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The effect of pressure on the growth rate
of trans-1, 4-polyisoprene crystals at
pressures of 1bar to 3.5 kbar

C. K. L.DAVIES, M. C. M. CUCARELLA*

Department of Materials, Queen Mary College, Mile End Road, London E1 4NS, UK

The growth rates of both low-melting form and high-melting form trans-1, 4-polyisoprenc
crystals have been measured in thin films by transmission electron microscopy over a
range of pressures up to 3.5 kbar. The effect of pressure is to shift the growth rate versus
temperature curves to higher temperatures and to cause a continuous decrease in the
maximum with increasing pressure. The variation of the crystal growth rate with
temperature can be represented, at all pressures, by an equation derived from secondary
nucleation theory. The variation of the crystal growth rate with increasing pressure can
be largely accounted for by the measured increase in the equilibrium melting temperature
of 15 K kbar ™! and the calculated increase in the glass transition temperature of 20 K
kbar~!. The decrease in the maximum growth rate with increasing pressure results from
the continuous decrease in (7%, — 7). It is suggested that crystals of the same form,
grow by the same basic mechanism as at atmospheric pressure and that the major effect
of pressure is on the melt rather than on the crystals.

1. Introduction

Although comnsiderable work has been carried out
on the effect of pressure on polymer crystallization
(for reviews see [1—4]) much less data is available
on the effects on kinetics of crystallization. While
crystallization rates can be determined by following
the crystallization process as a function of temper-
ature and time at pressure, the measurement of
crystal growth rates requires the ability to stop
crystallization at a given time while the specimen
is under pressure. The crystallization rate ata given
temperature was found to increase with pressure
for poly (hexam-etilen succinate), but to decrease
if crystallization is carried out at a given super-
cooling [5]. In the case of the co-polymers, poly
(ethylene propylene) and poly(ethylene butene)
the crystallization rate at a given temperature de-
creases as a function of pressure [6—8]. Crystal
growth rates have been measured at pressures
up to 3.5 kbar for cis-1, 4-polyisoprene [9, 10].
The major effect of increasing pressure was re-
ported to be that of increasing the supercooling

with increasing pressure for crystallization at a
given temperature, as a result of the increase in
the equilibrium melting temperature. The growth
rate versus temperature curves were therefore
displaced to higher temperatures with increasing
crystallization pressure. The growth rate maxima
increased with pressure up to 1.5 kbar and there-
after remained approximately constant. If the in-
crease in equilibrium melting temperature with
increasing pressure is a general phenomena, then
whether the crystallization or crystal growth rate
at a given temperature, increases or decreases with
pressure will depend on the temperature of com-
parison.

The present work reports crystal growth rate
data for trans-1, 4-polyisoprene (TPI) at pressures
up to 3.5 kbar. This unsaturated polymer was
studied as it is possible to stop crystallization at
pressure by a reaction with osmium tetroxide
vapour. Crystallization was carried outin thin films
of the polymer as it was then possible to study
morphology, lamellar thickness and crystal growth
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rate simultaneously by transmission electron micro-
scopy. Studies of this type have been carried out
on TPI at atmospheric pressure and both the
morphology and kinetics of crystallization are well
documented [11, 12]. The polymer crystallizes
in two forms; low-melting form (LMF) and high-
melting form (HMF), with equilibrium melting
temperatures of 78 and 87° C [13]. LMF spherulites
contain only crystals with an orthorhombic unit
cell and HMF spherulites crystals with a monoclinic
unit cell [11, 14, 15]. The existence of the two
polymorphs allows astudy to be made of the effect
of pressure on the two crystal growth rates in the
same melt.

