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The equilibrium triple point and pressure and temperature phase diagram of polyethylene were obtained
by in situ optical microscopic and X-ray observations of the melting temperature of hexagonal and
orthorhombic isolated extended chain single crystals at high pressure. The melting temperatures of extended
chain crystals still showed a AT dependence at high pressure, which has been neglected in previous studies.
The triple point pressure and temperature were 0.5 x 108-1.5 x 10® Pa and 20-30°C higher than those
previously obtained by the d.t.a. method. These results suggest that lamellar thickness dependence is
important even in extended chain crystals to obtain equilibrium thermodynamic physical quantities of
polymers.
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INTRODUCTION

Pressure—temperature phase diagram

The pressure—temperature (P-T) phase diagram is
basically important in the study of materials, especially
in crystallization under high pressure. The P-T phase
diagram of polymers has been constructed by the d.t.a.
method by Bassett et al.!, Yasuniwa et al.? and by one
ofus (MH)?, or through the X-ray method by Yamamoto
et al.*. Figure 1 shows the most typical P-T phase
diagram obtained for polyethylene (PE} by the d.t.a.
method 3.

It has been considered, without detailed experimental
evidence, that the melting temperature (7)) observed at
high pressure of an extended chain crystal (ECC) of a
polymer is nearly equal to the equilibrium melting
temperature (T4 ). This is not obvious, because at
atmospheric pressure, T,,, of an ECCisshowntobe2-3 K
lower than T2 by Prime and Wunderlich®. We recently
found that the T, of isothermally crystallized ECCs of
some polymers still depends on the degree of supercooling
AT of hexagonal crystals®. This suggests that the lamellar
thickness of the ECC still depends on AT and that T,
of the ECC must be lower than T, The AT dependence
of the lamellar thickness is actually confirmed in the case
of poly(14-trans-butadiene) and polychlorotrifluoro-
ethylene’. In these cases, the P-T phase diagrams
obtained by the d.t.a. method are not the equilibrium
diagrams for the reason shown below.
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In the d.t.a. method, the ECC is usually crystallized
by slow cooling. The cooling rate is ~1-10°C min™!.
In this case, there is a strong possibility that T, will have
a lower value than for a sample of isothermally
crystallized ECC at low AT, i.e. at high temperature,
because the lamellar thickness of slowly cooled ECC must
be smaller than that of isothermally crystallized ECC. If
50, the P—T phase diagram obtained by the d.t.a. method
cannot be regarded as corresponding to equilibrium and
it is necessary to construct a correct equilibrium P-T
phase diagram by a method other than d.t.a.

The best method for this purpose, is direct observation
of T, by optical microscopy (OM)*°. If T, of
isothermally crystallized ECC (at a high pressure) is
directly observed by OM as a function of AT, TS can be
easily obtained by extrapolating T, for AT = 0, where
the ECC should be infinitely thick. The equilibrium P-T
phase diagram can then be constructed by plotting TS,
as a function of P.

The purpose of this study is to construct the
equilibrium P-T phase diagram of PE by the above
method. In the conventional phase diagram of PE ( Figure
1), three phases, liquid, hexagonal and orthorhombic are
seen and the triple point is indicated by Q. Therefore, in
principle, the equilibrium phase diagram will be
constructed by finding the triple point Q and the melting
curves for infinitely thick hexagonal and orthorhombic
crystals.

In this study the phases will be distinguished by the
in situ X-ray method and the T,_s of hexagonal and
orthorhombic crystals will be also directly observed by
OM at high pressure by using a newly constructed piston
cylinder high pressure system®. Here the T, s of hexagonal
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Figure 1 P-T phase diagram of PE. T,(h) (squares) and T,(0)
(triangles) are the melting temperature of hexagonal and orthorhombic
crystals and T,, (circles) is the hexagonal-orthohombic transition
temperature. Q indicates the triple point. The solid curves indicate
melting and phase transition curves obtained by d.t.a.!=3. The broken
curves indicate equilibrium curves extrapolated from optical microscopic
observation in this work. (Ill, @, A) Bassett etal.'; ([, @, A)
Yasuniwa et al.Z; (O, O, A) Hikosaka ez al.?

and orthorhombic crystals are denoted by T, (h) and
T, (0), respectively.

The above procedure results in much higher
equilibrium curves for T, (h) and T, (o) versus P than
those in previous work. The equilibrium triple point
pressure (P2;) and temperature (TQ;), become corre-
spondingly higher (P, = 4 x 108-5 x 108 Paand T2, =

240-250°C) compared to values obtained previously by
d.ta. (P, = 3.6 x 108 Pa and T,, = 230°C)' .

tri ri

Relationship between P—T phase diagram and
crystallization

Recently, one of us (MH) proposed a sliding diffusion
theory to explain the origin of ECCs and folded chain
crystals (FCCs) in polymers'®. The theory predicts that
the polymer chain can slide easily in the mobile
haxagonal phase, which will lead to the formation of
ECCs. We have recently confirmed these predictions for
several polymers”°.

