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2. Viscoelastic properties of latex films—
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Dynamic mechanical properties as a function of temperature (— 100 to 130°C) have been investigated on
films made from styrene-butyl acrylate copolymer latexes prepared by emulsion polymerization using three
different processes and various comonomer compositions (25/75, 50/50, 75/25) so as to obtain different
particle morphologies. With the homogeneous copolymers, it was found that the variation of the viscoelastic
properties vs. the composition can be modelled with a linear law, which shows the similarity, at a molecular
level, between a two-phase composite and a homogeneous copolymer. In the case of core—shell or
multilayered latex particles, thermomechanical analysis of the corresponding films suggests that two or
three phases exist; the nature and the composition of the matrix and inclusion phases were deduced from
the simulation of the experimental data using a self-consistent composite model based on Kerner’s equation
adpated by Dickie for a strain model.
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INTRODUCTION

In the last decade, many fundamental studies have been
devoted to polymer alloys, a class of materials that has
been increasingly attractive because of interest in indus-
trial applications. Now, many processes, related to
adapted characterization methods, allow one to prepare
polymer composites at a very low size level (~104),
such as the microcomposites that originate from block
copolymers or semicrystalline polymers.

Among these processes, emulsion polymerization is
currently carried out for the synthesis of heterogeneous
materials. The development of new controlled processes
(multistage polymerization, corrected or composition-
gradient, batch or semi-batch, etc.) is particularly useful
to obtain composite particles having core-shell, multilayer
or homogeneous structures'. Coalescence of these model
latexes was found to provide heterophase films, with a
morphology well defined from dynamic mechanical
spectroscopy and adapted theoretical equations. The
present work aims at giving recent results obtained in
this domain.

The analytical determination of the properties of a
multiphase system from the properties of each constituent
phase is not really new, Hashin? and Nielsen® having
reviewed in detail such a challenge. The theoretical issue
is quite complex since it is necessary to account for
physical parameters (geometry, morphology, interfacial
zone) that are more typical of the composite itself than
of the constituent phases; as a result, well defined
structure models are required. A self-consistent model
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was selected: it does not allow access to all the physical
parameters of the composite. However, when applied to
simple structured particles, comparison of experimental
and simulated results gives information on phenomena
arising during film formation and phase rearrangement
as a function of temperature.

Experimental results were obtained from the thermo-
mechanical properties of films cast by the coalescence of
styrene (S)-butyl acrylate (BuA) latexes with various
overall compositions (S/BuA in mol%: 25/75, 50/50,
75/25) and exhibiting different particle morphologies
(homogeneous, core—shell (PS (I)/BuA-S (II)) and multi-
layer (PS (I)/BuA-S (II)/PBuA (III)). The preparation
and characterization of these latexes have already been
described in a companion paper*.

THEORETICAL REVIEW

It has long been recognized that the properties of a
composite can be determined from the properties of the
constituent phases, their geometric shape and the nature
of the interface between the phases. Most expressions
describing the viscoelastic behaviour of such heterophase
systems are derived from viscosity theories applied to
suspensions’. The analogy between viscosity and shear
moduli in solid-state measurements leads to the substi-
tution of the shear ratio in a viscosity relationship by the
strain ratio in a modulus equation.

For instance, a composite system formed with an
elastomer matrix (Poisson ratio v=0.5) and rigid
inclusions will obey the following equation between
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Figure 1 Takayanagi’s model (m, matrix phase; i, inclusion phage).

A Ay, Yy, Yy are fitting parameters for modelling the behaviour either
in series or in parallel. Ay, =AW =1v,

viscosity and moduli:
NMa=G/Gn (1)

where 7 is the dynamic viscosity (Pas), G is the shear
modulus (Pa) and subscript m denotes the matrix
phase. Nielsen® proposed a more general equation, which
introduces the Poisson ratio (v) of the matrix and
inclusions:

(1o)2semaie )
Nm 15(l_vm) Gm

with #, G and m having the same meanings as previously.

