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ABSTRACT: A model is proposed to describe the solidi-
fication and crystallization phenomena in rotational mold-
ing. To capture the morphology development with crystal-
lization behavior, a two-dimensional theoretical simulation
was carried out, consisting of a phase-field model empha-
sizing the metastability of polymer crystallization and a
heat-transfer model describing the molding cycle. The
model parameters were experimentally evaluated with dif-
ferential scanning calorimetry and isothermal crystalliza-
tion tests. Molding trials were also conducted with bench-
scale rotational molding equipment, and the cross sections
of the molded products were examined under polarized
light optical microscopy. The model predictions capture

the formation of transcrystalline structures near the mold
surface, which is more apparent under moderate cooling
conditions. Our results show that the model predictions
are in general agreement with the experimental results
obtained in our laboratory as well as those presented in
the literature. Because morphological features are impor-
tant contributing factors to product performance, the
model will be useful for the formulation of new materials
and process optimization. � 2006 Wiley Periodicals, Inc. J
Appl Polym Sci 102: 5903–5917, 2006

Key words: crystallization; modeling; molding; morphol-
ogy; polyolefins

INTRODUCTION

The rotational-molding process is used to fabricate
hollow, plastic products, as illustrated in Figure 1.
Many thermoplastics used in rotational-molding ap-
plications are semicrystalline in nature, with poly-
ethylenes accounting for over 80% of the production.
Unlike most other processes, rotational molding does
not use pressure to force the melt into a shape but
relies primarily on the gradual deposition and adhe-
sion of the polymer onto the mold. The heating and
cooling of the mold rely mostly on the convective
transport of energy. The most common method of
heating is gas combustion, whereas cooling relies on
exposing the mold to forced air flow, water mist,
water spray, or a combination of these methods. A
large amount of effort has been spent on modeling
and optimizing the process and on developing new
resins and new applications for rotational molding.
Effort has been devoted to the problem of powder
densification in recent years1,2 since it greatly influ-
ences the quality of the molded product and often
dictates the choice of processing conditions during
the heating cycle. The solidification stage is also of

great importance. The final morphology greatly con-
tributes to the performance of the end product,
which can be defined on the basis of the stiffness,
dimensional stability, barrier properties, chemical re-
sistance, and impact properties according to the final
application of the molded part. However, only a few
studies have been devoted to this topic.3–5 The con-
sideration of microstructures that are formed on dif-
ferent scales is often required to describe the physi-
cal and mechanical properties of molded parts. They
can be divided into the following categories: (1) a
macroscopic scale, which captures the advancing sol-
idification front, and consists of spherulitic domains
mixed with the melt; (2) a mesoscopic scale, at
which individual spherulites can be examined; (3) a
nanoscopic scale, which captures the lamellar struc-
ture composing the spherulites; and (4) a molecular
scale, which is concerned with interactions occurr-
ing between chain segments. Although the property
dependence of semicrystalline polymers on their
microstructure is widely accepted, the establishment
of useful relationships is not always straightforward
for several structural parameters can be affected by
changes in the material properties (molecular struc-
ture and chemical composition) and processing con-
ditions.

In most polymer processes, crystallization normally
takes place at temperatures below the melting tem-
perature (Tm) and usually under highly nonisother-
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mal conditions. The rate of crystallization is known
to be a strong function of temperature and can also
be accelerated by orders of magnitude when poly-
mer melts are simultaneously subjected to flow de-
formation. An important aspect of rotational mold-
ing is that the heating and cooling rates cover a wide
range, yet they are very low compared with those of
other processes. Moreover, rotational molding is dis-
tinct from other processes as the melting and solidi-
fication occur in a nearly shear-free environment. As
a result, large spherulites and other crystallization
morphologies appear in the parts. Only one surface
(the outer surface) of the plastic product is in contact
with the metal mold; the other free surface (the inner
surface) is exposed to air and is more susceptible to
thermooxidative degradation. Semicrystalline poly-
mers in rotational molding undergo asymmetrical
cooling, which creates a crystallization front moving
from the outer surface toward the inner wall. Varia-
tions in the morphological features, which were first
reported by Cramez et al.,3 have been attributed
mainly to the inherent differences in the thermal his-
tory imposed on the material across the thickness of
the molded part.

Solidification and crystallization phenomena dur-
ing rotational molding are greatly affected by the
presence of endothermic and exothermic transi-
tions, which determine the temperature gradient
along the thickness of the part. Theoretical heat
transfer models for the entire rotational molding
process have been proposed and used to predict the
internal air temperature profile as well as the temper-
ature distribution inside the molded part.6–10 Given
the predicted temperature distribution with the heat
transfer model, it is possible to simulate two-dimen-
sional crystal growth during the cooling process
through the mathematical description and numerical
simulation of the modified phase-field theory. Tradi-
tional ways of modeling crystallization in polymers