The effect of pressure on actual melting tem-
peratures and on the equlibrium melting tempera-
tures of both LMF and HMF crystals has been
reported previously [4]. All the melting tempera-
tures increase continuously over the range of
pressures studied by 15 K kbar ™ for both crystal
forms. This increase was a direct result of pressure
on the thermodynamics of the system and was not
a result of lamellar crystal thickening or increase
in crystal perfection. The lamellar thickness was
measured by both this film transmission electron
microscopy and via low-angle X-ray studies [4]
over the pressure range 1 bar to 3.0 kbar. It was
found that crystals of a given thickness were
formed at a given supercooling independent of
the pressure of crystallization. At a given crystal-
lization temperature the thickness of the crystals
decreased withincreasing pressure. “Chain-extended
type” crystals were not formed. It was suggested
that crystals of the same form grew, at all pressures
studied, by the same basic mechanism. The deter-
mination of growth rate data was, in part, carried
out to investigate this hypothesis and to determine
the validity of existing theories of crystal growth
over a range of pressures.

2. Experimental details

2.1. Materials

The trans-1, 4-polyisoprene was prepared by puri-
fication of a commercial grade of gutta percha* by
solution and reprecipitation [4, 11]. Thin films for
transmission electron microscopy, 100 nm thick.
were prepared on a water surface from a 1%
solution in benzene as reported previously [4, 11].
Some films were strained prior to crystallization
using the method devised by Andrews [16]. All
films were melted at pressure prior to crystal-

*Supplied by Penfold Golf Ball Ltd., Birmingham, UK.
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lization. The molecular weight (My) of the melted
sample was 3.0 x 10%.

2.2. High-pressure apparatus

The high-pressure system was originally constructed
by Edwards and Phillips [10] and was based on a
Crawford’s design [3]. Details of the modified
apparatus are given elsewhere [3]. The pressure
is generated by a two-stage intensification of the
pressurizing medium, which in the present study
was high-purity argon gas. The first stage intensi-
fication was carried out by a gas pump, operated
via a standard compressed air line. The final
pressure was achieved by a high-pressure inten-
sifier operated by means of a compressed air-
driven oil pump. The pressure was determined by
following the change in resistance of manganin
coil with pressure, which was built into the system.
The crystallization vessel was operated at pressures
up to 3.5 kbar. 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 growth rates

Following crystallization at a given pressure and
temperature for a given time, the thin films were
examined in a JEM 7 electron microscope operated
at 100kV. HMF and LMF crystals were dis-
tinguished by either their respective electron dif-
fraction patterns [14, 15] or by the difference in
melting temperatures [4, 13] and by the obvious
difference in growth rates [12]. The growth rates
were determined by measuring the longest length
of a crystal (strained films, Fig. 1a), and the
largest diameter of a spherulite (unstrained films,
Fig. 1b) after a given crystallization time. The
crystal morphology observed showed no significant
differences over the pressure range studied.

3. Results and discussion

3.1. Growth-rate data

The variation of LMF spherulite diameter with
time at various crystallization temperatures and at
a pressure of 2.0 kbar is shown in Figs. 2 and 3.
The growth rate is seen to be constant over the
range of times investigated. The data points in Fig.
2 are for temperatures below the growth rate
maxima and in Fig. 3 for temperatures above the
maxima. The data for HMF spherulites at a pressure
of 2.0 kbar are of a similar form as are the data at



Figure 1{a) Electron micrograph showing crystal in a film strained 100% and crystallized at 1 kbar and 60° C for 46
min. Scale bar = 1 um. (b) Electron micrograph showing a spherulite in a film cyrstallized at 80° C and 2 kbar for 4 h.

Scale bar =1 um.

all pressures studied. The growth rates at all tem-
peratures and pressures are plotted for LMF
crystals in Fig. 4 and for HMF crystals in Fig. 5.
The method of calculation of the curves which
are drawn through the data points will be given
later.

It can be seen in Figs. 4 and S that the range of
temperatures over which crystallization could be
studied was shifted to higher temperatures as the
applied pressure increased. The temperature at
which the growth rate maxima occurred increased
with increasing pressure by approximately 15K
kbar™' for both crystal forms. The crystal growth
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Figure 2 Variation of LMF TPI spherulite diameter with
time at various crystallization temperatures at 2.0 kbar.

rate at the maxima decreased continuously with
increasing pressure. It is clear that if this trend
continues, at higher pressures crystal growth will
effectively cease.