The theoretical expressions that relate the structure or
morphology parameters of the system to the mechanical
properties need to select models that account for the
assumptions and the theoretical approach. Three main
groups of models can be distinguished; all of them allow
one to describe the modulus dependence upon the
composition. The corresponding equations contain the
moduli and Poisson ratios of the constituent phases and
take into account a geometry factor and the degree of
homogeneity of the dispersed phase. Some models
consider the possibility of sliding at the interfaces or also
suggest the existence of interphases’. Takayanagi et al.’s
work?® is an illustration of the first group: the viscoelastic
properties of the composite are represented in terms of
simple mechanical models comprising elements (supposed
to exhibit the viscoelastic properties of the constituent
phases) that are partly connected either in series or in
parallel. A number of other authors®~*2 successfully used
this approach. Figure 1 describes such models of associ-
ations, which are mechanically equivalent!®. Dickie!?
proposed a modified but interesting expression, which
uses only one coupling parameter:

G. 0,6t (2+v)G; )

G, (14+av)G,+av,G;
where G is the shear modulus, v is the volume con-
centration of a component phase, subscripts ¢, m, i
relate respectively to the composite, the matrix and the
inclusions, and o is a coupling factor related to the
parameters 4;, ¥, Ay, Y, defined on Figure 1 by the
following equations:

h=vi/Yy=(a+v)(1+a)
An=v/ Yy =0;(1 +a)/(1 4+ av;)
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Here A and y are respectively parameters that determine
the range of the series and parallel associations for the
two phases.

Although these models have been extended'*!3 or
generalized'®'7 they only offer a phenomenological
aspect of the mechanical behaviour and not a physical
view of the structure.

The second type of model, called ‘self-consistent
models’, is based on an idealized picture of the structure
(Figure 2): the polymer forming the inclusion (i) is
occluded in a composite sphere comprising the polymer
forming the matrix (m, inner layer) and the composite
(c, outer layer). Kerner'® first used this approach and
obtained the relationship (4) between the shear moduli.
Dickie!?® demonstrated that the same expression (4) could
be available for the complex Young’s modulus:

Gc — Ume+ (ﬂ+ Ui)Gi (4)
Gm (1 +ﬂvi)Gm+ﬂvai

with
ﬂ = 2(4_ Svm)/(7 - 5vm)

and v, G, m and i as already mentioned. In these
calculations Kerner chose (r;/r,,)* =v; (see the definition
in Figure 2); a better agreement with the experimental
results was obtained by modifying the ratio (r,/r,)° (ref.
19). Nielsen2® and Dickie?! proposed an effective volume
fraction v such as

veff=ui+vi2(1 _vim)/vizm (5)

where v, is a fitting factor so as to obtain a better
agreement between the experimental and simulated
results. For hard-sphere inclusions in a soft matrix,
0.6 <v;, <0.65, and for soft particles in a rigid matrix,
<0.8<v,,<0.83.

Based on the same model, Halpin?? and Tsai’ estab-
lished a more general relationship, which takes into
account the degree of homogeneity (packing factor, v,),
the shape of inclusions and the type of stress. From
simple assumptions, this approach allows one to give an
approximate description of the modulus behaviour as a
function of conversion; hence many authors used it!3-23,

Figure 2 Model structure of Kerner, the self-consistent model (m,
matrix; i, inclusion; ¢, composite). v;=(r;/r,,)?
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The third type of model consists of determining the
minimum and maximum limits of the composite modulus
from general considerations and assumptions such as the
energy of minimal strain. The computations of Paul?4,
Hashin?® and Strikman?2® show that it is possible, without
any hypothesis on the morphology, to determine the
range of values for the composite modulus. The analytic
expression can be reduced to the more simple ones of
Kerner if the matrix and inclusion are defined. However,
such a model is able to show if: (i) the composite is
homogeneous (ii) the mechanical behaviour of the
constituent phases is the same in the pure state as in the
mixture; and (iii) there is perfect adhesion between the
phases.

Dickie!3?! proved that these models were math-
ematically equivalent. Christensen?’ showed that such
equations, originally established for describing the static
elastic modulus behaviour, are also applicable to the
viscoelastic complex modulus. One only needs to use the
principle of equivalence between elastic and complex
moduli and to derive the mathematical expressions of
the real and imaginary components of the modulus in
the case of a dynamic stress?®2”. The substitution of
G* by G in equation (4) involves v¥*=v +iv'=v'=
constant, which is theoretically not correct. However,
Dickie!?, starting from the study of Theocaris?®, showed
that v" could be neglected. Then, equation (4) for a
dynamic stress is as follows:

E* [(1—v)ER+Bla+v)EF]y

EX (11 av)E%+af(1 —0,)EF (©)
with
B=(+uv,)/(1+v)
and
y=1+a)/(1+v,,)
MODELLING

The purpose was not to build up and to apply a
theoretical model but rather to use a simple and
sufficiently precise mathematical tool, so as to provide
information on the latex film morphology: matrix/
inclusion system in a continuous medium, nature of the
phases, existence of an interphase.