are based on the work of Avrami.11–13 The Avrami
equation has been used widely in modeling quies-
cent crystallization, and variations of the Avrami
equation have been proposed to account for noniso-
thermal conditions. Cooling from the melt can be
thought of as passing through a succession of iso-
therms, each at a given crystallinity level, the rate of
growth going through a maximum as the tempera-
ture of crystallization is lowered. However, it is a
phenomenological theory that does not have a strong
thermodynamic basis. Another more tested theory in
polymer crystallization is the Lauritzen–Hoffman
(LH) nucleation theory, which describes the deposi-
tion of a chain segment on a flat substrate and the
subsequent attachment of additional stems on adja-
cent sites. The polymer chains form primary nuclei
by overcoming the free energy barrier to crystalliza-
tion with a thermal driving force, which is followed
by an increase in the lamellar thickness and there-
fore a reduction in the free energy. As kinetic theo-
ries, the original Avrami equation and LH theory
consider only the temporal development and lack
spatial diffusion of the interface; hence, they are not
capable of predicting the spatiotemporal crystal growth
or the evolution of the shape of the crystal. Most
simulations use the classical Frank model,14 in which
the moving crystallization front is treated to have an
interface of zero thickness. State variables are com-
puted in either phase separately with an independent
evaluation of the interface. Such a moving boundary
problem often leads to mathematical complications
and is not realistic for polymer crystallization because
the polymer crystal–amorphous interface is diffuse.
To circumvent this problem, it is advantageous to
employ front propagation with a crystal–melt inter-
face of nonzero thickness, such as the propagation of
an interface in the form of a solitary wave.

An alternative to describing polymer melt solidifi-
cation is the phase-field model, in which the melt–

Figure 1 (a) The polymer is first loaded into a mold, usually in a powder form. (b) The mold and its content are heated
and rotated about its two primary axes, and the tumbling powder gradually melts, sticks to the mold surface, and densi-
fies. (c) The mold and its content are cooled. (d) The molded part is removed once it has reached a temperature safe for
manual handling.
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crystal front is treated as a spatially diffuse interface
of finite thickness through the expression of order
parameters.15–19 It consists of a coupled pair of para-
bolic, nonlinear, partial differential equations includ-
ing a heat equation. The advantage of the phase-field
model over other diffusional-growth (Laplacian)
models is that there is no need for tracking the posi-
tions of the interface. This allows the whole domain
to be treated in the same way numerically; the posi-
tion of the interface is not tracked but is given im-
plicitly by the level set of a scalar function of time
and space. Various phase-field models have been
successfully applied to the dendritic growth in small-
molecule systems such as snowflakes,17 electrochemi-
cal chemical deposition,20,21 and metal alloys.18 How-
ever, the extension of the phase-field model originally
developed for small-molecule systems to high-molec-
ular-weight polymers has required considerable modifi-
cation as polymer molecules rarely achieve thermo-
dynamic equilibrium during solidification because of
the long-chain nature of macromolecules. To capture
the semicrystalline nature of polymer crystals, the
metastability of polymer crystallization has been incor-
porated into the phase-field model; that is, the free
energy density of the solid phase must be deduced to
be supercooling-dependent.22,23

The objective of this work was to simulate the
melt solidification and crystallization phenomena
in rotational molding. To capture the morphology
development with crystallization behavior, a two-
dimensional theoretical simulation was carried out,
consisting of a phase-field model emphasizing the
metastability of polymer crystallization and a heat
transfer model describing the molding cycle. Mold-
ing trials were also conducted with bench-scale rota-
tional molding equipment, and the cross sections of
the molded products were examined under polar-
ized light optical microscopy.

EXPERIMENTAL

All molding trials were conducted on a bench-scale,
uniaxial rotational molding machine. The oven cav-
ity was about 38.5 cm in length and 30 cm in inner
diameter. Two electrical semicircular heating panels
were responsible for heating the oven cavity, and
two fans were placed in the front of the oven to
ensure proper air circulation and uniform tempera-
ture distribution. Thermocouples were in position to
monitor the oven temperature and the air temper-
ature inside the mold. The measurements were
recorded and analyzed with an analog–digital con-
verter data acquisition card (6024E) and Labview
6/7 software.

The experiments were carried out with two com-
mercial rotational molding grade linear low-density
polyethylene supplied by Nova Chemicals Corp.

(Calgary, Canada): NOVAPOL1 TR-0535 and NOVA-
POL1 TR-0242. The resins will be referred to as
PE5-35 and PE2-42, respectively. Molecular weight
distributions were determined by high-temperature
gel permeation chromatography with a Waters 150C
high-temperature gel permeation chromatograph with
a differential refractive-index detector in accordance
with ASTM D 6474. Analytical temperature rising elu-
tion fractionation (TREF) tests were also performed
with a slurry-pack technique. Specimens were dis-
solved in 1,2,4-trichlorobenzene (TCB) at 1508C. Crys-
tallization was carried out from 110 to 08C at 0.0258C/
min. A slurry was obtained by the addition of acetone
and Celite-545 and was then packed into a stainless
steel column. Elution was carried out with TCB (2
mL/min from 24.5 to 1108C at 0.258C/min), and the
concentration of the eluted solution was monitored
with an IR detector cell. The comonomer distribution
broadness index was determined from TREF results
and was defined as the percentage of the polymer
whose composition was within 50% of the median
comonomer composition,24 low values being indica-
tive of broader comonomer distributions. A few
experiments were also carried out with a commercial
injection grade polypropylene (Formolene 4100N) sup-
plied to us by Formosa Plastics Corp. (Texas, USA).
Polypropylene was considered in this work for model
validation purposes because its crystallization kinetics
are typically slower than those observed for polyethyl-
ene. The molecular characteristics and key material
properties of all resins considered in this work are
presented in Table I, all data being provided by the
suppliers unless noted otherwise.

