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The aim of this article is to extend the earlier reported observations on the role of transient
metastable phases in polymer crystallisation in relation with the initial crystal size. In this
article experimental evidence is provided to bridge the gap between single crystal
formation in the melt at elevated pressure and temperatures vs. crystallisation at
atmospheric pressure using polyethylene as a model substance. During transformation
from the hexagonal to the orthorhombic phase it is shown that in the process of growth,

a crystal goes through thermodynamically stable and metastable states before
transformation to the orthorhombic phase occurs. The crystal growth, on transformation to
the thermodynamically stable orthorhombic phase, has been followed with the help of
in-situ optical microscopy and transmission electron microscopy. The observations are that
the newly transformed crystal acts as a nucleation centre for many new crystals starting in
the hexagonal phase. It is also noticed that with increasing supercooling multilayering
dominates. Subsequently, the distinction between primary and secondary thickening has
been made and its morphological consequences will be discussed. In its wider generality,
the experimental findings indicate that in polyethylene at atmospheric pressure
crystallisation occurs via the hexagonal phase. When extended to atmospheric pressure,
the morphological features give further insight into spherulite formation. The observations
have been extended to other polymers such as nylon, paraffins, poly-di-alkyl siloxanes,
trans-1,4 polybutadiene etc. The proposed viewpoint on the crystal size influence in phase
transition has been extended to polymer processing as will be illustrated briefly for the
case of processing of the intractable polymer ultra-high-molecular-weight polyethylene
(UHMW-PE). © 2000 Kluwer Academic Publishers

1. Introduction strongly dependent on the lamellar thickness, mainly
Crystallisation of polymers has been a widely stud-due to the small crystal size in the chain direction, viz.
ied subject and still is an important topic in view of the fold length, related to the relatively large surface
several different models describing the complex crys-area compared with the volume of the crystals [4, 5].
tallisation behaviour of long chain molecules. In the Detailed studies have been performed concerning
case of synthetic polymers, the first concepts of cryserystallisation from dilute solutions involving narrow
tallisation were based on very extensive crystallisatiormolecular weight fractions. Based on these studies,
studies performed on solution-grown single crystalgt was proposed that polymer crystallisation is a nu-
where crystallisation proceeds in very dilute systemsleation controlled process. Classical, well-established
(<0.01 wt. %). The long flexible chains crystallised theories on crystallisation (surface nucleation) for low
from solution form platelet (lamellar) single crystals. molar mass substances were adopted for describing
Since the thickness of these lamellar crystals is muctpolymer crystallisation [4, 5]. Together with thermo-
smaller than the length of a fully extended chain, itdynamic parameters such as supercooling, kinetic fea-
was proposed by Keller [1] and Fischer [2] in 1957 tures concerning surface nucleation were included to
that chains fold back and forth, forming folded chain understand the experimental observations. Several the-
lamellar crystals. Detailed studies demonstrated thagries were proposed, for example by Frank & Tosi [4],
the crystallisation temperature, viz. the degree of sufollowed by Hoffman and co-workers [5], and later by
percooling, plays a prominent role in determining thethe late David Sadler [6]. The proposed theories took
lamellar thickness of solution-crystallised single crys-into account the crystal growth process after the forma-
tals. Itwas also found that the lateral habit of single crys+ion of critical nuclei. However, the origin of nucleation
tals is dependent on the crystallisation temperature [3]in polymers is still a matter of debate [7], both for qui-
Moreover the melting temperature of single crystals isescent and notably for oriented polymer systems.
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With the help of detailed Transmission Electron Mi- Finally, we will address the phenomenon of size depen-
croscopy, the formation of terraces in polymer crystalli-dent phase stability and its significance in improving
sation has been observed frequently [8]. The proposethe processability of the ultra high molecular weight
screw dislocation for crystal growth in general, pro- polyethylene (UHMW-PE) powder.
posed by Frank, was used to explain such intriguing Generalisation to the proposed viewpoints in the
morphological features [9]. Similar to the constrainedcrystallisation behaviour, especially the issue of
lattice, which results in dislocations in inorganic crys- metastability, will be made by giving examples of poly-
tals, it is the surface of lamellar crystals which causesners other than polyethylene, such as trans-1,4-poly
dislocations in polymers. butadiene, poly-di-alkyl siloxanes, nylons, polyethyl-

The studies and theories/modelling, mentionedene) terephthalate and paraffins.
above were based on experimental studies of solution-
crystallized polymers, notably linear polyethylenes.

Crystallisation from the melt is a much more complex2. Experimental section

phenomenon. The polymer chains in the melt are highly2.1. Materials

entangled and folding of chains during the nucleationTwo types of sharp fractionated polyethylene were ob-
and crystallisation process is hindered. However, curtained from the National Bureau of Standards, U.S.A.
rent models invoke reeling-in of chains from the melt The two fractions are: sample 1, NIST-SRM1483
on the crystal surface which is in fact a disentanglinghaving My, =32000, My/M,=1.1 and sample 2,
process from a virtual tube based on the concept oNIST-SRM1484 havingvl,, = 120000,My,/ M, =1.2.
reptation [10]. Trans-1,4-polybutadiene was synthesised in our labo-

Crystallisation from the polymer melt results in the ratory [17]. UHMW-PE nascent powder, specially syn-
formation of spherical crystal aggregates, the so-callethesised for our studies, possesses a molecular weight
spherulites, notably at isothermal crystallisation at lowof 3.5 x 1¢° and M,,/M, =5.6. Solution crystallised
supercoolings. The origin of spherulitic growth includ- films of UHMW-PE have been prepared from 1% Xy-
ing nucleation, the growth of sheaf like structures inlene solutions via a route well documented in litera-
the beginning and subsequent branching and the develre [18].
opment of spherical crystal aggregates is still not very
well understood, despite many studies [11].

To bridge the gap between single crystal growth2.2. High pressure cell
(crystallisation from dilute solutions) and growth into In this work a piston-cylinder type of pressure cell sim-
spherulitic structures (crystallisation from the melt), ilar to the one used by Hikosaka [19] has been used. A
crystallisation studies on linear polyethylenes at elesample is sandwiched in between two diamond win-
vated pressures and temperatures are of utmost impo#ows which enable in-situ observation by light mi-
tance sincaingle crystals can be grown directly in the croscopy, Raman spectroscopy and X-ray diffraction.
meltand their growth can be studigusituand can be The pressure on the sample is generated hydrostati-
compared with the nucleation and growth of spherulitesally by precise movement of two pistons, provided by
at ambient pressures. pressure-regulated flow of nitrogen gas.

In the past, many experiments have been per-
formed [12-15] concerning-situ observation of sin-
gle crystal growth at elevated pressures and tempei.3. Polarising optical microscopy
atures using PE as a model substance. It appeardtblarising optical micrographs have been takeasitu
that crystal growth initially proceeded via the hexa-during crystallisation of polyethylene under elevated
gonal phase and, moreover, that a metastable hexagressures and temperatures. In our previous studies it
onal phase could be observed at early stages dfas been shown that when crystallising the polyethy-
crystal growth within the thermodynamically stable lene at elevated pressures and temperatures, the crystals
orthorhombic phase [16]. The observation that a theremerge and grow as isolated “cigar’-shaped birefrin-
modynamic stable state is reached via a metastable stagent entities. Such uniform objects have been shown to
of matter is not unique for polymers nor a novel issue be in the hexagonal phase. At a certain stage of growth,
Already in 1897 Ostwald made this observation in thethe shape of the crystal changes into a blotchy structure
case of freezing of liquids. with reduced birefringence which indicates the trans-

