecular weights

(T-Tq=Constant). He and others {15-26] found that D* scales as N'z.

Green ,[16] ‘used marker displacements measurements to measure the Polymer(A)-
Polymer(B) interdiffusion. He found that the marker displacement is related to the
self-diffusion constant of the polymer with the lowest molecular weight and is given
by :

k= C %t ®)

This technique depends on the net mass transport across the interface. When the
polymer molecular weight of polymer (A) and (B) are equal, the net mass transport is
zero and no marker movement is perceptible, so that C becomes 0. Otherwise, when the
molecular weight of polymer (A) is much lower than that of polymer (B), then polymer
(A) will diffuse into polymer (B) and C becomes 0.48. Reiter [25] found, with the same
technique, that the polymer with the low molecular weight diffuses across the interface
after an induction period close to the reptation time (z;) of the polymer. This means
that actual interdiffusion starts after an inhibition close to the reptation time.
Reiter measured for a PS polymer with a molecular weight close to our polymer (B4, 493

kg/mol) by using the N? dependence, a self-diffusion constant of 3.5 1023 mP/s and a

reptation time of 1.6 106 s at a temperature around the Ty of PS.

De Gennes pointed out that in the beginning of the diffusion process only those
molecules that have a chain end at the interface, can diffuse across this interface.
Only after a period equal to the the reptation time the other molecules have the
possibility to cross the interfaces. This means that the process of autohesion by
interdiffusion for our high molecular weight latices is only important for temperatures
far above Ty or for ageing times in the order of weeks at temperatures around Tg (t >

).

5.2.2b. Experimental Evidence from the Literature

Many papers have been published on the interdiffusion of polymer molecules or
segments between two contacting latex particles [1-26]. The observed kind of behaviour
of interdiffusion show many contradictions with regard to the tack strength. For
instance, Skewis [14] observed that tacked natural rubber strips instantaneously have a
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tack strength equal to the tensile strength, which could not be related to the measured

diffusion rate of 10'1 7 mbs. This does not mean that diffusion does not take place at
all. Voyutskii [10] unambiguously showed that interdiffusion really plays an important
role in the formation of adhesive joints between contacting particles. He postulated
that interdiffusion increases the molecular contact area, which will lead to an
increase of the tack strength. He also observed that the tack strength increased when
the contact pressure was increased. However, this effect can not be explained by
interdiffusion, because with increasing pressure the T, of polymers increases about
0.024 K/arm [34]. In antithesis with Voyutskii’s theory, Anand [5] postulated that
interdiffusion can only take place when the surfaces are brought together, so that
intermolecular (cohesion) forces can play an important role. The contribution of
interdiffusion to the adhesion (tack) strength seems insignificant, because diffusion
at the interface only results in a rearrangement of molecules. Anand stated that the
rate of contact formation (tack) will primarily depend on the degree of contact between
the surfaces, which mainly depends on viscosity and contact pressure of the contacting
sheets.

Which of these theories describes the tack phenomena well, will depend on the
contribution of entanglements to the cohesion strength of the bulk polymer. If this
contribution is large Voyutskii’s theory describes the tack phenomena well enough,
otherwise Anand’s theory should be used. However, the question still remains whether
these theories describe the autohesion process (how the latex particles lose there
identity) of our acrylic latices.

5.3. EXPERIMENTAL

5.3.1 Materials

The latices B4 and B6 were synthesized in a semi-continue emulsion polymerization
process. The binder of the latices consists of a copolymer of Butyl Acrylate (BA) and
Methyl Methacrylate (MMA) in a mass ratio of 35:65. All latices used are stabilized by
Sodium Dodecyl Benzene Sulfonate (SDBS). The polymerizations were initiated by sodium
peroxydisulfate. The physical parameters and chemical compositions of the latices are
given in Table 3.1.

§5.3.2 Transmission Spectrophotometry
The process of autohesion of dried thin films of latices was investigated with
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transmission spectrophotometry. Therefore thin films of the acrylic latices were dried
in a conditioned room above their MFFT on 55 um thick PMMA-sheets (30*15 cm). After a
certain drying and ageing period the coated PMMA-sheets were cut into identically round
plates of 4 c¢m in diameter, which are immersed into a 0.1 N HCI solution. The
transmission spectrum of the swollen coated plates were measured with the aid of a
spectrophotometer (Sk:madzu UV-160). The amount of water absorption is found by
measuring the weight of the swollen and dried plates with the aid of an analytical
balance (Mertler AM-100).

5.3.3. TEM
The TEM photographs were made of very diluted latices dried on grids at room
temperature.

5.4 RESULTS AND DISCUSSIONS

5.4.1. Swelling Behaviour of the Remaining Internal Interfacial Boundaries.

The dried latex films become transparent when they are dried above the MFFT. The
sizes of the possible remaining interfaces are so small that they will hardly scatter
any light in the region of the visible light. When these films are immersed into an
aqueous 0.1 N HCI solution, the remaining interfaces will swell. This regenerates the
scattering properties, which reveal the number and size of the remaining interfaces.
The idea is that when interdiffusion (Voyutskii) or the rate of formation of molecular
interaction (Anand) take place, the number of interfaces decreases so that the
regenerated scattering properties will change. Then the decrease of interfaces with
time is a possible measure for the interdiffusion rate of the polymers or the rate of
formation the intermolecular interfaces, as a result of viscous flow.

To describe the scattering properties of swollen latex films, the multilayer
interference theory and Rayleigh’s scattering theory, based on ellipsoid-like swollen
interfacial boundaries, have been used (see appendices IV and V). Figure 5.2 shows how
theoretically the transmittance should behave as function of the volume fraction
immersed HCl-solution (immersion pattern) for different fractions of remaining
interfaces (Np. The immersion pattern declines more rapidly when the number of
interfaces decreases, because the same amount of absorbed water will now be divided
over less remaining interfaces, which results in bigger pores.
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Fig. 5.2 Theoretical immersion patterns of dried latex B4 films with the
Rayleigh scattering theory based on the remaining fraction of swollen
ellipsoid-like internal interfacial boundaries.
»-Nr=14-Nr=05, ¥- Nr=01.

Figure 5.3 shows how the transmittance changes of I and respectively 24 hours aged
latex B4 films, when they are immersed into an aqueous 0.1 N HCl-solution. The films
were dried and aged at a temperature of 35 OC. The transmittance data are taken at 400
nm and the film thickness is normalized to 80 wm with the Lambert-Beer’s relationship.
The immersion pattern is fitted with the Rayleigh's scattering model for elliptically
shaped swollen internal interfacial interfaces (see appendix V). It shows that both of
the experiments can be fitted with a fraction of remaining interfaces (Np of 1. This
means that all the interfaces between the deformed latex particles are intact and that
autohesion of the dried latex film was not improved over a period of 24 hours.

Figure 5.4 shows a plot of In (ng/ay,;,) against In (Vp, which reveals the dependence
of the interparticle interference on the packing volume fraction. The data is fitted
with the least squares root method, which resulted in a slope of 0.93. Theoretically,
if the swelling is three-dimensional (isofropic) a slope of 1/3 would be expected, and
if the swelling is in one direction a slope of 1. The figure clearly shows that the
unidirectional swelling gives an accurate description of the swelling behaviour of
latex B4. This unidirectional swelling behaviour is equal to the bi-axial deformation
behaviour of the latex particles.
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Fig. 5.3 The immersion patterns of 1 and 24 hours dried latex B4 films
at 35 OC. %- drying time 1 hour, o - drying time 24 hours,
- Ray. scat. model ellipt. swollen interstices with Ny = 1.
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Fig. 5.4 The interparticle interference (ng/A\yin) change of immersed
dried latex B4 film as function of volume fraction absorbed water.
¥ - immersion experiments, o - bi-axial swelling,

A - isotropic swelling, + - linear regression.
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5.4.2. Internal Interfacial Boundaries Studied with TEM _

In this section the interfacial boundaries between coalescing latex particles are
shown in detail in a TEM-photograph. This photograph revealed dark elliptical shapes at
the interfacial contact area of the coalesced latex particles, which were interpreted
as emulsifier molecules concentrated around the area of contact.

