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The melting temperatures (7,) of branched polyethylene (B-PE) have been measured over the pressure range up
to 2 GPa by use of a high-pressure X-ray diffraction apparatus. The 7,—P curve for B-PE is expressed as
(T/Tw o) =P+ Py)la where Ty, is the T, at atmospheric pressure, ¢=4.788, P;,=280.2MPa and
a@=Py+0.1 MPa. The T, of B-PE increases with increasing pressure monotonically, and T, =310°C at
2 GPa. The X-ray diffraction peaks corresponding to the spacing d =3.84 A for the (110) lattice plane of the
orthorhombic B-PE crystal do not change with increasing temperature below 1.85 GPa but d values for the (200)
lattice plane increase with increasing temperature. The thermal properties of a B-PE melt crystallized at various
high pressures above 1.0 GPa have been measured at atmospheric pressure, and four endothermic peaks are
observed for the sample melt crystallized at 800 MPa. The entropies of fusion ASg of B-PE and linear
polyethylene (L-PE) at pressures up to 200 MPa have been determined based on the Clausius—Clapeyron equation
and P-V-T data by O. Olabisi and R. Simha (Macromolecules, 1975, 8, 206), and ASg for B-PE is much smaller

than for L-PE. © 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

It is well known that linear polyethylene (L-PE) forms an
extended-chain crystal with a hexagonal structure at
elevated pressures P > 330 MPa, while below this pressure
the crystal takes the form of a folded chain crystal with
orthorhombic structure"2. Recently, impressive work on the
crystallization phenomena of linear polyethylene under high
pressure has been carried out by Hikosaka et al® and
Rastogi et al.’, who found experimentally that the
hexagonal phase is a metastable transient phase and exists
even in the orthorhombic phase region in the phase diagram,
and crystallization starts from the transient hexagonal
structure and ends in the stable orthorhombic structure.
Other impressive work in polymer crystallization is on
pressure-induced crystalllzanon and amorphization carried
out by Rastogi et al.’ for poly(4-methyl-1-pentene) where
the melting temperature (7,)—pressure (P) curve diplays a
maximum point and amorphization occurs at high pressure
at room temperature. Although most of the T,,—P curves for
crystalline polymers are convex upwards against pressure in
the vicinity of 1 atm, so far no maximum point in the 7,,—P
curve has been reported except for poly(4-methyl-1-
pentene). The 7,,—P curves for crystallme polymers have
been studied by Bassett and Turner®, Takamlzawa et al

Yasuniwa ef al® and Hikosaka et al® for linear ?oly-
ethylene, and Nakafuku'®'! and Nakafuku and Miyaki'* for
branched polyethylene, polypropylene and poly(1-butene).
In a previous paper~ we estimated the melting point
maximum in the 7,~P curve in branched polyethylene (B-
PE) based on P—V-T data'®. According to the Clausius—
Clapeyron equation, the density of the liquid phase at the
maximum 7, is the same as that of the solid or crystalline

* To whom correspondence ehould be addressed

phases. The main purpose of this work is to examine
whether the 7, maximum is observed in B-PE by the
measurement of T, at high pressures above 2 GPa by using
a high-pressure X-ray diffraction apparatus. We also
investigated the existence of the high-pressure hexagonal
phase in B-PE, the thermal properties of a B-PE melt
crystallized under various pressures at atmospheric pres-
sure, and the pressure dependence of the entropies of fusion
of B-PE and L-PE.

EXPERIMENTAL

The low-density branched polyethylenes used in this work
are a Sowa Science Corp. sample (SSC-0.92; 0.92 em’g™h)
and the NBS standard sample 1476 (NBS-0.9312;
0.9312 cm’g ™" at 23°C). The high-pressure X-ray diffrac-
tion apparatus used is the MAX80(AR-NESC) instrument at
the National Laboratory for High Energy Physics in
Tsukuba, Japan. The MAXB80(AR-NE5C) comprises a
high-pressure apparatus with a cubic-type anvil and a
maximum pressure of 6 GPa and a maximum temperature of
2000°C, and possesses a channel with an energy range 20—
140 keV. The B-PE sample with a diameter of 4 mm and a
thickness of 1.3 mm is placed in a sample vessel made of
boron nitride (BN), which is covered by a gasket made of a
boron—epoxy resin compound. The temperature of the
sample is monitored by means of a chromel-alumel
thermocouple and the sample pressure by the lattice
constant of an NaCl crystal in the vessel based on NaCl
P-V-T data'. In the energy-disperse X-ray diffractometer,
the relationship between energy E (keV) and the distance
between the lattice planes (d value) is given by
E=6.20/(d sin ) where 8 is the angle of the incident
beam; an angle of 4.00° is used in this work. The thermal
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properties of B-PE have been measured by use of a
differential scanning calorimeter (Perkin-Elmer DSC7)
with a heating rate of 20°C min ™'