In this article we will provide experimental evidence formation from the hexagonal into the orthorhombic
to bridge the gap between single crystal formation aphase [12, 13, 20].
elevated pressures and temperatures and crystallisation
atatmospheric pressure. The main aim of this paper will
be to investigate metastability in polymer systems and®.4. Wide angle X-ray scattering
its influence on crystallisation at atmospheric pressureln situ X-ray experiments were performed using
After addressing some salient findings on crystallisaimonochromatic X-rays of wavelength 0.0798 nm and
tion from the mesophase we will proceed with newa high flux using beamline ID11-BL2 on the European
experimental findings on the fate of the crystal afterSynchrotron Facilities in Grenoble. The lower wave-
transformation from the metastable back to its thermolength was required to avoid the X-ray absorption from
dynamic stable state. Subsequently, the distinction bethe diamond windows. Each diffraction pattern was
tween primary and secondary thickening will be maderecorded for 15 s on a two dimensional CCD detector.
and its morphological consequences will be discussedJsing the FIT2D program of Dr. Hammersly (ESRF),
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2D X-ray patterns were transformed into one dimen- 4
sional patterns by performing an integration along the
azimuthal angle. T

3. Results and discussion

Before proceeding with our most recent observations, ,,.-
itis essential to recapitulate some of the salient findings
which have been published in the past and which form

the basis for the present discussion.

3.1. Polyethylene — a summary of
previously reported results on
crystallisation of single crystals in
polyethylene melts 5.0 kbar P

With the help ofin-situ optical microscopy at the req- (@)

uisite pressure and temperature, it has been shown that

crystallisation of a linear sharp fractionated polyethy-

lene proceeds via the hexagonal phase, even in th
thermodynamically stable orthorhombic region of the

pressure-temperature phase diagram (see Fig. l1a). o

was shown that the birefringent entities observed at 45 %

tothe polarised light, are crystals growing from the melt
under isobaric and isothermal conditions. It was alsc &
possible to make a distinction between the hexagone
and orthorhombic phases, optically. Compared to the
crystals in the orthorhombic phase, the crystals in the
hexagonal phase possessed smooth and well define
boundaries. Thus, the phase transition could be fol
lowedin-situas a sudden change in birefringence. From
a series of experiments under isobaric and isotherme

A\

Region I

conditions within the thermodynamically stable region Pressure
of the orthorhombic phase, the following conclusions (b)
were made. Figure 1 (a) Schematic pressure-temperature phase diagram of

polyethylene.Q%, the equilibrium triple point (from ref. [16]) is the

1. Crystallisation always occurs initiaIIy via the intersection of orthorhombic to hexagonal, hexagonal to liquid, and or-
hexagonal phase [12 13] thorhombic to liquid transition lines. The shaded region in the figure is

h . . . . . thep-T region where experiments have been performed in this wrk.
2. After a certain crystallisation time, crystals ini- _ pressureT = Temperature. (b) SchemagieT phase diagram accord-

tially in the hexagonal phase transform into the 0r-ingtoreference [12]. The diagram includes metastable (—) and virtual
thorhombic phase [12, 13]_ boundaries-( - - - - ) between the hexagonal and orthorhombic phase as
3. Once a crystal is transformed, further crystalwe” as‘the I?quid.Qoc is the equilibrium triple point. Regions |, I, lII
growth is arrested, at least within the experimentaf'® 9efined in ref. [12].
time [12, 13] of several hours.
4. The residence time for a crystal in the hexagonal
phase is dependent on the supercooling and pressure at6. The difference in the melting temperature of the
which an experiment is performed [14]. orthorhombic and the hexagonal phase increases with
5. Below the equilibrium triple point@°°), under decreasing pressure, below the triple point [12].
isobaric and isothermal conditions, after a certain crys- 7. With a series of such experiments, a more gen-
tallisation time two different populations of crystals can eral pressure-temperature phase diagram was proposed
be observed —one in the hexagonal phase which contir{FFig. 1b) with three different supercoolings defined be-
ues to grow and the other one which has transformetbw the equilibrium triple point—first a virtual transition
into the orthorhombic phase, and stops growing. Orine from orthorhombic to hexagonal, second from or-
heating the sample, the crystals in the hexagonal phaghorhombic to liquid and the third from hexagonal to
melt at a lower temperature in comparison with the onediquid [13].
which are in the orthorhombic phase (see Fig. 1b). The 8. Three different regions were defined in the pro-
melting behaviour is contradictory to the observationsposed schematic phase diagram (Fig. 1b). A Re-
above the triple point@*°) —i.e. the melting of an or- gion 1l below the equilibrium triple pointQ>,
thorhombic crystal occurs via its transformation to thebounded in between the hexagonal-liquid (h-liquid) and
hexagonal phase. Thus, above the triple point, crystalsrthorhombic-liquid (o-liquid) in the phase diagram
in the hexagonal phase possess a higher melting temvas defined as a region for no crystal growth [12, 13],
perature [12, 13]. see also below.
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3.2. Experimental observations on a crystal In a series of composite figures (Fig. 2-5) taken at

after its transformation from the a fixed pressure of 3.2 kbar and at different supercool-
metastable hexagonal phase into the ings AT =27 K in Fig. 2; AT =4.7 K in Fig. 3;
thermodynamically stable AT =57 K in Fig. 4; AT =6.7 K in Fig. 5), rela-
orthorhombic phase tive to the melting temperature of the hexagonal phase,

In this paper we will extend the earlier observations,the following observations can be made. Taking the
summarised above, by discussing the effect supercootriteria for optical distinction between the hexagonal
ing has on the phase transition as well as crystal growtfimarked by—) and the orthorhombic phase (marked
after the phase transition from the hexagonal to the orby =) it can be stated that independent of the super-
thorhombic phase. cooling, crystallisation always starts in the hexagonal

t=36 min t=38 min t=42 min

P=3.2 kbar AT=2.7 K

Figure 2 In-situoptical micrographs of the sharp fractionated polyethylene (NIST SRMIM@35 32000) during isobaric and isothermal crystalli-
sation atP = 3.2 kbar and AT)ortn = 2.7 K. The bold arrows<>) denote the hexagonal crystals. It can be observed that within the experimental time
no transformation from the hexagonal to the orthorhombic phase took place at low supercoolings. Scajenbar 50

t=10 min t=14 min

t=22 min t=28 min t=30 min

P=3.2 kbar AT=4.7 K

Figure 3 In-situoptical micrographs of sharp fractionated polyethylene (NIST SRM1K3= 32000) during isobaric and isothermal crystallisation
atP =3.2 kbarand AT)onh = 4.7 K. The bold arrows-) denote the hexagonal crystals while the open oagsiidicate the orthorhombic crystals.
Scale bar 5Qum.
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t=12 min

=14 min =16 min t=18 min

P=3.2 kbar AT=5.7 K

Figure 4 In-situoptical micrographs of sharp fractionated polyethylene (NIST SRM1K@3= 32000) during isobaric and isothermal crystallisation
atP = 3.2 kbar and AT)onh = 5.7 K. The bold arrows{) denote the hexagonal crystals while the open oagsiidicate the orthorhombic crystals.
Scale bar 5Q:m.

t=10 min

P=3.2 kbar AT=6.7 K

Figure 5 In-situoptical micrographs of sharp fractionated polyethylene (NIST SRM1K@3= 32000) during isobaric and isothermal crystallisation
atP =3.2 kbar and AT)onh = 6.7 K. The bold arrows-4) denote the hexagonal crystals while the open oagsifidicate the orthorhombic crystals.
Scale bar 5Q:m.