Some early studies [27-32,36] done with SEM and TEM techniques suggested that the
initially formed latex film has a polyhedric structure and that commonly these
interfacial boundaries disappeared with time. Figure 5.5 shows a TEM-picture of the
internal interfacial boundaries between coalescing latex particles of latex c8 (see
Table 2.11I). The hexagonally packed latex particles in the middle of the picture are
coalesced partly and the individually particles are still visible by the sharp dark
stripes at there contact areas. The question is if these dark stripes represent the
interfacial boundaries between the latex particles. If the interfacial boundaries in
the TEM-photograph are studied in more detail, we can make out that the dark stripes
are elliptically ring-shaped (Because the photograph is a projection of the latex
particles, the elliptical ring-shape is caused by the projection of the contact area
under a different angle). This would mean that the elliptical dark stripes are caused
by the material at the perimeter of the contact area, otherwise the elliptical shape
would be completely dark. The only explanation we could think of is that the emulsifier
molecules, which are present at the surfaces of the contacting latex particles, are
forced to the perimeter of the contact area during latex coalescence. This results in a
high emulsifier concentration at the perimeter, which causes the dark stripes between
the latex particles in the TEM-picture.

This means that during latex coalescence the emulsifier at the surfaces of the latex
particles is collected at the edges of the formed polyhedrical structure. This results
in internal interfacial boundaries situated at the edges of the polyhedric structure of
the coalesced latex particles, which prevents complete polymer-polymer interfacial
contact. These boundaries will swell easily in water, because of the high content of
the hydrophilic emulsifier. In the previous section it was found that these internal
boundaries did not disappear with time. This means that emulsifier remains in the latex
film, even after an ageing time of 24 hours. This also means that the internal
interfacial boundaries can only disappear when the emulsifier molecules disappear by
migration or oxidation [37,38], and that they do not disappear by the polymer-polymer
interfacial contact formation or polymer interdiffusion phenomena.

87



cles

Fig. 5.5 TEM-photograph of coalesced latex parti
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5.5. CONCLUSIONS

The swelling behaviour of dried and aged latex films is unidirectional. The
unidirectional swelling behaviour is equal to the bi-axial deformation behaviour of the
latex particles. The immersion pattern (transmittance versus amount of absorbed water)
can be described accurately with Rayleigh’s scattering theory for ellipsoid-like
swollen internal interfacial boundaries.

The emulsifier at the surfaces of the latex particles is collected at the edges of
the formed polyhedrical structure during latex coalescence. This causes internal
interfacial boundaries, because good polymer-polymer interfacial contact is prevented.

The resulting transparent latex film of completely coalesced latex particles will
swell when immersed into water, due to the high emulsifier content in the remaining
internal interfacial boundaries. The possible disappearance of these internal
boundaries, caused by the disappearance of the emulsifier molecules during ageing,
increases the autohesion of the dried latex film. This means that interdiffusion of the
polymer molecules over the interfacial boundary or that the rate of formation of
molecular interaction not responsible are for the autohesion process of a dried latex
film. It has been found that the fraction of remaining internal interfacial boundaries
does not decrease with time and that the latex film absorbs maximal /0 % of water. This
means that emulsifier remains in the dried latex film and the adhesion between the
deformed latex particles prevents that more than /0 % water can be absorbed.

Hence, it is not unrealistic to conclude that the autohesion process (by which the
latex particles lose there identity) is determined mainly by the disappearance of the
emulsifier molecules from the dried latex film. Wherever any of the internal
interfacial boundaries should disappear polymer-polymer contact will be established, so
that polymer-polymer intermolecular contact formation and/or polymer interdiffusion
phenomena can take over to increase the overall strength of the dried latex film.
However, the question still remains whether the intermolecular contact formation and/or
polymer interdiffusion phenomena play an important role in the film formation process
of latex films.
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CHAPTER 6

INFLUENCE OF CORE-SHELL MORPHOLOGY
ON LATEX COALESCENCE

Core-shell morphology in latices has been used to improve the latex coalescence and
the elastic properties of the finally dried latex film. If the core consists of a hard
polymer and the shell of a soft polymer, then latex coalescence will mainly be
determined by the shell material and the firmness of the finally dried latex film
depends on elastic properties of a matrix of core material in a continuous phase of
shell material. This would mean that latex coalescence is not affected by the core
material. So, cheap polymer materials or other fillers in the core can be introduced
without affecting the film formation process of the latices.

The core-shell morphology has been characterized with DSC, MFFT, turbidity
measurements and if possible with TEM. Also soap titrations were used to determine the
chemical composition on the surface of the core-shell polymer particles. These initial
measurements have shown that core-shell polymer particles can be made of PS and PBMA
respectively. However, the coalescence properties could not be related to a shell with
pure PBMA. There are indications that the shell material did not consist of 100 % PBMA.
Further we found that the core is affecting the coalescence of the core-shell latex
particles when the thickness of the shell is thin, because the visual MFFT of these
latices decreases when the thickness of the shell increases. The MFFT as a function of
the gross chemical composition of core and shell polymer coincidently corresponds to
the theoretical copolymer Ty (Fox), in the range of 0<PS<55 vol% .

6.1. INTRODUCTION

This study was done in cooperation with the DSM-Resins company in The Netherlands,
which had as a goal to synthesize and characterize a core-shell latex. The synthesizing
methods used are seeded emulsion polymerization and shot-growth emulsion
polymerization. The morphology of two-staged latex particles has been extensively
studied by SEM/TEM techniques [1-16], but also other techniques were used, like Soap
titration [17-19], MFFT [20-22], DSC/DMTA [23-27), SANS [28,29] and turbidity
measurements [30-34]. This chapter will mainly focus on the core-shell characterization
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by turbidity measurements. The techniques 7EM, DSC, MFFT, QELS and Soap titration are
only used to support the results found from the turbidity behaviour of drying core-
shell latices.

The transmission spectrum (UV-Vis) is measured during the drying process of a thin
film of latex. The changing scattering properties of the drying latex film reveal the
internal displacements' of the polymer particles [chapter 2,31,32]. When the particles
flocculate or make contact and deform the changing scattering properties reveal the
deformation time and the extend of the deformation from which the elasticity of the
particles can be calculated [chapter 4]. This typical deformation behaviour can give
information about the morphology of the core-shell particle. The coalescence process of
drying core-shell latices can be divided into three regions, viz. (Fig. 6.1):

a) In the first region the core-shell latex particles are not deformed. This results
in a crumble/powder-like film.

b) In the second region the core-shell latex particles are deformed partly;

¢) In the third region the core-shell latex particles have deformed completely. The
resulting latex film consists of a matrix of core material in a continuous phase of
shell material.

The finally dried latex film is transparent when the refractive indices of the core
and shell material are the same, but when the refractive indices are different the
transmittance in the UV-Vis region depend on the amount of Rayleigh scattering. The
amount of scattering depend on the core size and interparticle distance (shell size) in
relation to the wave-length of the incident light.

_®

Fig. 6.1 The coalescence process of core-shell latices.
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6.2. SYNTHESIZED MATERIALS

From the literature survey, the following conclusions were drawn to get a good core-
shell morphology from seeded emulsion polymerization and shot-growth emulsion
polymerization. In a two-stage polymerization of monomer II in the presence of polymer
seed I we get a core-shell morphology [15], when polymer II is miscible with polymer I
and when polymer II has equal or higher hydrophilicity than polymer I, then polymer II-
rich outside layers will be formed. When the seed-latex is crosslinked, more grafting
between polymer I and polymer II occurs due to the better overcoating of polymer IT
[8]. Seeded emulsion polymerization yields a lower percentage of grafting than shot-
growth emulsion polymerization [9,10].

