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ABSTRACT: The evolution of storage modulus measured
by a rotational rheometer shows that the isothermal crystal-
lization of isotactic polypropylene (iPP) melts in contact
with aluminum plates (PP-Al) are considerably faster than
that with stainless-steel plates (PP-SS). The difference is big-
ger at higher temperatures, and this behavior is opposite to
that expected by our numerical simulation considering uni-
form bulk phase transition and substrate’s ability to remove
the latent heat. Polarized optical observations and surface
energy evaluations via contact angle measurement indicate
that surface energy of the substrates, including the effects
of submicrometer morphology and roughness, should be
the key factor to affect the crystallization of iPP. Transcrys-
tallization zones, in which the nucleation density is con-
trolled by the surface energy of substrates, were observed

to grow toward the bulk with the thickness of about
0.2 mm for iPP to affect the global crystallization behavior.
The critical value of surface energy of substrate to promote
the interfacial crystallization of a polymer melt is derived,
in terms of which the aluminum and stainless steel as well
as optical glass, promote the surface nucleation with respect
to the bulk nucleation of iPP. As a consequence, the con-
ventional differential scanning calorimetry measurement
mainly gives the heat fluxes of interfacial crystallization
rather than the bulk crystallization due to the large surface-
to-volume ratio of the specimen and the aluminum pan
used which is a high surface energy substrate. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 125: 233–245, 2012
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INTRODUCTION

In both experimental and industrial conditions, poly-
mers are crystallizing in contact with substrates
usually with large surface-to-volume ratio. Plastic
products are often molded into hollow structures
with thin walls using metal moulds; during the dif-
ferential scanning calorimetry (DSC) measurement,
aluminum pans are often used as the substrate1–4;
while in the rheological experiments, a pair of plates
of stainless steel with thickness of 1–2 mm is often
used5–9 to sandwich the polymer melt; and when
using the hot stage microscopy, which has been
applied successfully for determining the numbers of
nuclei and measuring the growth rate of spheru-
lites,10–12 ultra thin polymer specimen is usually cov-
ered by glass plates. It is not surprising that, for an
apparently same temperature history, the crystalliza-
tion behavior and morphology in these experiments
can be quite different; it is attributed to the large
surface-to-volume ratio contact of polymers and sub-
strates, including the effects of latent-heat-transfer

ability, surface energy and roughness of the sub-
strate, systematic errors, and the diversity of poly-
mer samples used.13–15

Heat transfer plays an important role during poly-
mer crystallization.13,14 The liberation of latent heat
of fusion will cause temperature increase in the
specimen during an apparent ‘‘isothermal’’ crystalli-
zation due to the poor heat conduction ability of
macromolecule materials, and the temperature
increase will slow down the solidification in return.
Thermal effects in iPP crystallization were carefully
studied by Piorkowska13 who calculated the temper-
ature buildup at the crystallization front as well
as that due to the crystallization of numerous
spherulites in an iPP plate, by using the one-
dimensional bulk heat generation function; she
found that the temperature at the center is always
higher than that at the border, and the temperature
increase depends on the initial temperature and the
sample’s thickness. Her predictions were confirmed
by experimental temperature measurements of the
bulk crystallizing of iPP. However, the effect of sub-
strate’s heat transfer ability has not been taken into
consideration in Piorkowska’s study. Our previous
work on the isothermal crystallization of HDPE
on aluminum, brass, and stainless-steel plates
indicated that the substrate’s ability to remove the
latent heat of crystallization should be taken into
consideration.15
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Surface-induced crystallization of polymers has
attracted considerable attention during the past dec-
ades; see the excellent review by Li and Yan.16 It is
well documented that a foreign surface can alter the
crystallization kinetics as well as the resultant crystal
structure and morphology of a polymer via the
interfacial arrangement of crystallographic orienta-
tions, the so-called epitaxy mechanism. A well-
known phenomenon of the surface-induced crystalli-
zations is the so-called transcrystallization, which is
caused by the heterogeneous nucleation at the inter-
face between polymer melts and substrates.17–24 The
prerequisite for transcrystallization growth is the
presence of high density of active nuclei on the sub-
strate’s surface; the crowding of nucleus hinders the
lateral growth of spherulites, and, consequently, the
crystalline phase can develop only in perpendicular
to the interface forming a crystalline front parallel to
the interface and developing further into the bulk
until meeting the spherulites formed in the bulk
melt. Billon et al.20 performed nonisothermal crystal-
lizations of HDPE with various thickness and
cooling rates and found that the presence of trans-
crystallization could greatly influence the DSC
measurements. Yuryev et al.25 carried out detailed
investigation on the isothermal surface/bulk crystal-
lizations of poly(L/D-lactide) by using DSC meas-
urements as well as the Monte-Carlo simulations
and showed that the surface crystallization dramati-
cally affects the crystallization kinetics, changing
both the crystallization rate and the very shape of
crystallization curve; both the surface and bulk
nucleation concentrations decrease when the crystal-
lization temperature increases.

It has been found that surface nucleation rate,
which controls the surface crystallization and the
final transcrystallization zone, is largely determined
by the substrate’s surface energy (or the interfacial
free energy difference).18,21,22,25 However, most of
the substrates used in previous studies are silicon
based or fibers (glass, carbon, PET, and PTEF), the
effect of surface energy on the intrfacial crystalliza-
tion induced by metallic materials, which are preva-
lent in industrial applications as well as in rheologi-
cal experiments has been rarely investigated.