The ‘self-consistent’ model of Kerner!®, Dickie!? and
Diamant?® was chosen. As demonstrated by Hashin?2,
this approach is not rigorous enough since microvariables
are postulated to be equivalent to macrovariables (scaling
phenomena?). The various expressions proposed by
Kerner'8, Dickie!3 or Nielsen® for computing the complex
modulus variation as a function of the temperature
assume that thermal expansion effects can be neglected
and that the initial established hypotheses are not
temperature-dependent. On the contrary, a variation of
the Poisson ratio versus temperature was admitted and
an arbitrary law has been chosen, such as:

v(T)=0.35 before the T, transition
wWT)=0.5 after the T, transition
v(T)cT in the T, domain

Concerning the v, factor defined in equation (5) and
initially justified, the results of Dickie and Diamant
clearly showed that it can be seen as a fitting parameter

between the experimental and simulated curves. In the
actual approach, v,, is considered and postulated to be
equal to 1 because (i) the objective was not to reach the
best agreement between the experiment and the theory
and (ii) it does not account for the morphological aspect
of the material. In fact, this parameter, when used, allows
one to be free of the apparent nonsense of a material
comprising 99% of dispersed phase in 1% of matrix,
which represents according to equation (5) (v,=0.6) a
composite formed of a soft matrix with 59.5% of hard
inclusions.

Methodology

The computer simulation of the thermomechanical
behaviour of the composite needs the properties of the
constituent phases or interphases to be known. The
determination of the storage and loss moduli was
performed according to equation (6), applying the
equivalence principle between the complex and elastic
moduli. Such a calculation leads to:

E.=[(ABE?+ ACE|E,,— ABE"* — ACE")(DE,, + FE))
+(ABE,E],+ ACE]E, + ACE,E")(DE.,+ FE!)]
X [(DEj+ FE})?+ (DE.,+ FE})*] ™!
E! =[2ABE,E!,+ ACE/E. .+ ACE,E.)(DE., + FE})

—(DE,,+ FE})
x (ABE}+ ACEE,,— ABE* — ACE/E" ]
x [(DE,,+ FE})* + (DE.,+ FE)*] ! 7
tan 0, =E./E,
with
A=1+v)/(1+v,,)
B=1—v,

C=L(1+ v )/ (1 +v)1[2v;(4 = 5v, )/ (T — 5v,,) +v4]
D=1+2v,(4—5v,)/(T—5v..)
F=[2vi(4—5v,)/(7T = 5v, )L + v, )/ (1 +v)I(1 —vy)

For a material composite in which a composition
gradient prevails from the inclusion phase to the matrix
phase, it is possible to simulate the properties by splitting
the interphase into n layers whose properties are well
known. A stepwise calculus was performed as follows:
first, the properties of the inclusion surrounded by a layer
of polymer are determined using equation (7) and
assuming a ‘simple’ inclusion geometry; then, the values
obtained are used considering a new adjacent layer of
polymer; and so forth until the last layer corresponds to
the matrix phase.

Note that this approach suffers because the dimensions
of the composite medium, as defined in Kerner’s model
(Figure 2) by the radius R, are small; thus the law
established for infinite R values?® is far from applicable.
Since it seems difficult to quantify the error, this type of
splitting has only been used for small values of n (3 to 5);
therefore the interpretation of the results will only be
considered as semi-quantitative.

EXPERIMENTAL

Synthesis and characterization of latexes

Latexes were prepared by emulsion polymerization of
styrene with n-butyl acrylate using three processes, which
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Table 1 Composition and structure of S-BuA latexes

Particle
morphology

Polymerization
process

Composition (S/BuA) (molar ratio)

Theoretical

(overall)

Various phases (from 'H n.m.r.) Code

Homopolymer Batch

Homogeneous Corrected batch

copolymers

Semi-continuous on PS seed
(10% by wt)

Core-shell

Semi-continuous on PS seed
(10% by wt) with
different monomer feeds

Multilayered
(S/Copol/BuA)

100/0

0/100

25/1

50/50

75/2

25/1

50/50
75/25

25/7

50/50

75/2

PS
PBuA

BC1
BC2
BC3

5 27/73
49/51

73/27

Core
100/0
100/0
100/0

Core

5

Shell
27/73
45/55
67/33

Copolymer
shell

23/77
51/49
84/16

5 Cst

CS3

Pure BuA
shell
0/100
0/100
0/100

5 MC1
MC2

MC3

100/0
100/0

5 100/0

have been described in more detail elsewhere*: corrected
batch process (homogeneous particles)*®3! and staged
polymerization onto a PS latex in one step (core~shell
particles) or two steps (multilayered particles)3?—34,
Various S/BuA compositions have been selected: 25/75,
50/50, 75/25 (mol%) respectively. Table 1 summarizes
the composition of the different latexes and the expected
morphologies together with the particle sizes and
molecular weights.

