
J O U R N A L  OF M A T E R I A L S  S C I E N C E  15 ( 1 9 8 0 )  1 5 4 7 - 1 5 5 6  

The effect of pressure on the melting 
temperature and lamellar thickness of 
trans-l,4-polyisoprene crystallized at 
pressures of 1 bar to 3 kbar 

C. K. L. DAVIES, M. C. M. CUCARELLA* 
Department of Materials, Queen Mar/College, Mile End Road, London E 1 4NS, UK 

The melting temperatures of both low-melting form and high-melting form trans-l,4- 
polyisoprene crystals grown at 1 bar pressure have been determined as a function of 
pressure. Equilibrium melting temperatures have been determined for specimens 
crystallized at pressure. All the melting temperatures increase by approximately 15 K 
kbar -1. Lamellar thicknesses have been measured by both thin film transmission electron 
microscopy and via low-angle X-ray studies over the pressure range 1 bar to 3.0 kbar. The 
two methods of measurements give good agreement. Crystals of a given thickness melt 
at a given temperature, at 1 bar pressure, independent of temperature or pressure of 
crystallization. Crystals of a given thickness are formed at a given supercooling indepen- 
dent of the pressure of crystallization. At a given crystallization temperature the thick- 
ness of crystals formed decreases with increasing pressure. Crystals of the same form 
grow, at all pressures studied, by the same basic mechanism. Chain-extended type crystals 
were not formed. 

1. Introduction 
Many studies have been carried out on the effect 
of  pressure on the crystal melting temperatures 
of crystals grown at or near atmospheric pressure 
using either dilatometry [1-8,  12, 13, 16, 18] or 
differential "thermal analysis [4, 9 -11 ,  14, 15]. 
The majority of polymers exhibit an increase of 
melting temperature (Tin) with pressure of  between 
10 and 30 Kkbar  -1 ; the value ofdTm/dPm tending 
to decrease with increasing pressure. The majority 
of  polymers also exhibit a continuous decrease in 
the molar volume change (AVm) on melting with 
increasing pressure [1, 7 - 9 ,  16]. Using the 
Clausius-Clapeyron equation 

dP m z~S m z~tir m 

dT m AVm Tm(AVm)'  (1) 

approximate values of  the entropy change (ZSSm) 
and the enthalpy change (2d-/m) as a function of 
pressure can be calculated [19]. Care must be 

taken in interpretation of these data as in some 
cases structural changes (phase changes or crystal 
thickening) are known to occur prior to melting 
at pressure. In the case of penton crystals [1] a 
pronounced minimum in both zSS m and z3Jar m is 
observed which is almost certainly the result of 
a phase change. Polypropylene [1] and non- 
branched polyethylene [i,  8, 9] show increases in 
both z2xSrn and zSJ-/m . In the case of  polypropylene 
this may result from a phase change [20] and in 
polyethylene the increase may be due to crystal 
thickening [l 1 ]. Branched polyethylene shows 
little change in either ~Sm or z2d/m as a function 
of pressure and polyethylene oxide shows a con- 
siderable decrease in both. In all cases M-/m 
changes by less than a factor of 2 over the pressure 
range 1 bar to 3kbar [19]. However, neither the 
magnitude nor the sense of the changes can be 
unambiguously interpreted. 

A great deal of  work has been carried out on 

*Present address: Escuela de Ingenleria Metalurgica y ciencia de los Materials, U.C.V. Apartado 51717, Caracas, 
Venezuela. 

0022-2461/80/061547-10503-00/0  � 9  Chapman and HalI Ltd. 1547 



the crystallization and annealing behaviour at 
pressure of polyethylene [7-11,  21-24] and 
nylons [18, 25]. Lamellar crystals are known to 
thicken in these materials at atmospheric pressure 
and the process is accelerated by annealing at 
elevated pressures. Crystallization at pressure in 
these materials, produces thick chain extended 
type crystals and, under certain circumstances, 
chain-extended crystals. Chain-extended crystals 
may nucleate separately, grow from folded chain 
crystals or nucleate via a new phase. 