All resins were received in a powder form and
molded to generate parts with an average thickness
of 5 mm with an aluminum box mold [8 � 8 � 15 cm3

(inner cavity)]. The mold rotation speed was set to
6 rpm, and the oven temperature was kept constant
throughout the heating cycle (2708C). The heating
time varied, depending on the oven temperature re-
quired to achieve an inside air temperature of 190
6 28C. The air temperature inside the mold was
monitored and used to control the molding cycle.
Correlations between the peak internal air tempera-
ture and the mechanical properties of the molded
part have been established.25 Over the years, it has
become standard procedure to use the air tempera-
ture inside the mold as an indicator in the determi-
nation of the time required for the completion of the
heating cycle (melt densification) before the occur-
rence of polymer degradation upon exposure to high
temperatures. During the cooling stage of the mold-
ing process, the mold remained in rotation while
being subjected to two different cooling conditions:
still air and water spray (single water spray).

Qualitative information about the crystalline struc-
ture was obtained from microphotographs of the
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cross sections of the molded parts. Thin layers along
the cross sections (20 mm) of the parts were cut with
a Leica RM2165 microtome. The specimens were
viewed under an Olympus BX60 polarized light op-
tical microscope, and pictures were taken in areas
close to each edge (mold and free surfaces) with
appropriate magnification.

The melting and crystallization of the polymer were
studied through differential scanning calorimetry
(DSC) and hot-stage microscopy techniques (Mettler
FP82hot-stage unit and Olympus BX60 optical micro-
scope coupled with a CCD monochrome camera). Var-
iations in the equilibrium melting temperature (T0

m)
with changes in themolecular structure were taken into
consideration in this work. Although T0

m is commonly
taken to be 144.58C for a linear polyethylene having an
infinite molecular weight, this value is known to
decrease with an increasing degree of branching. T0

m

was determined experimentally from isothermal crys-
tallization tests conducted with a TA Instruments Q100
differential scanning calorimeter. The specimens
weighed in the range of 4–6 mg, and during the DSC
measurements, dried N2 gas was purged at a constant
flow rate. The specimens were first heated to 2008C at
108C/min and maintained at that temperature for
10 min. The specimens were then cooled at a rate of
108C/min to 08C for a nonisothermal crystallization
behavior study. For isothermal crystallization experi-
ments, the specimens were quenched from the melt to
the predetermined crystallization temperature at a rate
of 1008C/min and held at that temperature until the
crystallization was completed. Thereafter, the speci-
mens were heated again to obtain the DSC endotherms
at a rate of 108C/min. T0

m of the resins was obtained
through a Hoffman–Weeks plot.26 For the measure-
ment of the spherulite growth rate, the aforementioned
hot-stagemicrocopy unitwas used. To ensure better tem-
perature control and avoid thermal oxidation, the hot
stage was cooled with nitrogen gas. The specimens
(20 mm thick) were preparedwith a Leica RM2165micro-
tome. The films were heated between a glass slide and a
cover slip in the hot stage to 2008C for 30min before rapid
cooling to the isothermal crystallization temperature.

THEORETICAL MODELING

Heat transfer model

The thermal analysis of the process is usually limited to
the consideration of two modes of energy transfer, con-
duction and convection.6–9 The energy is conducted
through the mold wall to the polymer powder as it
melts, densifies, cools, and crystallizes against themold
wall. The heated air in the oven convects its energy
through contact with the outer surface of the mold, and
the air inside the mold cavity is heated and cooled
through convection by the inner polymer surface.

For heat conduction through the polymer material,
the energy equation can be expressed in one-dimen-
sional Cartesian geometry as8

q
qz

k
qT
qz

� �
¼ d

dt
ðrCpTÞ þ q (1)

where k is the thermal conductivity of the polymer, r
is the density of the polymer system, and Cp is the spe-
cific heat capacity. The q term takes into account the
latent heat of transition of the material, which takes
positive values during melting and negative values
during crystallization. Usually, the enthalpy associ-
ated with a phase transition is expressed as a function
of the degree of melting (Xm) and the degree of crys-
tallization (Xc).

8 In this way, the energy equation
becomes

q
qz

k
qT
qz

� �
¼ d

dt
ðrCpTÞ þ rHm

dXm

dt
when heating (2)

q
qz

k
qT
qz

� �
¼ d

dt
ðrCpTÞ � rHc

dXc

dt
when cooling (3)

where Hm and Hc are the total latent heats related to
the melting and crystallization phase transitions and
the degree of transition is defined as the ratio between
the mass that has already undergone the transition at
time t and the total mass. The values for these param-
eters were obtained through DSC measurements.