phase. The crystals in the hexagonal phase, observedsewhere [14]. Further, it has to be noted that when a
as birefringent entities, possess chains running perpemrystal transforms into the orthorhombic phase, many
dicular to the lateral growth direction, and continue tocrystals grow around the transformed crystal and after a
grow. Once the transformation from the hexagonal tacertain time the overall growth of the multicrystal clus-
the orthorhombic phase occurs, viewed as a suddeter becomes spherical in nature. This is clearly more
change in birefringence, further crystal growth is ar-evident for higher supercoolings like 5.7 and 6.7 K in
rested. The issue of arrestin crystal growth will be givenFigs 4 and 5.

quantitatively in Fig. 8. From the series of optical mi-  The crystal that has transformed from the hexagonal
crographs it is obvious that with increasing supercool4o the orthorhombic phase appears to become blotchy
ing the residence time for a crystal in the hexagonalor block like). Many crystals seem to grow on the thus
phase decreases. The quantitative values on the resransformed crystal. It appears that the just transformed
dence time for the hexagonal phase has been provideatystal acts as a nucleating centre for other new crystals
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(Figs 3e—h, 4e—g, 5b-h). It has to be noted that thérom a more open lattice and thus weak Van der Waals
crystals growing on the substrate of the transformednteraction between the neighbouring chains, refold-
hexagonal-orthorhombic crystals are in tiexagonal ing to longer fold lengths is facilitated which leads to
phase[12]. In-situ polarising optical microscopy, in- full chain extension, a thermodynamic requirement in
volving multistage temperature cycling below the equi-polymer crystallisation. This implies that the crystals
librium triple point, revealed that those branched lamel4in the hexagonal phase grow simultaneously along the
lae possess a hexagonal structure, at least initially [12]ateral and the thickening direction. To fill in the cavi-
During the multistage temperature cycling, under iso-ies, as generated during crystal growth, mainly because
baric conditions, it is observed that the new crystalsof simultaneous thickening, more material is needed
formed on the basal surface of the just transformedo be pulled from the surface of the growing crystal.
crystal from the hexagonal to the orthorhombic phaseThis may be an explanation for the absence of new
melted at the same temperature with the other hexagerystal formation in the vicinity of the growing crystal
onal crystals. But crystals in the orthorhombic phasq9, 14, 22].
melted at a higher temperature. Further, it has been no-
ticed that unlike the orthorhombic crystals, which do
not grow laterally, the new hexagonal crystals continue
to grow. Moreover when the sample is left to anneal3.3. Multilayering: Primary and secondary
above the melting temperature of the hexagonal phase  thickening
(Region lllin Fig. 1) no crystal growth is observed. This A crystal, in the hexagonal phase, can also stop grow-
phenomenon will be explained in detail later in this ar-ing because of morphological reasons. For example,
ticle. Since the hexagonal to orthorhombic transition isgrowth in the lateral direction may get restricted be-
a solid-solid phase transformation and is a nucleatiorcause of impingement with another crystal, growing in
controlled process, the hexagonal crystals growing oithe melt. The crystal growth along the thickness di-
the orthorhombic substrate are much easier to transformection may also stop because of multilayering — i.e.
into the thermodynamically stable orthorhombic phasghe growth of crystals on top of each other, due to
because nucleus for the transformation already exists screw dislocation. A series of electron micrographs
Fig. 6 shows the Transmission Electron Micrograph ofsummarised in Fig. 7, suggests that with increased su-
isolated single crystals surrounded by lamellae spreagercooling, at a fixed pressure, multilayering becomes
perpendicular to its basal surface, thus confirming thenore and more prominent, even when a crystal is in the
high nucleation activity of the once transformed singlehexagonal phase. These observations suggest that with
crystal. increasing supercooling, as the growth rate increases
On the other hand, the crystals which did not transdaterally, and along the thickening direction, screw dis-
form into the orthorhombic phase continue to grow andocations also become prominent. It is also noticable
no other crystals can be observed in their vicinity (forthat once a crystal transforms from the hexagonal to the
example see Fig. 3g and h). It seems that these crystatsthorhombic phase, several crystals grow on top of the
are pulling chains from the melt during the growth pro- transformed crystal without the uniform registration of
cess. At this instant it need to be mentioned that the sinthe newly formed crystals, ultimately leading to spher-
gle crystals of polyethylene have a tapered morphologyical like growth of crystal aggregates (Figs 4 and 5).
suggesting that in the very initial stages of crystallisa-A combination of the multilayering and the spherical
tion chains are folded [12, 13, 27]. Due to the enhancedike growth of crystal aggregates gives an insight into
chain mobility within the hexagonal phase, which ariseghe initial stages of spherulitic formation. In Fig. 7b,

Ry T )
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Figure 6 Transmission electron micrograph showing single crystals grown at 3.1 kband@ndsk = 4.5 K surrounded by lamellae perpendicular to
the basal surface. The spread lamellae crystallised after the transformation of the single crystals from the hexagonal to the orthorhombie phase. Sc
bar is 3.5um.
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Figure 7 Transmission electron micrograph showing multilayering at different supercoolings and constant pressure of 3.2 kbaj.~&) K,

(b) (AT) =4 K; bending of the crystals is marked by, (c) (AT)=8K, (d) (AT)=10K. Itis to be noticed that the overall shape of the multilayered

crystals as viewed edge-on has resemblance with the crystals observed by optical microscopy (as birefringent entities, when viewed edge-on) when
growing in the hexagonal phase. Scale bar jsr.

the crystal marked by the arrow shows how a lamella The thickening growth in an isolated single crystal
bends when it comes into contact with another crystatorresponds to primary thickening. Once crystals are
(as viewed edge-on). This indicates the flexibility of multi-layered, lying on top of each other, further thick-
crystal growth in the hexagonal phase. ening requires penetration of chains within the adjacent
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crystals. The process of further thickening in the solidTABLE |

state is usually referred to as secondary thickening. This
is feasible only when the chains within the crystals ad-y,,,

Pressure= 3.2 kbar
lateral growth rate

thickening rate

jacent to each other are in regular registration, thus faec) (nm/sec) (nm/sec)
cilitating further lamellae thickening in the preferred

morphology only, i.e. the morphology having regular 49 218 08
chain registraton with adjacent crystals. An extensive .’ éﬁg 2231
study performed by Hikosala al. [14, 15] showed that 14 o 652.0 37.2-55.8

both the primary thickening and the lateral thickening
have the same energy barrier to overcome for crystal
growth. . . . .

At a fixed pressure, as the residence time for thdion can be drawn and these will be discussed in the
crystals in the hexagonal phase decreases exponentiaf§/lowing two sections.
with increase in supercooling, the average lamellar
thickness also shows an exponential decay [14]. These o . .
results strongly suggest that the primary lamellar3-4- Size influence in phase transformation:
thickness is dependent on the crystals residence time  Stable, metastable and transient states
in the hexagonal phase. Fig. 8, shows variation in the ~ Of a phase _ _
crystal length with crystallisation time for different In this section we will address the issue of metastabil-
supercoolings at constant pressure. The slope of thi#y of the hexagonal phase below the equilibrium triple
curve (in Fig. 8) at a fixed degree of supercooling and0int. From the unique tapered morphology of the sin-
a fixed pressure represents the crystal growth rate. It igle crystals, it was concluded that at the early stages
to be noted that with an increase in supercooling, théf crystallisation, due to kinetic reasons, chams are in
crystal growth rate increases. Since in the hexagondhe folded state [12]. As a crystal grows, chains slide
phase crystal growth occurs simultaneously along th&long thec-axis to thicken the crystal. When the experi-
lateral and the thickening direction, the growth ratements are performed in Region i (Fig. 1),i.e. withinthe
can be measured from a series of electron micrograpH§€ermodynamic stability region for the orthorhombic
showing isolated single crystals. A detailed descriptionPhase, a crystal initially in the hexagonal phase trans-
of the methods used to quantitatively determine valueéorms into the thermodynamically stable orthorhombic
for the lateral and thickening growth rates is providedPhase. These observations strongly suggest a third pa-
elsewhere [12, 14]. Table | shows numerical values fofameter, i.e. the crystal size in the pressure-temperature
such observations. Thus giving an insight into chainPhase diagram. The experimental observations can be
mobility along thec-axis in the hexagonal phase. From expressed mathematically. _
Fig. 8 it is evident that once a crystal transforms into  In general, to a first approximation, the Gibbs Free
the orthorhombic phase, crystal growth stops, at leasgnergy of a crystalline phase having a surface @ea
in the lateral direction. The residence time for crystals@nd thickness can be expressed for the orthorhombic
in the hexagonal phase decreases with increase #30) and the hexagonald,) phase by the following
supercooling. expressions:

From the results summarised above in Sections 3.1
to 3.3 important implications for polymer crystallisa- A

I
Go=E(Ho —TS) + 20,A Q)
Gh=(Hh—T8S)+ 20nA (2)

80 PRESSURE = 3.2 kbar

B oana

50 o] hito
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CRYSTAL LENGTH / MICRONS
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Figure 8 Variation of crystal length with crystallisation time for two dif-
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ferent supercoolingsAT )nex=4.7 Kand AT )hex= 7.0 K, at 3.2 kbar.
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Where,H and S are enthalpy and entropy for the spe-
cific phases, respectively andthe end surface free
energy.

The difference in Gibbs Free energy between the or-
thorhombic and the hexagonal phase in polyethylene
can be expressed as:

AG =Gy — Gy
= [(Hn = Ho) + T(& — &)] — 2(on — 00) A
The orthorhombic phase will be thermodynamically
stable whemAG < 0.

At the transition temperaturg™®, , of a crystal hav-

ing infinite thicknessAGp®, ;=0 and

Ho—ThoioSO = Hh —Tﬁiosﬂ



Therefore, (a) thermodynamically stable region for the hexa-
gonal phase i.e. belolv< | itical

S-S = M (b) metastable region for the hexagonal phase;
Thso though a crystal is thermodynamically unstable further
Thus thickening is a kinetic process i.e> lgitical, before a
’ nucleus for the transformation is formed
(AT)ho o (c) since the solid-solid phase transition is a nucle-

AG = |:_(AH)h—> 0 + 2(—AG)A:| (3)  ation controlled process, the residence time for a crystal
to stay in the metastable hexagonal phase depends on

Making an assumption that the volume for both thethe nucleation barrier which the crystal has to overcome

hexagonal and the orthorhombic phase is the same, {§ 9° in the thermodynamically stable orthorhombic

the first approximation the Gibbs free energy per unit?"aS€:
volume carl)r?be expressed as we (d) once a nucleus for the orthorhombic phase is

formed, the time required for a crystal to stay in the

00
Th—>0

AG (AThso  2(—Aoc) hexagonal phase (i.e. in its transient state) depends on
Ag=——=|—(Ah)n-o the propagation time of the nucleus over the whole
v Th—o I crystal

(4)

where Ah is the enthalpy per unit volume and Anintriguing possibility, having implications in con-
(Ah)p— o=hn—hg > 0 because the transition is en- densed matterin general, arises when phase size is taken
dothermic in nature as observed by high pressurénto consideration in the phase diagram. A similar hy-
DSC [23]; AT)hso=Thoo—T=>0, is a super- pothesis for the size dependence has been invoked in
cooling defined from the equilibrium transition tem- the past for the stability of different phases in pure sub-
perature T.°  for the infinite crystal size; and stances. Itis well established that for an infinite sphere
(—Ac)=00—o0on> 0 is the change in the end surface (or crystal), an equilibrium triple poin®> can be de-
free energy for the hexagonal to the orthorhombic tranfined as an intersection of three planes i.e. solid-vapour
sition, as has been discussed earlier [21]. plane, liquid-solid plane and vapour-liquid plane in
At a critical thickness of the crystak=I, Ag=0. the pressure-temperature phase diagram. For a finite
For | > 1, Ag becomes negative, thus a crystal ini- sphere (or crystal), the triple point lies below the equi-
tially in the thermodynamically stable hexagonal phasdibrium triple point in the pressure-temperature phase
will be no longer stable and the transformation fromdiagram [24].
the hexagonal to the orthorhombic phase will become In combination with the thermodynamic concepts
possible. laid out in the paragraph above, when an issue of
Further thickening in the metastable hexagonal phasmetastability during crystallisation is invoked, Ostwald
will solely be a consequence of kinetics, rather than ofn 1897 stated that the thermodynamic stable state is

thermodynamics. reached through a metastable state of a matter, via a
In our case from Equation 4 we can derive the fol-phase which grows faster [25]. For example on cooling
lowing expression: from vapour, the first nucleus appears to be liquid even

though the temperature may be well below the freezing
Tho=T>. [1 _ ( 2(=40) )} (5)  pointof the liquid. Ostwald's stage rule states that the
‘ I (Ah)h— o phase transformation will always start with the phase

since solid to solid transformation from the hexago-(pOIymorph) which is stable down to the smallest size,

nal to the orthorhombic phase is a nucleation Con_wrespectlve of whether this is stable or metastable when

trolled process. The rate of nuclei formation for thefully grown. In the case where the phase transformation
P ' is nucleation controlled, a connection between the ki-

orthorhombic phase within the hexagonal crystal CaM etic and thermodynamic considerations can be readily
be expressed as

established.
kT —AG When considering polymers a unique feature of vary-
fheso = - eXp(m>i (6) ing size dependence with crystal growth in terms of

thermodynamic stability arises, i.e. the crystal size in-
whereAG is the nucleation barrier. creases with crystallisation time as shown above for

Once a nucleus is formed a metastable crystal is ipolyethylene. This leads to an unique phenomenon in
a transient state. The transition time of the transienpolymers, thata phase which s initially thermodynami-
hexagonal phase into the thermodynamically stable oreally stable may no longer be stable after crystal growth,
thorhombic phase can be expressed by the formatiotherefore passing through a metastable state before a
of the nucleus and its propagation from its origin to thethermodynamically stable phase intervenes. The latter
overall crystal. will be a nucleation controlled phenomenon.

From the given mathematical expressions, it is evi- Similar hexagonal phases with enhanced chain mo-
dent that a crystal initially in a hexagonal phase passekility are present in trans-1,4 polybutadiene at at-
through four different states before the transformatiormospheric pressure, thus making the experimentation
to the thermodynamically stable orthorhombic phase isnore convenient [26, 17, 27]. The monoclinic to the
reached: hexagonal phase transition is observed on heating at
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atmospheric pressure. The equilibrium phase transi
tion temperature from the monoclinic to the hexagonal
phase, for the infinite lamellae thickness, is found to
be approximately 8@ [26]. Like polyethylene, crys- heating
tallisation within the thermodynamically stable hexa-
gonal phase leads to the formation of lamellae severs
hundred nanometers thick, of the extended or nearl heating
extended chain type [27]. Lamellar thickness was| hexagonal anning
found to increase by several tens of nanometers ir heating v
solution-crystallised mats, having an initial lamel- . @
lae thickness of 10.4 nm, immediately upon heating

above the monoclinic to hexagonal transition temper- soution
ature [27]. For these finite crystals having thickness cvs@llizedfilm
of 10.4 nm, the monoclinic to hexagonal phase trans:  groute 1 Route 2 Route 3 Route 4
formation occurs at 6&. In addition, a unique phe-
nomenon of isothermal phase reversal in the solutionrigure 10 Schematic drawing of the experimental routes adopted in the
crystallised mats was observed on annealing jusi-situX-ray study of the solution crystallised UHMW-PE at constant
above the transition temperature. That is, on annealingressure of 1.6 kbar, i.e. below the equilibrium triple point.