In the present study, the isothermal crystalliza-
tions of an iPP (isotactic polypropylene) contacting
with metallic plate made of aluminum and of stain-
less steel, respectively, are investigated by using
rheological, optical, and surface-free-energy meas-
urements. Two factors that cause the big difference
in crystallization behavior of iPP are examined: the
heat transfer and the surface properties of the sub-
strates. Via numerical heat-transfer simulation,
polarized microscopic observation on quenched
specimens, and surface free energy measurement of
the substrates, the effects of the two factors are

assessed. A critical value of the substrate’s surface
free energy required to promote the surface nuclea-
tion with respect to the bulk nucleation of polymer
melts is also derived. Finally, contribution of the sur-
face crystallization to the global crystallization of iPP
is analyzed using the data from optical, rheological,
and DSC measurements.

EXPERIMENTAL

Materials

A commercial iPP (T300, Shanghai Petrochemical
Corporation) was used in present study, which has
the following characteristics: the molecular weights
Mn ¼ 8.0 � 104 and MW ¼ 3.3 � 105, and the melt
flow rate (MFR) ¼ 3.0 g/10 min.
Two kinds of metallic substrate in the form of

round plate were used in the experiments, and they
are made of aluminum and stainless steel, respec-
tively, with the diameter of 25 mm and the thickness
of 2 mm. Surfaces of the substrates were carefully
polished by using SiC papers (grit 2500) to achieve
approximately the same roughness. The morphology
of the two manual smoothed metal plates was
analyzed by using VH-Z500R Digital Microscope
(Keyence) as shown in Figure 1(a,c). The roughness
of substrates was measured by using Surfcorder
SE3500 Surface Roughness Measuring Instrument
(Kosaka Laboratory). Each of the plates was meas-
ured by four lines in different directions along the
radius. The average roughness (Ra) of the aluminum
and stainless steel plates are 0.045 6 0.005 lm and
0.037 6 0.01 lm, and the peak-to-valley roughness
(Rz) are 0.22 6 0.06 lm and 0.135 6 0.06 lm, respec-
tively. Typical roughness profiles measured are also
shown in Figure 1(b,d). On the micrometer scale, the
two kinds of plates have approximately the same
roughness, but their apparent optical morphologies
seem quite different.

Characterizing crystallization by rheological
measurement

Rheological experiments were performed on a
Gemini-200 rotational rheometer (Bohlin Instru-
ments). Parallel plates made of the foregoing men-
tioned stainless steel and aluminum were used to
sandwich the iPP specimen of 1 mm thickness. The
combination was enclosed in a temperature control
chamber of the rheometer and first heated and kept
at 200�C for 10 min, and then the chamber was
cooled at the rate of 40�C/min and then kept at a
preset crystallization temperature. The temperature
fluctuations were less than 60.2�C in the later iso-
thermal crystallization process. The temperature
was measured by a thermal couple imbedded in the
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center of the lower plate. During the isothermal crys-
tallization, the small-amplitude oscillatory shearing
with the strain of 0.5% and the angular frequency of
0.1 rad/s was carried out. It was confirmed that the
strain used is small enough that the measured
moduli are only time dependent and not strain de-
pendent during the iPP crystallization, that is, the
crystallization was not affected considerably by the
small-strain oscillatory shearing. It is a common
practice that the evolution of the storage modulus is
used to characterize the crystallization process.5–7

Characterizing crystallization by DSC
measurement

The DSC measurements were carried out by using
the Perkin-Elmer DSC system 7. The iPP specimens
were prepared in two different ways: in the accus-
tomed way, the specimen was cut into small grains
and placed in an aluminum pan for measurement;
while in the special way, the iPP was melted and
pressed to be a film with about 0.2 mm thickness
beforehand, and a disk-shaped specimen was cut off
from the film and introduced into the aluminum
pan. The same temperature conditions as the rheo-
logical test were used in the DSC measurement: the

cooling rate from 200�C to the crystallization temper-
ature was set to 40�C/min.

Characterizing morphology by polarized
microscopic observation

At the temperature of 200�C, small iPP grains were
melted down between the foregoing mentioned me-
tallic plates (aluminum or stainless steel), and the
specimen was pressed to 10–20 lm thickness and
kept at 200�C for 10 min to erase the deformation
history. Afterward, the temperature was dropped
down to the crystallization temperature at 40�C/min
and kept constant for a preset time, and then the fix-
ture-specimen was quenched by dropping it into
cool water to frozen the iPP’s morphology. The
quenched iPP specimen (in 10–20-lm thick film) was
observed on a polarizing microscope, and photos
were taken to observe the nuclei or spherulites.
In addition, iPP disks with thickness of about 1

mm crystallized from the rheological measurements
were sliced up along the thickness direction, and the
slices of about 8 lm thickness were observed using
the polarizing microscope to analyze the morphol-
ogy in the thickness direction.

