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J.-F. LUYÉ,1 G. RÉGNIER,1 PH. LE BOT,2 D. DELAUNAY,2 R. FULCHIRON,3

1 Laboratoire de Transformation et Vieillissement des Polymères, ENSAM, Paris, France

2 Laboratoire de Thermocinétique, ISITEM, Nantes, France

3 Laboratoire des Matériaux Polymères et des Biomatériaux—UMR-CNRS 5627, UCBL-ISTIL, 43 Boulevard du 11
novembre 1918, 69622 Villeurbanne Cedex, France

Received 3 August 1999; revised 31 March 2000; accepted 4 April 2000

ABSTRACT: This article discusses the specific volume-measurement methods for semi-
crystalline polymers needed in order to obtain reliable data. Particularly, the effect of
the cooling rate is analyzed, taking into account the thermal gradient in a cylindrical
sample. Experimental results for a polypropylene form the basis for the study. In a first
step our thermal model was validated by comparing the calculated results with the
experimental ones for a temperature range higher than the crystallization zone with
different cooling rates and by analyzing the stabilization time of the measured specific
volume after cessation of the cooling. Secondly, specific-volume evolutions from 220°C
to 50°C for different cooling rates and different pressures were analyzed, revealing that
when the data are corrected to eliminate the thermal gradient effect, the transition
zone is much narrower than the experimental one. Moreover, the effect of the pressure
and the cooling rate on the relative crystallinity function—that is, on the crystallization
kinetics—can be more accurately evaluated. © 2000 John Wiley & Sons, Inc. J Appl Polym
Sci 79: 302–311, 2001
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INTRODUCTION

In order to simulate the injection-molding process
of polymeric materials, the knowledge and the
modeling of their pressure–volume–temperature
(PVT) behavior is essential. Indeed, prediction of
the polymer quantity that enters the cavity is
linked to the specific volume of the polymer for
the corresponding pressure and temperature.
Consequently, the pressure evolution during the
cooling and even the volume shrinkage will be

affected. The particularity of PVT behavior for
polymers is that the transition region between
liquid and solid states is strongly dependent on
the measurement conditions. For example, in the
case of amorphous polymers, the transition zone,
that is, the glass transition, is influenced by the
pressure1 (0.2–0.5°C/MPa) and even by the cool-
ing or heating rate.2

In the case of semicrystalline polymers, the
problem is even more difficult. Indeed, the crys-
tallization temperature is always different than
the melting temperature because the occurrence
of crystallization requires a great supercooling3

(several tens of degrees). Moreover, the crystalli-
zation temperature is very dependent on the cool-
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ing rate and the pressure. Furthermore, the final
crystallinity can substantially depend on the crys-
tallization conditions, leading to various solid-
state-specific volumes. Hence, the measured spe-
cific volume at one temperature and one pressure
is the result of the entire thermal and pressure
histories. Consequently, the PVT data appear de-
pendent on the measuring method. In this article,
after reviewing the different PVT measurement
procedures and techniques, we show how to take
experimental results and isolate the material
PVT behavior by taking into account the thermal
gradient in the sample.

Measuring Procedures

The different procedures to obtain a PVT diagram
can be listed as:

(1) Isothermal compressing taken in order of
increasing temperature: the specific volume
is recorded along isotherms (in order of in-
creasing temperature) and at different
pressures. Between each temperature
there is a stabilization time of a few min-
utes before the next isotherm. This proce-
dure is often considered the “standard” one.

(2) Isothermal compressing taken in order of
decreasing temperature: the procedure is
the same as case (1), but the isotherms are
in order of decreasing temperature.

(3) Isobaric heating: The specific volume is re-
corded along isobars with a fixed heating
rate.

(4) Isobaric cooling: The specific volume is re-
corded along isobars with a fixed cooling
rate.

First, since in injection molding the polymer
enters the cavity in the melt state and is cooled in
the mold, it seems obvious that the transition that
must be considered is crystallization. So proce-
dures (1) and (2) appear inconvenient because
they show the melting transition even if proce-
dure (1) is often used.