The change in crystal thickness has been 
studied by small-angle X-ray scattering and by 
observations of electron, micrographs of fractured 
specimens. It is not clear why crystals thicken 
or are nucleated in a thick form at elevated press- 
ures. The increase in crystal thickness with increas- 
ing pressure usually results in an increase of crystal 
perfection, melting temperature (Tin) and melting 
enthalpy (z3J-/m). These increases in Tm and 2if-/m 
should, however, be clearly distinguished from the 
changes which occur at pressure for the melting 
of a given crystal formed at various pressures. 

While many studies appear in the literature on 
the effect of pressure on polymer crystal mor- 
phology, few studies appear on the effect of 
pressure on kinetics of crystallization [26, 27]. 
These require the ability to follow the crystalliz- 
ation process as a function of temperature and 
time at a given pressure or the ability to stop 
crystallization at a given time while the specimen 
is under pressure. 

The present work is part of a study of the 
kinetics of crystallization of trans-1,4-polyisoprene 
(TPI) at pressures up to 3.0kbar. The polymer 
was chosen for this study as the crystals are not 
known to thicken considerably at atmospheric 
pressure and as a result its behaviour may be dif- 
ferent from that of polyethylene or nylons, 
particularly at relatively low pressure. Further- 
more, as thickening may be slow, it should be 
possible to unambiguously distinguish between 
changes in melting temperature resulting directly 
from the applied pressure and those resulting 
from changes in crystal thickness, It is possible 
in this polymer, to stop crystallization at a given 
time at pressure by reacting the unsaturated poly- 
mer with osmium tetroxide vapour and if crystalliz- 
ation is carried out in thin ,films it is possible to 
measure the crystal thickness resulting from 
crystallization at any pressure by transmission 
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electron microscopy. It also becomes possible to 
determine spherulite growth rates at pressure. 
Studies of this type have been carried out on TPI 
at atmospheric pressure and both the morphology 
and kinetics of crystallization are well documented 
[28, 29]. This polymer crystallizes in two forms; 
low-melting form (LMF) and high-melting form 
(HMF) with equilibrium melting temperatures 
of 78 and 87~ [30]. LMF spherulites contain 
only crystals with an orthorhombic unit cell and 
HMF spherulites crystals with a monoclinic unit 
cell [28, 31,32].  

The present paper reports on the variation of 
melting temperature, at atmospheric pressure, of 
crystals grown at various pressures and on the 
variation of melting temperature, as a function of 
pressure, for crystals grown at various pressures, 
including atmospheric pressure. I_amellar crystal 
thicknesses have been measured by transmission 
electron microscopy with a limited number of 
measurements from low-angle X-ray scattering 
data. The aim of the study was to follow the 
change of lamellar thickness and melting tem- 
perature as a function of pressure and to deter- 
mine whether significant changes of crystal 
thickness and perfection occurred, at pressure, for 
a polymer in which crystals are not known to 
thicken considerably at atmospheric pressure. 

2. Experimental details 
2.1. Materials 
The trans-l,4-polyisoprene was prepared by 
purification of a commercial grade of gutta percha* 
by solution and reprecipitation [28]. Thin films 
for transmission electron microscopy, 100nm 
thick, were prepared on a water surface from a 1% 
solution in benzene as reported previously [28]. 
Some films were strained prior to crystallization 
using the method devised by Andrews [28, 33]. 
All filmswere melted at pressure prior to crystalliz- 
ation. The molecular weight (MN) of the melted 
sample was 3.0 x 10". 

2.2. High-pressure apparatus 
The high-pressure system was originally con- 
structed by Edwards and Phillips [34] and was 
based on a design described by Crawford [35]. 
Details of the modified apparatus are given else- 
where [19]. The pressure is generated by a two- 
stage intensification of the pressurizing medium, 
which in the present study is high-purity argon 



Figure 1 Electron micrographs of lameUar crystals. (a) Strained 50% and crystallized for 1 h at 40 ~ C and 2 kbar press- 
ure. (b) Crystallized for 2 h at 68 ~ C and 1 kbar pressure. 

gas. The first stage intensification is carried out 
by a gas pump operated via a standard compressed 
air line. The final pressure is achieved by a high 
pressure intensifier operated by means of a com- 
pressed air-driven oil pump. The pressure was 
determined by following the change in resistance 
of a manganin coil with pressure, which was built 
into the system. The crystallization vessel can be 
operated at pressures up to 3.5 kbar and the high- 
pressure DTA cell up to pressure of 2.0kbar. 
The crystallization bomb was fitted with a plug 
which enabled crystallization to be terminated 
at any time, at pressure, by staining the sample 
with osmium tetroxide vapour. 