Figure 1 (a) Morphology of the surfaces of aluminum substrate; (b) profile of the surface of aluminum substrate; (c) mor-
phology the surface of stainless steel substrate; (d) profile of the surface of stainless steel substrate.
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Measurement of surface energy of substrates

Using the method proposed by Hallab et al.,26 the
total surface energy and its dispersive and polar
components for the aluminum and stainless steel
plates were determined by measuring the contact
angles with four liquids of known surface
tensions: water, ethanol, benzene, and ethylene
glycol. A series of eight liquid drops were placed on
the horizontal aluminum or stainless-steel plate, and
the contact angles y were measured using Cam 200
Optical Contact Angle Meter (KSV, Finland), and the
mean value of the eight drops was calculated. To
determine the polar and dispersive components of
surface energy of the substrate, the Young’s equation
is used,

cos h ¼ cSV � cSL
cLV

(1)

where cSV, cSL, and cLV denote the solid/vapor,
solid/liquid, and liquid/vapor interfacial energy,
respectively. The interfacial energy between phase a
and phase b can be expressed by using the surface
energy (surface tension) of each phase:

cab ¼ ca þ cb � 2
ffiffiffiffiffiffiffiffiffi
cdac

d
b

q
� 2

ffiffiffiffiffiffiffiffiffi
cpac

p
b

q
(2)

where the upper-index d and p denote the dispersive
and polar component, respectively. Applying eq. (2)
to eq. (1) yields

1þ cos h ¼
2

ffiffiffiffiffiffiffiffiffi
cdSc

d
L

q
cL

þ
2

ffiffiffiffiffiffiffiffiffi
cpSc

p
L

q
cL

� pe
cL

(3)

where pe ¼ cS � cSV is the spreading pressure. As
proposed by Schakenraad et al.,27 a linear approxi-
mation between the spreading pressure and the sur-
face tension can be assumed for various liquids:
pe ¼ AcL þ B, where A and B are empirical con-
stants. Performing contact angle measurements of
the four liquids with known surface tensions cdL, c

p
L

enables us to determine the constants A and B and
the surface energies cdS and cpS by using eq. (3).

NUMERICAL SIMULATION OF HEAT TRANSFER
IN ‘‘ISOTHERMAL’’ CRYSTALLIZATION

The finite volume method in the FLUNT software is
adopted to solve the unsteady heat transfer problem
of the ‘‘isothermal’’ crystallization process of an iPP
specimen sandwiched between two metallic plates.
The governing equation is

@T

@t
¼ ar2T þ q

qcp
(4)

where q, cp are density and heat capacity, respec-
tively, and a ¼ k/qcp is the heat diffusivity, where k is
the heat conduction coefficient, and q denotes the
time-dependent heat source due to the latent heat
release of crystallization. The configuration, dia-
gramed in Figure 2, and the boundary conditions are
the same as the rheological experiment, that is, an iPP
specimen of 1 mm thickness and 25 mm diameter
sandwiched by two plates made of aluminum or
stainless steel with the thickness of 2 mm and
diameter of 25 mm. The temperature at the outer
surfaces of the sandwich system (including the outer
metal surfaces and the surface of iPP specimen
exposed to air in the oven of rheometer) is assigned.
According to the rheological experiment, the simula-
tion includes the cooling period in which the outer
temperature drops from 200�C at 40�C/min to a
constant crystallization temperature as well as the
subsequent ‘‘isothermal’’ crystallization period. It is
assumed that the crystallization does not take place
during the temperature-dropping period, and the
small temperature fluctuations taking placing in the
rheological experiments after the system reached to
the target crystallization temperature is neglected in
the simulation. Because the problem is axi-symmetric,
the computation can be carried out on a rectangular
domain as the shaded area in Figure 2.
The conductivity, density, and heat capacity of the

crystal and melt phases of iPP specimen are
assumed to be the same, their values, taken from the
reference,13 are listed in Table I, together with the
thermal parameters of aluminum and stainless-steel
plates, which were measured and reported in our
previous research.15

The most difficult part of simulation is to estimate
the time-dependant latent heat source q in eq. (4),
that is, we need a priori the kinetics of nucleation
and spherulite growth of iPP. As a plausible proce-
dure, we adopt the kinetics reported in the literature
for the bulk crystallization of iPP and neglect the

Figure 2 Diagram for numerical simulation of heat con-
duction during ‘isothermal’ crystallization in the rheology
experiment.
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substrate’s effect. Also, we assume the athermal
nucleation mechanism, that is, the simultaneous
appearance of nuclei at the beginning of the crystal-
lization temperature. Piorkowska13 proposed the fol-
lowing equation for the temperature dependence of
the number of nucleus per unit volume based on
experimental data:

D ¼ C1 expð�C2TÞ (5)

where D is the number of nucleus per cubic meter.
We fitted the experimental data on the number of
nucleus of iPP collected by Janeschitz-Kriegl et al.29

and obtained C1 ¼ 2.23 � 1019/m3 and C2 ¼ 0.1567
K�1. The temperature dependence of spherulite
growth rate of iPP takes the form:

GðTÞ ¼ G0 expf�U½RðT � T1Þ��1g
� exp �Kg½TðT0

m � TÞ��1
n o

(6)

where the values of G0 ¼ 8009 cm/s, U ¼ 1500 cal/
mol, Kg ¼ 358400 K2, T1 ¼ 231.2 K, the equilibrium
melting point T0

m ¼ 458.2K were reported in the Ref.
13. Given the above kinetics of iPP crystallization,
the evolution of relative crystallinity with time can
be calculated by the Kolmogoroff equation30

aðtÞ ¼ 1� exp � 4

3
pD

Z t

0

GðzÞdz
� �3( )

(7)

The instant rate of latent heat liberation is
estimated to be q ¼ (DH)da/dt, where DH is the
total latent heat released during the isothermal
crystallization; DH � 109 � 106 J/m3 at 130�C
and DH � 104 � 106 J/m3 at 127�C obtained by our
DSC measurement (in Ref. 13 DH � 119 � 106 J/m3

at 130�C).
In an apparent ‘‘isothermal’’ crystallization

process, the temperature field evolves with the time
due to the latent heat release and conduction.
To be specific, the temperature variation at the cen-
ter of iPP sample, that is, the point A in Figure 2,
with respect to the environmental (outer surface)
temperature during the crystallization, is traced
to represent the nonuniformity of the temperature
field.

