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ABSTRACT: Polyolefin blend miscibility is very important for a number of technological applications.
Its experimental measurement is far from trivial and requires highly sophisticated expensive experimental
techniques. In this work, the lattice-fluid theory of Sanchez and Lacombe is used to calculate the phase
equilibria of binary polyolefin blends. The miscibility of high-density polyethylene with three branched
polyolefins is computed as a function of polymer chain size and architecture, temperature, and pressure.
The binary interaction parameter of the model is fitted to experimental data for the high-density
polyethylene—poly(ethylene-alt-propylene) and used for all the blends examined. Lattice-fluid theory
predictions are in qualitative agreement with limited experimental data available and with predictions
from other theoretical models. The proposed relatively simple methodology can be used as a guideline to

determine the phase behavior of polyolefin blends.

Introduction

Over the past 15 years, polymer blends have attracted
considerable interest both in the research community
and in industry. As a result, a better understanding and
detailed description and prediction of the blend proper-
ties is necessary. One crucial issue is the miscibility of
the polymers in a blend. For most applications, it is
desirable that the phase behavior of the polymer blend
be accurately known, since it will affect the physical
properties and, consequently, the use of the blend for a
specific application. In addition, the design of new
polymeric materials for polymer blends with tailored
properties is of great interest. This work focus on
polyolefin blends, which is the most widely used and
studied class of polymer blends.

Several experimental research groups have studied
the phase behavior of polyolefin blends that differ in
molecular architecture, polarity, molecular size, and
composition using small-angle neutron scattering (SANS),
small-angle X-ray scattering (SAXS), small-angle light
scattering (SALS), and solid-state NMR. The pioneering
work of Bates and co-workers!—2 on the phase behavior
of protonated and deuterated polyolefins indicated that
a blend of a partially deuterated polyolefin with the
corresponding protonated polyolefin exhibits an upper
critical solution temperature (UCST) if the molecular
weight (MW) is high enough. Subsequent work*-22
provided more details on the effect of molecular archi-
tecture (degree of branchiness, etc.), temperature, pres-
sure, and deuteration on the miscibility of many poly-
mer blends of saturated polyolefins such as linear and
branched polyethylene, poly(ethylene—propylene), poly-
propylene, polyisobutylene, and poly(ethylene-co-1-
butene). Furthermore, it was shown that various poly-
olefin blends exhibit lower critical solution temperature
(LCST) behavior, as for example poly(ethylene—pro-
pylene)—polyisobutylenel® and head-to-head polypro-
pylene—polyisobutylene.2® Despite however the exten-
sive effort by different research groups, the phase
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behavior of many common binary blends, as for example
high-density polyethylene (HDPE)—Ilow-density poly-
ethylene (LDPE), is not fully understood, yet.24=26 The
difficulty in the interpretation of SANS data is mainly
due to the similarity in the chemical structure of the
constituent polymers (composed of methyl and methyl-
ene groups only). This problem can be partially resolved
by the deuteration of one of the polymers.

From the modeling point of view, nonideal mixing of
polyolefins has been modeled using various approaches.
Graessley and co-workers used the Flory—Huggins
expression for the Gibbs energy of mixing.1314 In this
case, the y parameter was estimated from the solubility
parameters of the constituent polymers, which were fit
to the experimental blend data.l® Several qualitative
trends were identified concerning the miscibility of
hydrocarbon polymers, and some predictive rules were
proposed.!! Good agreement between experimental data
and model correlation was obtained for most of the
binary blends examined.

A more elaborate approach was proposed by Fredrick-
son and Bates?’~2° using conformational asymmetry
theory for blends of almost athermal polyolefins (either
homopolymers or copolymers). They developed theoreti-
cal guidelines for the polymer—polymer miscibility
based on nonlocal properties of the polymers, namely
the radius of gyration and molecular volume. The
Graessley et al. approach seems to emphasize the
energetic effects on the mixing of polymers whereas the
Fredrickson et al. approach is based on the packing
effects on the polymer miscibility.

Freed and Dudowicz3%3! used the compressible lattice
cluster theory (LCT) to study the effect of short branches
on the miscibility of polymer blends. Their calculations
revealed the relative effect of enthalpy and entropy on
the miscibility of polyolefin blends and permitted the
understanding of certain experimental trends.

