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ABSTRACT: Isothermal crystallization of isotactic polypropylene at high pressures (from 200 to 250
MPa) have been carried out using a high-pressure dilatometer leading to a pure y-form, as revealed by
WAXD. The melting temperatures at the same pressures have been determined to assess the pressure
effect on the equilibrium melting temperature by the Hoffman—Weeks analysis. The crystallization times
have been analyzed according to the Hoffman—Lauritzen theory and corrections introduced to take into
account the pressure effects on both the equilibrium melting temperature and the diffusion process. This
analysis showed a transition from crystallization regime Il to regime 111 for an undercooling of 53.7 K.
The lateral and fold surface free energies were evaluated. Furthermore, the morphology of the samples
investigated by polarized light microscopy, density measurements, and SAXS depends only on the
crystallization undercooling, as a result of the influence of pressure on the equilibrium melting
temperature. Moreover, the lamellar thickness experimental data agree well with the theoretical

calculation.

Introduction

Isotactic polypropylene (iPP) can crystallize in several
forms denoted o, 8, and y. The monoclinic o phasel?
was first established by Natta and Corradini. The
pseudohexagonal f structure, despite its discovery many
years ago,® has been elucidated only recently.*> Among
these crystalline structures, the y form is certainly the
most peculiar considering the nonparallel chain axes,
coexisting in the orthorhombic unit cell which was first
proposed by Bruickner and Meille.%” Along the c-axis of
the cell, 4 bilayers of helices range with a tilt of 81° from
one to the other (at +£40° to the lamellar normal). This
peculiar structure, unique for polymers, is now well
established.®® At atmospheric pressure, the y phase
appears under various conditions, for instance when the
polymer chains are short? or in the case of a copolymer
ethylene-propylene with a small amount of ethylene.11.12
However, the main way to obtain y structure for a high
molecular weight homopolymer is to perform crystal-
lization under high pressure;”3 this structure becoming
dominant at pressures higher than 200 MPa.1415

There are several morphological analyses of the y
phase of iPP obtained under high pressure described
in the literature. Mezghani and Phillips reported im-
portant works concerning the phase diagram of iPP and
the equilibrium melting point of the y phase.16~18 Among
different techniques, they used a high-pressure cell
mounted on a microscope under cross-polar conditions
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allowing them to observe the spherulites growth and
to measure the pressure dependence of the melting point
up to 200 MPa. Particularly, they showed that the
birefringence of the pure y-form spherulites can be
positive or negative depending on the crystallization
undercooling®” in relation to the crystallization regime.*®

Besides, the crystallization kinetics under high pres-
sure can be studied by dilatometry but experimental
data for iPP are limited?®?! and not specifically dedi-
cated to the y phase. In the present work, the dilatom-
etry is used to analyze the crystallization of iPP for
pressures higher than 200 MPa in order to ensure the
dominance of the y structure and thus to avoid a mixing
of oo and y phases. The crystallization Kinetics is
discussed on the basis of the Lauritzen—Hoffman equa-
tion, and the resulting morphology is studied.

Theoretical Background

Crystallization Kinetics. The surface nucleation
theory of Lauritzen and Hoffman?2223 is widely used to
describe the crystallization growth from the melt.
Recently, Hoffman and Miller?* published a very com-
prehensive paper revisiting the theory and incorporating
new developments. The spherulite or axialite linear
growth rate for a temperature T can be expressed by
the well-known equation

_ —-U* K,
G =G, exp[R(T = Tm)] EXp[T(AT)f] 1)

where the preexponential factor Gy is almost indepen-
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dent of the temperature. The first exponential term of
eq 1 accounts for the chain motion in the melt?> where
R is the gas constant, T. is a temperature often close
to Ty — 30 K, and U* is an energy parameter similar to
an apparent activation energy of motion. In this paper,
the used value of T, is 233 K26 and U* is assumed to be
close to 6280 J/mol since this value is generally applied
to polypropylene.?327-2% This mobility factor can also be
replaced by an alternative expression such as exp[—Q*p/
RT] where Q*p is the activation energy for the diffusion
mechanisms such as reptation.3® Other theories invok-
ing the concept of cooperativity can also be used, leading
to a different mobility factor.31:32 The second exponential
term contains the secondary nucleation effect on the
growth front. In this term, AT = T2 — T is the
undercooling, where T% is the equilibrium melting
temperature; f = 2T/(Tﬁ1 + T) is a correction factor
used for the variation of the heat of fusion with the
temperature. The parameter Kq can be expressed as