2.3. Measurement  of  lamellar thickness  
The lamellar thickness was determined by both 
transmission electron microscopy (LE) and via 
long-period measurements from low-angle X-ray 
scattering (Lx). 

The electron microscope measurements were 
made from photographic plates of either spherulitic 
structures (Fig. la), or row nucleated structures 
(Fig. lb) in strained films. Thin films strained 
from 0 to 150% prior to crystallization were used 
for this study. In each case the width of the 
thinnest lamella was determined from electron 
microscope plates, for each crystallization tem- 
perature at each pressure, using a microdensi- 
tometer. LMF and HMF crystals could be 
distinguished by the large differences in crystal 
length due to differences in growth rate at a given 
temperature or by electron diffraction exper- 
iments [28, 29]. Even if the staining technique 
accurately images the 'crystal thickness' there are 
difficulties in using this technique particularly 
for very thin images [36] as a result of the limit 

t 

i 

>__30 i 
F-- 
z 
Z 

I0 

2 3 /, 5 6 7 8 

T H E T A  X 103- 

Figure 2 Desmeared and Lorentz corrected X-ray intensity 
distribution curve from a specimen crystallized at 65 ~ C 
and 3 kbar pressure. 

of resolution of the optical system when two 
changes of contrast lines are close together. In the 
present case, estimates of the spread of the image 
using a Cauchy analysis, as proposed by White 
[36], have been made and lead to a maximum 
error in the measured thickness of 2% at 10nm 
which increases to 8% at 5 nm. In the present work 
the as-measured results for lamellar thickness 
are reported. 

The long period was measured using a Kratky 
low-angle X-ray camera. An example ofa desmeared 
[37] and Lorentz [38] corrected intensity distri- 
bution curve is shown in Fig. 2. A pronounced 
first-order intensity maxima is clearly visible from 
which an 'average value' of the long period was 
calculated. Low-angle X-ray studies were carried 
out at atmospheric pressure on fully crystallized 
specimens. Only data obtained from specimens 
which contained a large majority of either HMF 
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or LMF TPI crystals was used to calculate the 
lamellar thickness. The linear crystallinity was 
estimated from the wide-angle X-ray scattering 
curves, from fully crystallized specimens, using the 
method proposed by Natta et al. [39]. A crystal- 
linity near to 40% was determined for all specimens 
crystallized at atmospheric pressure and a similar 
value for the few specimens studied, which had 
been crystallized at higher pressures. The lamellar 
thickness (Lx)  was determined from the long 
period by simple multiplication by the linear 
crystallinity. The lameUar thickness (Lx)  values 
may, therefore, be subject to error and the main 
justification for their inclusion in this paper is as 
a basic comparison with the much more extensive 
determination of lamellar thickness (LE) from 
electron microscopy. This is deemed significant, 
as measurements of both types, determined on a 
given polymer under the same conditions of 
crystallization, have not been reported previously. 

2.4. Mel t i ng  tempera tu res  
Melting temperatures at atmospheric pressure were 
determined using a DuPont 900 thermal analyser 
and at high pressure using the high-pressure DTA 
cell. In both cases a heating rate of 15 K rain -~ was 
used. 

In a large number of specimens, only LMF 
or HMF crystals are present and a single melting 
peak is observed. In some specimens two peaks 
are obser%d corresponding to LMF and HMF 
crystal melting temperatures. In both cases the 
crystal melting temperatures were taken to be the 
peak temperatures as measured from the DTA 
curves. Some atmospheric pressure DTA curves 
were discarded as it was apparent that the specimen 
had not fully crystallized at pressure and further 

crystallization had occurred at an unknown lower 
temperature and pressure, resulting in further 
peaks. 

The DTA measurements at atmospheric pressure 
produced reliable heats of melting but the base 
line variation on curves obtained from the high- 
pressure DTA cell did not allow accurate measure- 
ments of the heats of melting at pressure. 