Lattice Monte Carlo simulation has been used exten-
sively for the study of polymer blends.32:33 Simulation
results provided some qualitative trends concerning the
parameters that control miscibility of real polymer
blends, such as the difference in the chain length of the
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polymers and the energetic interactions between like
and unlike chains. Off-lattice molecular simulation has
been restricted so far to simple model systems. For
example, Weinhold et al.3* examined the effect of chain
stiffness on the structure and thermodynamic properties
of polymer blends with Monte Carlo simulation using a
tangent hard-sphere intermolecular potential for the
polymer chain and concluded that entropic effects alone
cannot impose phase separation in hydrocarbon polymer
blends; enthalpic effects are needed as well to explain
limited miscibility phenomena. Stevenson et al.?® ex-
amined the structure of athermal polymer blends with
molecular dynamics, and results were in good agree-
ment with calculations from the polymer reference
interaction site model (PRISM). Gromov and de Pablo
used a fully flexible Lennard-Jones chain model to study
the structure, using hybrid Monte Carlo simulation,38
and the phase equilibria, using expanded Gibbs en-
semble Monte Carlo simulation,3” of binary polymer
blends and obtained good agreement with calculations
based on the self-consistent PRISM. Furthermore, Ku-
mar and Weinhold38 calculated the phase equilibria of
two different Lennard-Jones polymer blends where the
polymers were different (a) in chain stiffness and (b) in
Lennard-Jones energetic parameters. Semigrand en-
semble Monte Carlo simulation indicated that in both
cases immiscibility occurs. More recently, thermody-
namic and structure properties of different polyolefins
that control blend miscibility were calculated through
molecular dynamics simulation.3940

A microscopic model based on PRISM, which accounts
for the chain architecture, and single chain Monte Carlo
simulation was developed by Rajasekaran et al.*! and
was used to predict the phase behavior of polyethylene—
i-polypropylene. The blend was found to be highly
immiscible with a very high UCST value.

Semiempirical equations of state (EoS) such as the
Flory—Orwoll—Vrij EoS,*2~45 the lattice-fluid theory of
Sanchez and Lacombe,*>~47 the Patterson E0S,® the
Born—Green—Yvon (BGY) lattice model,?® and others
have been used successfully for the correlation and
prediction of the phase equilibria of binary polymer
blends containing polyolefins (either homopolymers or
copolymers) and other polymers (such as polystyrene,
poly(vinyl methyl ether), etc.).

In this work, the lattice-fluid theory (LFT) of Sanchez
and Lacombe?®®49 is used to calculate the phase equi-
libria of binary polymer blends of HDPE with branched
polyolefins of different architecture. The branched poly-
olefins examined are poly(ethylene-alt-propylene) (PEP),
i-polypropylene (iPP), and i-poly(1-butene) (iPB). All
three polymers consist of small branches (either methyl
or ethyl groups). A binary interaction parameter is fitted
to the experimental UCST for HDPE—PEP.%° A system-
atic investigation of the effect of chain architecture,
polymer MW, and pressure on the binodal and spinodal
curves and critical point is presented. It is shown that
LFT predictions are in qualitative agreement with
limited experimental data available for the blends
examined. Furthermore, it can be used as a guide for
the design of miscible polyolefin blends.

Theory and Computational Details

LFT is a lattice model developed for the calculation
of thermodynamic properties of small molecules and
polymers.#84° According to LFT, every molecule of the
fluid (either pure component or mixture) occupies r sites
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Table 1. LFT Parameters for the Polymers Examined in

This Work
polymer T (K) P* (bar) 0* (g/cm?3)
HDPE? 615.0 3662 0.9137
PEPP 611.9 4453 0.9242
IPP2 633.0 3664 0.9126
1PB2 609.0 3775 0.9312

a From ref 52. P From ref 53.

in the lattice. At the same time, the lattice contains No
vacant sites (holes) that change as a function of the state
of the fluid (gaseous or liquid), temperature, and pres-
sure. In this way, LFT is able to account explicitly for
the free volume effects which are very important in
high-pressure polymer phase equilibria, unlike earlier
incompressible lattice models (such as the Flory—
Huggins model®!). The LFT EoS is given from the
expression

