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Abstract—The method of optical interferometry is used to study the interaction of PE with PS in situ. On the
basis of the obtained data, phase diagrams of the PE—PS system are constructed for a number of molecular
masses of the components. For PE and PS oligomers, the UCMT values are determined. Pair parameters for
the interaction of homopolymers are calculated, and their dependences on temperature and molecular mass
are considered. The quantitative analysis of the behavior of high-molecular-mass fractions of PE and PS at
high temperatures is carried out, and the regions of a partial compatibility of the components are predicted.
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INTRODUCTION

The structure and properties of PE—PS blends
have been investigated for several decades [1—7]. An
engineering reason for the production of PE—PS
blends was the desire to increase the hardness of PE,
its impact strength, flexibility, and transparency and
to decrease its shrinkage. In accordance with these
requirements, systems for investigation were selected
on the basis of variation in their molecular masses,
MMD, and branching type [6, 8]. Careful attention
was paid to revealing specific features of the formation
of a heterogeneous structure of one of the polymers in
the other one and its changes under various processing
and operation conditions.

The blends of PE and PS exhibit typical features of
macromolecular incompatibility [8], with their struc-
ture being either spherolites or fibrils of one compo-
nent in the matrix of the other one or structures of the
type matrix—inclusion which are described for melts
of polymer blends. The rheology of these systems has
been studied most fully [9—15]. It was shown that
extreme points are observed on the dependences of
rheological and operating properties of these compos-
ites on their compositions. Their appearance is
assigned to mass-exchange processes that occur within
interphase layers of mcroheterogeneous systems [6].

In order to control heterogeneity, a third compo-
nent was added to these blends, namely, the block
copolymers of styrene with butadiene, plasticizers,
and polyolefin copolymers that promote an increase
in adhesion, reduction in shrinkage, and enhance-
ment of flowability and wettability [16, 17]. In [6],
PS—polyethylenebutylene block copolymer was used

as a compatibilizer of PE—PS blends. This made it
possible to obtain composites with a uniform distribu-
tion of the PS dispersed phase in the PE matrix and
high stress—strain properties.

The crystallinity of PE blended with PS decreases
upon an increase in the content of PE [12], while its
melting temperature changes in the range of 404—
409 K [18, 19]. In the presence of the compatibilizer,
the melting temperature of the PE phase is in the range
of 402—407 K. This fact is explained by both the sizes
of crystallites and the dissolution of polyolefin blocks
in the PS matrix.

It is commonly believed that PE and PS are incom-
patible [20—24]. However, in solutions of xylene and
toluene, which are common solvents for both indi-
cated polymers, PS—PE blends are mutually soluble at
a temperature of 363 K and a mass ratio of 1 : 1 [7]. It
was shown that structural changes of the blends during
prolonged observations are accompanied by “homog-
enization” processes which lead to the redistribution
of sizes of dispersed phase particles and the formation
of branched structures [18, 19]. It was assumed that
these effects are caused by the partial compatibility
and diffusion of macromolecules for which the driving
force is the thermodynamic instability of microhetero-
geneous blends. The partial compatibility of blend
components is confirmed by the migration of PS into
the PE matrix during graft polymerization [25]. In [5],
an attempt was made to construct the phase diagram
for blends of PE and PS oligomers.

For progression of these ideas, it was of interest to
extend the range of measurements and to study in
detail phase equilibria and interdiffusion in the PE—
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Table 1. Characteristics of the objects of research

Polymer Manufacturer M, % 103 MMD T*, K T*/TE, K
PS-1 Aldrich 0.82 1.11 303 —
PS-2 PSS 1.18 1.07 343 -
PS-3 Aldrich 2.33 1.07 348 —
PS-4 Waters Associates 9.0 1.01 373 —
PE-1 Fluka 1.11 1.11 208 387 /377
PE-2 Fluka 17.0 1.38 229 407 / 390
PE-3 Fluka 60.0 1.48 231 406 / 389
PE-4 Fluka 153.0 1.72 231 405 / 389

* Determined by DSC and optical interferometry.

PS system in a wide range of temperatures and molec-
ular masses of the components. This was the aim of the
present study.

EXPERIMENTAL

In the present work, low-molecular-mass fractions
of PS with M = (0.8-9.0) x 10° and PE with M =

(1.11—153.0) x 103 were used. The characteristics of
the used polymers are listed in Table 1.