Second, procedures (1) and (2) exhibit a single
transition temperature (respectively, melting and
crystallization temperatures) independent of the
pressure. Nevertheless, this phenomenon is in
total contradiction with thermodynamics because
both melting and crystallization temperatures
are increased by the pressure.2 Actually, the sin-
gle observed transition temperature is explained
by the following arguments: When the isotherms

are followed in the order of increasing tempera-
ture, the polymer melts for a given temperature
at the lower pressure. Then, when the pressure is
increased, it does not have enough time to recrys-
tallize because the crystallization is very slow in
this range of temperature. Therefore, the appar-
ent melting temperature on the PVT diagram cor-
responds to the lowest pressure used in the pro-
cedure. When the isotherms are followed in the
order of decreasing temperature, due to the ther-
modynamics, crystallization occurs at a given
temperature for the highest pressure (at the end
of the isotherm if the pressures are scanned in
increasing order). Then, when measuring the
next point—that is, the lowest pressure and the
next lowest temperature—the polymer is already
crystallized, but generally the temperature is
lower than the melting point corresponding to
this pressure so it cannot melt. Therefore, the
apparent single crystallization temperature coin-
cides with the crystallization temperature for the
highest pressure used in the procedure. More-
over, since crystallization can be a very slow phe-
nomenon, it can either occur or not occur depend-
ing on the chosen stabilization time between two
temperatures.

For all the previous reasons, the best procedure
seems to be isobaric measurements in cooling
mode, procedure (4), because in that case the ob-
served transition is the crystallization, and it de-
pends only on the pressure and the cooling rate.
The effect of the cooling rate can be investigated.
Nevertheless, as it will be shown further, the
analysis of the data still faces a difficulty because
of the thermal gradient that occurs in the sample,
complicating the effect of the cooling rate on the
crystallization kinetics. Therefore, thermal anal-
ysis of the data is the main focus of this article.

PVT Devices

The two main PVT measurement techniques are
immersion of the sample in a fluid and measuring
the length of the sample between two pistons. In
the first technique, made commercial by GNO-
MIX (Boulder, CO),1,3 a sample, typically 1–2 g, is
placed in thin nickel foil and then immersed in
mercury. Pressure is then applied to the mercury.
This technique ensures a real hydrostatic pres-
sure on the sample.

With the second technique, used in the current
study, the sample is put in a cylindrical cell, and
the specific volume is deduced from the measured
length of the sample. The experimental results of
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this work were obtained with an apparatus
(PVT100) manufactured by the German supplier
SWO Polymertechnik GmbH (Krefeld, Germany).
A schematic of this device is shown in Figure 1.
The typical weight of the sample is 0.5–1 g. The
diameter of the cell is 7.4 mm. The lower piston is
fixed, and the upper one can move, ensuring the
pressure. Between each piston and the sample is
a PTFE sealing to avoid leakage. The measure-
ment of the upper piston displacement provides
the length of the sample after subtraction of the
sealing volume. The temperature control of the
cell is ensured by an electric heater band, and the
cooling is by air. The temperature is measured
using a thermocouple placed very near the sam-
ple. Moreover, the cell is mounted on springs al-
lowing relative movements between the cell and
the pistons. In this way, the pressure is always
applied on both sides of the sample, even if it
sticks on the cell (all the normal force is transmit-
ted to the lower piston).

This technique’s main disadvantage is not en-
suring a hydrostatic pressure on a sample in the
solid state. Considering a purely elastic material
in the solid state, Lei et al.4 compared the de-
creasing of a specific volume with a pressure in-
crease from the atmospheric pressure up to a
pressure, P, measured both with the piston tech-

nique (DVpist) and in a hydrostatic condition
(DVhydro). They obtained the expression of the ra-
tio lv:

lv 5
DVpist

DVhydro
5

1 1 n

3~1 2 n!
(1)

where y is the Poisson coefficient.
From this equation the relative difference (e) of

specific volumes given by the two techniques can
be expressed as follows:

e 5
Vpist 2 Vhydro

Vhydro
5

V0 2 DVpist 2 V0 1 DVhydro

V0 2 DVhydro

5
1 2 lv

V0/DVhydro 2 1 (2)

where V0 is the specific volume at ambient tem-
perature and pressure.