5P+ 'T'[In(l B+ (1 - %),5] =0 ()

where p (=plp*), P (=P/P*), and T (=T/T*) are the
reduced density, reduced pressure, and reduced tem-
perature, respectively. The LFT is a three-parameter
EoS. These parameters are the characteristic temper-
ature, T*, the characteristic pressure, P*, and the
characteristic density, p*. In the case of polymers, the
parameters are calculated by fitting the EoS to melt
densities over a wide temperature and pressure (usually
from O to 2000 bar) range. The parameters for the
polymers examined in this work were obtained from the
literature253 and are shown in Table 1. Parameter r is
calculated from the expression

MP*
PR @)

where M is the MW. Equation 1 is generalized to
mixtures with the use of appropriate mixing rules. In
this work, the mixing rules proposed by Lacombe and
Sanchez*® for the LFT are used. Every component i in
the mixture is characterized by the parameters are T},
Py, of, vF (=RT;IP}), and r? (=Mi/p/v}). Two different
volume fractions are defined according to the expres-
sions

0 my/o;v;"
= ®3)
z milp;vi
1
milo;
@i 4)

zmi/P;k
1

where m; is the weight fraction of i, and the summation
is over all the components. Throughout this paper, when
we refer to the volume fraction, we refer to ¢i. The
number of sites occupied by molecule i in the lattice of
the mixture is calculated from the expression

w.
n=r- (5)
i

The characteristic parameters of the mixture are cal-
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culated from the expressions

=5 Yoy Ti=yTiTg (6)
]

ve="Sov @
I
1
pr=—"" (8)
zmi/ Pi
1
P* = RT*/v* 9)
1 _% _#
—= Z —=\ — (10)
ran

In eq 6, jj is a binary interaction parameter between
species i and j and usually is fitted to experimental data
for the specific binary mixture. For hydrocarbon mix-
tures, &jj is close to unity.*?

In the case of a binary mixture, the chemical potential
of component i is calculated from the expression (j is
the second component):

Ui _ ri O~ VT 2
Y
o # + r?[(% - 1) In@ — )| +Inp 11)
where yij and A are defined as
T + T}‘ - ZT}“J-
i == (12)
T - T

Ayj=——t T S (i e = A (13)

In this work, the binodal (coexistence curve) and the
spinodal of binary polymer blends are calculated. The
binodal is calculated by equating the chemical potential
of the two polymers (1 and 2) in each of the two phases
(Iand I1):

1y (TP, = i (T,P,gY)

uy(T,P.gy) + 13 (T,P,3) (14)
whereas the spinodal is calculated from the equation

(am(T,P,rpl)) o
TP

90, (15)

The mixture critical point corresponds to the contact of
binodal and spinodal curves and mathematically is
calculated from the expression

(azﬂl(T'PaQDl)) _
(G720 S

Results and Discussion

(16)

Maurer et al.® used SANS measurements in order
to determine the spinodal and cloud point curves of the
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Figure 1. Phase diagram of HDPE3; 0opo0—PEP23 000 blend as a
function of the HDPE volume fraction. Experimental cloud
points (solid triangles) and spinodal temperatures (open
diamonds).5° LFT calculations are shown as solid lines (binodal
curve) and dashed lines (spinodal curve).

HDPE—PEP binary polymer blend. The MW and the
polydispersity index of the two almost monodisperse
polymers were 22 000 and 1.05 for HDPE and 23 000
and 1.03 for PEP, respectively. The critical temperature
(UCST) of this blend was estimated to be 407 + 5 K.
The LFT binary interaction parameter, jj, was fitted
to the critical temperature and used subsequently for
the calculation of the binodal and spinodal curves. The
resulted value (G;; = 0.999 15) is consistent with the fact
that HDPE and PEP are composed of chemically similar
groups (CHs, CH,, and CH), and so ;; should be close
to unity. In all calculations throughout this paper, the
polymers are considered to be monodisperse. In Figure
1, experimental data and model predictions are pre-
sented. LFT predicts a lower HDPE volume fraction at
the critical point. Furthermore, the calculated coexist-
ence curve in the vicinity of the critical point is narrower
than the experimental data suggest. This is a typical
behavior for a mean-field model such as LFT. Predic-
tions from the BGY model which accounts for the local
interactions are in better agreement with the experi-
mental data concerning the critical composition.?® How-
ever, the shape of the phase envelope in the critical
region is similar to LFT (Figure 2 of ref 23). Conclu-
sively, the overall agreement between LFT prediction
and experimental data is satisfactory, considering also
the statistical uncertainty in the measurements.