The solubility and interdiffusion of the polymers
were studied in the temperature range of 370—500 K
by optical interferometry on an ODA-2 laser diffusi-
ometer [26, 27]. A helium-neon laser with a wave-
length of 632 nm was used as a light source. The inter-
ferential pattern was recorded on a computer using a
PAL/SECAM video camera.

The technique of measurements did not differ from
the traditional one [26, 28]. A PE film 100—150 um
thick was placed in a diffusiometer cell that was a pla-
nar wedge-shaped glass capillary. The film was pre-
liminarily prepared from the melt of polyolefin gran-
ules at T, + 40 K.

After thermostatting at the given temperature, the
capillary was filled with the PS melt. The moment of
contact between the components which was registered
by the electron-optical system of the interferometer
was taken as the start of the interdiffusion process.

The measurements were conducted in the step-by-
step mode of temperature increase and decrease in the
range of 280—500 K. The time of thermostatting at
each step was at least 70 min. For every cycle of tem-
perature increase and decrease, the compositions of
coexisting phases were determined.

In preliminary experiments, temperature depen-
dences of the refractive indexes of PS and PE were
measured (Fig. 1) and further used to determine the
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compositions of coexisting phases. The data for PE
(Fig. 1, curve ) are taken from [29].

For example, for PS-1 at temperatures above T,
(415 K), the difference in the refractive indexes is
0.1006; this value corresponds to 33 stripes on interfer-
ential patterns. This means that the refractive index
increment per stripe is 0.003, and the concentration is
measured with an accuracy of up to 2.98%.

The DSC method was used to determine the glass-
transition and melting temperatures of homopoly-
mers. Measurements were carried out on a DCS
204F1 Phoenix (Netzsch) device at a heating rate of
10 K/min in the range of 295—450 K.

RESULTS AND DISCUSSION

Typical interferential patterns of transition zones of
conjugated PE and PS phases are presented in Fig. 2.
It is seen that, at an experiment temperature of 7, of
polystyrene < T < T, of polyolefin, the transition
region includes the zone of gradient solutions corre-
sponding to the dissolution of crystalline polyolefin in
the PS melt (Fig. 2a, region IV) and interface (Fig. 2a,
region III). Near this interface, the saturated solution

of PE (¢)) in the PS melt is formed and preserved
throughout the observation time. This solution corre-
sponds to the coexistence of PE crystals with solution,
namely, the melt of PE in PS. Regions I and II are
assigned to pure components.

At T'> T, of PE, the interdiffusion zone changes to
a certain extent (Fig. 2b). Under these conditions, this
zone is the superposition of three regions: interface
(III) and the zones of solubility of PE in PS (IV) and
of PS in PE (V). Under isothermal annealing condi-

tions, concentration jump @;/¢,, corresponding to
the compositions of coexisting phases, is sponta-
neously formed and preserved near the interface. With
increasing temperature (Fig. 2c¢), the concentration
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Fig. 1. Temperature dependence of the refractive index for (7) PE with M, =3 x 104, (2) PS-1, (3) PS-2, (4) PS-3, and (5) PS-4.
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Fig. 2. Interferential patterns of interdiffusion zones in the system PE—PS at (a) 383, (b) 393, and (c) 433 K. Here and in Figs. 3
and 4, the molecular masses of polyethylene and polystyrene are M, = 1.11 % 10° and 1.18 x 10° , respectively. @] and )" are the

compositions of coexisting phases.

jump at the interface becomes less pronounced, and
the interface disappears at 7> 433 K. At this tempera-
ture, the conjugated phases of PE and PS melts are
mutually soluble, and the transition zone corresponds
to a single-phase gradient solution within which the
composition changes smoothly on transition from one
component to the other one.
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The step-by-step cooling of this gradient system
(Fig. 3a) leads to the sequential formation of the con-
centration profile of the interface within a certain
range, with the position of the interface coinciding
with the position of UCMT on the diagram, and then
to the amorphous delamination of supersaturated
solutions on both sides of the interface (Figs. 3b, 3c,
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Fig. 3. Interferential patterns of interdiffusion zones in the system PE—PS formed upon step-by-step decrease in temperature to
(a) 418 and (b) 393 K and (c) treated at 393 K for a certain time.