Preparation of films

Films were prepared by casting of raw latexes in
moulded aluminium sheets. Film was recovered by water
evaporation at 40°C (for low-T, polymer composite) and
at 80°C for styrene-rich copolymers (75/25). Good
quality of the film was controlled by a slow rate of drying
and three weeks ageing. Polystyrene film was obtained
by compression moulding for 5min at 180°C.

Electron microscopy analysis

The morphology of films and latexes was examined by
transmission electron microscopy using Philips EM30 or
JEOL 200 equipment; a cold stage was necessary for
low-T, polymers. Ruthenium tetroxide, which was recently
reported>>-36 to reveal specifically many polymer phases,
was used at an exposure time of 60 min. Preparation of
specimens was as follows: in the case of the latex (0.5%
by weight), a drop of the emulsion was deposited on the
200 mesh grid (not made of steel), then partially absorbed
so as to keep a very thin layer of liquid; in the case
of films, microtomed sections were obtained at low
temperature (—90°C).

Viscoelastic properties

Dynamic mechanical properties as a function of
temperature (—100 to 130°C) were obtained using
a Viscoelasticimeter MAKO 3 (from Metravib). The
complex traction (Young’s) modulus was determined
from sinusoidal a.c. stress ¢ (1 um < E<0.1 mm) at 7.8 Hz
frequency. The temperature gradient in the oven was 2°C
and the temperature scanning rate was approximately
2°Cmin~!. Film specimens were about 1 x 13 x 25 mm.

1886 POLYMER, 1989, Vol 30, October
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Figure 3 Storage modulus E’ (curves 1 and 2) and loss tan é (curves
3 and 4) versus temperature for cleaned (curves 2 and 4) and uncleaned
(curves 1 and 3) polystyrene films

RESULTS AND DISCUSSION

Homogeneous copolymers

Effect of the emulsifier. Since the PS seed latex was
obtained in the presence of approximately 4gl™! of
emulsifier, a preliminary study was carried out in order
to discriminate the influence of this ingredient, which
represents 4% (in weight) in the final PS film. An
emulsifier-free (clean) film was prepared after centrifuging
(20000 rpm for 3 h) the corresponding raw latex.

Figure 3 shows thermomechanical properties of films
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Figure 4 Comparison of storage modulus E’ versus temperature for
PBuA, PS and homogeneous copolymer films (respectively BC1, BC2
and BC3)

issued from clean and unclean (containing emulsifier) PS
latexes. The damping peak (tan d), located at 287K, is
assigned to the presence of the emulsifier; the magnitude
of the peak suggests that the emulsifier forms a distinct
phase in the material. The tand maximum at 390K
corresponding to the glass transition of the polymer is
slightly shifted towards high temperatures when PS latex
has been cleaned, which can reflect a plasticization effect
of the polymer by the emulsifier. In the low-temperature
range (— 100 to —50°C) the experimental data (E’ and
tan d) were not precise enough for discussions.

Effect of copolymer composition. Results on the dynamic
behaviour as a function of temperature are shown on
Figures 4 and 5 for the three copolymers and both
homopolymers. It is noteworthy that the different curves
are regularly and similarly displaced along the tempera-
ture axis, which is representative of the good homogeneity
of the material. An empirical linear transition rule was
deduced between the temperature (7,) for a given
modulus (or tand) of a copolymer and its copolymer
composition (x). If the curve E'=f(T) (or tand=£(T))
for poly(butyl acrylate) is selected as the reference, this
relationship is:

(Tx)E’,tanéz (TBuA)E’,tan5+ (a)E’,tané (8)

where subscript E’, tan 6 means E’ =constant and tan ¢ =
constant, (Tg,a)p is the temperature for which the
modulus is E’ (with respect to the P(BuA) curve), x is

the copolymer composition (molar fraction of S) and a
is the ‘mean’ transition value from Ty,

In the present case, the a parameter was evaluated by
cross-combination of the curves for the homopolymers
and the three copolymers. It can be finally written as:

(@)g tans= RTps—2Tgya+1.4T5+0.6T, —0.2T )5 1205

Subscripts 1, 2, 3 correspond to copolymers having
composition (in mole ratio S/BuA) 25/75, 50/50, 75/25
respectively. This relationship has been applied for
modelling the copolymer properties used in the synthesis
of the structured particles.