The effect of polymer MW on the phase behavior of
the HDPE—PEP blend is shown in Figure 2 where
calculations are presented for blends of HDPE3; g0
(subscripts indicate the MW) with PEP23 000, PEP70 000,
and PEPis0000. For each blend, the thick curve corre-
sponds to the binodal and the thin curve to the spinodal.
As the MW of one of the polymers increases, miscibility
decreases. Mutual solubilities (volume fractions) de-
crease whereas the critical temperature increases. In
Figures 3 and 4, the variation of the blend critical
temperature and critical composition (in terms of HDPE
volume fraction) as a function of the PEP MW is shown.
The MW of HDPE is 22 000 in all cases. For low PEP
MW values (below approximately 8000) the two poly-
mers are completely miscible. As the PEP MW increases
up to approximately 80 000—100 000, the critical tem-
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Figure 2. LFT predictions of the binodal curve (thick lines)
and spinodal curve (thln Iines) of HDPE2; 00o—PEP23 000,
HDPEZZ ooo_PEP7o 000, and HDPEzz OOO_PEPISO 000 blends as a
function of the HDPE volume fraction.
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Figure 3. LFT predictions of the critical temperature of
binary HDPE2; 000 blends with PEP of different MW as a
function of PEP MW at 1 and 100 atm. The experimental point
for PEP23000 at 1 atm is from ref 50.

perature and critical composition increase sharply. For
higher PEP MW values, the change is much smaller.
This indicates that the polymer molecular size has a
strong effect on the blend miscibility for small and
intermediate values and a much smaller effect for
higher values. Such behavior agrees with predictions
from the BGY lattice model.?3

In Figures 3 and 4, LFT predictions are shown for
two different pressures, 1 and 100 atm. Interestingly,
the critical temperature increases with an increase in
pressure for all molecular weight values, and so pres-
sure makes these polymers less miscible. This is also
evident from Figure 5 where the variation of critical
temperature with pressure is shown for the blend
HDPE22 000—PEP23 000. From the physical point of view,
LFT predicts that as pressure (and consequently den-
sity) increases, like polymer chains achieve better
packing by excluding unlike chains. This behavior is
consistent with experimental data for polyolefin blends.?°

MWpep(x10%)

Figure 4. LFT predictions of the HDPE volume fraction
(puppe,c) at the blend critical temperature of binary HDPE 2 000
blends with PEP of different MW as a function of PEP MW,
at 1 and 100 atm. The experimental point for PEP23000 at 1
atm is from ref 50.
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Figure 5. LFT predictions of the critical temperature of
HDPE22 000—PEP23000 blend as a function of pressure. The
experimental point at 1 atm is from ref 50.

As Rabeony et al.?° explain, for mixtures exhibiting
UCST behavior, the mixed state is favored by heating,
i.e., by lowering the density of the mixture. The pressure
increase has the opposite effect, and so miscibility
decreases. The LCT?° and BGY lattice model® predict
a similar pressure effect for HDPE—PEP.

Another binary blend examined in this work is
HDPE—iPP. iPP polymer chains are composed of the
same groups as the PEP chains, and so it is assumed
that the binary interaction parameter, i, remains
unchanged. This approximation was shown to be very
good for the case of low MW hydrocarbon mixtures.®
In Figure 6, LFT binodal and spinodal curves are shown
for the binary blends: HDPE2, goo—iPP23 000, HDPE22 000—
iPP70 000, and HDPE2; 00o—iPP150 000. Similarly to the first
blend examined (HDPE—PEP), the increase in the MW
of one of the polymers increases the immiscibility. As
its branch content increases, from 25 short branches per
100 backbone carbon atoms for PEP to 50 short branches
per 100 backbone carbon atoms for iPP, the miscibility
of the branched polyolefin with HDPE decreases. For
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Figure 6. LFT predictions of the binodal curve (thick lines)
and spinodal curve (thin lines) of HDPE2z 000—iPP23 000,
HDPE 3, 000—iPP70000, and HDPE2; 000—iPP1s0000 blends as a
function of the HDPE volume fraction.
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Figure 7. LFT predictions of the critical temperature of
binary HDPE2 000 blends with iPP of different MW as a
function of iPP MW at 1 and 100 atm.

