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2. Polyethylene/paraffin
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A study of the melting behaviour of polyethylene single crystals in a paraffin medium is presented. The
diluent effect of the paraffin upon the polyethylene crystals is monitored by changes in the melting curves.
The experimental depression values of the melting temperatures fit very well with those predicted by the
combinatorial term of the Flory—Huggins equation. Kinetic effects associated with the melting process are
also discussed. Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION

It is now widely accepted that the melting point
temperature depression (m.p.d.) of a polymer crystal in
a mixture with a compatible polymer can be derived by
setting the free energy of melting of the crystals equal to
the partial free energy of this component in the mixture'.
The expression for the latter free energy is based on the
class1cal lattice model theory of Flory, Huggins and
Scott?® for polymer/solvent mixtures. However, the
obtained equation for the m.p.d. is, strictly speaking,
valid only as long as: (i) the crystals are grown under
equilibrium conditions (infinitely thick crystals); (ii) the
crystals melt under equilibrium conditions; and (iii) the
presence of the second component does not induce any
change in the structure of the crystals®. Unfortunatety,
most of the available data on polymer crystallization and
melting are to be obtained under non-equilibrium con-
ditions. To satisfy requirements (i) and (ii) the equilib-
rium melting temperature, Ty, is usually approximated
through extrapolation of Ty, versus T, (Hoffman—Weeks
plots)®. This procedure 1ntroduces an uncertainty in
the equilibrium value, 7,0, since it 1s usually taken far
from the actual expenmental range As to requirement
(iii), changes in the melting temperature of the crystals,
or1g1nat1ng from crystallization, are commonly
observed® ®. Indeed, structural parameters such as
lamellar thickness®, crystal interphase’ and spherulitic
growth rates® are substantially modified by the second
component. An explicit separation of both effects would
imply an extensive and systematic study on crystal-
lization and melting of the crystalline polymer for
various mixture concentrations. The use of single crystals
of polymer dispersed in the matrix of the second
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component is a simple and effective method of studying
the m.p.d.—composition relation over a wide range of
concentrations’

Our previous results on the poly(vinylidene fluoride)/
poly(methyl methacrylate) (PVDEF/PMMA)!! system
have shown that the m.p.d. method could describe the
extent of compatibility between the two polymers on the
basis of a pure enthalpic interaction.

The compatibility between linear poiyethylene (LPE)
and branched polyethylene (BPE) has also been studied
by means of embeddmg identical crystals of LPE in
a medium of BPE*'®. In such a system a limiting value
for the degree of molecular branching compatible with
linear segments was experimentally determined. How-
ever, due to the presence of the branches it was difficult
to distinguish between the two expected contributions
to the interaction: the slightly positive enthalpic term,
unfavourable to mixing (increasing with branching) and
the entropic contribution, favourable to mixing, caused
by the free volume excess of branches.

The purpose of the present work is to apply the above
method to a better defined system where purely entropic
interactions are expected. Thus, we have analysed the
melting behaviour of single crystals of PE fractions in a
mixture with two n-alkanes. The mixture of two
chemically identical species with two different molecular
lengths has been mainly studied and special attention has
been paid to the determination of the 1nteract10n
parameter from the melting point measurements'”

In spite of the large discrepancies of the interaction
parameters reported by different authors, it now seems to
be well established that the mixing of two chemically
identical species should be athermal'’. The differences
reported in the values can be attrrbuted to the method of
sample preparation. For instance, the use of high
molecular weight samples crystallized at temperatures
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close to equlhbrluml3 '3 or the use of low molecular

weight species that form extended chain crystals'® lead
to different results. The experimental method devel-
oped in the present work enables us to use samples with
higher molecular weights than those reported previously,
at the same time keeping the structural parameters
unchanged.