In Figure 4, a difference is seen in the moduli at low
temperature, the modulus corresponding to BC2 (50/50)
being located between the two limiting ones relative to
PS and PBuA. For any other composition, the modulus
of the copolymer is near that of PBuA for the BC1 (25/75)
sample or of PS for the BC3 (75/25) sample. No
intermediate behaviour is observed between the com-
position 0-50% and 50-100%. The aforementioned
difference in moduli for the two homopolymers at low
temperature is explained®’ by the secondary transition
of PBuA, which appears below —150°C.

Figure 5 exhibits the damping properties of the various
copolymers as a function of temperature and the same
procedure was applied for predicting the variation of
tand vs. temperature as a function of the copolymer
composition x.

Microstructure—property relationships. In a statistical
copolymer, the sequence distribution can be easily

50,52 75725
(7]
g e
= ]
-1
]
i
-2 -2
__3 ]IlllllllllllllllllllllllIIIIHIIHIIIIIIHIII|||lllll|l[llll|llIl[IIIlHIlI]lllllllll[lll ._3
1508 210 278 330 3390 450

TEMPERATURE ¢ K )

Figure 5 Loss tan d versus temperature for the same polymer films as
in Figure 4
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S Hn .

FRACTION OF SEQUENCE WITH LENGTH n

SEQUENCE LENGTH HAYING IDENTICAL UNITS

Figure 6 Fraction of monomer M; engaged in sequences of length n,
as a function of the number of monomer units in a given sequence, for
copolymer compositions (molar ratio S/Bua): 25/75 (curve 1), 50/50
(curve 2) and 75/25 (curve 3)

calculated from the reactivity ratios and monomer feed
composition within the polymer particles*®. For the
different dyads, it follows that:

AA=PAA x PBA/(PAB+PBA)
BB =PBB x PAB/(PAB + PBA)
(AB)=(BA)=PAB x PBA/(PAB + PBA)
and for the triads:
AAA=(AA)x PAA
BBB = (BB) x PBB

©)

with
PAB=1/(1+r,[A]/[B]) PBA=1/(1+rg[B]/[A])
PAA=1—-PAB PBB=1-PBA

where r,,ry are the reactivity ratios for the A, B
monomers and [A]/[B] represents the molar ratio of the
monomer concentration at the polymerization locus. In
the case of a corrected-batch process, this ratio has been
calculated from the copolymerization equation:

n=dA/dB=(1+r,[A1/[B])/(1 +rs[B]/[A]) (10)

and it was kept constant for the duration of the
polymerization.

Figure 6 gives an illustration of such a sequence
distribution in S/BuA copolymers, W, being the fraction
of monomer M, engaged in a sequence of length n
composed of the same units M;. These curves show that,
for each composition, the peak distributions display a
real asymmetry despite rigorous experimental conditions
(control of the feed monomer composition). However,
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those distributions are actually relatively narrow for the
copolymers with composition 25/75 or 75/25, since there
is only less than 1% of sequences having 10 identical
moONomer units.

It is noteworthy to see that the tand spectra (Figure
5) also exhibit the same but less pronounced asymmetry
although the microstructure is practically homogeneous.
This confirms, as recently underlined®°4°, that the chain
microstructure plays a predominant role in the thermo-
mechanical behaviour of copolymers (if the polymer
material is amorphous).

Molecular approach to mechanical behaviour. In this
part, it is attempted to show analogies between the
behaviour of homogeneous copolymers with that of
homopolymer mixtures. Let us consider, first, the mini-
mum and maximum theoretical values of the modulus
for a two-phase material constituted by a mixture of pure
homopolymer phases, PS and PBuA. The maximum limit
(Reuss limit) can be represented by the parallel-type
association of phases, such as:

Ec,parallel=Elvl+E2”2=E1[1+(K_1)02] (11)

with K=E,/E, and v, and v, the volumes of PBuA and
PS respectively.