example, the critical temperature for HDPEj2; 000—
PEP23 000 is 404 K and for HDPE;, ooo_iPP23 000 is 562
K. This behavior holds for the entire range of branched
polyolefin MW examined and is a clear indication of the
chain architecture effect on the blend phase behavior.
Calculations presented here are in qualitative agree-
ment with previous LCT3® and PRISM#*! predictions.
However, the PRISM*! UCST is much higher than the
UCST presented here. Although no clear conclusions can
be made, the origin for this difference can be the local
correlations in the blend that PRISM calculates explic-
itly. Of course, the high-temperature calculations are
only theoretical predictions. Polymer chains become
progressively unstable above approximately 550 K. Such
thermal chain destruction is not accounted by an
equilibrium thermodynamic model such as LFT.

In Figure 7, the effect of iPP MW on the blend critical
temperature is shown for two different pressures. The
pressure effect is, in general, small and becomes ap-
preciable only above a MW value of approximately
75 000. Interestingly, for iPP MW values higher than
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Figure 8. LFT predictions of the critical temperature of
HDPEzz ooo_iPP23 000 blend (SOlId Iine) and HDPE22 ooo_iPBz3 000
blend (dashed line) as a function of pressure.

60 000, the critical temperature decreases with pres-
sure, and so pressure induces miscibility between HDPE
and iPP. It is certain that additional experimental
measurements are needed in order to verify whether
this pressure effect is realistic. Finally, in Figure 8 the
pressure effect on the critical temperature for the blend
HDPE2 000—iPP23 000 is shown (solid line). Clearly, pres-
sure has a much smaller effect for this blend compared
to the HDPE3; goo—PEP23 000 blend (Figure 5). To a great
extent, this should be attributed to the similar values
for P* and p* that HDPE and iPP have compared to
HDPE and PEP (Table 1). This similarity reflects the
fact that the compressibility of iPP is closer to the
compressibility of HDPE than the compressibility of
PEP, as predicted by the LFT in the pressure range
examined here. A detailed discussion of the EoS pa-
rameter effects on the miscibility of polyolefin blends
can be found in ref 43.

The third binary blend examined here is HDPE—iPB.
In this case, the number of branches per 100 backbone
carbon atoms remains unchanged compared to iPP, but
the branch size increases from methyl (CHj3) to ethyl
(CoHs). In Figure 9, LFT calculations are shown for
the binodal and spinodal curves of the binary
blends: HDPE;; ooo—iPBzg 000, HDPE>, ooo—iPB7o 000, and
HDPE22 000—iPB1so000. (ij was set again equal to
0.999 15.) The branched polyolefin MW has a similar
effect on the phase behavior of this blend as on the
other two blends examined. The phase diagram for
HDPE22 000—iPB23 000 is similar to the phase diagram for
HDPE 22 000—i1PP23 000 Whereas the other two blends with
a higher iPB MW (70 000 and 150 000) exhibit lower
critical temperature compared to the corresponding iPP
blends of Figure 6. In Figure 10, the iPB MW effect on
the critical temperature is shown for two different pres-
sures. In this case, pressure increases immiscibility over
the entire MW range. Finally, in Figure 8 the pressure
effect on the critical temperature of HDPE2; go0—
iPB23 000 is shown (dashed line).

The LFT calculations presented in this work reveal
that the increase in the branch number density (from
PEP to iPP) has a much pronounced effect than the
increase in the branch size (from methyl in the case of
iPP to ethyl in the case of iPB) on the phase diagram of
HDPE with a branched polyolefin.