In this equation, the ratio V0/DVhydro is ob-
tained by:

V0/DVhydro 5 V0YSV0P
K D 5

E
3P~1 2 2n!

(3)

where P is the pressure, K is the bulk modulus,
and E is Young’s modulus.

Let us consider typical temperature values
above the glass-transition temperature of a poly-
mer. For polypropylene, the polymer studied in
this work, we get (y 5 0.42, E 5 1.4 GPa), lv
5 0.816. For a pressure of 120 MPa, which is the
maximum pressure used in this study, the rela-
tive difference, e, is then 0.8%. However, when
the pressure is higher than 20 MPa, which is the
lowest pressure allowed by the device, the applied
stress is largely greater than the elastic limit of
such a material. Therefore, the purely elastic
model used for eq. (1) is not valid anymore. In-
deed, in that case, consideration should be given
to viscoelastic behavior that obviously leads to a
much lower error. From this analysis it can be
concluded that for our purpose, the error from
nonhydrostatic pressure is very small. The prob-
lem would obviously be more important for a
glassy material of lower Poisson coefficient and
higher yield stress.

As was mentioned before, the main purpose of
this article is to show a method for analyzing the
PVT diagrams obtained with different cooling
rates in order to distinguish the effect of the ther-
mal gradient in the sample from the effect of the

Figure 1 Schema of the PVT cell.
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cooling rate on the crystallization kinetics. In-
deed, it can be inferred from the size of the sample
in the PVT apparatus that the temperature in the
sample core is different from the temperature
measured at the periphery by the thermocouple
that’s used as a reference. From this point of view,
a measuring system with a cylindrical cell and
two pistons is convenient because the geometry of
the sample is well known, while with the immer-
sion method, the sample’s shape is free, leading to
more difficult modeling. In addition, using the
piston device produces a higher imposed cooling
rate at the sample periphery than does the im-
mersion system: typically up to 30°C./min21 in
the former case and a few degrees min21 in the
latter case.

Theoretical Considerations

The specific volume of a polymer can be written as
follows:

V 5 aVs 1 ~1 2 a!Va (4)

where Va is the specific volume of the amorphous
polymer, Vs is the specific volume of the solid
polymer, and a is the relative mass crystallinity
defined by

a 5
Xc

X`
(5)

where Xc is the crystallinity and X` is the crys-
tallinity at the end of the solidification.

In eq. (4), the specific volume of the solid poly-
mer (Vs) can be expressed by

Vs 5 X`Vc 1 ~1 2 X`!Va (6)

where Vc is the specific volume of the pure crys-
talline phase.

The variation of the crystalline-phase specific
volume with temperature and pressure is often
considered as negligible compared to the amor-
phous phase because of a lack of data, but this
assumption may be doubtful. Nevertheless, in the
framework of this article, such an assumption is
not necessary. It can be mentioned that X` can
depend on crystallization conditions, especially
for polymers with slow crystallization kinetics. In
other words, crystallization conditions influence
both crystallization kinetics and solid-state spe-
cific volume (Vs). However, in this study, X` does

not affect our analysis because it does not need to
be known.

When the specific volume is expressed for a
temperature higher than the glass-transition
temperature, the specific volumes Va and Vs can
be described by linear relations:

Va 5 A1~P! 1 A2~P!T

Vs 5 A3~P! 1 A4~P!T (7)

It is not the purpose of this article to describe the
variations of the specific volume with the pres-
sure. So the coefficients A1(P) to A4(P) will be used
as discrete values for each pressure. Neverthe-
less, the use of a continuous equation to express
the pressure and temperature dependence of the
specific volume could be considered, if needed,
without any difficulty. For example, different
equations of state, such as the Tait equation5,6 or
Spencer and Gilmor–modified equation,7 could be
used.