A series-type association allows one to define the lower
limit (Voigt limit) as:

vy Uz
/ c,series E1 E2
or
KE,

E (12)

C,8¢eries K _ (K _ 1)02
It is found that the moduli for PS and PBuA are affected
when varying the temperature; thus K is not a constant.

In order to examine the experimental results, not as a
function of temperature (Figures 4 and 5) but as a
function of the volume fraction of S, a three-dimensional
description of the mechanical behaviour of the homo-
geneous copolymers is given in Figure 7, as a function
of the modulus, temperature and composition.

Equations (11) and (12) are reported (broken curves)
on Figure 8 for three values of K (10, 10? and 103). Hence,
the properties of the copolymer can be determined at
various temperatures by varying the styrene volume
fraction, and for different K values. Four values of
K have been arbitrarily defined: 10, 10%, 10° and
7x 103, For each K value, two potential temperatures
exist which are determined by the computer. The
modulus values corresponding to these two temperatures
have been reported in Figure 8, giving the variation

copolymer/ Eppua versus mol% in the copolymer. This was
performed for the different values of K and the corre-
sponding curves are shown (full curves).

A detailed examination of Figure 8 points out the
analogy between the theoretical curves previously estab-
lished and the experimental ones originating from the
homogeneous copolymers. This analogy suggests that, at
a molecular level, the homogeneous copolymer can be
considered to be formed by pure homopolymer phases
(S, BuA), each monomer unit exhibiting the property of
the corresponding homopolymer. The main difference
between the theoretical and experimental approaches is
that, in the former one, covalent bonds are assumed.
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Under Kerner’s hypotheses, the inclusions and the matrix
are totally connected, which suggests that there is no
energy loss at the interface of the two constituents. In
other words, it can be considered that the degree of
binding between the phases is infinite in any given
direction. In the case of a homogeneous copolymer
material, the degree of binding for the monomer unit
selected as inclusion is infinite in only the two directions
defined by the covalent bonds; for the other direction, a
certain freedom of motion can be allowed, which implies
that a loss energy can occur during the transfer of strains

(Pa)

MODULUS E~“

270
TEMPERATURE  (K)
Figure 7 Three-dimensional diagram of the storage modulus E’ versus

temperature as a function of copolymer composition (S/BuA =0/100,
25/75, 50750, 75/25, 100/0)
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in directions different from that defined by the covalent
bonds.

Such an argument might explain the observed difference
between the experimental and theoretical curves. For
K > 103, one temperature only is found experimentally.
An example is given in Figure 8d: for K=7x10% a
maximum discrepancy is found between the PS and
PBuA moduli. In this case, a mixed behaviour is noticed:
for a BuA-rich composition the ‘series’-type mechanical
model seems well adapted whereas the ‘parallel-type’
model is more appropriate for S-rich composition. The
transition between the two models, which is taking place
at 50% composition, is very sharp, an indication that
the predominant phase determines the continuous phase
(the matrix).

Heterogeneous latex particles

Particle morphology. A preliminary morphology study
of the particle structure was done prior to examining the
mechanical properties of the corresponding films, whether
they have core—shell or multilayered structures.

Using RuO, as a stain results in a darkening of the
PS phase (micrograph in Figure 9a), in PS/S-BuA
core-shell particles, the richer the styrene content in the
copolymer, the more attenuated is the contrast between
the two phases. In Figure 9b, corresponding to the CS1
sample after 10 days of film formation ageing, the particle
frontiers are no longer visible due to coalescence; with
the same sample, but after 30 days of ageing, a section
of the film obtained by ultramicrotomy appears to be
more homogeneous (Figure 9¢).

It was found that a film formed with the multilayer
latex MC1 does not reveal the layer of PBuA at the
particle surface either because BuA has been polymerized
within the particle (or after diffusion of the polymerized
chain), or the layer thickness is too thin to be detected.

Thermomechanical properties and simulation. It is
noteworthy that the morphological analysis of latex films

E' COPOLYMER 10000 F 4
E' PBUA i ______~_E gg::‘-VMER
L d

1000 ]
E

100 |

10 10
4
' !
1 : . 1 . .
0 STYRENE (MOLE %). 100 0 STYRENE (MOLE o/°) 100

Figure 8 Storage modulus ratio (copolymer/PBuA) as a function of the styrene content (mol%). Full curves represent the minimal (series model)
limits of experimental curves, and broken curves the corresponding simulated ones for various values of K: (a) K=10; (b) K=10%; (c) K =10%;

d) K=7x10°
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A |

Figure 9 Electron transmission micrographs: (a) blend of two latexes,
PS and PBuA, stained with RuO, vapour; (b) CS1 sample (S/BuA =
25/75) after 10 days of film formation; (c) ultramicrotomed section of
the same film after 30 days of ageing

by transmission electron microscopy is really tricky;
hence any quantitative estimation is not conceivable. On
the contrary, the analysis of their mechanical properties
(and comparison with the corresponding simulated ones)
should provide information on this morphology.