Finally, LFT calculations agree well with predictions
based on the conformational asymmetry theory of Fre-
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Figure 9. LFT predictions of the binodal curve (thick lines)
and spinodal curve (thin lines) of HDPE2; 000—iPB2s 000,
HDPEzzooo—iPBmooo, and HDPE2 ooo_iP8150000 blends as a
function of the HDPE volume fraction.
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Figure 10. LFT predictions of the critical temperature of
binary HDPE2; 000 blends with iPB of different MW as a
function of iPB MW at 1 and 100 atm.

drickson and Bates.?® According to that theory, the
miscibility of athermal binary blends of linear homo-
polymers A and B is controlled by the conformational
asymmetry ratio ¢ defined as

€= (&)2 - RAZ/VA
- VBel RV,

(17)

where Ri2 and V; are the mean-squared radius of gura-
tion and molecular volume of species i, respectively. In
order that a polymer blend is miscible, € should be close
to unity. To a good approximation, all of the polymers
examined here are linear homopolymers that mix
almost athermally. The conformational asymmetry ra-
tios at ambient conditions for the three blends examined
in this work are €EHDPE-PEP ™ 1.8,13'45’53’54 €EHDPE-iPP ™~
2.1,%55% and eyppe-ipg ~ 3.1.455455 As a result, confor-
mational asymmetry theory predicts that all three
blends are immiscible. Furthermore, immiscibility in-
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creases for the blends of HDPE with iPP and with iPB
compared to the HDPE—PEP blend, in accordance with
LFT predictions. On the other hand, if one treats the
branched polyolefins as branched homopolymers, then
conformational asymmetry theory predicts that the
nonideality of a blend of chemically similar linear and
branched homopolymers increases as the branch points
on each branched macromolecule increase.?® This, again,
is in accordance with the LFT predictions presented
above. It should be mentioned here that the conforma-
tional asymmetry theory for branched homopolymers
was developed assuming Gaussian statistics for the
backbone and the branches. This assumption of course
is not realistic for the case of short branches examined
here, and so the treatment of branched polyolefins as
linear homopolymers is more appropriate within the
context of conformational asymmetry theory.

Conclusions

In this work, LFT was used to calculate the phase
equilibria of binary blends of HDPE with three branched
polyolefins of variable MW. The effect of polymer chain
size and architecture, temperature, and pressure was
identified. The limited experimental data available for
HDPE22 000—PEP23 000 Were used to evaluate the binary
interaction parameter used throughout the calculations.
The methodology presented here can be applied to other
types of polyolefins blends (as, for example, branched
polyolefins of different architecture) as well as to LCST
phase equilibria. Preliminary calculations are encourag-
ing and will be the subject of a future communication.

It should be made clear that LFT accounts for the
chain architecture implicitly through the pure compo-
nent parameters which are fitted to experimental PVT
data. Furthermore, local interactions between unlike
chains are calculated through the binary interaction
parameter ;. Because of the limited experimental data
available, it was assumed here that gj; is the same for
all of the mixtures examined. Although this is a very
good approximation for the case of mixtures of low MW
hydrocarbons (n-alkanes, branched alkanes, etc.), it
becomes less accurate as the MW of the components
increases. It is well-known that equation-of-state pre-
dictions for polymer solutions and blends are very
sensitive to the binary interaction parameter.1656 |t is
difficult to make an estimation of the error that such
approximations introduce into the predictions presented
here. Additional experimental data are required in order
to test some of these assumptions and the subsequent
model predictions.

Despite these limitations, the relatively simple method
presented here can be used as a guideline for the
estimation of polyolefin blend miscibility. It offers a
significant advantage over other widely used lattice
models such as the solubility parameter approach of
Graessley and co-workers:11:13.14 It accounts explicitly
for the energetic interactions between unlike molecules
and for the compressibility (free-volume) effects which
control blend miscibility as pressure changes. It can be
combined with the accurate but relatively expensive
experimental techniques available in order to develop
a better methodology for the estimation of the model
parameters. In this way, the binary interaction param-
eter, gjj, can be temperature or MW dependent, and even
an additional binary parameter can be added (in the
mixing rule for the characteristic volume, eq 7, for
example). This approach can lead to a powerful predic-
tive model.
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