RESULTS

Typical data obtained from the energy-dispersive X-ray
diffractometer for the B-PE sample SSC-0.92 is shown in
Figure 1. The X-ray diffraction measurements have been
carried out over the range 0.7-1.9 GPa. The X-ray
diffraction peak patterns for B-PE under constant pressure
over the temperature range (T, — 10°C) < T < T, are the
same as that at room temperature, and no trace of new peaks
for the high-pressure or hexagonal phase, as found for L-PE,
is observed over the pressure range 0.7-1.9 GPa. No trace
was also found of any new peaks in high-pressure d.t.a. up to
500 MPa'. However, X-ray diffraction peaks correspond-
ing to the spacing d=3. 84 A at 46.2keV and the (110)
lattice plane of tha orthorhombic phase in B-PE (SSC-0.92)
do not change with increasing temperature under 1.85 GPa,
but d values at 51.5 keV for the (200) lattice plane increase
with increasing temperature, as shown in Figure 2. The
temperature at which the crystalline peak of B-PE
corresponding to d =4.10 A for the (110) plane at atmo-
spheric pressure disappears is determined as the melting
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Figure 1 Plot of X-ray intensity (counts) vs. energy (keV) for B-PE at a
pressure of 1.85 GPa and at various temperatures. The values indicated are
counts for each peak, and BN is boron nitride used as the pressure medium
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temperature. The melting temperatures T, are plotted
against pressure in Figure 3, where the T,,—P curves for
B-PE (SSC-0.92 and NBS 09312) determined by high-
pressure d.t.a. by Nakafuku'® over pressures up to 500 MPa,
and the T,,—P curves for L-PE obtained by Hikosaka® are
also included. The effect of thermal degradation of the
polymer has been examined by investigating the reprodu-
cibility of T, after the measurement of T, at high
temperatures and pressures. The reproducibility of T, for
B-PE (SSC-0.92) at atmospheric pressure is obtained within
experimental error, which suggests that the effect of thermal
degradation is not so large in the X-ray diffraction
experiment under high pressure. However, values of T, at
pressures of 1.81 GPa, 1.128 GPa and 0.764 GPa, cotre-
sponding to the second, third and fourth runs, respectively,
in the X-ray experiment, are slightly lower than in the T,,—P
curve determined from data obtained at 1.85 GPa (first run)
and data obtained from 0.1 to 500 MPa at which the effect of
thermal degradation may be negligible small. There is no
maximum point for B-PE (SS5C-0.92) in this work over
2.0 GPa. The T,—P functions for B-PE (SSC-0.92 and
NBS-0.9312) are determined based on the Simon equation'®

(Tl T 0) = (P + Po)la (1)

where T,, is T, at atmospheric pressure and
a=(Py+0.1) MPa, ¢, P, are constant and the values are
listed in Table I together with the values for L-PE. The
curves in Figure 3 are calculated by equation (1) using the
constants in Table 1. The Simon equation (equation (1))
cannot predict the maximum point in the 7,,—P curve. The
thermal properties of B-PE melt crystallized at various pres-
sures have been measured at atmospheric pressure. Typical
data indicating multiple endothermic peaks in the d.s.c.
measurements are shown in Figure 4, where samples have
been compressed up to a certain pressure at room tempera-
ture, heated to about 20-30°C above the T,,, maintained at
this temperature for about 2 h in order to liquefy the sample,
then cooled to about 20—-30°C below the T, maintained at
this temperature for about 2 h in order to crystallize the
sample isothermally, and then cooled at room temperature.
The P-T processes are shown in Figure 3. Multiple peaks
are observed for the first run of each fresh sample reprodu-
cibly, but a single peak appears during the second run.

DISCUSSION

The pressure dependence of the melting point is usually
discussed in terms of the Clausius—Clapeyron equation

d7T,,/dP = (AVE/ASE) 2)
where
AVe=V, 1= Vi, 3)
and
ASE=S8m1—Sms @

Table 1 The Simon constants for B-PE and L-PE

Sample c Py
(MPa)
B-PE (SSC-0.92) 4788 280.2
B-PE (NBS-0.9312) 4774 2323
L-PE (H-0)“ 4374 300.0
L-PE (L-H)" 3.139 4533

“Hexagonal—orthorhombic transition line
bquu1d —hexagonal transition line
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Figure 2 Plot of the spacing of the lattice plane d for the (110) and (200) planes vs. temperature for B-PE at a pressure of 1.85 GPa. Data obtained at

atmospheric pressure are also included

Table 2 Thermodynamic quantities at the 7, for B-PE (NBS-0.9316) and L-PE

Py T AV ASE? AHg* PLAVE® AU’
(MPa) °C) (cm® mol ") (K '"mol™Y (Jmol™") (Jmol ™) (Jmol ™
B-PE
0.1 116.6 1.627 4632 1805 0.1627 1805
50 131.7 1.262 4.191 1697 63.1 1634
100 145.7 0.9537 3.603 1509 95.37 1414
150 157.7 0.6732 2.841 1224 100.9 1123
200 170.7 0.4488 2.087 926 89.76 836
L-PE
0.1 137.5 4.039 13.99 5745 0.4039 5744
50 151.4 3.787 14.09 5981 189.4 5791
100 164.4 3.646 14.47 5966 364.6 5966
150 176.6 3.338 14.05 6319 500.7 5818
200 188.2 3.057 13.59 6269 611.4