The latices used in this study, were synthesized in a semi continuous emulsion
polymerization process. The polymerizations were carried out in a 1000 cc temperature
controlled tank-reactor, equipped with a reflux condenser, nitrogen inlet, stirrer and
pre-emulsion inlet. Seeded and shot-growth emulsion polymerization was carried out to
overcoat PS and crosslinked PS with PBMA. The crosslink density of the PS-seed and the
PBMA content were varied. The conversions were between 92 and 99 %. These synthesized
concentrated latices show normally very beautiful coloured light patterns, due to
interparticle interference. These light patterns will disappear when other particles of
a different sizes are added [32]. So if these light patterns disappear during seeded or
shot growth emulsion polymerization, then it is most likely that there has been a
secondary nucleation of a new crop of stable particles. In some cases this occurred,
but these latices were not used.

6.2.1. Procedure Seeded Emulsion Polymerization
Seed latex.
a) Inlay; The tank was filled with 300 ml water with some dissolved SDBS. The particle
size of the synthesized latex is controlled by the amount of SDBS in the inlay when all
other parameters are held constant during the emulsion polymerization process. Then the
inlay is heated up to 80 °C.
b) Pre-emulsion; The pre-emulsion consisted of 400 g Styrene (Core monomer to which
sometimes some DVB (crosslinker) is added), /00 g H>0 and 8.5 g SDBS. The pre-emulsion
was stirred until a stable viscous emulsion was obtained.
¢) Initiator; The initiator consisted of 1.3 g (NH4)2520g dissolved in 10 g of water.
When the inlay reached a temperature of 80 OC, the initiator was added to the
reactor. After one minute the pre-emulsion was dosed to the reactor over a period of
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2.5 hours. After that, the temperature was increased to 87 OC for a period of 1 hour
(to get 100 % conversion). Then the reaction mixture (seed-latex) was cooled siowly to
room temperature. The physical parameters and chemical compositions of the seed latices
are given in Table 6.1.

Core-shell latex

The core-shell latex is made from the prepared seed latex with the same seeded emulsion

polymerization procedure.

a) Inlay; The tank was filled with 300 g Seed-latex and 70 g water.

b) Pre-emulision; The pre-emulsion consisted of :X g Shell-monomer (X depends on the

wanted shell thickness), 40 g H20 and 1.5 wr % of shell-monomer content SDBS.

¢) Initiator; The initiator consisted of 0.25 g (NH4)»S20g dissolved in 5 g of water.
The pre-emulsion was dosed to the reactor over a period of 1.5 to 2 hours, which

depended on the amount of pre-emulsion. The physical parameters and chemical

compositions of the core-shell latices are given in Table 6.1.

Table 6.1 Composition and Physical Properties Seeded Emulsion Polymerization

Seed latex P8 PI2 PI3 PI6 P17 P21 P22

Monomer S BMA S S S S S

DVB wt %) - - 2 5 10 2 2

SDBS (wt %) 2 2 2 2 2 2 2

dp (nm) 199 195 173 18 208 191 155

Wf (nm) 44.2 48.9 45.9 47.5 455 47.9 48.2

Core-shell latex P9 PIO PlI4 PI5 PI8 PlI9 P24 P25 P26
Seed latex P8 P8 PI3 PI3 PI6 PI7 P21 P21 P22
Shell monomer BMA BMA BMA BMA BMA BMA BMA BMA BMA
SDBS 1.7 1.7 17 1.3 16 16 12 11 1
dp (nm) 223 237 210 222 232 265 273 295 265
Wf wt %) 46.0 45.3 49.0 50.2 48.5 47.8 44.7 455 48.7

6.2.2. Procedure Shot-growth Emulsion Polymerization

The shot-growth procedure is almost the same as the seeded procedure. First the inlay
is heated up, when it reached a temperature of 80 OC the initiator was added to the
reactor. After one minute a pre-emulsion with the core monomer is dosed to the reactor.
After all the core monomer is added to the reactor a second pre-emulsion with the shell
monomer was directly dosed to the reactor. The physical parameters and chemical
compositions of the shot-growth latices are given in Table 6.11.
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Table 6.1 Composition and Physical Properties Shot-growth Emulsion Polymerization

Latex P30 P31
Pre- Isi 1

Monomer re-emulsion s s

DVB (wt %) 2 2

SDBS (wt %) 2.9 2.9
Pre-emulsion 2

Monomer BMA BMA

SDBS 1.4 1.8

Wf(co re/s hell) (wt %) 1.126 0.561

dp (nm) 160 155

Wf (%) 47.3 ----

6.3. CHARACTERIZATION CORE-SHELL MORPHOLOGY

6.3.1. Particle Size

By measuring the particle size of the seed (core) latex and its corresponding core-
shell, the ratio of the core and shell size can be determined. Three different
techniques were used to verify the particle sizes, viz. QELS, SEM/TEM and interparticle
interference. The results are shown in Table 6.111.

Table 6.111 Core-Shell Particle Sizes Determined with Different Techniques.

Seed emulsion Theoretical QFELS TEM/SEM Interparticle
polymerization Interference
Seed Core/Shell Tcs/re Tc Fes/re e Tes/re Tc Tes/re
Latex Latex (nm) (nm) (nm)
P9 1.11 1.11 1.05 1.12
P8 117 100 : 99 :
- PIO 1.19 1.13 1.10 1.19
P14 1.23 1.03 - 1.21
PI3 —  pis 1.28 194 Jo7 - - 86 7128
PI6 — P18 1.23 102 1.13 - - 93 1.25
P17 — P19 1.23 111 1.26 - - 104 1.27
P24 1.42 1.35 - 1.43
P2l —  pys 157 108 75 - ) 95 155
P2 — P26 1.72 90 1.61 - - 77 1.71
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The results of the QFELS and SEM/TEM measurements deviate much from the theoretical
expected ratios of rqg/r,, whereas the interparticle interference measurements
correspond very well to the theoretical expected ratios of rqg/re.

Figures 6.2/3/4 show three TEM-photographs, one of the seed latex P8 (Fig. 6.2) and
two of the corresponding core-shell latices P9 (Fig. 6.3) and P10 (Fig. 6.4).

Fig. 6.2 TEM-photograph of seed latex Fig. 6.3 TEM-photograph of core-shell
particles P8. latex particles P9

-~
300nm
1

.

Fig. 6.4 TEM-photograph of core-shell latex particles PI0.
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The photographs clearly show that all the seed latex particles are covered, somewhat
irregularly, with the new shell material. The irregular covering is more distinctively
present in latex (P10) which has a higher PBMA content. This could mean that the core-
shell particles are not ideal, but that they have a kind of "domain” or "raspberry”
morphology [17].

6.3.2. Soap Titrations.

By measuring the specific absorption area of soap-molecules at the surface of the
seed (A;) and core-shell (4. latex particles gives information over the polymer
contents at the surface (by means of determination of the critical micelle
concentration). Because the difference in absorption area between PBMA and PS is very
small [23], this kind of data can only be used qualitatively. Figure 6.5 shows the
specific absorption area ratio found as function of the ratio rgg/rc. The specific
absorption ratio is given by :

Ry =Acg/A; : )

Figure 6.5 suggest that for all core shell latices some PS is present at the surface.
This confirms that the core-shell morphology of our synthesized latices is not ideal
and that the morphologies mentioned earlier are probably present.

1.2
PBMA
P | -
5 [
~1.1
Q’?(
1 15 2
—_— Tes /Tc (‘)

Fig. 6.5 Specific absorption area ratio of SDBS-molecules on the surface of
core-shell latex particles as function of res/re.
o Experimental + Copolymer (theory)
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6.3.3. DSC-Tg A

The synthesized core-shell latices consist of a PBMA-rich shell and a PS core. This
must result into two transitions in a DSC plot, where the two transitions correspond to
the Tq’s of the core (PS) and of shell (PBMA) material. The DSC results are shown in
Table 6.1V. All investigated core-shell latices clearly have two Tg’s, these measured
Ty'’s correspond ‘accurately to the T4 of PBMA (P12) and to the T, of PS (104 0C). The
seed latices that have been crosslinked with DVB have a higher Tg2, where the T, depend
on the amount of DVB. Also the Ty of the core-shell latices are slightly higher than
the Ty of PBMA (P12), due to the presence of PS in the shell.

Table 6.1V DSC and MFFT Measurements.