just above the monoclinic to hexagonal transition

temperature at 6& (which is below the equilib-
rium transition temperature of 80 for the mono-

hexagonal

heating or
cooling

orthorhombic

film was placed between two diamonds in the piston
dcylinder type pressure cell of Hikosaka [19]. The cell
as mounted in a high-resolution powder diffraction

initially to the hexagonal phase and subsequently bac eamline, ID11/BL2 (ESRF, Grenoble). The following

into the thermodynamically stable monoclinic phase, . .
y y P routes, shown schematically in Fig. 10, were used for

as shown byn-situ WAXS results presented in Fig. 9. theinosit : A X s 128
On heating again the transformed crystals in the mono- ein-situ pressure-temperature experiments [28].

clinic phase transform back into the hexagonal phase _ , _ i .
before melting occurs. These observations when confR0Uteé 1. Isobaric heating (Fig. 11ajthe solution-
bined with SAXS strongly supported the above view- crystallised UHMW-PE sample was heated at a fixed

point that crystal size depends upon the phase transi- Pressure of 1.6 kbar. The X-ray diffraction pat-
tion [27]. tern at lower temperatures shows the characteris-

Thanks to the synchrotron radiation facility at Uc orthorhombic (110) and (200) reflections . Upon
Grenoble, it has been possible to observe the phe- heating, the (100) r_eflectlon of the hexagonal phase
nomenon of isothermal phase reversal in polyethy- aPPears at approximately 195, next to the (110)
lene at the elevated pressures and temperatures even€flection of the orthorhombic phase. Note that the
for inaccessible experimental conditions. For our stud- Pressure of 1.6 kbar is far below the pressure corre-
ies, solution-crystallised films of Ultra High Molecular ~ SPonding to the triple point [15] and the hexagonal
Weight Polyethylene were prepared and used as a model Phase is observed within the region of the thermo-

system because of the well-defined regularly stacked dynamically stable orthorhombic phase.
lamellae having a thickness of 12.5 nm [18]. The Route 2. Isothermal and isobaric annealing (Fig. 11b):
Upon annealing at 20€ at a pressure of 1.6 kbar

(route 2 in Fig. 10), the (100) reflection of the hexag-
onal phase disappears again, after approximately 5
minutes, whereas the orthorhombic reflections gain
in intensity.

Route 3. Isobaric heating (Fig. 11cPuring isobaric
heating at a rate of’Z/min (route 3 in Fig. 10), the
hexagonal phase re-appears and before final melting
at 220C, the characteristic (100) reflection of the
hexagonal phase gains intensity at the expense of
the (110) and (200) reflections of the orthorhombic
phase.

Route 4. Isobaric cooling (Fig. 11d)Jpon cooling
from the melt at the same constant pressure of 1.6
kbar, only the orthorhombic phase is visible on crys-
tallisation. If the sample is heated once again to
the melting temperature, the hexagonal phase is no

Figure 9 Wide angle X-ray diffraction experiment showing isothermal ~ longer observed (route 4 as shown in Fig. 10).

phase reversal. The monoclinic (2Q@) and the hexagonal (10Qx

reflections can be seen. The single crystal mats are heate@/atid to From this set of experiments, it can be concluded

68.5°C and after that the temperature was kept constant. In the beginnin t th lti f the | Il tal f .
the monoclinic to the hexagonal phase can be observed and subsequen?b’a € melling o e lamellar crystals of approxi-

the reverse from the hexagonal to the monoclinic phase occurs upoRiately 12 nm (initial) thickness pro_qee_ds Via. the he?(a'
annealing. gonal phase much below the equilibrium triple point

scattered intensity

2theta —
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Figure 11 X-ray diffractogram of solution-crystallised UHMW-PE at fixed pressure of 1.6 kbar. (a) Next to the (110) and (200) reflections typical

for the orthorhombic unit cell of polyethylene, incoming of the hexagonal (100) reflection with increasing temeperature at constant pressure can
be observed. (b) The disappearance of the hexagonal (100) reflection during isothermal and isobaric annealing. The orthorhombic (110) and (200)
reflections gain the intensity. (c) The melting of the crystals via the hexagonal phase can be observed, similar to the melting behaviour anticipated
above the triple point. (d) The crystallisation from the melt directly ino the orthorhombic phase can be observed; to observe the very initial stage of
crystallisation, each diffraction pattern is subtracted from the diffuse melt spectrum.

and within the region of the thermodynamically sta- heating and annealing at pressures below the equilib-
ble orthorhombic phase. After complete melting andrium triple point can be related to the initial lamellar
upon re-crystallisation from the melt, the appearancehickness. Crystallisation from the melt usually leads to
of the hexagonal phase could not be observed agaimuch thicker lamellar crystals, compared to solution-
During heating and annealing of solution-crystallizedcrystallized samples, and consequently no crystals in
samples, the thickness of the lamellar crystals increasethe hexagonal phase are observed on cooling atthe same
especially in the mobile hexagonal phase [29, 30, 31pressure and temperature [32].

13, 12] with the result that crystals initially in the hexa- These observations have been confirmed and further
gonal phase transform first into a transient metastablstrengthened by performing the same set of the ex-
hexagonal phase and subsequently back to the thermperiments on irradiated solution crystallised films. It
dynamically stable orthorhombic phase. The appearwas discussed above, that in polymers because of the
ance and disappearance of the hexagonal phase duricbain mobility along the-axis the crystal size can alter,
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unlike with other materials. However, the chain mobil- tion of a metastable phase appearing first. In fact, here
ity along thec-axis can be suppressed by crosslinkingthe metastable phase in its very small dimensions, will
the amorphous zone between the lamellae by irradiabe the thermodynamically stable phase with an inver-
tion. Ifthe irradiation dose is sufficiently high the lamel- sion of phase stability on growth, i.€ moves towards

lae thickening process can be completely suppresse®@* with thickening of lamellae. These observations
With the help of Small Angle X-ray Scattering it has are in accordance with the mathematical expressions
been shown that the crystal thickening can be fullyprovided earlier in this section.

suppressed on irradiating the solution crystallised films Further, a Gibbs Free Energy phase diagram can
of UHMW-PE by 2000 kGy. Unlike in the unirradiated be provided for the experimental observations on the
solution crystallised films of UHMW-PE, crosslinking isothermal phase reversal in unirradiated and irradiated
of the amorphous region can inhibit lamellar thicken-UHMW-PE solution crystallised films.

ing even in the hexagonal phase. Therefore, it would The melting point of lamellar crystals with average
be anticipated that even below the equilibrium triplethicknesd is given by the well-known melting-point
point, once the transformation from the orthorhombicdepression relationship [33]:

to the hexagonal phase occurs, no phase reversal from

the hexagonal to the orthorhombic phase during an- ~ 20e
nealing under isobaric and isothermal conditions could Tm =Ty [1 - <(| i AH))}
be observed [28]. Moreover, on heating, the irradiated

crystals not only transforminto the hexagonal phase bui g shown in Hoffman-Weeks equation [33], the ob-

also melt via the hexagonal phase at pressures beloysned melting pointl,) is dependent on the thickness
the equilibrium triple point. The observed melting be- |, i.e. if | approaches infinityT,, approached <, the

hgviour i_s very similar to t_he one anticipated avae theequilibrium melting temperatures is the end surface
triple point, thus confirming the thermodynamic sta-¢.qq energy of the crystals.

bility of the hexagonal phase for the small crystals in = 1,4 ratiooe/ A H for orthorhombic crystals is greater
the thermodynamic stable region of the orthorhombicy,on tor hexagonal crystals [21]:
phase for crystals having infinite lamellar thickness.
To summarise, with a series of experiments on o o
(&))@
orth. hex