Core—shell latex particles. One should remember that
the two-phase films are formed of inclusions (PS seed)
in a matrix (comprising a small amount copolymer-like
material resulting from the interdiffusion of the particle
shells). Results for the latex films referred to as CS2 and
CS3 are reported respectively in Figures 10 and 11 for
the storage modulus variation versus temperature and in
Figures 12 and 13 for the damping (tan §). Simulation
curves are also given on the same diagrams; it is assumed
that the ‘simulated’ material is made with 10 mole % PS
plus 90% copolymer, the thermomechanical properties

1890 POLYMER, 1989, Vol 30, October

of which are well established owing to the basic relation-
ship (8). There is good agreement between the experimental
data and the theory except in the extreme domains; there,
contrary to the simulated curves, the experimental ones
(Figures 10 and 11)do not practically exhibit any rubbery
domain. This discrepancy is probably due to an effect of
molecular weight. As reported in Table 2, these molecular
weights are low, as expected for copolymers prepared
with a semi-continuous process, in comparison with those
of polymers obtained with the corrected-batch process.
In the latter case, the rubber plateau is well defined since
the molecular weights are higher (Figure 4). The observed
differences between the experimental and simulated
moduli in the low-temperature domain are due to an
underestimation of the copolymer properties used in the
computation.

Effect of thermal annealing. The latex films were
annealed at 140°C for 1 h to provide a stable equilibrium
of the various phases. As illustrated in curve D of Figure
10, no appreciable effect is detected.

Effect of film formation temperature. Such an effect on

the ultimate thermomechanical properties of films is
shown in Figures 10 and 11, respectively at 40 and 78°C

18

(Pa)

MODULUS E~

w
T T T

T T rrrTh

o]
UL L B A B LR R A |

5 o fnigdiebiibi bl Sl
158 210 278 330 338 43508
TEMPERATURE ¢ K )

Figure 10 Storage modulus E’ versus temperature of a film formed
with latex CS2 (see Table 1). The figure shows experimental curves (A,
B, D) and a simulated curve (C): curve A, film formed at 40°C without
thermal effect; curve B, film formed at 78°C; curve C, simulation of
the modulus for a composite film (10% PS seed in 90% homogeneous
copolymers (S/BuA =43/57 in mole)); curve D, film obtained at 40°C
with annealing treatment at 140°C for 1 h
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Figure 11 Storage modulus E’ versus temperature for the latex film
CS3: curve A, film obtained at 78°C; curve B, simulation of the modulus
for a composite film (10% PS seed in 90% homogeneous copolymer
(S/BuA =67/33 in mole))

(curves A and B). It is found that the curves are quite
similar below T,, and more apart above T,. It appears
that the rubbery domain for the sample formed at 80°C
is more pronounced than that prepared at 40°C. This
difference can be interpreted by considering that particle
coalescence and interdiffusion of the phases (core—shell)
are more significant at higher temperature.

The same trends have been observed for the sample
CS3 (in this case, the simulated curve was obtained from
a material formed with inclusions (10% PS seeds) in a
matrix of copolymer (composition S/BuA=67/33 in
mol%) and the same explanations can be invoked in
order to explain the discrepancies between the experi-
mental and simulated curves. The molecular-weight
effect is particularly evident on the tané variation in
the temperature domain near the PS glass transition
temperature.

Films cast from multilayered latex particles. Results are
reported on Figures 14 to 17, respectively, for samples
MC2 and MC3. Concerning the sample MC2, the
absence of variation for the storage modulus (or tané)
as a function of temperature in the low-temperature range
is indicative that PBuA does not exist as a pure and
concentrated phase. It might be supposed that the BuA
monomer can diffuse within the particles before polym-
erizing. This diffusion process will be more effective as
the copolymer composition of the internal layers is richer

in BuA. The main transition observed is in fact that of
a copolymer enriched with a PBuA phase, as confirmed
by the simulation (curve C). The PS phase is observed
but the discrepancy between the simulated and experi-
mental curves (Figure 16) is quite significant because of
the molecular-weight effect. Various film morphologies
have been simulated (curves B, C and D in Figures 14
and 16) so as to show that the proposed simulation allows
a correct approach of the film structure, although the
theory was roughly established.