MELTING POINT EQUATION

In the following the index 2 refers to the semicrystalline
polymer which melts in the presence of the low molecular
weight component 1. The partial free energy difference
per mole of polymer 2 between a crystal of infinite
thickness and the supercooled liquid is given by the
standard approximation:

AGye = AH — TAS:AH(I —Iﬂo> (1)
T

where AH and AS are the enthalpy and entropy of
fusion per repeating unit, respectively. In the last
equation AH and AS are assumed to be temperature
independent and the ratio AH/ AS equal to the
equilibrium melting temperature, 7,2. The Flory—
Huggins—Scott lattice model theory for the free energy
of mixing is used to evaluate the difference in the free
energy per mole of polymer 2 between the pure melt and
the mixture:

Vo [In®, 1 1
= RT = - -
AGmix = R Vi [ my * (m2 ”"1)(1 ?2)

(i~ ¢2>Z] @)

where V; and m; are respectively the molar volume
and the number of repeating units along the chain for the
component i. x is the polymer—second component
interaction parameter and R the gas constant. The
melting point depression of a semicrystalline polymer
in the presence of a second compatible component,
as mentioned before, is evaluated by setting the free
energy of mixing of the two components equal to the free
energy of melting of the crystals. At the melting
temperature:

1 L RV gy (1 1\
T3 (¢) T AHV, [ * (mz >(1 %)
X —¢2)2] 3)

where T.2(¢,) is the equilibrium melting temperature of
infinite crystals in a mixture of concentration ¢,.

It is widely accepted that the interaction parameter, ¥,
between polyethylene and n-paraffins decreases with
increasing the number of carbon atoms of the n-alkane,
approaching a value close to zero for n > 18 (refs 1316,
18). Therefore the mixing of PE with n-paraffins, which
are two chemically identical species, should be athermal,
and strong combinatorial entropy contributions due
to the short chains of paraffins are expected. On the
other hand the degree of polymerization, the number
of repeating units along the chain, for the polymeric
component is quite high so 1/m, is negligible and
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equation (3) reduces to:

1 1 R 1
Ta(g:) Tm AHm

where we have taken V| = V,.

In the real case crystals grow and melt under non-
equilibrium conditions. In the case of laterally large
lamellae, the only surfaces contributing significantly to
the free enthalpy of the crystals are the basal ones, so that
the equilibrium melting temperature can be calculated
from the Thomson—Gibbs equation:

7o) =73(1 - 275 )

where o, i1s the top and bottom specific surface free
energy, / the lamella thickness and T, (/) is the melting
temperature of the metastable crystals. The surface free
energy is not expected to be modified when the
composition of the blend is varied, so we can rewrite
the melting point depression equation as:

20, 1 1 R
(“m) G TL AHm1<1”¢2) (©)

The use of equation (3), which was first derived by Nishi
and Wang1 for two dissimilar polymers, in a binary
system involving two chemically identical polymers has
been criticized by Mandelkern and co-workers'® 7 The
argument presented has been that the thermodynamlc
interaction parameter, which enters the later equation,
does not seem to be suitabie in a mixture of two similar
species that constitute an athermal system. However, the
final expression for the m.p.d. equation (6) in our work,
based upon the combmatorlal term and that reported by
Mandelkern et al.'® are identical.

(1-¢») 4)

EXPERIMENTAL

The samples studied in this work were a commercial PE
fraction from the Societé National of Paris Aquitaine
(M,, = 1.3 x 10*gmol™"; M,,/M, = 1.12) and two par-
affin fractions CpHu and CyHgy synthesized by
Montedison. PE single crystals were grown from a
0.5% w/v solution in p-xylene. After dissolving the
polymer at 130°C, the solution was transferred to a
silicone oil bath at 80°C and the polymer was allowed to
crystallize for 24h. The single crystals were then
separated from the solvent by centrifugation and the
excess clear xylene was removed. Finally, the PE single
crystals were dispersed in the paraffin matrix at 60°C and
several mixtures containing 15, 20, 30, 40, 50 and 75% by
weight of paraffin were prepared. As a last step, the
slurry mixtures were placed into aluminium differential
scanning calorimetry (d.s.c.) pans and fully dried in a
vacuum oven at 60°C. Thermograms of the investigated
samples were recorded by a Perkin-Elmer DSC4
calorimeter at heating rates of 10, 20 and 40°C min !
Indium was used as a calibration standard for the
instrument.