Latex DSC Fi lm Formation Fox
(9C) Tg1 Ty2 MCT MFFT Ty
P9 47 104 88 -- 71
P10 30 104 50 88 70
P12 30 - - - 31 --
P14 32 107 49 62 69
P15 31 108 46 58 62
P18 33 112 40 62 68
P19 34 124 39 54 69
P24 35 108 40 42 53
P25 35 109 - - 37 48
P26 35 105 - - 36 43
P30 35 96 - - -- 67
P31] 33 104 - - 41 54

6.3.4, Latex Coalescence

6.3.4a. Interparticle Interference

The deformation of the core-shell particles can be followed by measuring the change
of the interparticle interference (V) of a drying latex film. This reveals the
maximum extend of the indentation of the coalescing core-shell latex particles at a
given drying temperature. By doing this at different drying temperatures the maximum
indentation as function of temperature can be found. Six core-shell latices were
investigated, having ratios of rgg/re varying from 1.2 to 1.7, and crosslinker content
varying from O to 10 wt % DVB. The pattern of the indentation/temperature plot as
function of the ratio rgg/r, gives very accurate information about the morphology of
the core-shell latex over the indentation region.

In Fig. 6.6 is given Apy/(rp.ng), which is proportional to ep*/rp (bi-axial
indentation - section 4.4.2.), as a function of the drying temperature. The core-shell
latex particles begin to deform at temperatures between 40 and 50 OC.
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Fig. 6.6 Influence of the drying temperature on the interparticle
interference c.q. bi-axial indentation of core-shell particles.
m = PI0, + = PI8, ¥= Pi9, v = P24, x= P25, A = P26.

For some core-shell particles the deformation does not continue, but stops at a
certain indentation (deformation plateauw). This deformation plateau lowers for an
increasing ratio of rgg/re. Eventually the deformation plateau changes into complete
latex coalescence at a temperature corresponding to the MFFT, which still has a lower
temperature than the 7, of PS-core. For complete latex coalescence the core-shell latex
particles need a deformation of 0.164*r.; (bi-axial indentation - section 4.2.2¢).
Figure 6.7 shows the deformation ratio of latices P10/P18/P19/P24/ P25/P26 resulted
from Fig. 6.6 as function of rpg/re, where the the deformation ratio is given by :

Ryer = €p*/(0.164.15) )

where ep* is the indentation corresponding to the deformation plateau. When the
particles deform completely Rger. is I and when there has been no deformation Ryer is
0. Figure 6.7 shows that the core-shell latex coalescence is complete when the ratio
reg/re reaches 1.7 and that Rger increases quickly for ratios of reg/re from 1.1 to
1.3 and slowly from 1.3 to 1.7.

It was expected that when the shell was thicker than the maximum indentation needed
for complete coalescence, the deformation behaviour could be explained by the elastic
properties of the shell material.
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Fig. 6.7 Influence of shell thickness on the deformation ratio
of core-shell particles.

However, in our case all the investigated latices had thicker shells than this maximum
indentation, so that no deformation plateaus were expected. Therefore the typical
-indentation plots shown can’t be explained by our initially assumed deformation
mechanism, other possible explanations are :

a) The core is strongly influencing the deformation of the core-shell latices.
Obviously Fig. 6.7 shows that the core has no influence on the coalescence process
(anymore) for ratios r¢s/rc bigger than 1.7 (P26 with PS content of only 20 vol %). The
same kind of results was found by Devon [22];

b) The shell material has a "domain” morphology of PS and PBMA, where the PS content is
increasing from the surface towards the core. The evaluation of Fig. 6.7 obviously
shows that the PS content increases faster in core-shell particles with thin shells

(e.g. faster decrease of elasticity over the deformation zone) and slower for thick
shells.

6.3.4b. Rayleigh Scattering
The transmission spectrum of completely coalesced latices can be fitted with Rayleigh

scattering. For that purpose it was assumed that the system of fully coalesced core-
shell latex particles consists as a film of spherical PS particles in a continuous
matrix of PBMA. We see in Fig. 6.8 that the theoretical spectra (Rayleigh Scattering
Models - section 2.3.3.) corresponds accurately to the measured spectrum of two dried
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latex films (P24 and P31); the magnitude of dimensions used corresponds to the
dimensions of the core-shell latex particle. This undoubtedly proves that the latex
particles prepared with seeded and shot-growth emulsion polymerization have a core-
shell morphology.

0.8

—log (T) (-)

—»
-

] T : e >
300 800
—_— Wave-length (nm)

Fig. 6.8 Transmission spectra of completely coalesced dried latex films.
Latex P24 m = experimental, + = model 2 with r.= 94 nm and rcs=136 nm.

Latex P31 * = experimental, A = model 2 with r.= 55 nm and Tos™= 77 nm.

6.3.4c. Minimal Film Formation Temperatures Core-shell Latices

In section 6.6.3a it was found that some core-shell latices will deform partly at a
given temperature and the extent of the deformation remains constant over a certain
temperature rtange (“deformation plateau"). The temperature where the deformation
plateau starts, is called Minimal Coalescence Temperature (MC7). Because the
interparticle interference technique has a limited temperature range, MFFT measurements
were used to measure the temperature when the “deformation plateau" eventually goes
over in completely coalesced latex particles (MFFT).

The minimum film formation temperature is determined by using a messing bar over
which a temperature gradient is established from 24 to 88 OC. The bar is then coated
with a 50 wm thick latex film. The temperature at which the coating becomes
"transparent” and crack free is called the MFFT. The results are given in Table 6.1V.
The latices P10/P14/P15/P18/P19/P24 have a MCT and MFFT, whereas latices P25/P26 only
have a MFFT. The MCT, MFFT and the Fox-Ty of the latices are given in Fig. 6.9 as
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function of volume fraction PS. Figure 6.9 shows that the MFFT of the core-shell
latices increases when the shell thickness decreases and that the MFFT’s coincidently
correspond to the theoretical Fox-Ty of the gross chemical composition of core and
shell polymer until a fraction of 55 vol %. Above this fraction the MCT and MFFT
increase quickly, which means that for thin shells the coalescence process depends
mainly on the core material. The same kind of results were found by Eliseeva [21] for a
PMMA/PEA core-shell latex.
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Fig. 6.9 Influence of PS content in core-shell particles on the MFFT (a),
MCT (+) and Fox—Tg (m).

6.3.4d. DMTA

In chapter 3, we stated that the coalescence process of copolymer latices as function
of temperature can be related to the DMTA properties of the dried latex film with the
Vanderhoff/JKR deformation model. With this model it is possible to calculate the
Young’s modulus as a function of temperature of the core-shell particles from the
indentation-temperature plot (Fig. 6.6) during latex coalescence. Theoretically the
latex particles can coalesce completely, when the Young’s elastic modulus of the

particles becomes lower than 107—107'5 N/m2. Therefore, assuming that the Young’s

modulus of the latex particles have a value of 107 to0 1073 N/m® for temperatures

around their MFFT. In Fig. 6.10 is the Young’s modulus reconstructed as a function of
temperature from the interparticle interference data and MFFT of latex P10. The theory
assumes two transitions, a first transition at 30-50 OC, which is caused by the elastic
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properties of the PBMA shell material and a second transition which depend on the gross
elastic properties of PS and PBMA. The Young’s modulus remains constant between the two
transition temperatures. Therefore the experimental DMTA measurements of completely
coalesced dried core-shell latex film should result in two well defined transitions
with a kind of rubber plateau. This expected DMTA behaviour already has been found by
many investigators [23,24,26] and is common for polymers with a core-shell morphology.
However, only the DMTA measurement of latex P10 did reveal two well defined transitions

(see Fig. 6.10).
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Fig. 6.10 Influence of drying temperature on the Young's modulus of coalescing
core-shell particles () and the influence of temperature on the Young’s
modulus (0.1 Hz) of completely coalesced dried latex film (*). [Latex P10]

6.4. CONCLUSIONS

The measurements discussed in this chapter are a first attempt to investigate the
mechanism of coalescence of latices with a core-shell morphology. These preliminary
results demonstrate that the morphology of particles with a PS-core and a PBMA-shell
can be characterized.