TABLE I
Material Properties

Resin Type
Melt flow index
(g/10 min)a

Density
(g/cm3)a

Mw

(g/mol)d Mw/Mn
e CDBIf

PE5-35 Ethylene–hexene copolymer 5.0b 0.935 69,300 3.55 29.1
PE4-42 Ethylene–hexene copolymer 1.8b 0.942 90,600 3.47 50.7
PP4100 Polypropylene homopolymer 20.0c 0.906 — — —

a Provided by the material’s supplier.
b At 1908C (ASTM D 1238).
c At 2308C (ASTM D 1238).
d Weight-average molecular weight.
e Weight-average molecular weight/number-average molecular weight.
f Comonomer distribution broadness index.
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The boundary conditions at the interface of the
different regions are characterized by different mate-
rial properties. The heat exchange at the outside sur-
face (OS) of the mold is governed by convection:

� ks
qT
qz

���
os
¼ hoðTo � TosÞ (4)

where ks is the thermal conductivity of mold and To is
the oven temperature. ho and Tos represent the con-
vective coefficient and the mold temperature at the
oven-mold interface. At the mold–polymer interface,
because of the large change in thermal transfer proper-
ties across this interface, there will be a change in tem-
perature as the polymer lags themold temperature; the
boundary condition can bewritten as

� ks
qT
qz

�����
sp

¼ �kp
qT
qz

�����
ps

(5)

where subscripts s and p indicate the mold and poly-
mer, respectively.

At the polymer–air interface (the inner surface of
the molded part), the heat exchange is assumed to
be convection-controlled:

haðTpa � TaÞ ¼ �kp
qT
qz

����
pa

(6)

where ha and Tpa represent the convective coefficient
and the temperature of the polymer at the polymer-
air interface, and To is the internal air temperature.

The initial condition is the mold, polymer, and air
being at room temperature (258C).

Phase-field model

A phase-field model that considers the metastability
of polymer crystallization is used to describe the de-
velopment of the spatiotemporal morphology during
the cooling process in rotational molding. In phase-
field modeling, the Ginzburg–Landau free energy15–19

is constructed for a pure material to treat the system
as a whole. The total free energy of the nonconserved
crystal ordering [F (c)] involves a local free energy
density [flocal(c)] and a nonlocal gradient term [fgrad(c)],
which represent nucleation and growth separately:

FðcÞ ¼
Z

fcrystðcÞdO ¼
Z

½flocalðcÞ þ fgradðcÞ�dO (7)

It is assumed to evolve as

qcðr; tÞ
qt

¼ �G
dFðcÞ
dcðr; tÞ (8)

where c(r,t) represents the crystal order parameter at
time t and position r, O is the integration field, and G is
themobility. Equation (8) is known as the time-depend-
ent Ginzburg–Landau theory ormodel A equation.19

The crystal Tm value obtained at a given crystalliza-
tion condition is always different fromT0

m. It is therefore
customary to consider various metastable solid states in
polymer solidifications, which reveal various hierarchy

Figure 2 Variation of the local free energy density as a function of crystal order parameter c for various temperatures
showing different nucleation barrier heights and locations (z). The crystal state c ¼ c0 varies with the crystallization tem-
perature, indicating the imperfection of the polymer crystals.
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morphologies such as disordered spherulites and
highly ordered single crystals. To account for the meta-
stability and defective polymer crystals, the local free
energy density of the system [flocal(c,T)] is assumed to
be a monotonic function of temperature T(r,t) and has
the formof an asymmetric doublewell with respect toc:

flocalðc;TÞ ¼ W

Z c

0

cðc� zÞðc� c0Þdc

¼ W
h zc0

2
c2 � zþ c0

3
c3 þ c4

4

i
ð9Þ

where z represents the value of order parameter c at
the nucleation barrier peak and W is a dimensionless
coefficient describing the height of the energy barrier
for nucleation. Both z and W are related to the super-
cooling. The term c0 is defined as the ratio of Tm to T0

m.
c0 is proposed to describe the free energy minimum
representing the metastable solid crystal, that is a func-
tion of supercooling according to the Hoffman–Weeks
relationship.26 As shown in Figure 2, the stable solid
can be varied from some finite values of c0 to unity at
equilibrium, thereby capturing various metastable
states. At T0

m (z ¼ 0.5), the free energy density has an
identical local minimum, which means that the crystal
and melt can coexist. When T is less than T0

m (z < 0.5),
the free energy density has a global minimum at c0< 1,
representing the semicrystalline nature. In this case, the
solid state is nonetheless more stable than the melt.
Hence, the melt will solidify by overcoming the nuclea-
tion barrier peak labeled by z on the c axis. As the
supercooling increases, c0 shifts to the left to become
lower than 1, and thismeans that the final obtained crys-
tal contains more defects.22,23 The uniqueness of the pro-
posed approach is that there is no need for considering
multiple metastable wells to account for the meta-
stability potentials of polymer crystallization; a simple
free energy double well with various (supercooling-
dependent) c0 values would serve the same purpose

Figure 3 Polarized light microphotographs of the molded part cross section for PE5-35 processed with (a) water-spray
and (b) still-air cooling conditions.