()

polyethylene and polybutadiene, described above, it
has come up strongly that on considering the effect of
phase size on the phase diagram an intriguing possibil- .
ity has arisen. These results suggest that the true thefis implies that for a folded-chain crystal of the same
modynamic stability conditions can invert with size. @verage lamellar thicknesshe difference {° — Tm)
Specifically, for a polyethylene crystal that is small IS larger for the orthorhombic crystals than for the
enough, the hexagonal phase can be the thermodynarti€xagonal ones. Equivalently, the Gibbs free energy for
ically stable phase, even in the pressure-temperatur@lamellar crystal with thicknesss closer to the equi-
regime where orthorhombic is the thermodynamicallyliPrium Gibbs free energ> in the case of a hexago-
stable phase for an infinite crystal-size, as shown iff@l crystal structure. Based on these experimental facts,
Fig. 12 by dashed lines, having its triple poi@tlo-  the Gibbs free energy diagram in Fig. 13, could be con-
cated belowQ™>. When this is the case, true metasta-Structed to account for the experiments described in

bility need not be involved to account for the observa-Fig. 11. For the sake of simplicity, the Gibbs free en-
ergy functions in Fig. 13 are drawn as straight lines,

which is in fact an oversimplification but not an essen-
A tial requirement for the present discussion.
T In Fig. 13, the Gibbs free energy at pressiéras a
function of temperaturd@ is shown for orthorhombic
and hexagonal crystals. Below the equilibrium triple-
point, the Gibbs free energy of a perfect (extended-
chain) orthorhombic crystalgy,, is lower than that
of a perfect (extended-chain) hexagonal cry<&,.
The Gibbs free energy of the folded-chain crystals is
higher due to the contribution of the surface free ener-
gies. Assuming for the present discussion that the free
energy curves for the folded-chain crystals are paral-
e orthorhombic lel with the free energy of the extended-chain crystals
e and taking into account, as discussed above, that for a
. given lamellar thickneskthe free energy is closer to
p  equilibrium for hexagonal crystals, the various curves
in Fig. 13 become self explanatory.
Figure 12 Schematic drawing of the shift of the triple point fro@f® If an orthorhombic folded-chain crystal with thick-
to Q _du_e to the sma]l initial IameIIa_r thigkne_ss. Full lines repres_ent thenessj , discontinuous line in Fig. 13, is heated at a con-
equilibrium phase diagram for the infinite size crystals Witff being .
its equilibrium triple point. Dashed lines represent shifted phase diagrarT"F"tant pressure, the correspondlng free energy curve
due to the reduced crystal wi being its triple pointT — temperature, ~CroSses the free energy curves of hexagonal folded-
P = pressure. chain crystals. At the crossing poirt;, the crystal

AH AH

hexagonal
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Figure 13 A thermodynamic explanation for the experimental observations made during heating and annealing at the pressure of 1.6 kbar (i.e. below
the equilibrium triple point). Black bold lines are equilibrium free energy lines for extended chain orthorhombic and hexagonal erystals, )

are the free energy lines for folded-chain orthorhombic crystals possessing different thigkagss I3, (<--------------- ) are the free energy lines for
folded-chain hexagonal crystals possessing different thicknesk > 13. G = Gibbs free energyl = temperature.

can transform from an orthorhombic into a hexago-sence of lamellar thickening the triple point of tReT
nal crystal structure since the decrease in free energyhase diagram stays “arrested” at the lower values of
with increasing temperature, @dT), is faster in the pressure and temperature (posit@ff in Fig. 12), im-
case of hexagonal crystals. This situation is encountereplying that the shift in the triple point is related to the
during isobaric heating (see Fig. 6a). Upon annealcrystal size.
ing at temperaturd, Fig. 6b, the hexagonal crystals = The authors hasten to add that the above explanation
thicken in order to decrease the Gibbs free energy torefers only to thermodynamic parameters. The rate of
wards the equilibrium value. However, during anneal-transformation from the orthorhombic into the hexag-
ing and thickening at temperatufe the driving force  onal crystals and vice versa, however, is dependent
(Ghex— Gnhex) becomes smaller and the thickening pro-on Kinetic barriers between the two crystal structures
cess slows down and finally is arrested, for example aas stated in the thermodynamical section discussed
point A>. The driving force G5, — Gorn) at tempera-  above. The transformation from the orthorhombic into
ture T and pointA; is higher than Gpg, — Ghex) and,  the hexagonal crystal structure involves nucleation and
consequently, the crystal could transform back into thegrowth [15] and consequently, the occurrence of a
orthorhombic crystal structure. Upon further heating,metastable hexagonal phase and the rate of transfor-
Fig. 11c, once again, the Gibbs free energy curve commation from orthorhombic into the hexagonal crystal
responding to the orthorhombic crystals crosses mangtructure and vice versa, is system dependent and will
times the Gibbs free energy curves of hexagonal foldeddepend upon parameters like the initial morphology
chain crystals. Consequently a transformation from orsuch as crystal thickness, molar mass and pressure.
thorhombic into hexagonal crystals can appear agaiin fact, preliminary experiments on other solution-
before the final melting into the liquid phase. crystallized polyethylene samples, for example a frac-
In the case of irradiated samples thickening duringtionated sample kindly provided by the National In-
heating and annealing is hindered by the crosslinkstitute of Standard Technology, possessiniyla of
present in the amorphous region of the lamellar mor32 kgmole™! and a molecular weight dispersion of
phology. Nevertheless, the transformation from the or1.11, showed that a metastable hexagonal phase ap-
thorhombic into the hexagonal phase during heating gpeared at even lower pressures, for example as low as
pressures below the equilibrium triple point will oc- 1 kbar.
cur at the crosspoinAl (Fig. 13) because decrease
of Free energy with increase in temperature is faster
for the hexagonal crystals than for the orthorhombic3.5. Implications to crystallisation at
ones. However, during isothermal and isobaric anneal- atmospheric pressure
ing, thickening in the mobile phase is arrested and meltThe observations summarised above, together with
ing proceeds via the same line corresponding to the frethe Region Il in the proposed schematic pressure-
energy of the hexagonal folded chain crystals havingemperature phase diagram (Fig. 1b) raises further im-
thicknesds for the hexagonal crystal. Due to the ab- plications in our understanding of crystallisation at
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atmospheric pressure. Our observations have been thag points for the hexagonal and the orthorhombic crys-
even below the equilibrium triple point, crystallisation tals, within the pressure-temperature region explored so
always proceeds via the phase which grows fastest evdar, falls along the straight line an estimation of the dif-
if it is not a thermodynamically stable phase, obeyingference in the melting temperatures versus pressure can
Ostwald’s stage rule. In the proposed schematic phadee made. The estimated value for the difference in the
diagramin Fig. 1b, region lll is defined as the region be-melting temperatures of the extended chain crystals (as
tween the melting temperature of the hexagonal and theonfirmed by Transmission Electron Microscopy) of
orthorhombic crystals within, the pressure-temperaturéhe orthorhombic and the hexagonal phase against de-
phase diagram. creasing pressure amounts to 4.375 K/kbar. The value
Below the equilibrium triple point in the pressure- of 4.375 K/kbar extends from the experimentally mea-
temperature phase diagram, melting of the crystals thatured triple point of approximately 3.5 kbar for NIST
have transformed from the hexagonal to the orthorhomSRM1483 M, = 32000,M,,/M,=1.11). On extrap-
bic phase occurs directly without transformation; an ob-olating the value from the measured triple point to at-
servation in contradiction to the anticipated melting be-mospheric pressure the difference between the melt-
haviour above the triple point. The difference betweerning temperatures for the extended chain crystals of the
the melting temperature for the orthorhombic and thehexagonal and the orthorhombic phase amounts to ap-
hexagonal crystals increases with the decreasing preproximately 15 K. If we consider the extension of our
sure. Thus below the equilibrium triple point a crys- viewpoint on Region Il (defined as no crystal growth
tallisation temperature can be defined by at least tweoegion) to atmospheric pressure we are forced to the
supercoolings, one from the melting temperature of thesuggestion that at least 15 K supercooling from the
hexagonal phase and the other from the orthorhombiequilibrium melting temperature of the orthorhombic
phase. Since the difference between the melting temerystals would be required for crystallisation to occur.
peratures for the orthorhombic and the hexagonal phadé means that if we consider the equilibrium melting
increases with decreasing pressure and the melting tentemperature of polyethylene to be 245 the mini-
perature for the orthorhombic phase is higher than thenum temperature required for crystallisation would be
hexagonal phase, the supercooling defined from the 0:30°C.
thorhombic phase is always higher than the one defined Crystallisation in the hexagonal phase requires much
from the hexagonal phase. Fig. 14 shows the openintpwer supercooling (like 1 K) in comparison with the
of region Il with decreasing pressure for two differ- orthorhombic phase. For crystallisation in the hexago-
ent sharp fractionated molecular weights of polyethy-nal phase the supercooling is defined from the melting
lene synthesised at the laboratory scale, obtained frotemperature of the hexagonal crystals. The lower super-
NIST. The data point shown in the phase diagram hasooling for the hexagonal crystals is justified because
been obtained bin-situ melting of the single crystals of the much lower end surface free energy desired for
(extended chain as confirmed later by electron microthe crystallisation to occur in the hexagonal phase. On
scsopy) under isobaric conditions [13]. Since the meltconsidering the extrapolation of “no growth region Il1”