3. Experimental results and discussion 
3.1. Melting t empera tu res  
Figs. 3a and b show the melting temperature 
(Tin) as a function of pressure for a given crystalliz- 
ation temperature, for specimens crystallized at 
atmospheric pressure. The melting temperature 
increases linearly by approximately 15 K kbar -1 
for both HMF and LMF TPI crystals for all crys- 
tallization temperatures. This increase is very 
similar to that measured for nylon-6 ([18] p. 654) 
where a linear increase of 16 K kbar -1 was observed 
over a similar range of pressures. If no crystal 
thickening occurs on heating to the melting tem- 
perature at pressure, then this increase in melting 
temperature with increasing pressure, for a given 
crystal thickness and degree of perfection, can be 
solely attributed to the change in the thermo- 
dynamic parameters of the system as a function of 
pressure. 

Fig. 4 shows plots of Tm versus Te for TPI 
crystallized at 2kbar. Curve 1 is for specimens 
melted at atmospheric pressure and curve 2 for 
specimens melted at a pressure of  2kbar. It can 
be seen that the lines are parallel with a melting 
temperature difference of approximately 15K 
kbar -1. The increase in melting temperature with 
increasing crystallization temperature is exactly 
the same at pressures of 2 kbar and 1 bar. Further- 
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Figure 3 The melting temperature (T e) as a function of pressure for a given crystallization temperature: (a) LMF 
crystals, (b) HMF crystals. 
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Figure 6 The equilibrium melting temperature (T~ as a 
function of pressure. 

Figure 4 The melting temperature 
(T m) as a function of crystallization 
temperature (Te) for TPI crystallized 
at 2 kbar. Curve 2 is for specimens 
melted at 1 bar pressure and curve 2 
for specimens melted at 2kbar 
pressure. 

more, the increase in melting temperature with 
increasing melting pressure for samples crystallized 
at 2 kbar is 15 Kkbar -1 as it was for specimens 
crystallized at a pressure o f  I bar. 

Fig. 5 shows the melting temperature as a 
function o f  crystallization temperature for TPI 
crystallized at atmospheric pressure and melted 
at atmospheric pressure. Comparison o f  melting 
points of  samples crystallized at a given tem- 
perature, at 1 bar and 2 kbar pressure (Figs. 4 and 
5) and melted at I bar pressure shows a decrease 
in melting temperature o f  approximately 15K 
kbar -1 . This suggests an increase in the equilibrium 
melting temperature o f  approximately 15 K kbar -1 . 
The extrapolation o f  these curves (Fig. 5) to the 
line T m =  Tc using a least-squares analysis yields 
equilibrium melting temperatures o f  87.0 +- 1.3 ~ C 
and 78 .1- - -1 .1~  for HMF and LMF crystals, 
respectively. These values agree closely with those 
reported by Lovering and Wooden [30].  Equilib- 
rium melting temperatures for samples crystallized 
and melted at a given pressure have been deter- 
mined similarly using data o f  the type shown in 
Fig. 4. The equilibrium melting temperature is 
plotted as a function o f  pressure in Fig. 6 and 
both crystal forms show an approximate increase 
o f  15Kkbar  -1. The increase in the equilibrium 
melting temperature with increasing crystallization 
pressure corresponds exactly in magnitude to the 
increase in melting temperature with increasing 
pressure for samples crystallized at a given pressure. 
The major effect o f  pressure, at teast in the range 
I bar to 2 kbar, would seem to be to increase the 
equilibrium melting temperature as a direct result 
o f  pressure on the thermodynamic parameters 
of  the system rather than indirectly via crystal 
thickening or increase in crystal perfection. 
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Figure 7 The variation of lameUar thickness 
(LE) with crystallization temperature (Tc). 
(a) Specimens crystallized at l bar and 
strained 0, 50 or 150% prior to crystalliz- 
ation. (b) specimens crystallized at 2.5 kbar. 

3.2. Lamellar thickness data 
Figs. ?a and b show plots of the variation of 
lamellar thickness (LE) with crystallization tem- 
perature at pressures of 1 bar and 2.5 kbar. At all 
pressures the lamellar thickness decreases with 
decreasing crystallization temperature and LMF 
crystals are always thicker than HMF crystals. In 
Fig. 7a, lamellar thickness values for specimens 
strained 0, 50 and 150% are shown. There appears 
to be no effect of prior strain on the lamellar 
thickness developed during subsequent crystalliz- 
ation. This is not surprising as the strain is almost 
certainly relaxed prior to lamellar crystallization. 
The variation of the lamellar thickness (LE) with 
pressure is shown for LMF, and HMF crystals in 
Figs. 8a and.b, I t  can be seen that the lamellar 
thickness decr ea~es;~w~th increasing pressure at a 
given crystatltza~o~,:~lemperature, at all pressures 
up to 3 kbar,~:Tlfiek chain-extended type crystals 
do not f i3~ ' r~: ;TPi  at pressures below 3 kbar. 
Figs. 9a anff b show the lamellar thickness plotted 