At atmospheric pressure it is not normally
possible to measure TPI crystal growth rates at or
below the growth rate maxima [12, 17-19}. As
is common to some other polymers, the rate of
crystallization at the maxima is too fast to allow
measurement to be made and attempts at
quenching through the maxima result in crystal-
lization on cooling at a temperature above the
maxima. However, with increasing pressure the
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Figure 3 Variation of LMF TPI spherulite diameter with
time at various crystallization temperatures at 2.0 kbar.
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Figure 4 LMF TPI spherulite
growth rate as a function of
crystallization temperature for
various crystallization pressures.
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growth rate at the maxima decreases, to the extent
that quenching through the maxima at pressures of
2 kbar and above prevents crysialiization occuring.
This allows the growth raie to be measured at tem-
peratures below the maxima at these pressures
(Figs. 4 and 5). The molten polymer at 100° C
and 2 kbar can be quenched to any temperature
without immediate crystailization occurring. If the
pressure on the sample is now reduced, the growth
rate can be measured at a temperature below the
growth rate maxima for any pressure below 2 kbar
(Figs. 4 and 5). However, it is still not possible to
measure the very fast growth rates at the maxima
at pressures below 2 kbar.

Both crystal forms were observed at all crystai-
lization pressures. At a given temperature and
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growth rate as a function of
crystallization temperature for
various crystallization pressures.

pressure HMF crystals grew faster than LMF
crystals. The value of the maximum growth rate
and the range of temperature over which crystal-
lization occurs changes in exactly the same way
with increasing pressure for both LMF and HMF
crystals (Figs 6 and 7). The maximum growth
rate occurs at the same temperature, at any given
pressure for both HMF and LMF crystals. The
growth rate versus temperature curves remain
symetrical about this temperature at all pressures.
It would therefore seem that the effect of pressure
is primarily on the properties of the melt rather
than on the crystal structure or morphology.

Using the previously measured equilibrium
melting temperatures [4], the crystal growth rates
for HMF and ILMF crystals are plotted as a function
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Figure 6 LMF and HMF TPI spherulite growth rate as a
function of crystallization temperature at 1 bar.
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Figure 7 LMF and HMF TPI spherulite growth rate as a
function of crystallization temperature at 2.0 kbar.

of degree of supercooling at pressures of 1 bar and
2 kbar in Figs. 8 and 9. The curves for LMF and
HMF crystals cross at a temperature just above
the growth rate maxima in the LMF curve at a
degree of supercooling of 40° C at all pressures.
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Figure 8§ LMF and HMF TPI spherulite growth rate as a
function of degree of supercooling at 1 bar.
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Figure 9 LMF and HMF TPI spherulite growth rate as a
function of degree of supercooling at 2.0 kbar.

This is as predicted at atmospheric pressure when
only data above the maxima was available [12].
This again suggests that the major effect of
pressure is on the melt rather than on the crystal
properties. The HMF crystals have faster growth
rates than LMF at large supercoolings, while LMF
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crystals grow faster than HMF crystals at small
supercoolings. This occurs as the available driving
force for growth is initially larger for LMF crystals
(due to the relatively small surface energies) but
increases much more rapidly with increasing super-
cooling for HMF crystals [4, 12].

At low temperatures, the majority of spherulites
observed are of the LMF type. This is clearly not
a consequence of relative growth rates as HMF
crystals grow faster than LMF crystals at a given
temperature and pressure. The maximum nucleation
density occurs at approximately the same tem-
perature as the maximum growth rate at all
pressures. The nucleation density decreases with
increasing pressure in the same way as the growth
rate. The nucleation density of the HMF crystals
relative to that of the ILMF crystals diminished
with decreasing crystallization temperature at all
pressures. This leads to an increasing preponderance
of LMF spherulites at low temperatures. The fact
that the nucleation density for both LMF and
HMF crystals changes in the same way with in-
creasing pressure again suggest that the primary
effect of increasing pressure is on the melt rather
than on the structure and properties of the crystals.