RESULTS AND DISCUSSION

By rheological measurement, the evolution of the
storage modulus with the time can be used to char-
acterize the global crystallization rate of various
polymer materials (see, e.g., Refs. 5–7). Figure 3
shows the great influence of the fixture-plates on the
crystallization of iPP specimen: the crystallization of
iPP melts in contact with the aluminum plates (PP-
Al) is faster than that with the stainless-steel plates
(PP-SS), and, furthermore, the difference of crystalli-
zation rate becomes larger at higher crystallization
temperature. Similar phenomenon has been men-
tioned by Menzel et al.,31 who discovered that in
DSC measurements the pan’s material (aluminum,
gold, and platinum) has strong effect on the crystal-
lization of iPP, but no systematic pursuit on the

TABLE I
Thermal Parameters of the iPP, Aluminum, and Stainless

Steel Plates Used in the Numerical Simulation

Parameters Al Stainless steel iPP

cp [J/(kg K)] 970 510 2095
q (kg/m3) 2761 7886 854
k [W/(m K)] 141.68 15.05 0.17
a [(10�5 m2/s)] 5.296 0.373 0.0095

Figure 3 (a) Evolutions of absolute storage modulus of the
iPP melt crystallizing at 127, 129, and 130�C in the small
amplitude oscillation shearing measurements by the parallel
plates made of aluminum (squares) and made of stainless
steel (triangles). The iPP specimen’s thickness is 1.0 mm.
(b) Evolutions of relative storage modulus of the iPP melt
crystallizing at 127, 129, and 130�C in the small amplitude
oscillation shearing measurements by the parallel plates
made of aluminum (squares) and made of stainless steel
(triangles). The iPP specimen’s thickness is 1.0 mm.
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origin of this phenomenon was carried out in their
work.

In our previous work on the crystallization of
HDPE,15 it was proposed that substrate’s ability to
remove the latent heat of crystallization is the key
factor that affects the crystallization rate based on
the observation that the isothermal crystallization
rate decreases as the HDPE specimen contacts with
aluminum, brass, and stainless-steel plates, respec-
tively, which is in the same decreasing sequence of
the thermal diffusivity of these metallic substrates.
In this study, to study in depth the substrate’s heat-
conduction effect in ‘‘isothermal’’ crystallization
processes, numerical heat transfer simulations for
the crystallization of iPP between the aluminum
plates (PP-Al) and stainless steel plates (PP-SS) were
carried out based on the crystallization kinetics
described in Numerical simulation of heat transfer
in ‘‘isothermal’’ crystallization section, in which the
environmental temperature drops from 200�C to
127�C or to 130�C and is kept constant thereafter;
the results are shown in Figure 4. During the cooling
process to the temperature of 130�C, shown in
Figure 4(a), the temperature difference between the
center of specimen and the outer surface of substrate
is about 0.8 and 1.2�C for aluminum and stainless
steel, respectively. As soon as the environmental
temperature reaches the target value, the tempera-
ture differences drop quickly to less than 0.1�C for
both the aluminum and stainless-steel plates. The
cooling period lasts less than 110 s, which is rather a
short time compared to the characteristic time of iPP
crystallization at the target temperature. We assume
that the influence on crystallization of the cooling
period is negligible, and crystallization commences
with the end of cooling period with the uniform
temperature field. During the ‘‘isothermal’’ crystalli-
zation period, shown in Figure 4(b), it is reasonable
to assume that the maximum temperature difference
between the center of iPP layer and the outer surface
of metallic substrates roughly represent the maxi-
mum instant crystallization rate, and the solidifica-
tion is finished when the temperature difference
again approaches to zero. It is noticed that although
the coefficient of heat diffusion of aluminum is one
order of magnitude larger than that of stainless steel
(see Table I), there are no noticeable differences
between the times when PP-Al and PP-SS reach the
maximum crystallization rate as well as that when
the solidification is finished. Actually, the thermal
resistances (a�1) of the two metallic substrates are
too small compared to that of iPP for their difference
to significantly affect the crystallization behavior of
iPP. In Figure 4(b), the temperature curves of PP-Al
and PP-SS tend to superpose each other when the
crystallization proceeds at the higher temperature.
This behavior should be expected, because, at higher

temperatures, the crystallization slows down, so
does the rate of latent heat release, leading to
smaller temperature differences between the center
of iPP layer and the environment. However, the
rheological measurement shown in Figure 3 indi-
cates that the difference of crystallization rates of
iPP sandwiched by the aluminum plates and by the
stainless-steel plates gets larger at higher tempera-
tures, which is an opposite behavior to the effect of
heat transfer. Therefore, the ability to remove the
latent heat produced by crystallizing iPP seems not
a key factor responsible for the large differences of
crystallization behavior on the metallic substrates,
other properties of the substrates must be taken into
consideration.
It is well known that surface energy of substrate

has large impact on the surface crystallization of

Figure 4 (a) Evolutions of the temperature difference
between the center of iPP specimen and the outer surface
of metal substrates by the numerical simulation of cooling
period when the measured temperature is dropped from
200 to 130�C with the aluminum (real line) and stainless
steel (dashed line) plates. (b) Evolutions of the tempera-
ture difference between the center of iPP specimen and
the outer surface of metal substrates by the numerical sim-
ulation of isothermal crystallization period of iPP with the
aluminum (real line) and stainless steel (dashed line)
plates, at the temperature of 127 and 130�C, respectively.