The transmission spectrum of the completely coalesced core-shell latex particles can
be fitted accurately with the Rayleigh Scattering model 1, assuming PS-cores imbedded
in a PBMA polymer matrix. This proves that the synthesized two stage latex particles
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have a core-shell morphology. TEM-photographs, soap-titrations and DSC revealed that
the core-shell morphology is not ideal, but that it has a kind of “domain® or
“raspberry” morphology.

With the interparticle interference technique it was established that the shell and
the core materials are important for the coalescence process, even for shells much
thicker than the maximum indentation needed for complete coalescence of the core-shell
particles. This means that the core material is strongly affecting the coalescence.

The results found between the latex coalescence behaviour and the elasticity
behaviour of the completely coalesced latex film (latex P10) as function of temperature
evidently proves that the DMTA measurements can ‘predict the coalescence behaviour of
particles with a core-shell morphology.
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APPENDIX I
RAYLEIGH SCATTERING MODEL 2

Calculation of the projected area of the inclusion.
The area (4;) of the projected inclusion is equal to :

Ai= Amimoms - 6. [Aab’o + Ab’m;o] an
The area ag4p will be given by :
P
! | 2_2
Agb’o = 7 I - X dx 12)
1

E.rp

By substituting x = rp.sin ¢ into Eq. (I2), we obtain :

L
1 2 1 1
Aab’o = g.rpz.j(l'*'cos 2!].d[ = rpz [1—8‘.7[ - 2—4.5] (13)
n
6
The area Ap’p o is equal to :
11 1 1 2
Ap'mio = 53 Tpy Tp tan 300 = a.J?.rp 14)

In general, the area Am1m2m3 (in Fig. 2.10 ey = 0) is equal to :

Ammams = B [rprey)” as)
Substitution of Eqs. (I3), (I4) and (I5) into Eq. (I1), yields :

Aj = {3 (rp+ep]2 - ;.n.rpz 16)

Calculation of the perimeter of the inclusion.
In general, the perimeter k; of the water inclusion is equal to :
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kj = 6. [|ab’l + ep) : an

The perimeter |ab’| is given by :

1
p ,pz_ §.x2 2
jab’| = | 9 | .ax as)
1 i 2
E.rp p

By substituting x = rp.sin ¢ into Eq. (I8) we obtain :

3
|1 ; B.sinzt dr @)

Numerical solution of Eq. 19 with the Simpson rule gives as an answer 0.6105.rp.
Substitution of this result into Eq. (I7) gives :

lab’| = rp.

Al e— NI’

ki = 3.66.rp + 6.p (110)

By rewriting Eq. (17, chp. 2) with m = m®™, n.rp2 = 4; and x = xj/A, and substituting
this into Lambert-Beer’s Eq. (15, chp. 2), we obtain Eq. (30, chp. 2):

| 2
-2.Ai.xi4. Vrd) m*2.1

. rpz. 7\4 m*2+2

In Tinoder2 = aim

APPENDIX II
CALCULATION OF THE SIZE OF THE STABILIZING LAYER.

The wave-length (A;,) at which a sharp minimum in the transmission spectrum arises,
depends on the particle radius, the interparticle distance and the number of structured

particle layers. This leads to the following equation (for more details see chapter 2):

Amin = 4.Ang ()
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where ng is the refractive index of the latex and A=(r,+«) sin 54.759, which is one
fourth of the height of a h.c.p.-unit. From the change of A, of interstices filled
with water to A, of interstices filled with air, the change in interparticle distance
(AM) can be calculated. This change is almost equal to the size of the stabilizing
layer (). The results for latices B4 and B6 are given in Table 3.1

APPENDIX III
INDENTATION AS A FUNCTION OF THE VOLUME FRACTION OF SPHERES
IN A H.C.P.-UNIT.

Figure III.1 shows a h.c.p.-unit, where :

b = 2. [rp+ep] , 1= 2.[rp+ep].sin 600 and h = 4. [rp+ep).sin 54.750

(1)

3
_ Volume particles per unit _ w | Tp
Volume unit (blh) 35' rptep

Fig. III-1 Schematic representation of a h.c.p.-matrix.

For isotropic deformation the interparticle distance decreases isotropically between
all the particles of the unit. The indentation as a function of the volume fraction is
then given by :
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1

n |3
ep = - I|rp 1§119))

32y

For bi-axial deformatioﬁ only the height (h) of the h.c.p-unit decreases, the sizes of
b and / remain constant. Deformation starts when € is zero, so that the size of b and
lLare : b = 2.ry and I = 2.rp.sin 609. Substitution of these values into Eq. III2
yields :

4 )
V= S—?.E.u.rp.h 1 (I13)

The deformations only take place between spheres AD,BD and CD. The indentation is now
given by :

~

ep = > (|AD| —2.rp] (1114)

1 4
where |AD| = z.hz + §-rp2

APPENDIX IV
THEORETICAL INTERPARTICLE INTERFERENCE CHANGE FOR ISOTROPIC
AND BI-AXIAL DEFORMATION MECHANISMS [1-7]

The wave-length (A;;;;p at which a sharp minimum in the transmission spectrum arises,
depends on the particle radius, the interparticle distance and the number of structured
particle layers. This leads to the following equation (for more details chapter 2) :

Apmin = 4.Ang = h.ng avi)

where ng is the refractive index of the latex and A4 is one fourth of the height of
h.c.p.-unit in figure III.1 This means that h equals Au/ng. Substituting this into
the Eq. III1 yields for the isotropic deformation mechanism :

Iv2)
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and for the bi-axial deformation mechanism :

‘./f = ;nﬁ

avs)

rpnd
Amin

Following the experimental change of X,;; as a function of volume fraction the
coalescence mechanism of the latex particles can be determined.
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APPENDIX V
RAYLEIGH LIGHT SCATTERING OF ELLIPSOIDS [1]

The attenuation of a light beam which passes a scattering medium, is defined by
Lambert-Beer’s relation :

S=-almT 1)

where § is the scattering coefficient, dj the thickness of the swollen latex film and T
the transmittance. For Rayleigh scattering, the scattering coefficient for non-
absorbing particles is given by :

S = N.QscqAe = N.Cseg (V2)

where N is the particle number concentration (m'3), Oscaq the scattering efficiency
factor, A, the area of the cross section of the particle (m2 ) and Cgqq the scattering

cross section (m2).
The scattering cross section for Rayleigh scattering is given by :

4, .2

8
Csca = }.Tl.k .|oc] (V3)
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where k is the wave-number 2.n/A and o the isotropic polarizability, defined as :

1 1 1
o = Euaz + §“b2 + §aC2 (V4)

where «,, «p and o, are the polarizability tensors in the direction of the applied
field along any of the x,y,z-axes of the ellipsoids.
For ellipsoids Lorentz derived the following relationship [1] :

\4 1
=Lj + — ' (V5)

4.1t.aj
where V is the volume of an ellipsoid (m3), m the relative refractive index (-), Lj the
ratio of the axes of the ellipsoid. When all interfaces are intact (Nf=1) the amount of
‘interfaces equals the number of polymer particles in the dried latex film. The volume
of every ellipsoid is equal to the volume absorbed water divided by the number of latex

particles :
_ Ve 3

—Vf. }.n.r . Nf

(V6)

where Ny is the fraction remaining interfaces. If the semi-axes of the ellipsoid are
given by a,b and c, then the ratios Lj are given quite accurately by :
1
La =—, Lb =

1+24 8 1+
b ¢

&)

I+-+

DI~
S o

The semi-axes of the swollen interfaces are symmetric in two direction, so that b/c=1.
The sizes of b and ¢ are equal to the characteristic size of the projection of the
swollen interface in the hexagonal packing structure. The length (@) of the swollen
ellipsoid is equal to one fourth of the height (# Eq. II3) of the h.c.p-structure
(Fig. 111.1) minus the particle radius (rp).

=

1 -
b=c= 3.rp and a = §.E.ﬂ.rp.“’f'] - rP (Vg)

W

The scattering cross section is found by calculation of g, «p and «. from Eqgs. V5-V8.