TABLE II
Numerical Values for the Parameters of

PE5-35 Used in the Models

Parameter Value Parameter Value

ks (W/m K)a 147 Cpa (J/kg K)b 1010
kp1 (W/m K)b 0.2 s (J/m2)c 0.0137
rs (kg/m

3)a 2800 v (m/s at 1188C) 1.03 � 10�7

rpowder (kg/m
3)b 350 Hc (kJ/kg) 143.4

rm (kg/m3)b 900 Hm (kJ/kg) 140.8
rc (kg/m

3) 935 h0 (W/m2 K) 12
ra (kg/m

3)b 0.95 ha (W/m2 K)b 5
Cps (J/kg K)a 917 Tm

0 (8C) 128.14

a Taken from ref. 6.
b Taken from ref. 8.
c Taken from ref. 40.
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without losing the physical essence of the general sol-
idification.

The non-local free energy density can be written
in terms of the gradient free energy density [fgrad(c)],
describing the growth process as follows:

fgradðcÞ ¼ 1

2
ðk � rcÞ2 (10)

where k is the gradient coefficient depending on the
crystal–melt interface property. Substituting eqs. (9)
and (10) into eq. (8), one obtains

qcðr; tÞ
qt

¼ �G
dFðcÞ
dc

¼ �G Wcðc� zÞðc� c0Þ � k2r2c
� �þ Zc (11)

where Zc is the uncorrelated Langevin noise term. It
is well known that the temperature plays a signifi-
cant role in the crystallization process. The tempera-
ture distribution inside the bulk during the cooling
stage can be determined with the modified heat
transfer equation:

q
qz

k
qT
qz

� �
¼ d

dt
ðrCpTÞ � rHcXc

dc
dt

(12)

When crystallization starts, the melt–solid transi-
tion happens at the crystal growth front, and the sec-
ond term on the right side takes account of the liber-
ation of latent heat.

During rotational molding, the density of nuclei is
greatly affected by the cooling conditions, increasing
at a lower temperature or a faster cooling rate. The
nucleation process is simulated with the introduction
of Zc into the crystallization equation [eq. (11)] with
amplitudes that are determined by the fluctuation–
dissipation theorem.27,28 With cooling from the outer
surface toward the inner wall, some noises are acti-
vated by the nucleation energy barrier being overcome,
which is determined by the supercooling. As demon-
strated by Allen and coworkers29,30 and Wheeler
et al.,31 in the phase-field model, the parameters can
be evaluated on the basis of the material (or physi-
cal) properties, which can be determined experimen-
tally (see the appendix).

NUMERICAL MODEL

During the simulation, the numerical values of the
parameters were obtained from the experimental re-
sults. The heat-transfer coefficients for the oven were
assessed by temperature measurements made on
empty molds rotating in the oven. The data-logger-

Figure 4 Polarized light microphotographs of the molded part cross section for PE2-42 processed with (a) water-spray
and (b) still-air cooling conditions.
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recorded temperature profile was compared with the
simulated outputs for various heat-transfer-coefficient
values until the predicted curve matched the experi-
mental measurement. For the polymer resin, the var-
iations of the physical and thermal properties with
the temperature had to be considered. The tempera-
ture dependence of the heat capacity was obtained
from DSC measurements of the polymer. The den-
sity (r) was considered to be a function of Xm during
heating and Xc during cooling with a simple linear
mixing rule for simplicity:

r ¼ Xmrm þ ð1� XmÞrpowder ðheatingÞ (13)

r ¼ Xcrc þ ð1� XcÞrm ðcoolingÞ (14)

where rpowder is the bulk density of the powder, rc
is the density of the crystal, and rm is the density of
the melt. Similarly, the thermal conductivity of the
polymer was evaluated by means of the mixing rule,
as the thermal conductivity of a polymer system is a
function of density:

kp ¼ r
rc

kp1 (15)

with kp1 being the thermal conductivity of the poly-
mer crystal. No variation of the thermal properties
was assumed for the mold material.

With the isothermal crystallization in DSC and
hot-stage microscopy, T0

m was measured by the Hoff-
man–Weeks method.26,32,33 The interfacial growth ve-
locity (v) was examined through optical microscopy
by an examination of the spherulite radius growth
as the crystallization time proceeded. The surface
energy (s) was evaluated according to Lauritzen and
Hoffman’s calculation.34 In the phase-field simula-
tion, all of the model parameters were temperature-
dependent. Additionally, as described in the appen-
dix, the height of the energy barrier to nucleation
(W) was determined with Hc and Tm

0. k was eval-
uated from s, and G was calculated with both v and
s. The heat of crystallization and equilibrium tem-
perature were determined from DSC measurements,
whereas the growth velocity was obtained from iso-
thermal crystallization tests conducted with a hot-
stage microscope and image analysis unit.