238 LIN AND FAN

Journal of Applied Polymer Science DOI 10.1002/app



polymer materials.18,21,22 Let us first examine the
effect of surface energy of substrate on the nuclea-
tion rate of polymers. Nucleation rate in polymer
melts can be expressed by

I ¼ I0 exp½�ðDG� þ DGgÞ=kT� (8)

where I0 is a rate constant, DGg is the activation
energy for molecules to cross the phase boundary,
k is the Boltzmann’s constant, T the crystallization
temperature, and DG*is the critical free energy bar-
rier for creating a nucleus, which is the maximum
value of Gibbs free energy DG with respect to the
nucleus’ geometrical dimensions a, b, and l. Accord-
ing to Wunderlich,32 the Gibbs free energy can be
expressed as

DGða; b; lÞ ¼ �ablDgf þ 2alccm þ 2blccm þ 2abce (9)

for the case of homogeneous nucleation, which we
assume to be the mechanism for bulk nucleation and

DGða; b; lÞ ¼ �ablDgf þ alDcþ 2blccm þ 2abce (10)

for the case of heterogeneous nucleation, which is
appropriate for the nucleation with the presence of
foreign surfaces, where ccm, ce are the lateral-side/
melt and the fold-end/melt interfacial energy,
respectively; Dgf is the bulk free energy of nucleus
per unit volume; Dc is the interfacial free energy dif-
ference and can be expressed by (see Cherry33)

Dc ¼ ccm þ ccs � cms (11)

where ccs is the crystal/substrate interfacial free
energy and cms is the melt/substrate interfacial free
energy. Applying eq. (2) to eq. (11), Dc can be fur-
ther expressed as

Dc ¼ ccm þ cc � cm þ 2
ffiffiffiffiffiffiffiffiffiffi
cdmc

d
s

q
� 2

ffiffiffiffiffiffiffiffiffi
cdcc

d
s

q
þ 2

ffiffiffiffiffiffiffiffiffiffi
cpmc

p
s

q
� 2

ffiffiffiffiffiffiffiffiffi
cpcc

p
s

q
ð12Þ

Since the polar components of iPP are negligibly
small compared to the dispersion component,18 eq.
(12) is simplified to

Dc � ccm þ cdc � cdm � 2
ffiffiffiffiffi
cds

q ffiffiffiffiffi
cdc

q
�

ffiffiffiffiffiffi
cdm

q� �
(13)

Notice that, using eq. (2), ccm can be expressed as

ccm ¼ cc þ cm � 2
ffiffiffiffiffiffiffiffiffiffi
cdcc

d
m

q
� 2

ffiffiffiffiffiffiffiffiffiffi
cpcc

p
m

q
� cdc þ cdm � 2

ffiffiffiffiffiffiffiffiffiffi
cdcc

d
m

q
(14)

Maximizing DG with respect to a, b, and l for the
case of heterogeneous nucleation (eq. 10) and using
Dgf ¼ DTDhf/Tm

0, the critical free energy barrier DG*
is deduced to be

DG� ¼ 16ccmceDcT
02

m

DT2Dh2f
(15)

where Dhf is the heat of fusion per unit volume, T0
m

is the equilibrium melting temperature, DT is the
degree of supercooling. Equations (8) and (15) indi-
cate that lower Dc corresponds to a lower energy
barrier, thus higher nucleation rate. Equation (13)
indicates that given ccm, cdc , and cdm, Dc is smaller
with larger cdS, that is, a substrate with high surface
energy promotes the interfacial nucleation. If the
surface energy is high enough, causing negative Dc
(negative DG*), the energy barrier DG*becomes a
promoter for the nucleation. Furthermore, in the
case of Dc ¼ 2ccm, eq. (10) is equivalent to eq. (9),
that is, the nucleation rate at the interface is equal to
the bulk nucleation rate. By setting Dc ¼ 2ccm in eq.
(13) and inserting eq. (14), a critical surface-free
energy of the substrate is obtained.

cd�s ¼ cdm (16)

That is, critical surface free energy of the substrate
is equal to the surface energy of the polymer melt.
In the case of cs < cd

�
s , the nucleus density at the

interface would not be increased by the presence of
interface; in the case of cs > cd

�
s , the nucleus density

at the interface would be higher than the bulk
density.
Roe34 has reported the measured surface energy

cm(�cdm) of iPP, which decreases linearly from 23.78
to 19.85 mJ/m2 in the temperature range from 120 to
190�C. In this study, surface energies of the alumi-
num and stainless-steel plates were obtained by con-
tact angle measurements of four testing liquids. The
dispersion and polar components of surface energy
of the testing liquids are listed in Table II, taken
from the literature.26,28 The mean contact angles for
each liquid on each substrate and the surface ener-
gies of the substrates calculated by using eq. (3) are
listed in Table III. It is seen that the aluminum

TABLE II
Values of Total, Polar, and Dispersion Surface
Energy Components of Four Testing Liquids,

Taken from Refs. 26 and 28

Liquid cd (mJ/m2) cp (mJ/m2) c (mJ/m2)

Water 21.80 51.00 72.80
Ethanol 18.80 3.6 22.40
Ethylene glycol 29.00 19.00 48.00
Benzene 28.85 0 28.85

EFFECT ON THE CRYSTALLIZATION OF iPP 239

Journal of Applied Polymer Science DOI 10.1002/app



(actually, aluminum oxide) has much higher surface
energy than the stainless steel, but both the surface
energies are higher than the critical one,
cd

�
s � 20mJ=m2. As a consequence, the interfacial
nucleation of iPP in contact with the aluminum or
stainless-steel plates is promoted with respect to the
bulk nucleation, and it is much easier for iPP to nu-
cleate at the aluminum surface than at the stainless-
steel surface.