4. Analysis of crystal growth rate

4.1, Growth-rate equation

If crystal growth of chain-folded crystals at a
temperature T, can be described by a secondary
nucleation model [20], the linear growth rate can
be represented by an equation of the form

G = Goexp [-U"JR(T—Tx)

exp (— abo 0,/AGKT)] . )
The first exponential is a mobility term and con-
tains the activation energy (U™) for transport of
“segments” of molecules o the site of crystal-
lization. Tw is a hypothetical temperature where
all motion associated with viscous flow ceases,
and is somewhat below the glass transition tem-
perature. R is the gas constant.

The second exponential is a driving force term
and contains the Gibbs free energy change on crys-
tal formation (AG,) and the work perarea to create
the fold surfaces (o.) and side surfaces (o). The
value of o will be 4 if only one nucleus per growth
force is formed (regime I) and 2 if multiple nu-
cleation occurs on the growth force (regime 2).
b is the thickness of the layer added to the growth
face measured in the growth direction and k is the
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Boltzman constant. The pre-exponential factor
G, contains terms largely insensitive to tempera-
ture compared to the exponential terms. It con-
tains the segmental jump frequencies and has
dimensions of length per time.

4.2. Growth-rate parameters

In order to compare the predictions of Equation 1
with the present growth-rate data it is first necess-
ary to make some estimate of the temperature
dependence of the free energy change AG.. At
very small supercoolings, if the enthalpy and en-
tropy changes are assumed temperature indepen-
dent

AT

AGCZAHCF ,
m

2
where AH, is the enthalpy change at T2, on crystal
formation and TY, the equilibrium melting tem-
perature. This estimate is likely to be inaccurate
for the present data as AH, is temperature de-
pendent. At higher supercoolings better estimates
are [21,22]

AT T
AG, = (AH, =)= 3
e ©)
AT 2T
AG, = — Vl=].
‘ (AH° T?n) (T?n+T) )

Equations 3 and 4 will both be tried in Equation 1
and the second exponential will be represented as;

—aboo,, . Ky
X aor) ~ el O
with .
aboo, T
K, =—-¢c-m
£ AH K ©)
and
2T
F = (TIT’Yor F = . 7
@yt = (). O

Independent measured values of U™ and T, do
not exist, partly as it is not clear what “segment”
lengths are involved in the thermally activated
transport process. U” and T can either be con-
sidered as ajustable parameters or the term approxi-
mated by Williams—Landel—Ferry relation [23]

L _.__ & ®)
R(T—T«) R(C,+T—Ty)’
where Ty is the glass transition temperature; C,

and C, are constants taken to be 17.24 kj mol !
and 51.6° C respectively.
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4.3. Computing methods
Two computing methods were employed in an
attempt to fit the data to Equation 1. In both
cases the numerical value of the mobility ex-
ponential term must be equal, at a given tem-
perature, for both HMF and LMF crystals as they
grow from the same melt.

The first method uses the “universal” WLF
constants. The growth rate Equation 1 becomes,

G
2303R(Cy + T—Ty)

o KeTm
2.303 T2 (AT)

log G

]

log Goy —

©)

G
2303R(C, + T —Ty)