It should be emphasized that, as we have recently
shown®'!!, the hexagonal phase can exist not only as a
thermodynamically stable phase but also as a metastable
phase. This is shown schematically in Figure 2, where
the T, (h) line below the triple point Q represents the
melting of metastable hexagonal crystals. We have shown
previously that ECCs of PE always arise through the
mobile hexagonal phase, irrespective of whether this is a
stable or metastable phase, by the newly postulated
crystallization mechanism of lamellar thickening growth®.

It should be noted further that metastable hexagonal
crystals transform statistically into thermodynamically
stable orthorhombic crystals, as demonstrated by us®
recently. This phase transition seems to be an important

factor in determining the final lamellar thickness®. This
arises in view of our recent finding that thickening growth
becomes arrested when the metastable hexagonal phase
transforms into the stable orthorhombic phase®*!.
Accordingly, this phase transformation should also be of
consequence for the determination of the lamellar
thickness of ECCs of PE.

It follows from the above that P—T phase diagrams
are essential for the appreciation of crystallization and
the resulting crystalline texture of polymers.

EXPERIMENTAL

Material and apparatus

Fractionated PE (NBS1483, M, =32000) was
isothermally crystallized at a constant high pressure by
using a newly constructed piston cylinder high pressure
cell. This cell maintains constant pressure during
isothermal volume changes. Further, it is fitted with
diamond windows, enabling in situ observation of
crystallization behaviour and structure by polarizing OM
and the X-ray method®-®.

All the experiments -were carried out below the
equilibrium triple point pressure, ie. P < Py;. The T
within the sample cell was calibrated by inserting
thermocouples directly within the cell. The experimental
error of T was +2°C. Pressure within the cell was
calculated from the cross-sectional areas of the pistons
assuming that piston friction can be neglected. These
calculated P values are used throughout this paper. It
follows that any experimental error in P is due to neglect
of piston friction, and hence must be negative. The
magnitude of such an experimental error in P was
calibrated by observing the phase transition pressure
and lattice spacing of standard materials (benzene,
monochlorbenzene and sodium chloride) by using OM
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Figure 2 Schematic P—T phase diagram : Q indicates the triple point,
P,,; is the triple point pressure and 67, as shown, is the difference
between T, (h) and T, (o)
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Figure 3 Schematic representation of temperature and time pro-
gramming used to determine T, (h) and T, (o) below the triple point
pressure P;. Specimen was first melted at A, crystallized at B where
hexagonal crystals were crystallized and then transformed into
orthorhombic crystals statistically, slowly heated and held at C where
hexagonal crystals began melting [T = T,,(h)] and heated again and
held at D where orthorhombic crystals began melting [T = T, (0)]

and the X-ray method. Calibration showed that the error
of Pis < —1 x 10® Pa.

In situ X-ray observation

The distinction between hexagonal and orthorhombic
phases was made through in situ X-ray diffraction
recording. A specially designed X-ray goniometer system
was used to obtain Laue spots from extended chain single
crystals (ECSCs) of PE (details of this system are to be
reported subsequently). An X-ray generator with a
rotating anode (Rigaku Denki, RU-3V) was used.
Mo Ka radiation, monochromatized by a graphite single
crystal or filtered by Zr, was collimated into an area of
0.1 mm in diameter. Wide angle X-ray scattering
(WAXS) patterns were recorded on X-ray films. The
camera length was 22—-48 mm and the exposure time was
8-16 h.

Determination of TS, and P2

tri

T,, was observed experimentally at each pressure as
a function of the crystallization temperature (T).
Subsequently, T2, was estimated by the Hoffman—Weeks
plot method?*2.

OT was defined as the difference of T,,(h) and T, (o)
below the triple point, as shown in Figure 2. That is,

0T = T,(h) — T,(o) (1)
It is obvious that
0T=0 at P=P,, (2)

Lamellar thickness will become infinite!'® for AT=0K,
because the thickness of the critical primary nucleus will
become infinite at AT — 0. Therefore 4T, defined as 6T
of the infinitely thick lamella, can be estimated from the
following relation:

lim 6T =0T, (3)
AT -0
It is obvious that
0T, =0 at P = PY, (4)
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Consequently PY; can be determined by finding P where

5T, = 0.