By using a polarizing microscope, optical observa-
tions on the iPP slices with about 15 lm thickness
crystallized at 130�C and sandwiched by the alumi-
num plates or by the stainless-steel plates are dis-
played in Figure 5, which shows the morphology of
surface crystallization. Because of the small thick-
ness, transcrystallization layer cannot be fully devel-
oped in these experiments, and so the morphology
shown in Figure 5 is closely related to, but not the
transcrystallization layers themselves that would de-
velop in thicker specimen. The interfacial nucleation
density of iPP slices can be estimated by counting
the number of spherulites in Figure 5. Note that the
numerous white tiny spots in these pictures are
identified with the crystals formed during the later
quenching process, because these white tiny spots
were also observed when the iPP melt was directly
quenched into cold water from the temperature of
200�C. So, they were excluded in the nucleus count-
ing procedure. In fact, they are small spherulites
formed during the fast cooling period of the final
quenching (see Ref. 10). The growth rate of spheru-
lites can also be estimated from Figure 5, which is
about 7.8 � 10�8m/s according to the photos of PP-
SS. The growth rate of PP-Al is difficult to estimate
due to the high number density and the earlier
spherulite impingement.

To confirm the key effect of substrate’s surface
energy, the spherulite morphology of an iPP slice of
about 15 lm thickness crystallizing between micro-
scopic glass slides at 130�C is shown in Figure 6.
The surface energy of the optical glass slide was
measured by the procedure described in Experimen-
tal section in which the testing liquid of ethanol was
replaced by glycerol. The dispersion component of
surface energy of the glass slide lies between those
of the stainless-steel plate and the aluminum plate.
Table IV lists the number densities of spherulites
counted at the crystallization temperature of 130�C
and the surface energies of the three substrates, the

number density increases as the surface energy of
substrate increases, consistent with the above analy-
ses. One can observe that the size of spherulites
crystallizing on the glass slide is smaller than that
crystallizing on the stainless steel plate but consider-
ably larger than that crystallizing on the aluminum
plate.
Morphology of the substrates’ surface should also

be considered. On the micrometer scale, the alumi-
num and stainless-steel plates have approximately
the same roughness in terms of the average rough-
ness (Ra) and the peak-to-valley roughness (Rz; see
Experimental section). Considering the fluctuations
in roughness measurement, there is an overlap range
of roughness of the two metallic plates. However, as
shown in Figure 1, the optical patterns seem quite
different for the two plates. The big difference is
possibly due to different morphologies on the length
scale smaller than micrometer that may affect crys-
tallization.35 Compared to the metallic plates, the
roughness of the glass plate is very small with Ra <
0.01 lm and Rz < 0.09. It is well known that surface
roughness may considerably affect surface energy
measurement. At the present stage, we consider that
our measured surface energies of the aluminum,
stainless steel, and glass plates have already
included the influence of morphology on the length
scales smaller than micrometer as well as the effect
on the interfacial crystallization of iPP.
In the rheological experiments with the iPP thick-

ness of about 1 mm, surface crystallization, in the
form of transcrystallization, grew into the bulk to
affect the global solidification. Typical morphology
of transcrystallization due to heterogeneous nuclea-
tion at the interface of the iPP specimen and the sub-
strates is shown in Figures 7 and 8, which are the
cross section photos along the thickness direction of
iPP disks. Figure 7 shows morphologies of the PP-Al
samples crystallized in the small-strain oscillation
shearing tests (a) and crystallized in quiescent state
(b). No significant difference in the transcrystalliza-
tion zones or in the bulk is noticed, indicating that
the small strain (0.5%) in the rheological tests
had little influence on the crystallization of iPP. b-
Crystals of iPP [indicated by the white arrows in
Fig. 7(b)] were formed occasionally in both dynamic
and quiescent crystallization experiments, which
might originate from the vacuum bubbles caused
by the volume contraction in the later stage of

TABLE III
Average Contact Angle of the Test Liquids on Aluminum and Stainless-Steel Substrates and the Surface Energies of

the Substrates

Substrate Water Ethanol Benzene Ethylene glycol cd (mJ/m2) cp (mJ/m2)

Aluminum 98.98 30.55 11.56 66.33� 82.05 0.98
Stainless steel 90.28 20.45 15.07 65.52� 31.37 0.88
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crystallization.36 Figure 8 shows cross sections of the
iPP disks crystallized in stainless-steel plates and in
glass slides (Note the crystallization in glass slides
can only be carried out in static state, while PP-SS
was crystallized under the small amplitude oscilla-
tion shearing.). From Figures 7 and 8(a), it is
observed that the nucleation density of PP-SS at the

interface seems to be lower than PP-Al, which is in
consistence with the nucleation data from Figure 5.
Varga et al.24 reported that the unsized glass fibers
did not induce transcrystallization in quiescent iPP
melt. However, we observed the interfacial crystalli-
zation of iPP/glass-slides with the heterogeneous
nucleation density higher than that in the bulk,