The proposed equations were solved numerically
using the central finite difference method for spatial
discretization and the explicit forward difference
method for time steps. Two-dimensional calculations
were undertaken to evaluate the heating cycle during
the rotational-molding process. In the two-dimen-
sional simulations, various grid sizes (128 � 128, 256
� 256, and 512 � 512) and temporal steps (Dt) were
employed to ascertain the stability of the simulation;
however, only the results of the 512 � 512 simula-

Figure 5 Polarized light microphotographs of the molded part cross section for PP4100 processed with (a) water-spray
and (b) still-air cooling conditions.
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tion are presented. The numerical values of the pa-
rameters are listed in Table II, where pa and Cpa

rep-
resent the density and heat capacity of air, while ps
and Cps represent those of the mold.

RESULTS AND DISCUSSION

Experimental results

The micrographs obtained with polarized light mi-
croscopy revealed that the general crystalline texture
of the samples was mainly spherulites with well-
defined Maltese crosses and regularly spaced dark
bands; these are typical features of polyethylene. Fig-
ures 3–5 show the cross-sectional morphologies
obtained for all resins under different cooling condi-
tions. Characteristic cooling rates were estimated
from the profiles of the air temperature inside the
mold, as shown in Figure 6. A close examination of
the experimental data presented in the literature7,4

shows that, for the cooling and melt solidification
stages of the process, the profile of the air tempera-
ture inside the mold provides a very good estimate
of that measured within the polymer layer, though
showing a time shift, as expected from the thermal
analysis of the process. It is apparent that the cooling
rate has a significant impact on the resulting micro-
structures. Morphology changes with cooling condi-
tions, however, are not as important for PE2-42 as
for PE5-35 and PP4100. The nucleation density for
PE2-42 would be expected to be higher than that for
resins with higher comonomer contents (i.e., higher
branching contents and lower densities). All the
ethylene copolymers were produced with a gas-
phase Ziegler–Natta catalyst system, which resulted
in the production of molecules with nonuniformly
distributed comonomers among and within mole-
cules and thus a nonuniform branching distribution.
An increase in the degree of branching reduced the
surface nucleation rate more than the lateral spread-
ing rate.35 All the ethylene copolymers showed a
coarsening and deterioration in the spherulitic struc-
ture with a decreasing cooling rate. Under air cool-
ing conditions, crystallization occurs at higher tem-
peratures, which are associated with lower nuclea-
tion rates. Lower cooling rates provide sufficient
time for polymer long chains to arrange themselves
into ordered structures during crystallization, result-
ing in spherulite structures that evolve into stacked
lamellae. Our observations are consistent with those
presented in the literature with narrow fractions of
ethylene copolymers.36

Variations in the morphological features across the
thickness of the molded part are generally expected
for rotationally molded products. Cramez et al.3

showed that the size of the spherulites increases
from the mold surface toward the free surface with

rotational-molded polypropylene of 12-mm thick-
ness. Our experimental results showed the same
tendency, and the difference in the spherulite size is
recognizable with a smaller thickness. Because of the
higher thermal conductivity of the metal mold, the
regions in close contact with the mold wall cool at a
faster rate, leading to a sharper temperature gradient
than that of the inner surface zone. However, along
the surface contacting the mold wall, all samples dis-
played a transcrystalline layer. A large number of
heterogeneous nuclei are activated at the polymer–

Figure 6 Temperature profiles for PE5-35, PE2-42, and
PP4100 when processed with (a) water-spray and (b) still-
air cooling conditions.
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mold interface, and they tend to grow parallel to the
temperature gradient direction. In the absence of
degradation, the free growth of spherulites leads to
a great roughness at the inner surface. Variations in
the morphological features across the thickness of
the molded part were more apparent for parts pro-
duced under severe cooling conditions (water spray)
and with low-density polyethylene resins as well as
polypropylene.

The stability of the crystalline structure across the
thickness of the molded part was evaluated with
DSC, and the results are summarized in Table III.
Crystalline structures with lower stability crystallize
and melt at lower temperatures. Although crystalline
structures generated under slow cooling conditions
tend to show a higher degree of stability and perfec-
tion (Table III), they are expected to show a lower
failure strain because an increase in the size of the
spherulitic structure is often accompanied by a
reduction in the interspherulitic boundary links. This
in turns allows for the easier transmission of energy
through the material and thus causes a loss in the
ductility. This problem can be alleviated with faster
cooling rates, which, on the other hand, lead to the
generation of higher residual stresses in the parts,
which would explain the increased warpage observed
for all molded parts produced under such conditions.
Rapid cooling can be achieved by use of forced con-
vection and exposure of the mold to the spray of
water. Such conditions produce parts with a lower

degree of crystallinity (Table III) and give rise to
smaller spherulitic structures (Figs. 3–5).

Model predictions

Themodel predictions for the temperature profilewere
validated against data collected during the molding
experiments. Figure 6 shows the simulated internal air
temperature profiles under different cooling condi-
tions with heat-transfer modeling. A good agreement
was obtained with the experimental measurements in
light of the variation of the operation environments.
With an increase in the cooling severity, the cycle time
was reduced, and the crystallization region became
narrower with a faster cooling rate. For the still-air
cooling condition, there appeared a deviation between
the experimental measurements and modeling results
immediately after the crystallization was completed.
This might have been caused by the separation of the
polymer part from the mold surface. Because of the
crystallization and the formation of thermally induced
residual stress inside the polymer part, the molded
part tended to shrink itself, and this introduced an air
gap between the part and mold surface. Thus, it
reduced the cooling effect and let the polymer part stay
for a longer time at a high temperature.

