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t orthorh~~~ic phase depending on the crystall ization condito ns. A
reversibi. solid-sta te phase tran sformation was obs.rved betwean

- ‘the orthorhoubic and hexagon al phases .

None of the previous inter pretations put forward to accoun t
for the high pressure D.T.A. and di latoustric studie s of
polysthylisne, would , app ear to be appropriate in view of these
findings..
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INTRODUCTION

High pressure has been found to be a pertinent variable in
• the study of structu re , morphology , and prop erties of polymers

(1,2) . with regard to determination of possib le structural and

morphological changes of polymers at high pressure s, several

techniques such as differential therma l ana lysis ( DTA) (3 ,4) ,

di lato astry (4-6), and X-Ray dif traction methods (7-10) have

been eiçloyed. X-Ray diffrac ti on methods , however , are the only

ones that can provi de accurate and definitive informa ti on con-

csrning structure of polymers if hydrostatic pressure is genera-

ted and accurately measured (7) .

Severa l high pressure studies of the crystallization and

melting of polyethy lene , utilizing high pressure DTA and di la—

tametry, indicate that experimental data obtained at high pres-
sures are not consist ent with the results obtaine d at atmospheri c

pre ssure . Bassett and Turner (3 ) observed that both whole and

fractionate d polymers showed two endothermic peeks when heated

under pressure through the melting range . Crystalliza tion under

pressure was also observed to be a two—step process . • In order

to account for this behavior, some evidence was presen ted that at
t~~~eratures near the melting point a tr ansformation of crystal
phase to a new inter mediat, phase could occur. Bassett and Turner
also suggested that chain-extend ed crystallization is produced via
this two-stage pr ocess, whereas chain-f olded crystals are produced

directly from the melt , A late r report by Bassett , Block and

Piermarin i utilizing high pressure X-Ray diffraction (8) confirm ed

—-- - . — • _ _ _ _ _ _  
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5
2.t the existence of a new phase in polyethylene at high pressures

and teaperatures, and a phase transformation f rom this new
phase to the usual orthorhcmbic phase .

On the other hand Maeda and Kane tsuna (5 ,6) who carried out
high pressure dilatoastric studies which also revealed a two-
step process for melting and crystallization at elevated pres-
sures, gave a different interpretation. They suggested, that
two kinds of extended—chain crystals can be involved in the
melting and cryeta~lizatj on processes: a “highly extended-chain”
crystal and an or~tinary extended-chain ” crystal. Finally ,

I Yasuniwa et al sfv~~sted that a transition to a nematic liquid
crystal phase account for their high pressure DTA data.

It is cl.ar!that only high pressure X-Ray diffraction
methods can prov~ds definitive evidence for a new crystal phase
in polyethyle~e./ High Pressure DrA or dilatcmetry can only pro-
vide indirect .4dsnos . Here, the results of a systematic study
made on polyethy~en. at high pressures and tençeratures using
X-Ray diffractj oi~ are presented, and some new findings pertinent
to the proposed 41i4-.tate phase transformation are described.} - I

/
The diamo~t~—api,j1 high pressure X-Ray camera eaployed has

been described ~~Jaswhsxe - in detai l (7) • A bras s retaining ring

3/8 in. in diams~~t and 1/32 in. thick was used and an axial
hole 1/32 in. in diameter was •~~loy.d to contain the iaaple.
Silicone oil was used as a pressure medtun.

Optica l observation of the shape of the sa~~ le during appli-
cation of the pressure , for each specimen, ensure d that the
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• t pres sure s gene rate d were indeed hydrostatic. Hexamethylene
tetra inine ( HMT) was used as an internal pressure standard as
described previously (12,13), the pressure being measured from
the equation of state for HilT.

A Rigaku-[)enk i rotating anode , 6-kw generator was used with
a molybdenum target. X— Rays traversed both diamonds and the
samples were filtered using a zirconium foil to give Mo ke radia-
tion. The diffraction patterns were recorded on flat film, the
specimen-to-film distance ( approximately 8 cm) being determined
from the known spacings of BMT at room pressure.

MATERIAL

Linear high density polyethylene (Martex 6009) obtained from
Phillips Petroleum Company in powder form was used. A small
sample, mixed with HilT, was molded, and annealed at 100°C for 3
hours at atmospheric pressure to increase the extent of crystal-

• linity.

RESULTS ~~~ND DISCUSSION

The following three important conclusions were reached:

(1) Polyethylene with an initial chain-folded orphology
• in th. usual orthorhombic phase does not transform to the hexa-

• gonal phase before melting at any temperature or pressure.
Figure la shows the X-Ray diffraction pattern of an original

mpreasurissd polyethylene sample at room temperature. The two
most intense reflections of the orthorhcmbic phase, (110) and