Figure 5 (a) (1) Optical observations on the quenched iPP specimen with � 15 lm thickness isothermally crystallizing at
130�C, on the aluminum substrate after the crystallization time of 3 min. (a) (2) Optical observations on the quenched iPP
specimen with � 15 lm thickness isothermally crystallizing at 130�C, on the aluminum substrate after the crystallization
time of 6min. (a) (3) Optical observations on the quenched iPP specimen with � 15 lm thickness isothermally crystallizing
at 130�C, on the aluminum substrate after the crystallization time of 10 min. (b) (1) Optical observations on the quenched
iPP specimen with � 15 lm thickness isothermally crystallizing at 130�C, on the stainless-steel substrate after the crystalli-
zation time of 3min. (b) (2) Optical observations on the quenched iPP specimen with � 15 lm thickness isothermally crys-
tallizing at 130�C, on the stainless-steel substrate after the crystallization time of 7 min. (b) (3) Optical observations on the
quenched iPP specimen with � 15 lm thickness isothermally crystallizing at 130�C, on the stainless-steel substrate after
the crystallization time of 15 min.
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especially at the lower side [see Fig 8(b)]. The
enhancement of nucleation density by glass slides
was also reported by Piorkowska et al.37 However,
Figure 8(b) does show that the transcrystalline zone
had not been well developed on glass slides, it may
be due to the very smooth surface of glass slides.
From Figures 7 and 8(a), the thickness of transcrys-
talline zones of PP-Al and PP-SS is estimated to be
about 200 lm. The presence of aluminum or stain-
less-steel surface accelerated the crystallization of
iPP with respect to the bulk crystallization and the
interfacial crystallization of PP-Al was faster than
that of PP-SS. This explains the global variation of

crystallization rates observed in the rheological
experiment (Fig. 3).
Let us apply the Piorkowska’s model for the crys-

tallization kinetics of iPP, expressed by eqs. (5)–(7),
to the transcrystallization region of about 200 lm
thickness. As suggested by Janeschitz-Kriegl,29 the
number of spherulites per unit area counted on a
thin slice can be raised by the power 3/2 to obtain a
reliable approximate value for the number of spher-
ulites per unit volume. To fit the nucleation and
growth data of our thin slice experiments at 130�C,
the constant C1 in eq. (5) was modified to 9.84 �
1021/m3 for PP-Al and 6.0 � 1020/m3 for PP-SS, and
the constant C2 was unchanged, in eq. (6) G0 ¼
62.82m/s was used for both PP-Al and PP-SS. The
evolutions of relative crystallinity of the iPP speci-
men contacting with aluminum plates and contact-
ing with stainless-steel plates, at the temperatures of
130 and 127�C, were calculated by using eq. (7), and

Figure 6 (a) Optical observations on the quenched iPP
specimen with � 15 lm thickness isothermally crystalliz-
ing at 130�C on the optical glass plate after the crystalliza-
tion time of 9 min. (b) Optical observations on the
quenched iPP specimen with � 15 lm thickness isother-
mally crystallizing at 130�C on the optical glass plate after
the crystallization time of 15 min.

TABLE IV
Surface Energies of Aluminum, Stainless Steel, Glass
Plates, and the Corresponding Nucleation Densities of

iPP Slices

Aluminum Glass Stainless steel

cd (mJ/m2) 82.05 39.45 31.37
Nucleus density (m�2) 5.81 � 108 1.2 � 108 9.0 � 107

Figure 7 (a) Optical observations of the cross section of
iPP plates isothermally crystallized at 130�C with alumi-
num substrates in rheological measurements with small
amplitude oscillation. The iPP specimen’s thickness is 0.1
mm. (b) Optical observations of the cross section of iPP
plates isothermally crystallized at 130�C with aluminum
substrates in static crystallization process. The iPP speci-
men’s thickness is 1.0 mm.
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the results are shown in Figure 9. Note that in the
calculation, the latent heat was neglected consider-
ing the very thin slices of iPP specimen. Also noted
is that the characteristic crystallization times in
Figure 9 are much shorter than that of the rheologi-
cal experiments shown in Figure 3, because the crys-
tallization rate in the thin slices is dominantly
affected by the substrates, while in the rheological
experiments, the specimen is much thicker
(� 1 mm), and the bulk crystallization has lower
nucleation density. However, Figure 9 shows the
same qualitative behavior as in the rheological
experiments (Fig. 3): the difference of the crystalliza-
tion rate contacting with the aluminum plate and
with the stainless-steel plate gets bigger at the higher
temperature.

Rheological measurements on the iPP specimen of
200 lm thickness were carried out, in which the sur-
face crystallization should dominate the process, and
the results are shown in Figure 10. It can bee seen

that by reducing the thickness of iPP specimen, the
time scale of rheological measurement shortens and
approaches to the time scale of Figure 9 obtained by
the simulations based on surface nucleus counting.
The accordance between the results of optical and
rheological experiments indicates that the surface
energy of substrate indeed plays a key role in the
interfacial nucleation and consequently influences
the global crystallization rate and morphology of
thick samples.
We implemented DSC measurements on the iPP

crystallization by using two kinds of specimen: in
the accustomed form of tiny grain and in the special
form of thin film, the results are shown in Figure 11.