The experimentally observed morphology has been
simulated with the two-dimensional phase-field model
with the calculated temperature distribution, Figure 7
shows the spatiotemporal spherulite growth under the

TABLE III
Melting Temperature (Tm) and Heat of Fusion (DHf), Determined by DSC, of

Specimens Taken from Molded Parts

Resin

Air cooling conditions
Water-spray cooling

conditions

Tm (8C) DHf (J/kg � 103) Tm (8C) DHf (J/kg � 103)

PE5-35 (mold surface) 126.4 143.2 126.6 124.9
PE5-35 (free surface) 127.6 135.7 127.5 122.5
PE4-42 (mold surface) 130.8 154.1 127.9 157.6
PE4-42 (free surface) 130.2 163.6 128.7 161.8
PP4100 (mold surface) 164.5 81.8 165.5 82.4
PP4100 (free surface) 161.6 98.2 160.8 97.8

Figure 7 Simulation results showing the spatiotemporal morphology under water-spray cooling conditions.
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water-spray cooling condition. As the cooling pro-
ceeded, the mold surface zone cooled first, and a large
number of nuclei appeared along the polymer–mold
interface. Because of the geometric restriction, these
nuclei were closely distributed and could grow only

inward; this transferred the sphere growth to a one-
dimensional, transcrystalline texture. As cooling con-
tinued, some cold noises gained higher amplitudes and
were able to overcome the critical nucleation energy
barrier. The material cooled from the outer surface

Figure 8 Simulation results showing the morphology of a 5-mm-thick cross section of PE5-35 processed with (a) water-
spray and (b) still-air cooling conditions.

Figure 9 Simulation results showing the morphology of a 5-mm-thick cross section of PE2-42 processed with (a) water-
spray and (b) still-air cooling conditions.
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(bottom) toward the inner surface (top), andmore nuclei
formed and grew into spherulites. Individual spheru-
lites continued growing until they reached neighbor-
ing spherulites. When the impingement happened, the
grain boundary formed because of the misorientation
between different spherulites,37 resulting in polyhe-
dral shapes. Because of the vertical cooling direction,
some spherulites were elongated, tending to grow par-
allel to the temperature gradient direction; a phenom-
enonwhich has already been reported by Lovering.38

The simulation results for the three resins molded
under different cooling conditions are reported in Fig-
ures 8–13. We report only morphological features as
predicted at the end of the cooling stage. The results
demonstrate the effect that cooling conditions have on
the nature of the spherulitic growth and the subse-
quent morphology. With the water-spray cooling
method, the crystallization time at higher tempera-
tures is shortened, favoring a higher nucleation rate
and inhibiting the diffusion of polymer chain move-

Figure 10 Simulation results showing the morphology of a 5-mm-thick cross section of PP4100 processed with (a) water-
spray and (b) still-air cooling conditions.

Figure 11 Order parameter distribution profile for
PE5-35.

Figure 12 Order parameter distribution profile obtained
near the mold surface with water-spray cooling conditions
for PE5-35, PE2-42, and PP4100.
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ment. The simulated picture displays finer spherulitic
structures. At a lower cooling rate (still-air cooling),
diffusion is facilitated, and multiple nucleations are
inhibited; this leads to more perfect lamellae and
hence higher crystallinity. The phase-field model pre-
dictions for the metastable crystal states can provide
information about the various hierarchy morpholo-
gies, such as disordered spherulites and highly or-
dered crystals. The metastable crystal ordering (c0) is
proposed to be crystallization-temperature-depend-
ent, capturing various metastable states from some
finite values (less perfect crystal) to unity (perfect
crystal) at equilibrium. In the c0 distribution plot of
PE5-35 (Fig. 11), we can see that under the still-air
cooling condition, more ordered crystals with a higher
value of c0 were obtained than under the water-spray
cooling conditions, which means that it produced
more stable crystals and more perfect lamellae inside
the spherulites. When the c0 value dropped to 0.8–0.9,
the crystallization temperature was already much
lower, which occurred in a late cooling stage when
many imperfect crystallites were formed. At c0 < 0.5,
the material was considered to be in an amorphous
state, including the defective spherulite boundary. In
this way, the spherulite size is related directly to the
captured crystal metastability. Additionally, because
the mold surface zone cooled at a faster rate and ear-
lier in the process, it produced a sharper temperature
gradient. As a result, more nuclei were triggered,
producing smaller crystallites. At the polymer–mold
interface, the small spherulites gave way to a trans-
crystalline layer consisting of bundles of parallel
fibrils. In addition, the simulations captured less or-
dered crystals at the mold surface zone than at the
free surface. Under the still-air cooling condition, this

kind of fibril grew much longer inward until it col-
lided with the internal spherulites (Figs. 8–10). The
simulation showed the same effect of the cooling con-
ditions as the experiments.