(200), are present together with a number of reflections from lINT /
and the gasket material. Several different samples were pressur - i --
issd to various pressure s (3- 5 kb) at room t apsratu re and the

~~~~ t JL- 1 ij r 
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4.

original orthorhombic phase was retained as shown in Fig. lb.

The temperature of the pressurized samp les was then increased

until the samples melted while a large number of X-Ray photo-

graphs were taken at different temperatures. In all cases no

transformation to the hexagonal phase occurred prior to melting.

Figure Ic shows the X-Ray diffraction pattern of a sample at

295 C and 11 kb (this sample melted at 300° C 11.4 kb) . It is

clear that the orthorhoothic phase is still present , although the

d-spacings of the (110 ) and (200) planes have changed considerably

and are much closer. -

It should be noted that a very large number of X-Ray photo-

graphs were taken during the heating process and several days

elapsed before the melting point was reached. It is likely, then ,

that a considerable fraction of the chain-folded crystals had con-

verted to the extended-chain morphology . No phase transformation

associated with this process was detected, however. High pressure

01k and dilatometric data (3 ,5 ,6) with resp ect to heating process

should not, therefore, be attributed to a phase transition.
(2) crystallization at high pressures and high tempera-

tures, pr oducing ext ndsd—chain crystals , gave rise to eithe r the

usual orthorhombic phase or a new crystal phase , depending on the

crystallization condition.

Figure 2a shows the X-Ray diffraction pattern taken at 270°C

and 9.6 kb where a sample was isothe rmally crystallized after melt-

ing at 300°C and 11.4 kb. The two usual reflections of the ortho-

rhombic phase , (110) and (200 ) are not seen. Only one intense

ref lection corresponding to (110) is seen . This must be
• characte ri sti c of a new phase, and it is reasonable to attribute

— — • - ~~•—,— ,•—-—• .
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~ I this reflection to a hexagonal structure. It also confirms this

aspect of studies made by Bassett et al. (8) .

A second sample crystallized isothermally at 180°C and 5.3 kb

gave rise to the X— Ray diffraction pattern at this temperature and

• pressure as shown in Figure 2b. The two lines characteristic of

the orthorhoinbic phase are now present. It should be pointed out

that this sample was quenched from the melting temperature (250°C

and 8.4 kb) to 180°C. It is unlikely that prior crystallization

at a higher temperature (during quenching) in the hexagonal phase

and a subsequent phase transformation to the orthorhombic phase

on further decrease of temperature to 180°C could have occurred.

There is no reason to believe that crystallization in the hexa-

gonal phase occurred first at 180°C and then transformed subse-

quently to the orthorhombic phase at the same temperature and

pressure.

The critical crystallization parameters in these experiments

are pressure and the degree of supercooling. Since pressure

varies with temperature , as previously shown (13) , and also with

the extent of crystallizati on, the equi libri um melting point of

the sample varies , consequently , during the course of the crystal-

lization the supe rcooling varies. However, it can be estimated

• that in the case of the firs t sample the supercooling was small

(AT - 10°C) and in the second sample the superco oling was larg er
(AT 30°C) . Since in both cases ther. is reason to suppose that

extend ed-chain crystals are formed (14) , it would appe ar that

direct crystallization into the ortho rhcmbic phase with an cx-

tended- chain morphology can occur .

(3) A reversible solid—stat , phase transformation can

occur between the orthorhombic and hexagonal phases .

— 
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6.

The sample giving rise to the X-Ray diffraction pattern

of Figure 2a was cooled slowly. Figure 3a is an X-Ray photo-

graph of the sample taken at room remperature and 2.2 kb. The

hexagonal phase transformed to the orthorhombic phase . The

L 
sample giving rise to the X— Ray diffraction pattern of Figure 2b

was heated slowly to 228°C and 6.5 kb. The X-Ray photograph

shown in Figure 3b was obtained. This shows that the sample has

transformed to the hexagonal phase, although a very weak (200)

reflection can be seen. This (200) reflection is expected to

appear in the X-Ray diffraction pattern since some fraction of

the sample originally crystallize d in the folded-chain crystals

retains the orthorhombic phase upon heating, as was shown in

Conclusion (1) .

To sni~~~arize the results , polyethy lene may crystallize ,

giving rise to an extended-chain morphology , in either the ortho-

rhombic phase or the hexagonal phase and a reversib le phase tran s-

formation between these two phases can occur. However, poly-

ethylene in the form of folded-chain morphology retains its ortho-

rhombic structure at any temperature and pressure.

The interpre tation put forward by Mae da and Kanetsuna (5 , 6)

appears to be plausible in the case when a folded-chain polysthy-

lsne is heated to melting at high pressures , since no phase tran s-

formation is associate d with this process (conclusion ( 1) ) .  But

the inte rpretation of Bassett et al. (8) may be consistent when

crystallization of polye thy lene is carried out at high temperatures

~~~~ since crys tallization into a new hexagonal phase and subsequent

transformat ion to the orthorho mbic phase can occur (Conclusion (3)) .  

-
~~~~
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In view of the results and these considerations, an al—

ternative intrrpretaticn to the high pressure DTA and dilatc~netry

data should be sought.
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LEGENDS

Fig. la. X—Ray diffraction pattern of an original unpressurized

PE sample at room temperature.

Fig. lb. X—R ay diffraction pattern of pressuri zed PE sample at

room temperature , showing orthorhombic structure.
Fig . lc. X— Ray diffraction pattern of PE sample at 295°C and

11 kb .

Fig. 2a. X-~ ay diffraction pattern of PE sample at 270°C and

9.6 kb where the sample was isothermally crystallized

after melting at 300°C and 11.4 kb, showing hexagonal

structure .

Fig. 2b. X-Ray diffraction pattern of PE sample at 180°C and

5 .3  kb where the sample was isotherma lly crysta lli zed

afte r melting at 250 ° C and 8.4 kb , showing orthorh ombic
structu re .

Fig . 3a. X-Ray diffraction pattern of PE sample of Fig. 2a at
room temperature and 2 .2  kb , showing orth orhoinbic

structure.

Fig. 3b. X-Ray diffraction pattern of PE sample of Fig. 2b at
228°C and 6.5 kb, showing hexagonal structure.
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