Figure 8 Optical observations of the cross section of iPP
plates isothermally crystallized at 130�C in contact with
stainless steel substrates. The iPP specimen’s thickness is
1.0 mm. (b) Optical observations of the cross section of iPP
plates isothermally crystallized at 130�C in contact with
glass slides. The iPP specimen’s thickness is about 1.0 mm.

Figure 9 Evolutions of the relative crystallinity of iPP
crystallizing at 127 and 130�C, in contact with aluminum
(solid line) and stainless steel (dashed line) plates,
obtained by using the Piorkowska’s model with eqs. (5)–
(7) in which the nucleation constants are modified accord-
ing to our optical measurement.

Figure 10 Evolutions of the relative storage modulus of
the iPP melt crystallizing at 127 and 130�C in the small am-
plitude oscillation shearing measurements by the parallel
plates made of aluminum (squares) and made of stainless
steel (triangles). The iPP specimen’s thickness is 0.2 mm.
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The samples after DSC measurement were both in
disk shape, with the thickness of 0.3–0.4 mm for the
accustomed way and 0.2–0.3 mm for the special
way. The iPP specimen prepared in the grain form
crystallized faster than that prepared in the film
form. The small grain of iPP melted and formed a
porous disk during the thermal preservation period
at the temperature of 200�C before the isothermal
crystallization; the porosity may be favorable to sur-
face crystallization by increasing the contact area.
The characteristic crystallization time, defined as the
time when the relative storage modulus in rheologi-
cal measurement or the degree of crystallinity in
DSC measurement reaches to 0.5, is adopt to repre-
sent the overall crystallization rate. The values of
characteristic crystallization time estimated from
Figures 3, 10, and 11 are listed in Table V. Both
the characteristic crystallization times in the DSC
measurement with the specimen prepared in two
ways are somewhat near that in the rheological mea-
surement where the specimen of 0.2 mm thickness
sandwiched between aluminum plates, but are con-
siderably smaller than that where the specimen of
1.0 mm thickness sandwiched between aluminum
plates. This implies that the conventional DSC mea-
surement mainly gives the heat flux of the interfacial
crystallization rather than the bulk crystallization,
because during the measurement specimen has a large
surface-to-volume ratio and contacts with an alumi-
num pan, which is a substrate of high surface energy.

CONCLUSIONS

The evolution of storage modulus measured by a rota-
tional rheometer has shown that the crystallization of
iPP melts in contact with substrate made of aluminum

is considerably faster than that in contact with sub-
strate made of stainless steel. The numerical simula-
tion for the heat transfer problem of the apparent iso-
thermal crystallization shows that the substrate’s
ability to remove the latent heat is a rather weak fac-
tor. Moreover, the difference of crystallization rate in
rheological experiment becomes even greater at higher
crystallization temperatures, this behavior is opposite
to that expected considering the latent heat releasing
in bulk phase transition as well as to that demon-
strated by the heat conduction simulation.
Optical observation by using a polarizing micro-

scope on the iPP slices of about 15 lm thickness
crystallizing between the aluminum, glass, and
stainless-steel plates, respectively, shows remarkable
difference in the nucleation density and the size of
spherulites. Via contact angle measurements, surface
energies of the aluminum, glass, and stainless-steel
plates were determined. A positive correlation
between the surface nucleation density and the sub-
strate’s surface energy is revealed. A critical surface
energy of substrate that will promote interfacial
crystallization with respect to the bulk crystallization
is deduced to be equal to the surface tension of the
melt, in terms of which the aluminum, glass, and
stainless-steel plates all promote the interfacial crys-
tallization with respect to the bulk crystallization.
On micrometer scale, the aluminum and stainless-
steel plates have approximately the same roughness,
but their morphologies on submicrometer scales
seem quite different, and the glass plate is much
smoother than the metallic plates. At the present
stage, we consider that the measured surface ener-
gies have already included the influence of morphol-
ogy on submicrometer scales.
The surface energies of substrates affect the global

crystallization via the transcrystallization zone in
which nuclei of higher number density than the
bulk grow toward the bulk forming the thickness of
about 0.2 mm in iPP specimen. Thus, the presence of
aluminum or stainless steel surface accelerates the
crystallization with respect to ideal bulk crystalliza-
tion, and this explains the observed large difference
in global crystallization behavior of iPP specimen in
the form of 1-mm thick disk between the aluminum

Figure 11 Evolutions of the relative crystallinity obtained
by DSC measurements of the iPP specimens prepared in
tiny grain (solid line) and prepared in thin film (dashed
line) crystallizing at 127 and 130�C, respectively.

TABLE V
Characteristic Crystallization Times from DSC and

Rheological Measurements

Experiments
Rheology
(mm) DSC

Sample
thickness/form 1 0.2

Tiny
grain

Thin
film

Characteristic
crystallization time (s)

127�C 840 250 307 490
130�C 2010 900 597 894
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plates and between the stainless-steel plates in rheo-
logical experiments.

The conventional DSC measurement mainly
yields the heat flux of the interfacial crystallization
rather than the bulk crystallization due to the large
surface-to-volume ratio of the specimen and the alu-
minum pan used which is a high surface energy
substrate. The interfacial crystallization (transcrystal-
lization) has a great impact on characterizing the
polymer crystallization by using rheologic or DSC
measurements.
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