jbOOGeT%
k(Ahy)

g

)

where j = 2 for regime Il and j = 4 for regimes | and
I11, bo is the crystalline layer thickness, Ah; is the heat
of fusion per unit volume, o¢ is the fold surface free
energy, o is the lateral surface free energy, and k is the
Boltzmann constant. Knowing the growth rate G, one
obtains the value of Ky from a plot of In G + U*/R(T —
To) vs LFT(AT).

Lamellar Thickness. From the surface nucleation
model, the initial lamellar thickness can be obtained??24

= ZO'eT?n
9 AhAT

+6 3)

where ¢ is given by

kT [a,ANAT + 40T?,
2b0| agARAT + 20T,

“4)

ap is the width of the tertiary crystalline germ likened
to the molecule width.

In eq 4, the lateral surface free energy o must be
determined by another way than eq 2 which provides
only the product ooe. Hoffman33 suggested a relationship
between the lateral surface free energy and the char-
acteristic ratio of the polymer chain C3*

_ apAhyl,
- 21,C, ®)

where |y is the C—C bond length and I, is the C-C
distance as projected along the chain axis.

Thus, combining eq 2 with eq 5, an expression of o
is obtained:

_ 2KK,C.l,

- jaobOT?nIb

e (6)
Experimental Section

Material. The studied isotactic polypropylene was supplied
by the company Atochem. This homopolymer was obtained
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Figure 1. Typical variations of the specific volume for various
crystallization temperatures (P = 200 MPa).

using the Ziegler—Natta catalysts process. The molecular
weight characteristics of this material were: M,, = 234 000
g/mol, 1, = 5.2 (measured by Atochem) with an isotactic dyads
content of 93.1% determined using *H NMR.

Dilatometry Measurements. The main part of the experi-
ments on crystallization kinetics was performed using a high-
pressure dilatometer PVT100 from SWO Polymertechnik
GmbH which yields the variation of the length of the sample
(about 15 mm) between a fixed and a mobile pistons in a
pressure cell of 7.7 mm of diameter. The weight of the sample
is about 0.6—0.7 g. The length is then converted into specific
volume. This setup can operate between 15 and 250 MPa.

Isothermal crystallization experiments were carried out
using the following procedure: the polymer sample was heated
to 483 K under atmospheric pressure during five minutes.
Then, it was cooled to the desired crystallization temperature
T (in the range from 443 to 467 K). Afterward, the desired
pressure P was applied. This procedure allowed to reach the
suitable temperature and pressure conditions before the
beginning of the crystallization since the raise of the pressure
is fast. Typical curves of specific volumes are shown in Figure
1. From the evolution of the specific volume vs time, the
relative crystallinity a(t) is obtained according to

Xn®) Vo — V(D)

a(t) N (xm)oo B VO - Voo

@)

where Xy (t) is the mass crystallinity at the time t, (Xm). is
the mass crystallinity at the end of the experiment, and Vo,
V(t), and V., are the specific volumes at t = 0, at time t and at
the end of the experiment, respectively.

After each isothermal crystallization, the sample was cooled
to room temperature without releasing the pressure. Then, the
melting temperature of the sample was measured under the
same pressure using an isobaric heating at 5 K/min. The
corresponding melting temperature T, was then chosen at the
halfway point of the melting transition as shown in Figure 2.

Polarized Light Microscopy. The spherulites were ob-
served by Polarized light microscopy with a Leitz Orthoplan
microscope in microtomed sections of samples crystallized at
high pressure in the dilatometer.

X-ray Structural Characterization. The morphology of
the high-pressure crystallized samples was studied by wide-
angle X-ray diffraction (WAXD) and small-angle X-ray scat-
tering (SAXS) using Cu Ka radiation.