Determination of T,,(h) and T,,(0)

Figure 3 shows a schematic diagram of T versus time
used to determine T, (h) and T, (o). The path ABCD is
also illustrated in Figure 2. Below P,;, PE was melted
once (point A) and isothermally crystallized (point B)
into metastable hexagonal crystals. After a certain
induction time, some of the crystals transformed into
orthorhombic crystals, as confirmed by in situ X-ray
diffraction. Then the sample was slowly heated up to
temperatures (points C and D) where the hexagonal and
orthorhombic crystals began to melt, from which T (h)
and T, (o) were determined, respectively.

RESULTS AND DISCUSSION

X-ray evidence that the morphological change is caused
by the hexagonal—orthorhombic phase transition

X-ray evidence for the hexagonal-orthorhombic
transition for crystals showing changes in morphology
when viewed by OM is shown in Figures 4 and 5. With
such correlation established the hexagonal—orthorhombic
transition can then be readily diagnosed by OM alone.
The ability to distinguish hexagonal and orthorhombic
crystals by observing optical microscopic morphology
only has already been pointed out by Bassett!**5,

Edge on crystals appeared as uniformly bright streaks
(Figure 4a) by OM when they were newly formed from
the melt. After some induction time 7, they instantaneously
(within 0.04s) changed into blotchy streaks (Figure
5a)t*+15, The value of 7 varied from a few minutes to a

‘. Diamond

Figure 4 Correspondence of (a) morphology observed by OM
showing uniformly bright streak shaped crystals and (b) WAXS pattern
from the same crystals shown in (a) showing spofty hexagonal 100
reflections. (c) Sketch of (b). P = 4 x 10® Pa and AT = 3°C
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Figure 5 Correspondence of {(a) morphology observed by OM
showing distorted blotchy streak shaped crystals and (b) WAXS
patterns from the same crystals shown in (a ) demonstrating coexistence
of spotty hexagonal 100 and orthorhombic 110 and 200 refiections. (c)
Sketch of (b). P =3 x 108 Pa and AT = 4°C

few tens of hours, depending on AT. X-ray patterns of
the former showed spotty hexagonal 100 reflections
(lattice spacing d = 4.30 £+ 0.1 A), while that of the latter
showed spotty orthorhombic 110 and 200 reflections
(d =4.0+0.1and 3.8 + 0.1 A, respectively) (Figures 4b
and ¢ and 5b and c¢). This demonstrates that the
morphological change corresponds to a hexagonal-
orthorhombic phase transition. The spotty reflections
also indicate that the crystals are ECSCs. Thus it is
concluded that the hexagonal-orthorhombic phase
transition can be directly detected from the morphological
change observed by OM and that the hexagonal crystals
can be readily distinguished from orthorhombic crystals
by the differences in morphology as detected by OM.

Determination of TS (h)

Figure 6 is a plot of T,, versus T, at 5 x 10® Pa. This
shows that T, (h) of isothermally crystallized isolated
ECSCs incréased linearly with decrease in AT (i.c.
increase in T,). This suggests that the lamellar thickness
I increases with decrease in AT, which is confirmed by
Figure 7. Figure 7 shows a plot of | of isolated ECSCs
observed by TEM?!®, Therefore it may be assumed that
[ tends to infinity when AT approaches zero. It should
be noted that the lamellae do not thicken during the T,
determination, because the lamellar thickening growth
rate decreases significantly!” with decrease in AT.
Combining these results allows the Hoffman—Weeks plot
method'? to be applied to Figure 6 to determine the
equilibrium melting temperature TO (h).

The melting temperature of slowly cooled crystals,
T,.(h) (slow cool.), with a cooling rate of ~1-2°C min~!

(the same as in the d.t.a. method!—?) was also observed
by the same step by step heating procedure as shown in
Figure 3. T,(h) (slow cool.) was 2-3 K lower than
T (h), i.e.

T (h) = T, (h) (slow cool.) + (2-3) (5)

and is shown by a dotted line in Figure 6. Equation (5)
shows that the P-T phase diagram obtained on the
slowly cooled crystals does not correspond to the
equilibrium diagram. For an equilibrium phase diagram
we need to extrapolate to T9 values from the T, (h)
values of isothermally crystallized ECSCs by using OM.
This result is similar to Prime and Wunderlich’s values
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Figure 6 T, (h) versus T, (ie. AT). P =5 x 10® Pa. Open circles
indicate T, (h) of isothermally crystallized crystals. Dotted line
indicates T,,(h) of slowly cooled crystals, T, (h) (slow cool.). Broken
line indicates T3,
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Figure 7 Plot of lamellar thickness [ against AT. P=4.51+0.5 x 10% Pa
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Figure 8 AT dependence of 6T. P = (a) 3 x 105, (b) 3.5 x 10® and
(c) 4 x 108 Pa. 6T, indicates the extrapolated value for AT = 0
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Figure 9 Plot of 6T (@) and 4T, (O) against P with P2, obtained
by extrapolation to 5T, = 0. Dotted line indicates the highest observed
ST absolute (|0T |,y ) versus P

for T, (o) of ECC of PE at atmospheric pressure, yet
2-3 K lower than T2 (o).