funcfign Qf the supercooling (AT). Both the a s  a 

electron mict0scope' data (LE) and the lamellar 
thickness daia from long-period measurements 
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(Lx)  are included. Lamellar thicknesses are 
included from both sides of the maxima in 
the growth-rate temperature curve. These data 
are not normally attainable for TPI as it is not 
possible to temperature-quench specimens through 
the maxima at atmospheric pressure. However, as 
the maximum growth rate and nucleation rate 
decreases rapidly with increasing pressure [40] 
it is possible to quench a specimen at a pressure 
of 3kbar to any other temperature through the 
maxima at 3kbar. The pressure can then be 
lowered to any value and the specimen crystallized 
at the new temperature and pressure. It is difficult 
to maintain thin film coherency during this 
pressure-quenching step and most of the lamellar 
thickness data for low-temperature, low-pressure 
crystallization is derived from the long-period 
measurements (Fig. 9a) rather than from electron 
microscope measurements. In the "case of high- 
pressure crystallization, lamellar thickness data are 
available from both sources over the whole tem- 
perature range (Fig. 9b). The agreement between 
the measurements from the two sources is very 
good. This may be rather fortuitous as the electron 
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Figure 8 The variation of lamellar thickness (LE) with pressure for a given crystallization temperature: (a) LMF crystals, 
(b) HMF crystals. 

microscope lamellar thickness is a minimum value 
and the long-period lamellar thickness an "average" 
value subject to the uncertainty discussed earlier. 
It can be seen from Figs. 9a and b that a given 
lamellar thickness is obtained at a given super- 
cooling independent of pressure of crystallization 
for both HMF and LMF crystals. 

Fig. 10 shows the reciprocal of the lamellar 
thickness plotted as a function of crystal melting 
temperature, measured at atmospheric pressure. 
Some data points have been excluded as they 
superimpose on those plotted. It can be seen that 
crystals of  a given thickness melt at a given tem- 
perature independent of  temperature or pressure 
of  crystallization. This suggests that crystals of  
the same form are obtained at pressures up to 
3 kbar and that no significant thickening occurs. 

The secondary nucleation theory of polymer 
crystallization represents the lamellar thickness 
of polymer crystals as a function of supercooling 
ATby  an equation of the form [41,42], 

2ae T ~  
L - + 6 l  

Zk[-Im A T 

where oe is the fold surface energy, and AH m is 
the enthalpy of melting. If the terms within 6l 
are small, the lamellar thickness should be linearly 
related to the ratio of the equilibrium melting 
temperature (T ~ ) and the supercooling (AT). 
The lamellar thickness is plotted as a function 

of T ~  in Fig. 11. The data obtained at crys- 
tallization pressures of 0.5, 1.5,2.5 kbar is excluded 
as are some data points from the other pressures 
as the points superimposed on those plotted. The 
equilibrium melting temperatures, measured at 
pressure, are used for pressures up to 2.0kbar. 
The values of  the equilibrium melting tempera- 
tures at a pressure of 3.0kbar are determined by 
extrapolation of the plots in Fig. 6. It can be seen 
that the data for all pressures, for both HMF and 
LMF crystals fall close to the same line. The 
ratio Oe/Z~r-/rn is, therefore, nearly independent 
of  pressure and equal for both crystal forms. This 
suggests that the effect of  pressure is only to 
increase the equilibrium melting temperature and 
that crystals of  the same form growing by the 
same basic mechanism occur at all pressures up 
to 3.0 kbar with little thickening. 