Wide-angle X-ray diffraction experiments were carried out
on the high pressure isothermally crystallized samples (rang-
ing between 200 and 250 MPa) and compared with a low-
pressure crystallized sample (15 MPa). The diffraction pat-
terns, after subtraction of the amorphous component are
shown in Figure 3 where the indexing have been carried out
from the a-iPP23 and y-iPP53 cell parameters. For crystal-
lization pressure greater than 200 MPa, the (130) peak
characteristic of the o phase at the scattering angle 26 of 18.6°



4140 Angelloz et al.

12 —
5
§11s ,
o
£
3 - (Va-Vs)
> Va-Vs
2 2
% 1.1 4 \ / \ 4
@
-3
? /
Ty
1.05

420 470 520 570
Temperature (K)

Figure 2. Typical specific volume curve during isobaric
melting experiment (P = 200 MPa, heating rate 5 K/min,
previous crystallization temperature = 445 K).
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Figure 3. X-ray diffraction profiles for various crystallization
conditions: (a) T=414 K, P =15 MPa; (b) T=445K, P =
200 MPa; (c) T = 458 K, P = 200 MPa; (d) T = 453 K, P = 250
MPa; (e) T = 192 K, P = 250 MPa.

does not appear anymore whereas the (117) peak characteristic
of the y phase at the scattering angle 26 of 20.1° is detected.
Thus, it is concluded that, in these crystallization pressure
and temperature ranges, the y phase is formed exclusively.

Small-angle X-ray scattering experiments were performed
in order to obtain the long period (L) in the iPP samples
crystallized under high pressure. The SAXS device included
a rotating anode a point collimation system consisting in two
crossed total reflection mirrors and a line-position-sensitive
proportional counter as decribed elsewhere.36

Two methods were used to deduce L. First, the position gmax
of the maximum of the Lorentz-corrected intensity li(q) =
g?1(q) was calculated by a local parabolic least-squares fit. As
usual, q is the scattering vector and I(q) is the background-
corrected scattered intensity. The Bragg's law is then applied
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Figure 4. Hoffman—Weeks plots for different pressures: (O)
250 MPa; (@) 238 MPa; (x) 225 MPa; (2) 212 MPa; (l) 200
MPa.

to deduce L from the relation

27 A
L= =— 8
Omax 2 SiN(04) ®)

where 1 is the incident wavelength and 260« is the scattering
angle at the maximum of I,.

The second method used consisted in the calculation of the
monodimensional correlation function y(r), defined as

o J>"a1(a) cos(ar) dg o
vir) = -
S d?1(@) da

To calculate the integrals defined above, an extrapolation of
the data for the small g and for the large g ranges was
necessary. A linear dependence of 1(q) with g was chosen at
low ¢, and the Porod’'s asymptote (I(q) = C/q*) was used for
the large g range. The Porod’s constant C was determined by
a least-squares fit of the large g tail of the scattered intensity.
The first maximum of the correlation function y(r) finally
yields the long period.

In all cases, the values deduced by both methods were in
very good agreement (within 2 or 3 A). Detailed reviews of
the different possible methods that can be used for the
determination of the long period can be found in the literature,
including the effects of the variances of the distributions of
amorphous and crystalline thickness.3”

Crystallinity Determination. The density of the samples
was measured by a classical gradient column method using
ethanol and water mixtures. The crystallinity was then derived
from the densities of the crystalline y phase and the amor-
phous phase using

Pe P~ Pa
== 10a
™. Pa (102)
P~ Pa
X, = 10b
v Pc = Pa ( )

where X, is the mass crystallinity, X, is the volume crystal-
linity, p is the sample density, pc is the y crystalline phase
density® (p. = 0.938 g-cm~3), and p, is the amorphous phase
density® (pa = 0.854 g-cm~3).

Results and Discussion

Crystallization Kinetics. First, the effect of the
pressure on the equilibrium melting temperature was
analyzed by means of Hoffman—Weeks plots* for dif-
ferent pressures of crystallization and melting. The
results are summarized in Figure 4. The linear pressure
dependence of the equilibrium melting temperature is
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Figure 5. Equilibrium melting temperature of y phase as a
function of pressure.

plotted in Figure 5. The linear regression on the
measured values leads to

T2 (K) = 466.9 + 0.191P (MPa) (11)

This last equation is comparable to the results of
Mezghani and Phillips,'®18 who studied the melting
behavior of iPP by means of a depolarized light intensity
method under pressure up to 200 MPa. For this pres-
sure, they reported an equilibrium melting temperature
of 514 K while eq 11 leads to 505 K. The difference can
be explained by the different levels of microstructural
impurities!® or by the measurement method itself.
Indeed, in the present work, the melting temperature
Tm was chosen at the half of the melting transition (see
Figure 2) whereas their values rather corresponds to
the end of the melting.