Fig. 4. The structure of transition zones in the system PE—PS obtained at a temperature of 388 K (a) under the heating regime
and (b, c) under the cooling regime. Explanations are given in the text.
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Fig. 5. (a) Surface micrographs of low-temperature
cleaved surfaces of the transition zone of the system PE—
PS obtained using a polarization optical microscope and
(b, c¢) fragments of regions of this zone obtained using a
transmission electron microscope. Explanations are given
in the text.

regions IV' and V'), phase separation of dispersions,
and formation of the macroscopic interface.

When a temperature of 383 K is reached, the pro-
cess of PE crystallization starts (Fig. 4b). The crystal-
lization front propagates along the diffusion direction
(shown by the arrow), and the concentration profile
No. 1
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Fig. 6. Kinetics of the motion of isoconcentration planes in
the system PE-1—PS-2.

changes owing to displacement of macromolecules of
PS from its solutions in PE by growing polyethylene
crystals. The crystallization process ends with forma-
tion of the macroscopic interface and dispersions of
crystal PE particles in the PS matrix (Figs. 5a, 5b, on
the right) and PS particles in the PE matrix (Fig. 5c,
on the left) on both sides of the interface. Micrographs
are taken from different regions of transition diffusion
zones.

The kinetics of diffusion front motion in the system
PE-1—PS-2 is presented in Fig. 6. It is clearly seen
that, near the 7, of PE, the slope of straight lines
changes weakly, since its changes are prevented by the
crystalline state of PE (Fig. 6, lines 1, 2). At T> T, of
PE, PE macromolecules acquire a high mobility and
the interdiffusion rate increases (Fig. 6, line 3).

On the basis of compositions of the coexisting
phases, the phase diagrams of the PE—PS systems
with different MM of the components were con-
structed (Figs. 7, 8).

The phase equilibrium in these systems is charac-
terized by several specific features. Firstly, the general
property of the studied binary systems is the combina-
tion of both crystalline and amorphous equilibria, the
behavior of which in the diffusion zone of component
mixing confirms the principle of mutual indepen-
dence of phase equilibria. Secondly, an increase in the
mutual solubility of thermoplastics with increasing
temperature is observed. Despite the fact that the
presence of UCMT was experimentally detected for
only one particular system (PE-1—PS-1), it may be
stated that all the blends are characterized by the dia-
grams of amorphous lamination with the UCMT.
Because the components have close molecular
masses, critical concentrations @, are situated in the
middle range of compositions, while experimentally
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Fig. 7. Phase diagram of the system PE—PS. The molec-
1.18 x 10% and the

molecular mass of polyethylene is My, % 1073 = (1) 1.11,

(2) 17.0, and (3) 60.0. The melting temperature of the PE
phase is determined from the data of (4) DSC and (5)

interferometry.

ular mass of polystyrene is My, =

found @, values are closed to those calculated from the
Flory—Huggins equation.

Finally, the parameters of binodal curves, namely,
the critical points and the compositions of coexisting
phases, depend on the molecular masses of the com-
ponents. Moreover, the trend of changes in the dia-
gram of amorphous lamination of the PE—PS system
observed upon increase in their molecular mass corre-
sponds to usual regularities: the higher the molecular
masses of PS and PE, the lower the mutual solubility
of the components, and the wider the range of the
two-phase region. The effect of molecular mass on the

Table 2. Parameters of critical points in the systems PE—PS

System UCMT, K | ¢, (experiment / calculation)
PE-1-PS-1| 413"/418 0.45/0.692
PE-1—-PS-2 495 0.64 /0.650
PE-1-PS-3 606 0.57 /0.571
PE-2—PS-1 600 0.87/0.879
PE-3—PS-1 606 0.93/0.932

* Experimental data for UCMT.
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Fig. 8. Phase diagram of the system PE— PS The molecu-
lar mass of polyethylene is My, = 1.11 % 10 and the molec-
ular masses of polystyrene are M,, X 1073 = =(1)0.82, (2
1.18, (3) 2.33, and (4) 9.0. The meltmg temperature ofthe
PE phase is determined from the data of (5) DSC and (6)
interferometry.

mutual solubility of the components is the most pro-
nounced on the isothermal cross sections of phase dia-
grams. The quantitative analysis performed upon
extrapolation of the bimodal curves constructed in
©' (¢")—1/Mpg coordinates at Mpg — 0 showed that
the values of limiting solubility for PS-2 in the melt of
high-molecular-mass PE vary in the range of 3—
6 vol % as the temperature increases from 413 to 473 K.