The key point in eq. (4) is the relative crystal-
linity function (a) because of the great depen-
dence of crystallization kinetics on temperature,
pressure, and time (i.e., cooling rate). Using this
point of view, this study deals with weighting of
the thermal gradient as a result of experimental
technique and with crystallization kinetics from
intrinsic polymer properties. The work does not
aim to analyze the crystallization kinetics phe-
nomenon itself. So relative crystallinity varia-
tions with the cooling rate and the pressure will
be taken into account only by a shift on the tem-
perature scale.

EXPERIMENTAL

The polypropylene studied in this work is of a
commercial injection grade supplied by Solvay
(PP ELTEX HV252 MFI:11).

The primary relative crystallinity function
[a(T)] at atmospheric pressure was obtained from
a DSC experiment using a DSC7 device from Per-
kin-Elmer. The sample was melted at 240°C and
then cooled under a constant cooling rate of 5°C/
min. The relative crystallinity was then obtained
by integrating the crystallization peak between
the temperature of the crystallization onset, Ti,
and the temperature of the crystallization end,
Tf . This relative crystallinity is plotted in Fig-
ure 2:
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a~T! 5

E
Ti

T SdH
dTD dT

E
Ti

Tf SdH
dTD dT

(8)

First, to test the validity of the thermal model,
specific volume measurements were carried out in
temperature domains where crystallization did
not appear (220°C–180°C). Evolution of the spe-
cific volume was recorded using three cooling
rates (5, 10, and 20°C/min). Moreover, the mea-
surement was continued even after achievement
of the final temperature (180°C) in order to follow
the decreasing of the measured specific volume
because of the vanishing of the sample’s temper-
ature gradient. These experiments were carried
out under a pressure of 60 MPa.

Furthermore, specific-volume evolution mea-
surements in isobaric mode were carried out from
220°C to 50°C with four cooling rates (5, 10, 20,
and 30°C/min) and under three pressures (40, 80,
and 120 MPa).

THERMAL MODELING

For thermal simulations the PVT cell is assumed
to be perfect, so two-dimensional thermal effects
are considered negligible. In other words, heat
transfer is only radial, and the isothermal lines
are parallel to the axis of the cylinder. The heat
transfer equation that must be solved is ex-
pressed as follows:

CP~P, T!

V~P, T!

­T
­t 2

l~P, T!

r
­T
­r

5
­

­r Sl~P, T!
­T
­r D 1 Q (9)

where Cp is the heat capacity, l is the thermal
conductivity, V is the specific volume, and Q is the
source term due to the crystallization:

Q 5
DH`

V~P, T!

­a

­t (10)

In eq. (10), DH` is the total enthalpy of crystalli-
zation not considered dependent on the cooling
conditions in this work. From the DSC crystalli-
zation experiments, the obtained value of DH`

was 90 J/g.
As already mentioned, variations in relative

crystallinity in relation to cooling rate and pres-
sure were taken into account only by a shift on the
temperature scale of the primary experimental
curve obtained from the DSC measurement (cool-
ing rate: 5°C/min). However, for polypropylene,
this simple shift can be considered realistic either
for the cooling rate8–10 or pressure3,6 effects be-
cause the crystallization temperature range itself
is narrow and does not broaden much when these
parameters are raised. So hereafter, the effects of
pressure and cooling rate on relative crystallinity
is quantified by a single parameter: the half con-
version temperature (T1/2) corresponding to the
temperature where a 5 0.5.

Moreover, by analogy with eq. (4), thermal con-
ductivity and heat capacity are obtained from the
following mixing rules11,12:

l~T! 5 als 1 ~1 2 a!la (11)

with la (W/mK) 5 26,25.1025T (°C) 1 0,189

and ls ~W/mK! 5 24,96.1024T ~°C! 1 0,31

Cp~T! 5 aCps 1 ~1 2 a!Cpa (12)

with Cpa (J/kgK) 5 3,10T (°C) 1 2124

and Cps~J/kgK! 5 10,68T ~°C! 1 1451

With regard to thermal conductivity, using a sim-
ple mixing rule, such as that in eq. (11), may be
doubtful since thermal conductivity is not a mas-
sive property. But in our case, this aspect can
reasonably be considered insignificant. The linear