Reference
1 van6§1e Hulst, H.C., "Light scattering by small particles.” Wiley, New York, 1957,
p. 63-74.
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LIST OF SYMBOLS

ABBREVIATIONS

oSV Onderzoeks Stimulerings-programma Verf
10P Innovatie gericht Onderzoeks Programma
Coulter  Particle size measurement apparatus by QELS
DET Direct non-radiative Energy Transfer

DMTA  Differential Mechanical Temperature Analyzer
DSC Differential Scanning Calorimeter

GPC Gel Permeation Chromatography

Malvern Particle size measurement apparatus by QELS
QELS Quasi Elastic Light Scattering

SANS Small Angle Neutron Scattering

SEM Scanning Electron Microscopy

SF3 Sedimentation Field Flow Fractionation
SLAM  Scanning Laser Acoustic Microscopy

TEM Transmission Electron Microscopy
UV-Vis Ultra Violet and Visible light

h.c.p. hexagonal close packing

f.c.c. face centered cubic

s.c.p. simple close packing

s.h.p. simple hexagonal packing

CHEMICAL COMPOUNDS

BA Butyl Acrylate

BMA Butyl Methacrylate

MAA Methacrylic Acid

MMA Methyl Methacrylate

NF26eo Nonylphenol 26 ethylene oxide

PBMA  Poly Butyl Methacrylate

PMMA Poly Methyl Methacrylate

PS Poly Styrene

S Styrene

SDBS Sodium Dodecyl Benzene Sulfonate
SYMBOLS

ap radius contact area

A characteristic length for interparticle interference
Ap Hamaker’s constant

Aj area of the projection of a inclusion

Ac specific absorption area core particle

Acs specific absorption area core-shell particle

Cj,Cp,C3 geometric constants

CSCG

scattering cross section
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thickness of the jth layer

film thickness or optical path-length sampie
thickness polymer layer

thickness water layer

interparticle distance and indentation particles
indentation' biaxial mechanism

Young’s elastic modulus

Young’s elastic modulus by Brown/Hertz model
Young’s elastic modulus by Sheetz/Hertz model
Young’s elastic modulus by Vanderhoff/TKR model
electric field vector of incident light

electric field vector of reflected light

electric field vector of transmitted light
deformation force of Brown /Vanderhoff
shearing force

normal force

contact force, load

interaction pressure

cohesive energy

7

angle of incidence of the jth layer

angle of incidence

angle of refraction

intensity transmitted light

intensity incident light

number of regularly packed layers two step model
number of regularly packed layers multi step model
number of regularly packed layers maximum
ratio semi-axes ellipsoid

relative refractive index

molecular weight polymer

mass coalesced latex

weight latex at t=0

total weight polymer

molecular weight monomer
number average molecular weight polymer
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MCT
MFFT

weight average molecular weight polymer
minimal coalescence temperature

minimal film formation temperature
refractive index

effective index of refraction

refractive index latex

refractive index glass

absolute refractive index of the jth layer
refractive index solvent

refractive index latex particle (polymer)
average refractive index

concentration

degree of polymerization

fraction remaining interfaces

particle concentration

scattering efficiency factor

number of secondary interference minima
capillary pressure

capillary pressure of Vanderhoff

average square end-to-end polymer chain length
radius capillary

radius core

radius core-shell

particle radius

gas constant

reflection coefficient

specific absorption ratio

reflection coefficient of Fresnel
deformation ratio

relative humidity

scattering coefficient

number of transitions to simulate n,-pattern

temperature
transmission coefficient
glass transition temperature polymer

transmission minimum caused by interparticle interference
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kg/mol

%

%

%

oc
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“m

¥

Y/a
Tp/as¥]
Tp/0¥]2
A

Amin

wl

x2

Kj

Km

<p
kSDBS

average volume fraction polymer

volume fraction polymer from interparticle interference data

volume fraction polymer

weight fraction polymer

average weight fraction

weight fraction non-coalesced latex

position in the particle packing structure

characteristic length water inclusion scatterer

minimal separation distance between two surfaces

separation distance between two surfaces:

polarizability

polarizability dilute polymer solution

interfacial or surface tension

surface tension water

surface tension polymer

interfacial tension polymer-water

wave-length

wave-length at the transmission minimum

viscosity latex

density latex

phase difference

phase shift jth layer

phase difference is =, 3n, S5=u..

optical admittance of medium i

relative dielectric constant

relative dielectric constant pure solvent

coalescing angle

contact angle water/polymer

Poisson’s ratio

interdiffusion constant polymer

interparticle distance before flocculation
» after flocculation

perimeter of the projection of a water inclusion

marker displacement

polymer displacement

size stabilizing layer
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SUMMARY

The study described in this thesis was performed as part of an innovation oriented
research program, funded by the Dutch Ministry of Economic Affairs and called
Onderzoeks Stimuleringsprogramma Verf (OSV), to arouse interest and to stimulate the
paint industry to a more scientific approach of the problems concerning aqueous
dispersion paints.

The aim of this study is to characterize the process of film formation and to
investigate the influence of different factors such as drying temperature, humidity,
drying time, particle size and latex morphology. The process of film formation of
industrial aqueous dispersion coatings is very difficult to describe, because of the
many chemical components in the paint and the multi-disciplinary character of the
process. This leads to a complicated macroscopic behaviour, which is difficult to
separate into - contributions of the various microscopical properties. Therefore, the
number of chemical components was reduced to three to get a better insight in the
problems involved in the film formation process. The three basis components were binder
(acrylic (co)polymer), solvent (water) and emulsifier (SDBS).

The film formation process of these acrylic latices was studied by transmission
spectrophotometry. With this technique the light attenuation (transmission) of a thin
latex film is measured. The pattern of the transmittance as a function of the wave-
length (transmission spectrum) reveals the internal structure of the latex film. The
transmission spectrum in the UV/Vis wave-length area is determined mainly by Rayleigh
scattering  and  interparticle  interference. In  particular, the interparticle
interference, which causes beautiful iridescent colour patterns, is related accurately
to the particle size, interparticle distance and packing structure.

Chapter 2 describes how the transmission spectra of thin latex films are related to
the physical properties of the latex, like particle size, weight fraction, particle
size distribution and film thickness. This results in an empirical Rayleigh scattering
equation, based on the size of the water interstices between the densely packed latex
particles, which describes the scattering behaviour of thin latex films very well. The
interparticle interference can be described with the multilayer interference theory, if
the latex film is considered as a homogeneous medium with small variations in optical
density. These optical density variations in a medium with a very regular structure can
be considered as a gradual variation of the refractive index between a relatively high
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and low value. This represents the so called lamellar phase of the latex, where layers
with a high polymer content are separated by layers with a relatively high water
content.

In chapter 2 aspects of scattering and interparticle interference have been discussed
for thin latex films'fixed between glass plates, so that no evaporation of water takes
place. In chapter 3 the changing scattering and interparticle interference patterns are
studied corresponding to drying thin latex films coated on glass plates. The change of
the interparticle interference during the drying process of a latex film is primarily
related to the internal displacements, but these patterns are also related to the
regularity of the interparticle structure, the critical interparticle distance (where
flocculation of the particles is initiated) and the size of the stabilizing layer
around the latex particles. The latex particles lie in a hexagonal close packing when
they are flocculated in the latex film. When this film is dried above the MFFT, then,
during the evaporation of water, the particles will deform into a polyhedric structure
under the influence of the capillary forces. The observed changes in the interparticle
interference are then related to the deformation of the latex particles. In chapter 4
is described how, from the changes in interparticle interference, the mechanism by
which the particles deform, can be determined.

In the literature the wet sintering theory is proposed, which can describe latex
coalescence. The concept of this theory is the application of the principle of
capillary pressure, where the polymer/air, polymer/water and air/water interfacial
tensions are responsible for the deformation of the latex particles. The principle of
capillary pressure is applied to the small interstices in the packing structure and to
the radii of curvature formed between the latex particles.