Concerning the sample MC3 (Figures 15 and 17),
which is a S-rich copolymer, a slight variation is seen of
the modulus and tan ¢ in the temperature range near the
theoretical 7, of PBuA (—50°C). In this case, BuA
diffusion within the particles would have been less
important than previously reported, since the internal
layers exhibit higher T,. The simulation (curves C and
B) shows that the matrix of the film is the copolymer
(which represents 80% of the total material) with two
types of inclusions (PBuA and PS). There is no detectable
phase due to the PS seed in the damping diagram. As
already indicated, low molecular weights for these
materials result in an undetectable rubbery plateau.

CONCLUSIONS

In this study, the thermomechanical behaviour of films
originated from S-BuA copolymer latexes prepared by
emulsion polymerization was investigated. Different pro-
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Figure 12 Tan & versus temperature for the latex film CS2 (see Figure
10 for legend)
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cesses were carried out so as to obtain various particle
morphologies with three different overall S-BuA molar
compositions: 25/75, 50/50, 75/25. The corrected batch
process was performed in view of preparing homogeneous
materials with ‘ideal’ microstructure. The two-stage
process allowed one to get core—shell or multilayered
particle latexes. With the first series of copolymers, the
mechanical behaviour versus composition was modelled
with a linear law. Then, the similarity between a
two-phase composite and a homogeneous copolymer was
evident, at a molecular level. It was found that a
dissymmetry in the sequence distribution of the chain

TAN &
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Figure 13 Tané versus temperature for the latex film CS3 (see Figure
11 for legend)

Table 2 Molecular and colloidal characteristics of latexes

was reflected in a change of the damping peak (tand) as
a function of temperature.

The thermomechanical analysis of the films issued from
the coalescence of structured latex particles is indicative
that two- or three-phase films do exist. The simulation
of the experimental data was found to give the nature
and composition of the matrix and inclusion phases. A

1a
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Figure 14 Storage modulus E’ versus temperature for the latex film
MC2: curve A, film obtained at 40°C (experimental); curve B,
simulation of a composite film comprising composite inclusions (10%
S seed occluded in 80% homogeneous copolymer (50/50)) and matrix
(10% PBuA); curve C, composite inclusions (10% PS seed occluded
in 10% PBuA) and matrix (80% homogeneous copolymer (S/BuA =
50/50 in mole)); curve D, 10% PS seed occluded in 90% homogeneous
copolymer (S/BuA =50/50 in mole)

Molecular weight (x-1073)

Particle diameter Particle number

Latex code M, M, M, /M, A) (x107%cm™?)
PS (seed) 355 1180 33 600 8.3
PBuA not analysed (microgels and M,, > 10%) 1400 -
BCt 716 2430 34 930 5.1
BC2 241 1300 54 970 3.8
BC3 384 1726 4.5 990 53
CS1 80 830 10.0 990 4.5
CS2 112 885 8.0 1040 4.8
CS3 85 610 6.9 1090 3.1
MC1 44) 467 10.6 1040 36
MC2 115 610 5.5 1100 3.0
MC3 115 858 7.5 1170 2.5
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Figure 15 Storage modulus E’ versus temperature of the latex films
MC3: curve A, film obtained at 78°C (experimental); curve B,
simulation of a composite film comprising 10% PS occluded in 80%
homogeneous copolymer (S/BuA=70/30 in mole) and a matrix of
PBuA (10%); curve C, 10% PS occluded in 10% PBuA and a matrix
of 80% of a homogeneous film (S/BuA =70/30 in mole)

self-consistent composite model was used, based on
Kerner’s equation adapted by Dickie for a strain model
(dynamic stress). Core-shell and multilayered latexes
lead, after coalescence, to composite films in which the
PS phases (and PBuA in some cases) are occluded in a
homogeneous copolymer phase. Polymer prepared with
a semi-continuous process exhibits a low molecular
weight, which causes the rubbery plateau to be
unobservable.

From this work, it is pointed out that the simulation
of the thermomechanical properties of a polymer—polymer
composite from knowledge of the properties of the pure
phases appears to be an interesting phenomenological
approach to the coalescence of structured particles. It
builds up a very useful tool, which is more suitable for
determining the film morphology than for deriving
information about the structure of the original latex
particles.
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