Figure 2 Primary relative crystallinity function ob-
tained from DSC measurement at atmospheric pres-
sure with a cooling rate of 5°C/min.
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expressions of eq. (11) were obtained using differ-
ent measuring methods, as described by Le Bot.12

The heat-capacity linear relations were obtained
from the DSC measurement after subtraction of
the crystallization peak. Unfortunately, because
of a lack of experimental technique, the effects of
the pressure on both heat conductivity and heat
capacity have not been quantified. Therefore, the
coefficients of eq. (11) and eq. (12) were kept in-
dependent of pressure. However, it should re-
membered that the transition temperature zone’s
pressure effect has been taken into account by
means of the half-conversion temperature varia-
tion mentioned before.

The resolution of eq. (9) is achieved using a
Crank-Nicholson finite difference scheme. The
source term Q is treated by a double iterative
scheme, following a method of Huang et al.13 For
reasons of symmetry, the system is only consid-
ered along a radius of the cylinder. Its exterior
part is submitted to the controlled cooling rate,
with a thermal contact resistance equal to 2.1024

Km2/W. This is a mean value that has been eval-
uated from injection-molding experiments where
thermal contact resistance was identified by an
inverse method using heat-flux sensors in the
mold.12 However, it must be pointed out that dif-
ferent values of thermal contact resistance were
tested without a significant change in the results.

In eqs. (9) and (10), the specific volume V(P,T)
is given by eqs. (4) and (7). Obviously, this specific
volume does not equal the measured one because
of the thermal gradient in the sample. Indeed, the
measured specific volume is an average one, plot-
ted against the temperature at the periphery of
the sample. Nevertheless, this average specific
volume can be calculated, given that it is the
entire volume of the sample divided by the entire

mass SL E
0

R 2pr z dr
V~r! D , which leads to:

V# 5
R2

2 E
0

R r z dr
V~r!

(13)

The purpose of this study is to compare the ex-
perimental data from the PVT100 with the calcu-
lated average specific volume, V# . For each pres-
sure and a cooling rate of 10°C/min, V# was calcu-
lated from the starting values of the parameters
A1 to A4 and T1/2 and after the resolution of eq. (9),
enabling the temperature profile to be learned

each time. Then, the parameters A1 to A4 and T1/2
were adjusted until agreement between the cal-
culated average specific volume and the experi-
mental one was achieved.

RESULTS AND DISCUSSION

As mentioned before, the thermal model was first
tested in a temperature range excluding the tran-
sition (between 220 and 180°C). In other words,
the parameters A3, A4, and T1/2 vanish in these
simulations. However, the experiments, per-
formed under 60 MPa and with different cooling
rates, were continued after the achievement of
the final control temperature (180°C). The specific
volume decrease was recorded until it did not
change anymore. Therefore, this final part of the
experiment can be used to test the calculation
results since stabilization of the measured spe-
cific volume when the peripheral temperature is
constant directly reflects decreasing of the ther-
mal gradient. The comparison between experi-
mental and calculated results is shown in Figure
3 where specific-volume evolutions versus time
are plotted. In this case, the obtained values for
the adjusted parameters are:

A1 5 1.131 cm3/g

A2 5 5.575 3 1024 cm3/g°C (14)

As shown in Figure 3, the model provides a good
description of the decrease in specific volume dur-
ing both cooling and stabilization periods and for

Figure 3 Experimental and calculated evolutions of
specific volume versus time for temperature decreasing
from 220°C to 180°C at different cooling rates (P 5 60
MPa).

MEASURING SEMICRYSTALLINE POLYMERS 307



the three presented cooling rates. Obviously, the
employed parameters are the same no matter
what the cooling rate.