The crystallization kinetics was then analyzed from
the specific volume curves obtained at constant tem-
perature and pressure, by means of the half-crystal-
lization time values (ti2). Indeed, from an overall
kinetics of Avrami approach,*! in the case of instanta-
neous nucleation as generally accepted for iPP, the
Avrami exponent is close to 3 and the transformed
fraction is written as

3
=1 - exp- ) )

where N is the nuclei number.
Thus, the half-crystallization time can be expressed

as
3In@E)\¥:
t1/2 =( AN ) G ' (13)

Combining this last equation with eq 1, one obtains

S ([ 4aN | —u* K,
(tu) == Go(s In(2)) eXp[R(T - Tm)]eXp’T(AT)f]
(14)

Nevertheless, in eq 12, the number of nuclei per unit
volume N is temperature dependent. This was taken
into account by measuring the average diameter of the
spherulites from the polarized light micrographs of the
samples crystallized at different conditions of temper-
ature and pressure. Some of these micrographs are
shown in Figure 6. Besides, the assumed value of 3 for
the Avrami exponent in eq 12 is corroborated by the
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Figure 6. Polarized light micrographs of spherulites obtained
from different conditions (scale bars: 100 um): (a) 448 K, 200
MPa, AT = 56.9 K; (b) 458 K, 250 MPa, AT = 56.4 K; (c) 466
K, 250 MPa, AT = 48.5 K.

observed rectilinear boundaries between the spheru-
lites.#2 Figure 7 shows the evolution of the number of
nuclei vs the crystallization undercooling for our ex-
perimental bounding pressures, namely 200 and 250
MPa. As shown in this figure, the evolution of the
number of nuclei can be empirically described by the
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Figure 7. Evolution of the number of nuclei per unit volume
vs the undercooling: (M) crystallization pressure 200 MPa; (O)
crystallization pressure 250 MPa; (—) eq 15.

following equation
N = C exp[vAT] (15)

with C =6.47 x 10719 ym=—3 and v = 0.1349 K1

It is not the purpose of this paper to discuss this
evolution theoretically. However, an exponential varia-
tion of the number of heterogeneous nuclei with the
temperature for polypropylene was already mentioned
in the literature**—*° at atmospheric pressure. In this
work, the effect of the pressure is introduced considering
its effect on the equilibrium melting temperature (eq
11) leading to the nuclei number only depending on the
undercooling. Then, eq 14 can be rewritten

exp

AT N iy
T PlRaT - T
(16)

_ AT
(ty) t=A eXp[VS

where A is temperature independent.

Moreover, since the equilibrium melting temperature
is pressure dependent, the value of Ky is pressure
dependent as well (see eq 2). The Hoffman—Lauritzen
diagrams were thus obtained by plotting —In ty, + U*/
R(T — Tw) — vAT/3 vs TOFT(AT) instead of 1/fT(AT) as
is the case for classical analysis of experiments at
constant pressure. This diagram is shown in Figure 8
for the different pressures exhibiting both growth
regimes Il and Il1. In this Figure, the slopes are equal
to —Kg/TOm, and they appear practically pressure inde-
pendent as expected. The mean slope for regime Il is
563 K and the mean slope for regime Il is 289 K,
leading-to-a ratio of 1.95 for a theoretical value of 2.

However, in Figure 8 the Hoffman—Lauritzen plot
does not fall on a single curve meaning that additional
parameters of the crystallization kinetics are pressure
dependent. As a matter of fact, the effects of the
pressure on the diffusion factor of eq 16 must be
estimated.