K (Tt 1)
4.606 T? (AT)’

log G = log Gop —

(10)

after substitution of Equations 5 and 8 and taking
logarithms. Equation 9 uses the first value for F
given in Equation 7 and Equation 10 the second
value. The two equations were fitted to both the
LMF and HMF data. The optimal values for G,

and K, were determined by a least-mean square
analysis of the experimental data. The values of
the equilibrium melting temperature are 87 and
78° C, respectively, and increase by approximately
15K kbar™* [4]. The value of T, at atmospheric
pressure is —60° C [19] but unfortunately no
values are available at higher pressures. The least-
square analysis was therefore carried out fitting
the straight line for different values of Ty and
selecting the best fit. The fit corresponded to an
increase of Ty of 20 K kbar™'. An example of the
regression lines used to determine Ky and G,
from Equation 9 and 10 is shown in Fig. 10.
The calculated values of K, and G, for LMF
crystals are given in Table I. It can be seen that
the value of K remains almost constant with in-
creasing pressure and does not depend strongly on
the approximation used for F. The correlation
factor is also similar for both calculations. The
value of G, also remains almost constant with in-
creasing pressure but is significantly different de-
pending on which approximation for £ is used.
Equation 10 was used to draw the curves through
the data in Figs. 4 and 5 using the calculated values
of Ty, Gy, K and the measured values of 70 . The
curves are seen to fit the data well.

T A B L E 1 Fitting of the growth-rate equation using WLF constants. LMF crystals

TIT? f 2T

P, = o =

(kbar) T+ T v
Kg, X 107° Gy, c.cl Ky, Goa c.c.2
(K2) (msec™) (K™%) (m sec™?)

1Xx1073 0.83 3.6 0.9997 0.81 1.9 0.9997

0.5 0.86 3.8 0.9998 0.84 2.1 0.9997

0.7 0.86 3.7 0.9987 0.84 2.0 0.9985

1.0 0.83 2.9 0.9990 0.81 1.6 0.9992

2.0 0.86 2.7 0.9990 0.84 1.6 0.9992

3.0 0.91 2.8 0.9993 0.90 1.7 0.9992

3.5 0.96 3.8 0.9985 0.95 23 0.9983
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The second method of calculation used a modi-
fication of the Susuki and Kovacs method [22].
This method fits the pair of equations derived
from Equations 1 and 5.

U*
GHMF _ HMF ___ Y
log log Go 2303R(T — T.0)
LMF
2303 T(AT)F
and

U

los GLMF — 100 (G, LMF _
8 8 o 2303R(T — T)

LMF
Kg

2303 T(ADYF’ (12)
using a maximization of the Pearson correlation
coefficient. The method was applied using the two
values of F given in Equation 7. Gy and K were
nominated as dependent variables and U * and T
were allowed to vary independently. The maxi-
mum correlation coefficients for U” and Tw were
calculated and then a total maximum for all U”*
and Tw was found for each crystal form. The
product of the maxima for each crystal form was
then maximized. From these values, of U™ and
T, a simple linear sum of square regression was
carried out to determine G, and Kg. Using this
procedure the majority of U * values lay in the
range 19000 to 22000  mol™' but at some
pressures U™ oscillated critically. This almost
certainly occurs due to the lack of data near some
growth rate maxima. It was decided to average
out the value of U™ for various pressures and to
fix this value at 21 700 J mol ™" at each pressure.
The best value of Tw at each pressure was then
determined by maximizing the correlation coef-
ficient. The calculated values of G,, Tw and Ky
are given in Table II. As with the first method,
the values of K, do not change significantly with
increasing pressure and they are largely insensitive
to the approximation used for F There is, how-
ever, a tendency for K, for HMF crystals to in-
crease at high pressures. T is found to increase by
approximately 20 K kbar™'. The value of G, is
largely pressure-independent but tends to increase
at the highest pressure.

It is clear that using either computing method the
growth-rate data at all pressures can be fitted to
Equation 1, with T or T increasing by 20 K kbar™*
and using the measured increase of T of 15K
kbar™!. Gy and K are largely pressure-independent
but tend to increase at the highest pressure.
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4.4. Surface energies

K, is given by Equation 6 with « = 4 for regime I
crystallization and a =2 for regime Il crystal-
lization. The calculation of surface energies requires,
therefore, knowledge of the basic secondary nu-
cleation growth mechanism. Following the pro-
cedure suggested by Hoffman et al. [24] and using
the calculated values of K, it was estimated that
crystallization took place by a regime II type
mechanism at most temperatures. At very low
supercoolings an intermediate regime may operate.
The calculation of surface energies from the cal-
culated values of K, using Equation 6 was there-
fore carried out using o = 2, i.e.