The evolution of temperature versus time is
shown in Figure 4 for the three cooling rates. As
can be seen, the difference between the tempera-
ture in the sample’s axis is greater than the con-
trol temperature at the periphery, and the higher
the cooling rate, the higher is this difference.
Moreover, Figure 4 shows that when the temper-
ature ramp is established in the middle of the
sample, the difference between the axial and pe-
ripheral temperatures becomes constant, leading
to a sliding regime. The establishment of a sliding
regime is helpful because it means the cooling
rate is the same everywhere in the sample, even if
the temperature is not. Therefore, for an analysis
of the transition, crystallization temperature can
be considered identical for every location in the
sample because essentially it depends on cooling
rate and pressure. Nevertheless, crystallization
time is obviously dependent on location.

The analysis results for measurements includ-
ing crystallization are displayed in Table I, where
the adjusted parameters A1 to A4 of eq. (7) and
T1/2 are reported. Obviously, parameters A1 to A4
are only dependent on pressure, but T1/2 depends
on both pressure and cooling rate.

As an example of the reliability of the results,
Figure 5 shows the experimental specific volumes
measured under a pressure of 40 MPa for differ-
ent cooling rates and the average specific volumes
calculated with eq. (13). Both these curves are
plotted versus the temperature measured at the
periphery of the sample. The agreement between
measured and calculated curves allows us to con-
clude that our thermal model is suitable to ana-
lyze the experimental results.

Moreover, for the same measurements, the
curves described by eq. (4), depending on T1/2, and
eq. (7), depending on A1 to A4, are shown in Fig-
ure 6 and compared with the experimental re-
sults. As mentioned before, outside the transition
zone the calculated specific volume is indepen-
dent of the cooling rate, leading to a single calcu-

Figure 4 Calculated temperature evolution in the
sample for peripheral temperature decreasing from
220°C to 180°C at different cooling rates (P 5 60 MPa).

Table I Calculated Coefficients A1 to A4 [Eq. 7] and T1/2 for Different Pressures and Cooling Rates

P (MPa) 40 60 80 120

A1 (cm3/g) 1.126 1.131 1.112 1.099
A2 (cm3/g°C) 6.237 3 1024 5.575 3 1024 5.107 3 1024 4.324 3 1024

A3 (cm3/g) 1.071 / 1.065 1.059
A4 (cm3/g°C) 4.071 3 1024 / 3.066 3 1024 2.459 3 1024

T1/2 (°C) 5°C/min 129.3 / 140.3 150.3
T1/2 (°C) 10°C/min 127.3 / 136.8 146.3
T1/2 (°C) 20°C/min 123.3 / / /
T1/2 (°C) 30°C/min 118.8 / / /

Figure 5 Experimental and calculated average spe-
cific volume versus peripheral temperature for differ-
ent cooling rates (P 5 40 MPa)
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lated curve even if the measured specific volumes
exhibit a slight difference because of the thermal
gradient. However, in the crystallization zone,
the calculated transition is much sharper than
the experimental one. Obviously, this difference
increases when the cooling rate is higher. One of
our first conclusions was that calculating the rel-
ative crystallinity curve, a(T), directly from the
experimental specific-volume evolution could lead
to erroneous results because it would include both
crystallization kinetics and thermal gradient ef-
fects. Therefore, the calculated coefficients for a
crystallization kinetics model such as the
Ozawa14 equation would be irrelevant (for exam-
ple, the Avrami exponent would probably be too
low). In addition, the calculated curves in Figure
6 are different in the crystallization zone because
of crystallization temperature dependence on the
cooling rate. In other words, the different results
for different cooling rates cannot be explained
solely by the sample’s thermal gradient—a crys-
tallization kinetics effect also must be introduced.
In our approach, this effect is taken into account
by the half-crystallization temperature variation.