This estimation can be achieved using results of
viscosity measurements under pressure since the zero
shear viscosity of melt polymers is governed by diffusion
processes.*® On the basis of zero shear viscosity mea-
surements of numerous liquid and especially polymers,
Cogswell and McGowan*’ could establish the following
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Figure 8. Hoffman—Lauritzen diagram for different pres-
sures.

expression between viscosity, temperature, and pressure

In(10)P*V* w2
m(%) _ %(32.25 - 32.25%) x

P T \9/515/9
[95 + (32.25 - 32.255) ] 17)

where P* is 8.58 x 108 Pa for all liquids, T* is a
temperature characteristic of each liquid, and V* is the
size of the diffusing segment of polymer chain. More-
over, for entangled polymers the value of * is strongly
molecular weight dependent since it varies as M,2*.
Nevertheless, in this work, only the reduced viscosity
values n/n* will be needed. In the case of polypropylene,
using measurements in a temperature range of 463—
503 K and a pressure range of 0.1—175 MPa the authors
reported the following values: T* = 780 K and V* =
0.001 m3-mol1.

The viscosity law of Cogswell and McGowan was
fitted by means of a least squares minimization proce-
dure, to a new expression for the mobility term of eq
16, where pressure effects are introduced according to

) U+ ap
) = =1+ PP o

where a = 3.88 x 1075 J-mol~1-Pa~t and 8 = —4.35 x
107° Pa™t.

The agreement between eq 17 and eq 18 is shown in
Figure 9. It should be noticed that Kadijk and Van Den
Brule*® used an expression similar to eq 18 to describe
the temperature and pressure variations of the zero-
shear viscosity for different polymers including polypro-
pylene. Moreover, the introduction in eq 18 of more
pressure parameters, accounting, for example, for the
variation of T., with the pressure, does not yield to a
better agreement with eq 17.

Equation 14 is rewritten as follows:

vAT ex _Kg %
3 P T ATy

U* + aP
ROT—T) ﬁp] (19)

(tllz)il =Aexp

exp|—
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Figure 10. Modified Hoffman—Lauritzen diagram taking into
account the effect of pressure on the diffusion term. (Error bars
located below the legend are obtained considering an accuracy
of £5% for the half-crystallization times and £0.5 °C for the
crystallization temperature.)

Hence, from eq 19, a modified Hoffman—Lauritzen
diagram has been constituted by plotting —In ty, + (U*
+ aP)/R(T — Tw) + P — vAT/3 vs Tom/fT(AT), leading to
Figure 10. All the different pressure experiments lead
to a single curve which exhibits two linear parts
characteristic of regimes Il and I1l. The regime transi-
tion appears for TO/fT(AT) = 2.204 x 1072 K1, After
calculation for each pressure, this value corresponds to
a constant regime transition undercooling AT = 54 K.
This result is very close to the result of Mezghani and
Phillips for 200 MPa.l” Indeed, they showed that the
sign of birefringence of the spherulites changed in the
vicinity of this undercooling value and they attributed
this phenomenon to the 11—I1l regime transition.1®

The slopes of the modified Hoffman—Lauritzen dia-
gram provide the values Kg/T?n = 681 K in regime Il

Crystallization of Isotactic Polypropylene 4143
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Figure 11. Scheme of the stems deposit on the growing y
crystal.

and Kg/Tﬁ1 = 340 K in regime |1, leading-to-a ratio of 2.
The fact that the results merge now on the same pattern
leads to conclude that the pressure affects the crystal-
lization growth rate by its influence on the equilibrium
melting temperature and on the diffusion. It must be
pointed out that the slope values are approximately 20%
higher than the previous results (Figure 8) meaning
that the influence of the pressure on the diffusion is not
negligible. However, one can argue if the choice of eq
18 and the fitted parameters are legitimate or not to
describe this pressure effect. It must be recognized that,
depending on the pressure and temperature fitting
ranges, the variation of the obtained parameters could
lead to slightly different results. Particularly, the dif-
ferent points could be somewhat more dispersed than
in Figure 10 and the slopes slightly different also.
Nevertheless, in that case, the slope ratio was not so
close to 2 than for the present results. The choice of the
values of oc and f5 for eq 18 was then guided by the whole
consistency of the results including the forthcoming
features of the analysis where the slope values are
required.