5657

;The molecular (mol) unit is CH,CH,, equal to 28.05 g mol ™'

where the suffix | denotes the liquid state and s the solid
state at the melting point. The value of d7/dP for B-PE
(NBS-0.9312) is obtained from equation (1), AVE is esti-
mated based on P-V-T data'® for B-PE (NBS-0.9312)
over a temperature range including T, and then ASg is
calculated by equation (2). The values of AVy and ASk for
B-PE (NBS-0.9312) in this work and for L-PE are plotted
against pressure in Figure 5, where both AV and ASy. for B-

PE are much smaller than those for L-PE. Although the
Gibbs free energy change AGrp at the melting point is
zero, the internal energy change AUF is not zero at melting
and is estimated by the relationship AUy = T,,,ASg — P, AVE
. These values are given in Table 2 where it is shown that
AUk for L-PE is almost constant at pressures over 200 MPa,
while AUE for B-PE decreases with increasing pressure. The
contribution of P,AVg, which is the work due to volume
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Figure 3 The T, vs. P phase diagram for B-PE. Empty circles, obtained by high-pressure differential thermal analysis by Nakafuku'® up to 500 MPa; filled
circles, determined by the high-pressure X-ray diffraction apparatus used in this work. The T',—P phase diagram for L-PE is also included. H.P. denotes the

high-pressure hexagonal phase. The numbers indicated are the P—T processes for the B-PE samples melt crystallized under pressure, which correspond to those
in Figure 4
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Figure 4 Heat flow vs. T (°C) plot (first run) measured at atmospheric pressure for B-PE (SSC-0.92) melt crystallized by the various processes indicated in
Figure 3
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Figure 5 The entropy and volume of fusion against pressure for B-PE
(NBS-0.9312) and L-PE calculated from P-V-T data and equation (1)

expansion at melting, to AUf is about 10% at higher
pressures, P > 100 MPa, but is negligible at atmospheric
pressure.

It is interesting to point out that the T,,—P functions for
the two B-PE samples, with ¢ =4.788 in equation (1) for
SSC-0.92 and ¢ =4.774 for NBS-0.9312, and the hexago-
nal-orthorhombic transition curve with ¢ =4.374 for L-PE
are almost the same. This also indicates that the 7\,— P curve
for B-PE corresponds to the liquid—orthorhombic curve and
therefore the liquid—hexagonal curve or the hexagonal
phase itself does not exist in B-PE. It is important to discuss
the reason why the hexagonal phase does not exist in B-PE.
It is estimated from the P—V-T data’® for B-PE and L-PE
above 200 MPa that the specific volume at the melting
point in the liquid state V,, ;=1.121 cm® g 7', and in the
solid state V,, =1120cm’g~" for B-PE, while
\/’,,,,]—_—1.129cm3 g_l and V, ;=1.039 cm’ g_1 for L-PE
at 300 MPa. During the process of crystallization of L-PE by
decreasing the temperature from 7 to T, at a constant
pressure such as 300MPa, a large volume shrinkage
AV, < 0 occurs at crystallization and the polymer
passes through various densities from low (liquid) to high
(crystalline), and there is the possibility of attaining a new
metastable phase during the change in density. On the

other hand, in the case of B-PE, the density change is
negligibly small or AV, = 0 because of the low density of
crystalline B-PE due to the branched chain, and there is no
chance of attaining a new metastable phase. In the case of
poly(4-methyl-1-pentene), a new high-pressure phase
(hexagonal phase) appears in the region of d7,,/dP < 0,
where an expansion of the volume AV, > 0 occurs at
crystallization. It is speculated that the high-pressure phase
appears when the volume change at crystallization under
high pressure is large enough to attain a new phase.

The multiple melting peaks observed in B-PE in this work
are also reported in an annealed sample of B-PE'’ and
polyethylene copolymer with ethyl branches'®. A higher
melting peak appears in the sample melt crystallized at
800 MPa, which may be due to selected molecules
consisting of linear parts and forming thick lamellae in B-
PE.

CONCLUSIONS

It has been found in this work that there is no maximum
point in the T,,—P curves for B-PE up to 2 GPa and there is
no sign of a high- pressure phase in B-PE, from both X-ray
diffraction and differential thermal analysis under high
pressure.
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