2boo, T

AT (13)

Koy =
This implies that crystal growth takes place by
multiple nucleation on the growth face. AH, is
taken to be equal to AH,, the enthalpy change on
crystal melting.

To calculate oo, from Equation 13 requires
a knowledge of the variation of AH,, with crystal-
lization pressure. It has been pointed out previously
[4] that the AH,, required in this case is that re-
sulting directly from the effect of pressure on the
melting of crystals via the Clausius—Clapeyron
equation, as no increase in AH, is anticipated due
to crystal thickening or increase in crystal per-
fection. Unfortunately, no reliable molar volume
changes, as a function of pressure, are available
and hence it is not possible to estimate the wvari-
ation in AHp. It is not even possible to guess
at the sense of the AHp, change with increas-
ing pressure as both no change, increases and
decreases have been observed for various poly-
mer [3, 4]. If AHp, is assumed to be pressure-
independent as is effectively observed for
branched polyethylene [4, 25], then values
of 00, can be calculated.

The calculated values of oo, for HMF crystals
are given in Table III together with the values of
0 previously determined from the lamellar thick-
ness data [4] and the derived o values. The K,
values agree well with previous determinations
from crystallization at atmospheric pressure [12]
but the oo, values differ by a factor of 2 due to
the previous assumption of growth by a single
nucleus per growth face (regime I). It can be seen
that there is a tendency for ¢ to decrease with in-
creasing crystallization pressure with ¢, tending
to increase.
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TABLE III Surface energies for HMF crystals

Pe 9% 1on ao} X 10° od X 10° o 10°
(kbar) AH (J*m™) Im™) Im™)
(m™)
1X 107%5.05 1000.7 56.9 17.6
0.5  4.95 980.3 61.4 16.0
07  4.88 966.2 - ~
1.0 4.81 953.3 59.9 15.9
20 5.10 1009.0 69.9 143
3.0 511 1012.7 71.8 14.1
3.5 5.6 1101.7 ~ -

*Calculated considering AH,,, pressure-independent.
T Obtained from lamellar thickness data.

5. Conclusions

The crystal growth rate versus temperature curves
for both LMF and HMF TPI crystals are of the
same form at all pressures studied. Crystallization
at increasing pressure shifted the curves to higher
temperature ranges and the maximum crystal
growth rate was observed to decrease continuously
with increasing pressure. The growth rates of both
LMF and HMF TPI crystals vary with pressure in
exactly the same way over the pressure range
studied.

The variation of the crystal growth rate with
temperature can be represented at all pressures by
an equation derived from the Lauritzen and
Hoffman Kinetic theory [20]. The variation of the
crystal growth rate with increasing pressure can be
largely accounted for by the measured increase in
7%, of 15K kbar ! and the calculated increase in
T, of 20K kbar™!. The increase in both these
parameters occurs directly as a result of pressure
on the thermodynamics of the system and not in-
directly as a result of crystal thickening or increase
in crystal perfection. It is suggested that over the
pressure range studied, crystals of the same form
grow by the same mechanism as at atmospheric
pressure. The major effect of pressure is on the
melt rather than on the crystals.

The decrease in the maximum growth rate with
increasing pressure results from the continuous de-
crease in (79, — Tg). If this decrease continues,
crystal growth by the low-pressure mechanism
will effectively cease at some finite pressure. If
chain-extended crystals are to form at higher
pressures, in a finite time, then growth must occur
by a different mechanism. This mechanism would
require a much more efficient system of transport
of molecules to the crystal and may involve
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ordering of groups of molecules in the melt prior
to the formation of crystals with definite bound-
aries.
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