From the change of the interparticle interference during the coalescence process it
follows that the deformation of the latex particles is one-directional and can be
described by a bi-axial mechanism. This result, in combination with the wet sintering
theory, has lead to a Vanderhoff/JKR coalescence model, which calculates Young’s
elastic modulus as a function of temperature of the latex particles from the particle
deformations as a function of drying temperature. The calculated elastic properties of
the latex particles are in reasonable agreement with the elastic properties (DMTA at
0.01 H7) found for the dried latex film.

The latex film becomes transparent only if the interfacial boundaries or interstices
between the deformed latex particles disappear or if they become so small that they
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scatter hardly any light in the visual wave-length region. The size of these
interfacial boundaries depends on the particle size and the extent of the deformation.
This means that latices with relatively big particles have to deform more than those
with relatively small particles, in order to get the same transparent latex film.
Investigated is how the particle size and relative humidity influence latex
coalescence. At relatively high humidities it is found, that there are no major
differences in latex coalescence of latices with particle sizes of 94 and 119 nm,
however, at relatively low humidities there is a difference found in latex coalescence.
At these low humidities the bigger latex particles coalesced completely at much higher
drying temperature than the smaller latex particles. This means that the capillary
forces in a system with small particles is higher than in a system with larger
particles.

A transparent latex film will be formed when the latex particles are coalesced
completely. If this latex film is immersed in an acid solution the remaining internal
interfacial boundaries between the contacting latex particles will swell, resulting in
a regeneration of scattering and interference patterns. These patterns are related to
the size and the number of swollen interfacial boundaries. It is expected, that the
number of remaining interfacial boundaries of an dried latex film decreases with time.
The process in which the individually particles lose their identity, is called
autohesion. Measuring the decrease of the number of interfacial boundaries as a
function of ageing time gives information on the time scale of the mechanisms that play
a role during the autohesion process. However, the experiments discussed in chapter 5
showed no decrease of the number of interfacial boundaries during an ageing time of I
and 24 hours. This means that the autohesion of the dried latex films did not improve
in a period of 24 hours.

The remaining interfacial boundaries could also be shown by TEM. On the TEM
photographs of partly deformed latex particles dark elliptical ring shapes were visible
between the particles. These dark elliptical ring shapes were interpreted as emulsifier
molecules concentrated around the area of contact, so that the contact area consists
only of polymer-polymer interface. This means that the autohesion will improve only
when emulsifier molecules disappear from the dried latex film. It also means that the
mechanisms proposed in the literature, i.e. polymer interdiffusion across the
interfacial boundaries or the formation of a polymer intermolecular interface by means
of viscous flow, can not be responsible for the autohesion process.
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The last chapter describes the application of the methods developed so far to
characterize latex particles with a core-shell morphology. Core-shell morphology in
latices has been used to improve latex coalescence process and the elastic properties
of the finally dried latex film.

In the first instance it is checked whether the synthesized latex particles have the
expected cpre-shéll structure. QELS, interference and scattering measurements showed
that the synthesized particles have a core-shell morphology. However, soap titrations,
TEM and DSC measurements revealed that the core-shell morphology was not ideal, but
that it has a kind of “"domain" or "raspberry" morphology.

In the second part it was investigated whether the Vanderhoff/JKR coalescence
mechanism described in chapter 4, can be used for the deformation behaviour of core-
shell latex particles. In some cases latex coalescence of core-shell latex particles is
-very different from that of homogeneous latex particles. It was expected that the
deformation mainly will be determined by the elasticity of the shell polymer, if the
shell thickness is larger than the maximum possible indentation during latex
coalescence. However, experiments showed that shell thicknesses of three times the
maximum indentation distances were needed to exclude the influence of the core on the
deformation behaviour. In spite of these results, this specific deformation behaviour
of the core-shell latex particles could be predicted well from the elastic properties
of the dried latex film (measured in a DMTA ar 0.] Hz) in combination with the
Vanderhoff/JKR coalescence model of chapter 4.

The turbidity measurements discussed in this thesis are a first attempt to
investigate the mechanisms of film formation. The information ensuing from this
investigation is necessary to understand the influences of additives and morphology on
the film formation process of industrially synthesized latices. These preliminary
results demonstrate that turbidity spectrophotometry could be a valuable tool for
further latex film research.
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SAMENVATTING

Het onderzoek beschreven in dit proefschrift werd gedaan in het kader van een
innovatie gericht onderzoeksprogramma om de verfindustrie te ondersteunen, te
interesseren en te stimuleren voor een wetenschappelijke aanpak van de problemen die
betrekking hebben op waterafdunbare dispersieverven. Het programma wordt Onderzoeks
Stimulerings-programma Verf (OSV) genoemd en wordt gesubsidieerd door het Nederlandse
Ministerie van Economische Zaken.

Mijn onderzoek was gericht op de karakterisering van het filmvormingsproces en op de
mate waarin verschillende factoren het proces beinvloeden, zoals droogtemperatuur,
relatieve vochtigheid, droogtijd, deeltjesgrootte en de morfologie van de latex-
deeltjes. Het filmvormingsproces van industriéle waterafdunbare dispersieverven is
moeilijk te beschrijven, vanwege het grote aantal chemische componenten in de verf en
het multi-disciplinaire karakter van het proces. Dit leidt tot een zeer gecompliceerd
macroscopisch gedrag, waarbij de invloeden van de afzonderlijke microscopische eigen-
schappen niet eenvoudig te herleiden zijn. Om toch enig inzicht te verkrijgen in de
algehele filmvormingsproblematiek, is het aantal chemische componenten teruggebracht
tot 3. De drie basis componenten zijn binder (acrylaat(co)polymeer), oplosmiddel
(water) en emulgator (SDBS).

Het filmvormingsproces van deze acrylaatlatices werd bestudeerd met behulp van
transmissiespectrofotometrie. Deze techniek meet de lichtdoorlaatbaarheid (trans-
missie) van een dunne latexfilm. Het patroon van de lichttransmissie als funktie van de
golflengte (transmissiespectrum) van het licht onthult de interne structuur van de
latexfilm. Het transmissiespectrum in het UV/Vis-golflengtegebied wordt voornamelijk
bepaald door Rayleigh lichtverstrooiing en door de onderlinge deeltjesinterferentie.
Met name de onderlinge deeltjesinterferentie, die zich visueel in zeer mooie irizerende
kleuren uit, is nauwkeurig gerelateerd aan de onderlinge afstand en pakkings-structuur
der deeltjes.

In hoofdstuk 2 wordt beschreven hoe de transmissiespectra van dunne latexfilms
gerelateerd kunnen worden aan de fysische eigenschappen van de latex, zoals deeltjes-
grootte, gewichtsfractie, deeltjesgrootteverdeling en filmdikte. Dit resulteert in een
empirische Rayleigh verstrooiingsvergelijking, gebaseerd op de grootte van de water-
inclusies tussen de dicht gepakte latexdeeltjes, die het verstrooiingsgedrag van een
dunne latexfilm goed benadert. De onderlinge deeltjesinterferentic kan beschreven
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worden door de multilagen interferentietheorie, die de latexfilm beschouwt als een
homogeen medium met Kleine variaties in optische dichtheid. Deze optische dichtheids-
variaties kunnen in een medium met een zeer regelmatige structuur beschreven worden als
een variatie in refractie-index, die geleidelijk oscilleert tussen een relatieve hoge
en lage waarde. Dit representeert de zogenaamde lamellaire fase van de latex film,
waarbij lagen met relatief hoge concentraties polymeerdeeltjes gescheiden worden door
lagen met relatief hoge concentraties water.