RESULTS AND DISCUSSION

In Figure I the experimental melting thermograms of the
pure PE and a PE/n- C22H46 blend of 50% composmon
at a heating rate of 40°Cmin— !are compared. Two main
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Figare 1 D.s.c. thermogram for pure PE and a PE/C,,Hy, blend with
a composition of 50%. Heating rate 40°C min~’
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Figure 2 PE melting curves for PE/CyHy blends of different
composition: 0, 20 and 50%. Heating rate 40°C min™'

peaks are observed for the PE/n-C,,Hyg mixture: the low
temperature peak corresponds to the melting of the
paraffin, and the high temperature peak is associated
with the melting of the PE single crystals. While the
position and the shape of the low temperature peak
remains essentially constant with composition, the PE
melting curves show a broadening with increasing
paraffin content and shift towards lower temperatures,
as shown in Figure 2. In the first part of this section, the
melting point depression of the PE single crystals in the
presence of paraffins by means of the Flory—Huggins
relation will be analysed. The second part will be mainly
concerned with the kinetics of melting of the systems
under study.

For the m.p.d. analysis, temperatures of the beginning

of melting (T,pser), the maximum (T, ) as well as the end
of melting (Tqa1), 1.€. the temperature at which the last
trace of melting is observed, have been studied. Each
temperature was calibrated by means of the correspond-
ing melting temperature of the n-paraffin pure sample.
The main reason for using the n-paraffins instead of
indium, the instrument calibration standard, is the fact
that the heat conduction of the PE crystals is much more
similar to paraffins. On the other hand, the crystal-
lization and melting of the paraffin crystals are not
affected by the presence of PE single crystals, so the
melting temperature of the n-paraffins can be used as an
inner calibration in each mixture.

The major difficulty in using the experimental tem-
perature for the equilibrium melting determination,
equations (5) and (6), is the instability of the small
crystals'. Small lamellae anneal on heating, thus giving
a higher experimental melting temperature correspond-
ing to a thicker crystal. Fast melting, so that not enough
time remains to reorganize, has been used to minimize
the annealing of polymers!®. Under fast melting condi-
tions a temperature representative of the initial meta-
stable crystals is expected to be obtained. However, there
are two main limitations in using the fast melting
method. The first is the possibility of superheating,
which is observed when heat is supplied to the crystals
faster than they can melt, so that the inner portion of the
crystals is heated above the melting temperature before
actual melting. This effect is more relevant to large
crystals, extended chain crystals, or to crystals contain-
ing a large number of tie molecules. Fortunately this
effect can be ignored for small metastable crystals as in
our case. The other limitation of fast heating is the rate of
heat conduction through the bulky sample before
reaching the crystal surface. This second effect can be
minimized by using small samples. In the present work
samples weighing about 1 mg were used.

The reciprocal of the experimental melting tempera-
ture, 1/T,,, for PE/C4,Hg, as a function of paraffin
content and at a heating rate of 10°C min~', is plotted in
Figure 3a, where the onset, the maximum and the final
melting reciprocal temperatures are compared. The
dashed line in this figure has the same slope as the
calculated melting temperature as a function of paraffin
content according to equation (6). Up to the maximum
composition studied in this work, i.e. ¢, > 0.25, the end
of melting data lie on the calculated straight line.
However, there is a clear enhancement of the melting
point depression for the onset and the maximum as
compared to the combinatorial entropy dashed line. This
effect will be discussed later. The melting point depres-
sion data for the same system at a heating rate of
40°Cmin~" are plotted in Figure 3b. Again, the final
melting temperature fits quite well with the expected
values, while there are large deviations for the onset and
the melting maximum. For the slower heating rate,
10°C min~', some annealing of the single crystals seems
to take place during the heating process and the melting
temperatures are shifted towards higher values. But, as
mentioned before, the final melting temperature depres-
sion for the two heating rates, within experimental error,
have the same slope as predicted by the Flory—Huggins
lattice model and the kinetics of annealing of PE single
crystals for the lower heating rate do not seem to be
affected by the presence of n-paraffin. From Figures 3a
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Figure 3 Reciprocal of the experimental melting temperatures (7.
Tmax»> Trina1) of PE single crystals as a function of the paraffin content for
the PE/CyHjy, system. The dashed line corresponds to the theoretical
values derived from equation (6). Heating rates: (a) = 10°Cmin™";
(b) = 40°C min ™

and b one can conclude that the final melting tempera-
ture is an adequate magnitude for m.p.d. analysis. To
avoid as much as possible both the annealing and
superheating effects, we have taken the final melting
temperature at a heating rate of 40°C min " as the more
representative experimental melting point of the meta-
stable crystals. Similar behaviour is obtained in the
PE/CyHy4 system.