The pressure effect is shown in Figure 7, where
calculated and experimental curves for 40, 80,
and 120 MPa are plotted for a cooling rate of
10°C/min. Obviously, the crystallization zone is
shifted toward the high temperatures when the
pressure is increased. From a theoretical point of
view, this effect can be easily explained consider-
ing the crystallization supercooling (DT 5 Tm

0

2 T), which is the difference between the equilib-
rium melting temperature and the actual crystal-
lization temperature. For a constant cooling rate,
crystallization supercooling can be considered

identical when the pressure changes because it is
the main parameter of the crystallization kinet-
ics.15 Moreover, because of decreasing liquid-
phase entropy, when the pressure increases, the
equilibrium melting temperature increases,16–18

leading to increasing crystallization temperature.
The evolution of T1/2 versus the cooling rate is

plotted in Figure 8, showing, for example, a de-
crease of about 10°C when the cooling rate in-
creases from 5°C/min to 30°C/min. This variation
is equivalent to the results obtained for a polypro-
pylene by Duffo et al.9 with DSC at atmospheric
pressure.

The variation of T1/2 with the pressure (Fig. 9)
can be compared with the results of He and Zoller
on high-pressure crystallization of polypropylene.3

Absolute values of the crystallization tempera-
ture are of course different from those reported by
the authors because crystallization conditions are

Figure 6 Experimental specific volume versus pe-
ripheral temperature for different cooling rates (P 5 40
MPa) and calculated specific volume versus tempera-
ture without thermal gradient.

Figure 7 Experimental specific volume versus pe-
ripheral temperature for different pressures (cooling
rate: 10°C/min) and calculated specific volume versus
temperature with or without thermal gradient.

Figure 8 Evolution of half-crystallization tempera-
ture versus cooling rate for different pressures.
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not the same (different PP, different cooling rate).
Nevertheless, the variation of crystallization tem-
perature with pressure is comparable, given that
it results from the variation of the equilibrium
melting temperature (depending only on the na-
ture of the polymer). In our case we obtained a
variation of T1/2 of about 40°C when the pressure
varied from 0.1 to 120 MPa, which is near the
variation reported by He and Zoller.

Moreover, the evolution of T1/2 with the cooling
rate and the pressure can be compared to many
results of polypropylene crystallization gathered
by Hieber.19 Even if these results involve differ-
ent kinds of polypropylene, a general trend has
been drawn for the cooling-rate and pressure de-
pendence of T1/2, which lead to values very close
to the results displayed in Table 1 (within 2°C).
For example, at atmospheric pressure this study
indicates a T1/2 value of 105.5°C for a cooling rate
of 30°C/min. In addition, the reported shift due to
pressure is 12°C for 400 bars. In Hieber’s results
the T1/2 value calculated at 400 bars and with a
cooling rate of 30°C/min is 117.5°C (105.5 1 12),
which is close to 118.8°C (see Table I).

CONCLUSIONS

In the case of semicrystalline polymers, crystal-
lization kinetics produces the difficulty in mak-
ing specific volume measurements. Indeed, the
transition temperature depends not only on
pressure but also on the entire thermal history
(especially the cooling rate). So, it appears the
most interesting way to obtain reliable results

is to measure the specific volume evolution in
cooling and isobaric modes. Thus, thermal-his-
tory influence can be analyzed by controlling
the cooling rate. Nevertheless, in such condi-
tions, because of poor thermal conductivity of
the polymers, an important thermal gradient
appears in the sample. So, it is essential to
extract the thermal gradient effect from the
experimental results in order to obtain the in-
trinsic specific volume of the polymer and to
analyze it in terms of equation-of-state and
crystallization kinetics models. In this article
thermal analysis of experimental results for a
polypropylene shows that when the thermal
gradient is taken into account, intrinsic specific
volume is very different from direct measure-
ments, especially in the transition zone. Never-
theless, it appears that even on the corrected
data, the transition zone is influenced by the
cooling rate because of crystallization kinetics.
However, our analysis was developed consider-
ing a very simple equation of state (linear vari-
ation of the specific volume with the tempera-
ture outside the transition zone), and an a pri-
ori-defined relative crystallinity function only
shifted in function of the cooling rate and the
pressure. Besides, these assumptions are suffi-
ciently realistic for the purpose of this work.
Particularly, the calculated transition temper-
ature modification when cooling rate and pres-
sure are changed appears relevant. Neverthe-
less, the ultimate aim of the study should be the
attainment of the relative crystallinity function
as an output of the analysis, which is the objec-
tive of our future work.
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