De in hoofdstuk 2 behandelde lichtverstrooiings- en interferentieaspecten hebben
betrekking op dunne latexfilms gefixeerd tussen twee glasplaatjes, zodat geen droging
kan plaatsvinden. In hoofdstuk 3 wordt vervolgens onderzocht hoe de licht-
verstrooiings- en interferentiepatronen veranderen van drogende dunne latexfilms gecoat
op glasplaaties. De verandering van de onderlinge deeltjesinterferentie in een drogende
latexfilm is in eerste instantic gerelateerd aan de onderlinge afstand en verplaatsing
der deeltjes. Maar deze veranderende patronen geven ook gedetailleerde informatie over
de regelmatigheid van de intrastructuur, kritische onderlinge deeltjesafstand (waarbij
de deeltjes juist beginnen te flocculeren) en de grootte van een stabilisatielaag rond
de latexdeeltjes. Als alle deeltjes in de latexfilm geflocculeerd zijn, liggen deze in
een dichte hexagonale pakking. Als deze latexfilm gedroogd wordt bij een temperatuur
boven de minimale filmvormings temperatuur, zullen gedurende de verdere verdamping van
water, onder invloed van capillaire krachten, de deeltjes deformeren tot een honingraat
structuur. De daarbij waargenomen veranderingen in onderlinge deeltjesinterferentie
zijn dan gerelateerd aan de vervormingen van de latexdeeltjes. In hoofdstuk 4 wordt
beschreven hoe hieruit het mechanisme waardoor de latexdeeltjes vervormen bepaald kan
worden.

In de literatuur wordt de natte-sinterings theorie voorgesteld welke het coales-
centieproces kan beschrijven. Het concept van deze theorie is de toepassing van het
principe van de capillairdruk in een latexsysteem, waarbij de grensvlakspanningen
tussen polymeer/water, polymeer/lucht en water/lucht verantwoordelijk zijn voor de
vervorming van de latexdeeltjes. Het principe van de capillairdruk wordt toegepast op
de kleine openingen in de bolstapelingsstructuur en op de kromtestralen die ontstaan
tussen de deeltjes.

Uit de veranderingen van de onderlinge deeltjesinterferentie gedurende het coalescen-
tieproces is gebleken dat de latexdeeltjes volgens een bi-axiaal mechanisme vervormen
(afplatten). Dit resultaat in combinatic met de natte-sinteringstheorie heeft geleid
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tot het Vanderhoff/JKR coalescentiemodel, dat aan de hand van de deeltjesvervorming als
functie van de droogtemperatuur de elastische eigenschappen (Youngmodulus) van de
latexdeeltjes kan berekenen als functie van de droogtemperatuur. Deze elastische eigen-
schappen komen redelijk overeen met de elastische eigenschappen (gemeten in een DMTA
bij 0.01 Hz) van de gedroogde latexfilm.

Een latexfilm wordt pas transparant als de grenslagen, cq. inclusies tussen de
vervormde latexdeeltjes verdwenen zijn of dat deze zo klein geworden zijn dat ze in het
zichtbare golflengtegebied geen of nauwelijks licht verstrooien. De grootte van de
grenslagen, cq. inclusies hangt sterk af van de grootte en mate van vervorming der
deeltjes. Dit betekent dat latices met relatief grotere deeltjes meer moeten vervormen
om dezelfde transparante films te vormen dan die van latices met relatief kleine
deeltjes. Onderzocht is in welke mate de deeltjesgrootte en de relatieve-vochtigheid
het vervormingsgedrag van de latexdeeltjes beinvloeden, dit als funktie van de droog-
temperatuur. Bij relatief hoge vochtigheden is gebleken dat er nauwelijks verschillen
zijn in het vervormingsgedrag voor latices met deeltjes van respectivelijk 94 en 119
nm, echter bij een relatief lage vochtigheid zijn er duidelijke verschillen in het
vervormingsgedrag waargenomen. Bij lage vochtigheden vervormden de grotere latex
deeltjes t.o.v. de Kkleinere latexdeeltjes pas bij veel hogere droogtemperaturen
compleet. Dit betekent dat de capillairkrachten in een latexsysteem met kleine deeltjes
hoger zijn dan in een latexsysteem met relatief grote deeltjes.

Als de latexdeeltjes totaal vervormd zijn, ontstaat er een transparante film. Wanneer
deze latexfilm ondergedompeld wordt in een zure-oplossing, zwellen de nog aanwezige
grenslagen tussen de aaneengeplakte latexdeeltjes op, wat als gevolg heeft dat de
lichtverstrooiings- en interferentiepatronen geregenereerd worden. Deze patronen zijn
dan gerelateerd aan de grootte en het aantal van de gezwollen grenslagen. Verwacht
wordt dat wanneer de latexfilm veroudert, deze grenslagen zullen verdwijnen. Het proces
waarbij de vervormde latexdeeltjes hun indentiteit verliezen, wordt autohesie genoemd.
Door de afname van het aantal grenslagen tegen de verouderingstijd te meten kan het
autohesieproces gekarakteriseerd worden. Echter de in hoofdstuk 5 beschreven
experimenten tonen aan dat er geen afname is in het aantal grenslagen gedurende
droogtijden van / en 24 uur. Dit betekent dat de autohesie van deze gedroogde latexfilm
niet verbetert gedurende een periode van 24 uur.

De achtergebleven grenslagen zijn ook m.b.v. een Transmissie Electronen Microscoop
onderzocht. Op de TEM-foto’s van gedeeltelijk vervormde latexdeeltjes waren donkere
elliptische ringvormen waarneembaar tussen de deeltjes. Deze donkere elliptische ring-
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vormen zijn geinterpreteerd als emulgatormolekulen die zich geconcentreerd hebben rond
het contactoppervlak van de vervormde latexdeeltjes. Het contactoppervlak zelf bestaat
dus alleen uit een polymeer-polymeer grensvlak. Dit betekent dat de autohesie alleen
verbetert wanneer de emulgatormoleculen verdwijnen uit de gedroogde latexfilm. Dit
betekent ook dat de in de literatuur voorgestelde mechanismen, interdiffusie van
polymeerketensegmenten over de grenslagen of de vorming van intermoleculaire grenslagen
doormiddél van visceuse vloei, niet verantwoordelijk zijn voor het autohesieproces.

In het laatste hoofdstuk is beschreven hoe de latexcoalescentiemethode uit hoofdstuk
4 toegepast kan worden om latexdeeltjes met kern-schil "core-shell" morfologieén te
karakteriseren. Latexdeeltjes met een kern-schilmorfologie worden toegepast om het
vervormingsproces en de elastische eigenschappen van de uiteindelijke gedroogde latex-
film te verbeteren. In eerste instantie is onderzocht of de gesynthetiseerde latex-
deeltjes de verwachte kern-schilstructuur hebben. M.b.v. van QELS, interferentie en
lichtverstrooiing metingen is de kern-schilmorfologie aangetoond; echter zeep-
tritratries en TEM en DSC metingen tonen aan dat de kern-schilmorfologie niet ideaal
is, en dat deze bestaat uit een soort van "domein-" of "framboos"-morfologie.

In het tweede deel is onderzocht of het Vanderhoff/JKR vervormingsmechanisme
beschreven in hoofdstuk 4 toepasbaar is op het vervormingsgedrag van de kern-schil-
deeltjes. Gebleken is dat het vervorminggedrag van kern-schil-latexdeeltjes sterk kan
afwijken van die van homogene latexdeeltjes. Verwacht werd dat wanneer de schildikte
groter is dan de maximaal mogelijke vervorming van de latexdeeltjes, de vervorming
voornamelijk bepaald wordt door de elasticiteit van het schilpolymeer. Experimenten
toonden echter aan dat schildikten van meer dan drie maal de maximale vervormings-
afstand noodzakelijk waren om de invloed van de kern op het vervormingsgedrag uit te
sluiten. Maar ook hier blijkt dat uit de elastische eigenschappen van de gedroogde
latexfilm (gemeten in een DMTA bij 0.1 Hz) en het Vanderhoff/JKR vervormings model van
hoofdstuk 4 het specifieke vervormingsgedrag van de kern-schil latexdeeltjes goed te
voorspellen is.

De lichtverstrooiings- en interferentiemetingen besproken in dit proefschrift zijn
eerste pogingen om de mechanismen die het filmvormingsproces bepalen te onderzoeken. De
informatie verkregen uit dit onderzoek is noodzakelijk om de invloeden van additieven
en morfologieén op het filmvormingsproces van industrieel gesynthetiseerde latices te
begrijpen. Deze eerste onderzoeksresultaten demonstreren dat transmissiespectrofotome-
trie een belangrijke meetmethode is voor het verdere filmvormingsonderzoek.
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