below triple point

255
“a

250
06.
o 245
2
g e Tm(hex.ECC); Mw=120000
g 240 4 Tm(orth.ECC); Mw=120000
2 o Tm(hex.ECC); Mw=32000

235 o Tm(orth.FCC); Mw=32000

a Tm(orth.ECC); Mw=32000
230 . .
25 3 35 4

Pressure [kbar]

Figure 14 Pressure-temperature phase diagram for two different sharp fractionated polyethylenes (NIST SRM148&2000,My,/M,=1.11
and NIST SRM 1484M,, = 120000,M,/ M, = 1.2) obtained byn-situ melting of the single crystals at the isobaric conditions.
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to atmospheric pressure the melting temperature of theation from solution. However, in melt crystallisation
hexagonal phase would be in the vicinity of 180for  where a transient phase can play a prominent role in
infinite crystals in an unconstrained bulk. the early stages of crystallisation, a theory proposed by
On considering the following experimental facts the Hikosaka [31] can be easily extended for the purpose.
possibility of crystallisation starting via the hexagonal
phase at atmospheric pressure can not be ignored. (2)
The residence time of crystals in the hexagonal phasg- L .
decreases with decreasing pressure, (b) a transformed ~Mobility in the transient phase of ultra
crystal from the hexagonal to the orthorhombic phase high mqlecular weight polyethylene
acts as nucleation centre for the other crystals, (c) a lowW "€ _observation of the hexagonal phase below the
energy barrier is required for crystallisation to occur in€9uilibrium phase diagram could be of great signif-
the hexagonal phase, (d) the crystal on transformatioff@nce, mainly due to the enhanced chain mobility
to the thermodynamically stable orthorhombic phasdVithin this phase. Considering the feature of enhanced
favours the growth of other crystals in the hexagonafh@in mobility within the hexagonal phase, processing
phase, ultimately leading to formation of spherulitic ©f Polyethylene via this phase could become feasible

morphology (as discussed earlier) and, (e) the hexagd’yithin an experimentally accessible pressure and tem-

nal phase leads to a unique tapered morphology at o|derature range, in particular for ultra-high molecular

vated pressures. Evidence in single crystals for such ¥€ight polyethylenes (UHMW-PEs). UHMW-PE pow-

unique tapered morphology has been reported at atmdier is considered to be intractable via conventional pro-

spheric pressure also [34]. cessing routes for polymers due to the excessively high

Recently, in paraffins like hexadecane it has beefnelt-viscosity. Polymer melts are highly viscous and

reported that crystallisation always proceeds via a tranth® ViSCOSity strongly increases with increasing molar

sient metastable rotator phase before transformatiof1@ss, given by [39]:
into the thermodynamically stable triclinic phase sets _
in. Sirota and co-workers [35] have reported these logno=C + 3.4 logMy 9)

findings for the first time, showing the influence of a Equation 9 is a universal relationship, whexgis the

metastable phase in crystallisation of paraffins 'nde'zero—shear viscosity is a constant depending on the

pgndentt.of eve.r:hor od(]ilf_numtber Olf carbon ?:ﬁmsb-rh‘?olymer architecture and,, is the weight-average mo-
observations with parainns strongly SUpport the above, . 555, Similar to viscosity, the reptation time is also

statgd'hypothess, .espeC|aIIy n polyethylene. strongly dependent on the molecular mass, given by the
Similar observations on the influence of the meso-

phase in the early stage of crystallisation have beerr\n athematical expression [40]:
made for nylons [36], poly-di-alkyl siloxanes [37] and 7 oc M34 (10)
trans-1,4-polybutadiene [27].

Referring to a series of observations on polymers an@ hus with increasing molar mass the reptation of the
paraffins we have tried to strengthen the viewpoint thathain from one point to the other becomes increas-
polymer crystallisation from the melt can often pro- ingly difficult for high molar mass melts. Consequently
ceed via a transient phase which grows faster and hgzoducts based on UHMW-PE, usually processed by
a lower nucleation barrier due to low surface energycompression-moulding, possess fusion defects within
in comparison to a thermodynamically stable phasethe bulk material usually referred to as grain bound-
Several other examples are also known in a range cdries.
inorganic and organic materials where a material crys- On the other hand, mechanical and physical proper-
tallises via a metastable phase when cooled from thées of polymeric materials are also highly dependent
melt. In such a class of inorganic or organic materialson the molar mass. In this respect, UHMW-PE is a
a metastable phase may remain stable indefinitely anaiell-known type of polyethylene possessing excellent
for very large undercoolings. However, if a nucleus ismechanical properties such as wear and friction char-
formed a metastable phase is transient in nature anacteristics compared with any other polymer material.
is bound to transform into the thermodynamically sta-Due to this reason UHMW-PE is selected as the ma-
ble phase. In polymers, where a folded-chain crystaterial of choice in high-performance products such as
is not a thermodynamic stable entity, it is forced to hip- and knee-joint prostheses. In both types of artificial
thicken, to minimise its surface free energy. In this pro-joints, a UHMW-PE partis used as an interface between
cess, a crystal which possess small dimensions hastaman body and metal component of the artificial joint.
stable phase, when grown, may no longer be a stabldowever, the limited lifetime of the artificial joints is
phase [38]. In this respect polymers fall into a uniquerelated to the failure within the UHMW-PE component.
class of materials. Improper fusion of the UHMW-PE patrticles is consid-

Itis important to mention at this point that our views ered as an important issue in extending the lifetime of
are limited to polymer crystallisation from the melt. We the artificial joints.
do not have any evidence for crystallisation starting via Fig. 14a and b show the optical micrographs (using
a transient (or metastable) phase during growth of @hase contrast technique) of thin sections cryo-cut from
crystal from solution. In that respect the existing theo-as-recieved and used (for 7 years) UHMW-PE hip cups
ries of Hoffman and Weeks, Sadler-Gilmer for polymerrespectively. Grain boundaries related to the original
crystallisation should hold well and good for crystalli- UHMW-PE powder particles can be observed in both

6. An application of enhanced chain
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Figure 15 (a and b) Optical micrographs of thin sections of new and
used (7 years in the active patient) hip cups respectively. Thin sectiongs
of approximately Sum thickness were prepared by cryo sectioning the
samples of the hip cups. Scale bar: 108.

hip-cups though itis much more pronounced in the use
UHMW-PE cup, Fig. 15. Similar grain boundaries are
seen in the UHMW-PE inlays used in knee-joint pros-
theses where it has been well documented that crac
propagate through the improperly fused grains causin
delamination [41].