AT dependence of 6T

Figures 8a, b and ¢ show the AT dependence of 6T at
3x 108, 3.5x 10® and 4 x 10® Pa, respectively. 6T
increased linearly with increase in AT for all values.
Therefore 0T, was determined by extrapolating 67T for
AT = 0 by using equation {3).

Determination of P; and T2,

Figure 9 is a plot of 6T, versus P obtained from the
results in Figure 8. It shows that 6T, also increases
linearly with P. P2; can now be determined from Figure
9 as the P where 8T, becomes 0°C, as follows from
equation (4). Figure 9 gives the result that P2, is
5 x 108 Pa. Considering the experimental error in P (as
above, < —1 x 108 Pa) we have

P2 =4 x108-5 x 108 Pa (6)
it should be noted that
To;=Th(h)  at P=Py, (7)

Therefore, the equilibrium triple point Q must lie along
the T9 versus P curve between P =4 x 10° Pa and
5 x 10° Pa.

A combination of equation (5) and the melting curve
of T, (h) (d.t.a.) in Figure I gives

T? (h) = 240°C for 4 x 10® Pa
and 250°C for 5 x 108 Pa (8)
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Combining equations (6), (7) and (8) leads to the final
conclusion that the equilibrium triple point Q lying along
the T2 (h) versus P curve is in the range

(P2, T%) = (4 x 108 Pa, 240°C)—(5 x 10° Pa, 250°C)
%)

This is now inserted in Figure I (denoted by Qg for
P =5 x 10® Pa). Thus the new values for PY; and T}
are ~0.4 x 108-1.4 x 108 Pa and 20-30°C higher than
the PO, =3.6 x 108 Pa and Ty; =220°C obtained
previously by the d.t.a. method . This shows that the
effect of [ is an important factor in the determination of
P-T phase diagrams.

Figure 9 contains all the values of 6T determined as a
function of AT together with the extrapolated 67,. This
shows that 6T covers a wide range at each pressure,
corresponding to the AT dependence of 6T shown in
Figure 8. Thicker lamellae give larger 6T values (in
absolute terms). The highest observed 6T absolute
(0T | max ) versus P plot displayed a linear relation, shown
by a dotted line in Figure 9. The line crosses the horizontal
axis at P = 4.7 x 10® Pa, which can be considered to
give an underestimated P?

tri-

PY, > 3.7 x 108-4.7 x 10° Pa (10)

tri

where the error in P = —1 x 10® Pa. This well supports
the above conclusion [equation (6)].

Comparison with previous results by d.t.a.

When PE was crystallized under conditions similar to
those used for the d.t.a. method, i.e. by slow cooling, 6T
showed a much smaller value (absolute) than 67,;
for example, 6T = —0.5°C at P = 3.5 x 10® Pa and
8T = 0°C at 4 x 10® Pa, This suggests that (considering
an experimental error of —1 x 10°® Pa),

P, =3 x 1054 x 10® Pa (11)

This agrees, within experimental error, with the results
obtained by the d.t.a. method!3

P.(dta)=35x 105-3.6 x 105Pa  (12)

This indicates that the two different experimental
methods, OM and d.t.a., can be compared within their
experimental errors. We therefore consider the final
results from equation (9) as reliable.

Equilibrium P-T phase diagram

A combination of the above results for TS and Qo
enables the equilibrium P-T phase diagram to be
constructed. This is drawn as the broken curve in Figure
1, here taken for the case that P2, = 5 x 10% Pa.

tri

CONCLUSIONS

1. It was shown by direct X-ray diffraction evidence that
the morphological change, which can be observed
in ECCs of PE by polarized OM, corresponds to
a hexagonal-orthorhombic phase transition, as
proposed by Bassett!*!>.

2. The equilibrium melting temperature of ECC
hexagonal crystals [ T9(h)] of PE at high pressure
was determined by means of the Hoffman-Weeks
plot. T9(h) is ~2-3°C higher than T, (h) of slow
cooled ECC crystallized with the same cooling rate
as used in the d.t.a. method.

3. The equilibrium triple point Q was determined. It was
found to lie along the T?(h) curve within the range
of P=4x10%-5x 10°Pa. We now define the
location of the triple point by the interval.

(P2, T%,) = (4 x 10® Pa, 240°C)- (5 x 108, 250°C)

These values are 0.4 x 108-1.4 x 10% and 20-30°C
higher than the P,;, (=3.6 x 10®Pa) and T,
( = 220°C) obtained previously by the d.t.a. method.

4. A revised equilibrium P-T phase diagram is
constructed by combining the results for T2 (h) and
the equilibrium triple point Q.
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