If the melting enthalpy (2d-/m) as a function 
of pressure were known it would be possible to 
calculate the surface energy %. It should be noted 
that the 2ff/rn required in this case, is that resulting 
directly from the effect of pressure on the melting 
of crystals via the Clausius-Clapeyron equation 
as no significant increase in ~r/m is anticipated 
due to crystal thickening or increase in crystal 
perfection. Unfortunately, no reliable molar 
volume changes (Vm) are available and hence an 
accurate calculation is not possible at this time. It 
is not even possible to guess at the sense of the 
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TABLE I Values of a e for LMF and HMF trans-polyisoprene crystals 

Reference Method Oe(J m -x) 

HMF LMF 

[291 

[431 

[441 

Present work 

Lamellar thickness from thin film 
electron microscopy melt-grown 

X-ray diffraction of stacks of 
solution-grown crystals 

From X-ray long period, bulk-grown, 
assuming crystallinity 40 to 50% 

LameUar thickness from 
electron microscopy + from X-ray 
long period 

60.1 x 10 -3 45.1 x 10 -~ 

72 x 10 -3 47 x 10 -3 

4 1 - . 5 1 x 1 0  -3 

6 4 • 2 1 5  10 -3 5 0 •  -3 

Values of AH m for HMF and LMF crystals are taken to be 

z3J-/m change with increasing pressure, because as 
has been pointed out in Section 1, both no change, 
increases and decreases have been observed for 
various polymers. If AH m is assumed to be 
pressure-independent as is effectively observed for 
branched polyethylene [8, 19] then values of  Oe 
can be calculated. Values of  Oe/Z2Ut/m determined 
from the slopes of  individual plots of  the type 
shown in Fig. 11 range from 0.30 to 0 .36nm -1. 
There is a suggestion of  an increase but this cannot 
be stated categorically at this stage as the confi- 
dence limits on the slopes overlap. The average 
fold surface energies for LMF and HMF crystals 
are 50 -+ 7 x 10 -3 J m  -2 and 64 + 8 x 10 -3 J m  -2. 

These values are compared with other published 
values in Table I. It can be seen that there is good 
agreement between the high-pressure values and 
the values for solution-grown, melt-grown in thin 
films, and bulk-grown crystals. This suggests that 
the crystals are of  the same form in all cases. The 
values o f  o e calculated at each pressure range from 
56 to 7 2 x 1 0 3 J m  -2 and 43 to 5 4 x 1 0 3 J m  -2 
for HMF and LMF crystals, respectively. It is 
possible that o e may increase with increasing 
pressure of  crystallization if AH m is pressure- 
independent. 

E c 

c 

E 

�9 ~ [ ~  L j ~  ~ IC lj 
,C 

1, 
r ~  i i i J , , L , I 

10 115 2 0 

T~  / AT 

1.98 X 108 and�88 X 1.98 X 108 J m-% respectively [45]. 

4. Conclusions 
The melting temperatures of  TPI crystals grown at 
1 bar pressure increase by 15 K bar -1 as a function 
of  melting pressure. This increase is a direct result 
o f  the changes in the thermodynamic parameters 
o f  the system as a function of  pressure and is not 
due to crystal thickening. The measured equilibrium 
melting temperatures of  both HMF and LMF TPI 
crystals, crystallized at pressure, increase by 
approximately 15Kkbar  -1 over the pressure 

' range 1 bar to 3kbar.  The increase in the equi- 
librium melting temperature can be attributed 
directly to the effect of  pressure on the melting 
point and does not result from crystal thickening 
or increases in crystal perfection. Lamellar crystals 
of  a given thickness melt at the same temperature, 
at 1 bar pressure, independent of  the temperature 
or pressure of  crystallization. The crystal thickness 
determined by both transmission electron micro- 
scopy and via long period measurements depend 
largely on the supercooling at all pressures. 

The major effect of  pressure on the thickness 
of  TPI crystals grown at pressures o f  1 bar to 
3 kbar is clearly via the increase in the equilibrium 
melting temperature. Crystals of  the same form 

L~4F HNF Pc 

a o 1 bet 

o 1.0 kbor 

e 2.0 

�9 �9 310 

Figure 11 The lamellar thickness as a 
function of the ratio T~ 
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grow over  the  who le  pressure range b y  t he  same 

basic  m e c h a n i s m .  At  a given c rys ta l l i za t ion  t em-  

pe ra tu re  t he  lamel lar  th ickness  decreases  w i th  

increas ing  c rys ta l l i za t ion  pressure .  Crysta l  th i cken-  

ing is n o t  obse rved  and  at n o  t e m p e r a t u r e  do  t h i c k  

c h a i n - e x t e n d e d  t y p e  crysta ls  grow. 
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