From the series of studies reported above, it ha
emerged that in the pressure-temperature phase di
gram of polyethylene the presence of the hexagone;
phase is strongly dependent on initial crystal size. On:
goingresearch activity in our group suggests that durin
polymerisation at relatively low temperatures (lower Figure 16 Optical micrographs of thin sections of compression-
than the dissolution temperature) small metastablenoulded nascent UHMW-PE. (a) The compression moulded nascent
folded chain crystals of UHMW-PE can be obtained UHMW-PE at0.8 kbar, heated to 205before being cooled toroom tem-
directly on the catalyst surface. The obtained “nascerﬁefat‘“gf- (zbgsz:ht? ‘;Ompbfe,SSiO” ”:Og'tded "astcem UH’tV'W'PE fhl-o kbar,

” H H eated to erore peing coolea to room temperature. (C e com-
morphOIOgy of the folded chain CryStaIS exhibits the pression moulded nascent%HMW—PE at1l.2 kbgr, heateC(Q)Béfore
hexagonal phase even at pressures of 1 kbar [28]. Ta eing cooled to room temperature. Scale baru5@
ing this into account a novel route has been developed
to process grain boundary free products of UHMW-PE.

The optical micrographs of fully grain boundary free the radius of gyration on melting, especially at the in-
materials are shown in Fig. 16. terface of the powder particles. This is a desired con-

Since crystal formation is a process for chain dis-dition to overcome the problem of “grain boundary” in
entanglement, because of the enhanced chain mobility HMW-PE. Ward and co-workers have also shown that
along thec-axis in the hexagonal phase, the phase hathe hexagonal phase can be used for disentanglement
been also used to disentangle chains in UHMW-PE. Abf chains in UHMW-PE.
this stage it is important to mention that the sintering If the polymerisation temperature is lower than the
of UHMW-PE powder particles is a combination of a crystallisation temperature, a growing chain on the
chain disentanglement process and crystal size finallgatalyst surface will immediately crystallise and fold,
achieved before meltqh— a requirement to increase leading to disentangled chains. In this respect the
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disentangled nascent morphology also favours the sirarticle, Figure 1b, it has been proposed that the Region
tering of UHMW-PE. 1l (i.e. no growth region) in the pressure-temperature
phase diagram for polyethylene can be extended to at-
. mospheric pressure. Region Il has been defined as
4. Conclusions _ _ . the region lying between the melting temperature for
From the experimental observations reported in this arghe hexagonal phase and the orthorhombic phase be-
ticle and elsewhere, it has emerged that in polyethyleng,y the triple point. A simple calculation provided in
even in the thermodynamic stability region for the the article shows that the extension of the Region Il
orthorhombic phase crystallisation always starts Vigo atmospheric pressure, accounts forCL8lifference
the hexagonal phase. The crystal growth occurs sim the melting temperature for the hexagonal and the
multaneously in the lateral and the thickening direc-grthorhombic crystals. On considering the no growth
tion. In this article it has been shown experimentallyregion at atmospheric pressure and the experimental
and mathematically that a crystal initially in the stable gpservations that crystallisation always starts in the
hexagonal phase, will be no longer ther.modynamical%exagona| phase, suggests that at leasE Sbipercool-
stable when fully grown. The crystal, in the thermo- jng will be required for the crystallisation to occur at
dynamically metastable state, continues to grow untillytmospheric pressure. It is to be noted that the super-
a nucleus for the orthorhombic phase is formed. Oncgooling here is defined from the equilibrium melting
the nucleation barrier is overcome, the nucleus thU%emperature for the orthorhombic crystals (185 The
formed spreads over the whole crystal and further CrySproposed viewpoint is in agreement with the well ac-
tal growth is arrested. The residence time for the Crystepted experimental observations.
tals in the hexagonal phase decreases with decreasingwjith the series of experiments we have stated that the
pressure and increasing supercooling. ~ crystallisation in polyethylene, from the melt, should
The growth of a polyethylene crystal after its gccur via a phase which grows faster though it may
tr_ansformatlon from the hexagonal to the orth(_)rhom-not be thermodynamically stable when fully grown. At
bic phase has been followed. The experimentathis point it needs to be mentioned that the end sur-
observations are that a crystal transformed in the thekyce free energy and the minimum thickness required
modynamically stable orthorhombic phase promotesor crystallisation to occur in the hexagonal phase is
the nucleation of many crystals. At the initial stage|ower than the orthorhombic phase. Therefore, because
of crystallisation, the newly formed crystals, formed of photh thermodynamic and kinetic reasons, the for-
on the basal plane of an orthorhombic crystal, are inmation of the nucleus in the hexagonal phase will be
the hexagonal phase. However, for the same pressurgs|atively easier than in the orthorhombic phase.
temperature, an isolated crystal growing in the hexago- The observations on polyethylene have been ex-
nal phase, stays in the metastable state for a longer timgnged to other polymers like nylons, trans-1,4 polybu-
when compared with a crystal growing in the hexago+agiene, paraffins, poly-di-alkyl siloxanes, polyesters
nal phase on the surface of the transformed orthorhonatc, where observations similar to those with polyethy-
bic crystal. This is because in the latter a nucleus refene have been reported. The fundamental basis laidout
quired for the transformation from the hexagonal tojn the article, especially the issue of phase reversal with
the orthorhombic phase already exists. These observarystal size, has been extended for applications like sin-
tions further strengthen the hypothesis that solld-sollqering of ultra high molecular weight polyethylene. Re-
transfo_rmation fror_n the hexagonal to the orthorhombiccenuy' Andrew Keller and Stephen Cheng together [42]
phase is a nucleation-controlled phenomenon. Furthepaye published a review article expressing their views

from a series of opticall microg_rgphs, it is evident, thatgp, the metastable phases of polymers, having implica-
no crystals are formed in the vicinity of a crystal grow- tions in the condensed matter physics.

ing within the hexagonal phase.
The issues of primary thickening and secondary
thickening have been also invoked. From a series of
electron micrographs presented in this article, it can béAcknowledgement
concluded that with increasing supercooling, at a fixedrhe scientific findings presented in this article has in-
pressure, regular stacking of crystals becomes promivolved collaboration work with many others which one
nent, as viewed edge-on. These observations stronglyf the authors (S.R.) enjoyed during his stay in the Uni-
suggest that dislocation formation on the surface of theversity of Bristol as a research fellow with the late
growing crystal is much easier to form at the higherProfessor Andrew Keller. Among the many authors
supercoolings. to whom we are indebted are Professor M. Hikosaka
The observations like multilayering in the hexago- (Hiroshima University) who introduced the subject to
nal phase and the overgrowth of crystals on the newlypne of the authors (S.R.) during his stay in Bristol; to
transformed crystal in the orthorhombic phase, considProfessor P. J. Lemstra for providing the environment
ered in the wider generality, can give further insightfor the success of the Bristol work to its present level
in the formation of axialites at low supercoolings andand for his important role in the development of tech-
spherulite formation at the higher supercooling at thenological aspects of the fundamental understanding of
atmospheric pressure. the subject. The authors are thankful to Dr. A. Terry
The experimental observations summarised in thiof beamline ID11/BL2 at the European Synchrotron
article have relevance to polymer crystallisation in gen-Radiation Facility, Grenoble for providing help during
eral, especially on crystallising from the melt. In this experimentation.
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