On the basis of compositions of the coexisting
phases, the pair interaction parameters ) were calcu-
lated for the polymer blends as described in [30]. The
temperature dependences of the indicated parameters
are presented in Fig. 9. It is seen that, at 7> T,, of PE,
the linear ¥—1/7 dependence is observed for all the
systems, and its extrapolation to critical (., conditions
makes it possible to obtain an additional estimate for
the value of UCMT and critical compositions
(Table 2). The nonlinear character of these depen-
dences (curves 2, 3) corresponds to the temperature
range below the crystallization of PE.

Figure 10 shows changes in the values of % upon
increasing the molecular masses of the components. It
is seen that, as the molecular mass of PS increases, the
values of  vary according to similar curves with satu-
ration. The largest changes occur within the oligo-
meric range of MM values. At M > 2 x 103, the param-
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Fig. 9. Temperature degendence of the interaction parameter for the system PE—PS. (/—3) The molecular mass of polystyrene

M, = const = 1.18 x 10

, and (4—06) the molecular masses of polyethylene M,, = const = 1.11 X 10°. The molecular masses of the

second component are M,, X 1073 = (D) 1.11, (2) 17.0, (3) 60.0, (4) 0.82, (5) 1.18, and (6) 2.33.

eter ¥ asymptotically approaches a certain limiting
value, which for high-molecular-mass fractions of
thermoplastics changes within a rather narrow range
0f 0.13—0.14.

The approach developed in [30] makes it possible
to solve both the direct problem, that is, to calculate
pair solubility coefficients from the binodal curves of
phase diagrams, and the inverse problem, that is, to
obtain information boundary lines of amorphous lam-
ination diagrams using temperature dependences of
the parameter ). The solution of the inverse problem
made it possible to construct the generalized phase
diagram (Fig. 11), on which not only binodal curves
obtained from experimental data in the system PE-3—
PS-2 (Fig. 11, curve ) but also the complete binodal
bell, including the critical point (curve 2) and the
spinodal (curve 3), are presented. These curves sepa-
rate the temperature-concentration field into several
characteristic zones: I is the region of homogeneous
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states, II is the region of metastable states, and III is
the region of heterogeneous states. The diagram is also
augmented by the data on the PE melting temperature
(curve 4). This makes it possible to identify the region
of crystalline states (region IV). Additionally, the fig-
ure depicts the calculated data obtained for the
spinodal of the high-molecular-mass PE—PS blend
(curve 5).

In the temperature range that is commonly used
nowadays to process PE melts (above 500 K), a partial
compatibility of the components at a level of ~5 vol %
may be expected. However, it should be remembered
that the system will undergo lamination accompanied
by the formation of the above-described dispersed
structures when the figurative point crosses the liqui-
dus line.

Thus, the phase diagrams of the systems PE—PS
are constructed for the first time. It is shown that the
homopolymers are characterized by a partial compat-



114 CHALYKH et al.

x 1
0.20F
2
7 3k2%0
0.10 1 1 1 1
0 2 4 6 8
Mpg x 1073

Fig. 10. Dependences of the parameter y on the molecular
mass of polystyrene. The molecular mass of polyethylene
M, is 1.11 % 103; the values of T are (7) 390, (2) 410, and
(3) 430 K.
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Fig. 11. Generalized phase diagram of the system PE-3—
PS-2. (1) The binodal obtained from the experimental
data, (2) the calculated parameters of the critical point, (3)
the calculated data for the spinodal, (4) the melting tem-
perature of PE-3, and (5) the calculated data for the
spinodal in the system PE—PS for Mpg = 153 x 10 and
Mpg = 60 X 103. 1 is the region of the homogeneous state
of the system, II is the region of metastable states, I11 is the
region of the heterogeneous state of the system, and 1V is
the region of crystalline states.

ibility and feature the UCMT. On the basis of the
compositions of the coexisting phases, the values of
the interaction parameter ) are calculated. Estimates
of the solubility of PS and PE for a number of tem-

POLYMER SCIENCE, SERIES A Vol. 59

peratures showed that the limiting solubility values are
close to the numerical value of molecular mass for sty-
rene. The obtained data make it possible explain the
formation of grafted layers of PS on PE films by a good
solubility of the oligomer components in each other.
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