In Fzgure 4 the melting point depressions, 1/T,3(¢) —
1/T as a function of paraffin content for the two
hydrocarbons are compared. The equilibrium melting
temperature for the pure PE was calculated according
to Broadhurst’s equaltion20 and the crystal thickness, /,
for the pure PE was calculated by means of equation (5).
Finally, the value of / thus obtained was used to calculate
the equilibrium meltmg temperature of the PE s1ngle
crystals embedded in the paraffin matrix, T m(®2). A
observed in this figure, a good agreement between
experimental and theoretical data, the solid line, is
obtained. The melting point depression is enhanced
for the PE/Cx»Hys system where the difference in the
chain length of the constituent molecules is higher and
therefore the entropic effect larger.
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Figure 4 Influence of the paraffin length on the melting point
depression. Symbols correspond to the experimental final melt and
the continuous lines are the expected values from the Flory—Huggins
expression. Heating rate 40°C min™"

The other problem concerning this study is whether
the kinetics of melting of the PE single crystals is
modified by the paraffin matrix. As seen in Figure 2 there
is a continuous broadening of PE melting curves as the
paraffin content in the blend is increased. This effect can
also be detected easily if one compares the slopes of 1/T;,
versus (1 — ¢,) curves for the beginning of melting, the
melting peak and the end of melting (see Figures 3a and
b). The broadening of the melting curves for the two
heating rates, once corrected for the heat conduction
effect, is quite similar and thermal conductivity problems
in the paraffin matrix can be discarded. It is worth
mentioning that for concentrations of paraffin greater
than 50%, there is a levelling off in the 1/T,, versus
(1 — ) curves for both the onset and the maxima. This
effect might be thought to be due to the existence of a
distribution of single crystals, where the smaliest ones
thicken upon heating and produce more stable crystals,
thus raising the melting point. In this case, under fast
melting the annealing effects should be minimized. On
the other hand, as seen above from the end of melting
data, the annealing of the PE single crystals upon heating
is not affected by the presence of the paraffin. A possible
explanation for this phenomenon is that melting is a local
process, initiated at suitable surface sites and it is a
question of crystal size and the melting rate as it takes the
crystal melt interface to reach a given superheated crystal
volume. The presence of paraffin at the surface of the PE
crystals might enhance the mobility of the PE molecules,
reducing the effective time for them to reach the pure
molten phase. This fact can be understood in terms of
the diffusion coefficient of the PE/n-paraffin mixtures
obtained according to Brochard er al.’s expression®!?.
The diffusion coefficient increases as the paraffin content
is increased, going through a maximum located at a
polymer concentration ¢, of =~0.7. On the other
hand as the number of carbon atoms of the n-paraffin
is decreased, a major increase of the diffusion coefficient
of the PE crystals in the blend is expected. Our
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experimental results on PE/n-C,Hy and PE/CyHg,
are in accordance with the theory predictions. However,
for a quantitative description of the process a more
detailed study as well as the use of additional techniques
would be required.

CONCLUSIONS

The use of PE single crystals in a mixture with n-alkane is
an elegant and effective method of studying the effect of
paraffin upon the melting behaviour of the polymer
crystals. The final melting temperature at the highest
heating rate studied has been shown to be the closest value
to the actual melting temperature of the metastable
crystals. The experimental values thus obtained fit very
well with the melting point depression deduced from the
combinatorial term of the Flory—Huggins approximation.
Moreover, at a fixed heating rate the kinetics of melting of
the crystals in the mixture is largely affected by the
presence of the paraffin. This effect, which is qualitatively
observed as an increase of the asymmetry of the melting
curves towards lower temperatures as the paraffin
content is increased, might be explained by the enhance-
ment of molecular mobility of PE at the surface melting.
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