From either slopes of the straight lines in Figure 10,
and using eq 6, the value of g, can be evaluated provided
that the value of Iy/ly, Ce., a9, and by are known. The
values of ly/l, and C., for polypropylene can be obtained
from the literature?*> (Ip/l, = 1.42 and C. = 5.7), but
the evaluation of the width of the chain stem ap and
the thickness of the molecular layer added by have to
be clarified because of the peculiarity of the y crystalline
phase. First, due to the nonparallel chain orientations,
the most probable growth direction corresponds to the
c-axis of the orthorhombic lattice.>® Moreover, since
there are 4 layers of 2 polymer chains in the c-axis
direction, the layer thickness is

(20)

Furthermore, as can be seen in Figure 11, the width
of the chain stem is given by

a,=a cos[arctan(%)] (22)

Thus, from the unit cell parameters given by Bruckner
etal3 (a=852A b=9.92A and c = 42.31 A), one
obtains ap = 6.46 A and bg = 5.29 A. Then, using eq 6
(with j = 4 and Kg/Tﬂ1 = 681 K) the fold surface free
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energy is obtained: ¢, = 55.2 mJ-m~2 which is close to
the value of 51.7 mJ-m~2 reported by Mezghani and
Phillips.16.18

Furthermore, the lateral surface free energy o can
also be evaluated from eq 5. Using the value'®18 of Ahg
of 144.8 J.g~! and the crystal density p. = 0.938 g-cm 3
given by Bruckner et al.®8 one obtains o0 = 10.9 mJ-m~2.

Morphology. As concluded in the previous section,
the pressure influences both surface nucleation and
diffusion processes. Nevertheless, it has been shown
that the pressure effect on the former process is fully
taken into account by the equilibrium melting temper-
ature change with the pressure. As a consequence, the
final crystalline morphology of the samples should be
only influenced by the crystallization undercooling, or,
more rigorously, by the product TAT, suggesting that
the values of Ahy, e, and o are practically independent
of the pressure in the range investigated here.

The crystallinity obtained from density measurements
of samples crystallized in different conditions of tem-
perature and pressures is plotted against the crystal-
lization undercooling in Figure 12. Again, the results
are gathered in a single curve for the different pres-
sures.

Moreover, from the long period L measured by SAXS
the crystalline lamellar thickness I; can be obtained by

I, =LX, (22)

From a theoretical point of view, the crystalline lamellar
thickness can be compared to the initial lamellar
thickness lg* defined by eq 3 if the isothermal thickening
is neglected.?* This comparison is displayed in Figure
13 showing a good agreement between measured and
calculated values for two crystallization pressures. This
result confirms independently the value of o, obtained
from the Kinetic analysis. It should be noticed that the
additional length 6 calculated by eq 4 accounts for
7—15% in the calculated values of Ig*. Furthermore,
again by plotting the results vs the undercooling, the
pressure effect is fully taken into account as can be seen
in Figure 14.

Conclusions

The variation of the equilibrium melting temperature
with the pressure was determined for the y-form of iPP
between 200 and 250 MPa by crystallization under
pressure and subsequent melting. Then, following the
Hoffman—Lauritzen theoretical frame, the crystalliza-
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Figure 14. Measured and calculated lamellar thickness vs
crystallization undercooling for two crystallization pressures.

tion regime analysis was carried out using the half-
crystallization times. This analysis was refined to take
into account the effects of the pressure. First, it was
shown that the number of heterogeneous nuclei depends
on the crystallization undercooling and the correspond-
ing correction was introduced. Moreover, we propose a
modification of the classical Hoffman—Lauritzen dia-
gram leading to the plot of the results against T°/
fT(AT) in order to completely take into account the
effects of the pressure on the growth rate. Furthermore,
based on literature results, a correction of the diffusion
term was introduced. The final modified plot appears
correctly normalized respectively to the pressure, re-
vealing a I1-111 regime transition for an undercooling
of 53.7 K with a slope ratio of 2 as theoretically expected.
The fold and lateral surface free energies were calcu-
lated (0. = 55.2 mJ-m~—2and o = 10.9 mJ-m~2). Besides,
based on crystallinity and lamellar thickness measure-
ments, it was shown that the final morphology of the
samples only depends on the crystallization undercool-
ing. Moreover, the measured lamellar thickness are in
good agreement with theoretical calculations, consistent
with the deduced surface free energy values.
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