The results reported in Figure 11 are consistent with
those reported in Table III. Figures 12 and 13 present
a comparison of the prediction results among the
three resins considered in this work. The most stable
crystalline structures when rotational molding grade
polyethylene was processed appeared near the free
surface under slow cooling conditions. The reduction
in the degree of crystallinity and/or Tm in the region
near the free surface compared with the mold surface
(Table III) suggested that changes in the molecular
structures took place because of thermooxidative deg-
radation reactions. The kinetics of the degradation
reactions would need to be taken into consideration to
capture all features of the rotational-molding process.
Despite this omission in the model proposed in this
article, the predictions reported in Figures 8–13 are
overall in very good agreement with the experimental
observations reported for the polypropylene resin and
polyethylene copolymers.

CONCLUSIONS

According to the experimental and modeling work for
the rotational-molding process, semicrystalline poly-
ethylene undergoing the entire heat cycle displays a
spherulite morphology with a structure gradient
under asymmetrical cooling conditions. Accounting
for the metastability of polymer crystallization, the
modified phase-field model successfully captures the
spatiotemporal morphology development in the rota-
tional-molding process by coupling the nonconserved
crystal order parameter and the temperature field. In
the two-dimensional simulation, the nucleation and
crystal growth are proposed to be temperature-de-
pendent. Both the experimental observations and sim-
ulation results show that the cooling rate has an impor-
tant effect on the morphology of the materials. Under
severe cooling conditions, finer spherulite structures
have been observed, and the average density of the
nuclei increases with an increase in the cooling rate.
The transcrystalline structure at the polymer interfaces
has also been captured theoretically. The model has
been used to evaluate the degree of stability of the mor-
phological structure across the molded part. Our results
show that the model predictions successfully capture
variations in the morphological features caused by
changes in the material formulation as well as changes
in the molding conditions. This modeling approach
should enable significant advances in the development
of the relationship between the material formulation,
processing conditions, and properties of rotationally
molded products.

Figure 13 Order parameter distribution profile obtained
near the free surface with still-air cooling conditions for
PE5-35, PE2-42, and PP4100.
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APPENDIX: DETERMINATION OF THE MODEL
PARAMETERS IN THE PHASE-FIELD MODEL

At a given crystallization temperature T, a crystal of
stable lamellar thickness lz is formed with a change
in the local free energy (Dflocal):

Dflocal ¼ 2Ase � AlzHcð1� T=T0
mÞ (A:1)

where se is the surface free energy per unit of area
of folded surface A. The crystal order parameter can
be defined as c ¼ l/lz. In Figure 2, we find that at
Dflocal ¼ 0, there exists a lamellar thickness l* < lz at
the stability order parameter c* ¼ l*/lz, so

2
se

l�
�Hcð1� T=T0

mÞ ¼ 0 (A:2)

According to the Hoffman–Weeks relationship,26 Tm

of the crystal prepared at a given crystallization tem-
perature T can be related to lamellar thickness lz:

2
se

lz
�Hcð1� Tm=T

0
mÞ ¼ 0 (A:3)

Then, c* can be obtained from eqs. (A.2) and (A.3):

c� ¼ l�

lz
¼ T0

m � Tm

T0
m � T

(A:4)

When inserted into eq. (9), the maximum position in
the free energy of crystallization (z) is related to the
supercooling as

z ¼ 4c0c
� � 3c�2

6c0 � 4c� (A:5)

On the other hand, from eq. (9), the change in the
local free energy density at crystallization tempera-
ture T (Dfclocal) is expressed as follows:

Dfclocal ¼ W
zc3

0

6
� c4

0

12

� �
(A:6)

By equating the free energy densities of crystalliza-
tion given by eqs. (A1) and (A6), we obtain

2
se

lznRT
� Hc

nRT
ð1� T=T0

mÞ ¼ W
zc3

0

6
� c4

0

12

� �

where n is the molar density and R is the gas con-
stant. With eq. (A3), parameter W can be written as

W ¼ 6
Hc

nRTc3
0

Tm � T

T0
m

� �
c0

2
� z

� ��1

(A:7)

According to Allen and Cahn’s approach,29,30 the
excess free energy per unit of area in the interface

region over the bulk phases can be given as
s=nRT ¼ R 1

0

ffiffiffiffiffiffiffi
2fc

p
dc . At T ¼ Tm, we have

s
nRT

¼ k
6

ffiffiffiffiffi
W

2

r
(A:8)

Therefore

k ¼ 6
s

nRT

2

W

� �1=2

(A:9)

If we consider eq. (11) in one dimension with a mov-
ing frame of reference under a uniform velocity of
v ¼ qc/qt, eq. (11) is transformed as

k2
d2c
dx2

þ v

G
dc
dx

� qf
qc

¼ 0 (A:10)

We seek a solution of the form c ¼ c(z), where z
¼ x � vt under the boundary condition of c ? c0

as x ? �1 and c ? 0 as x ? þ1;39 we have a
stationary solution:

cðzÞ ¼ c0

1þ exp zc0

ffiffiffiffiffi
W
2k2

q8: 9;h i with

v ¼ �Gk z� c0

2

� � ffiffiffiffiffi
W

p
ðA:11Þ

Combining eqs. (A.9) and (A.11), we obtain

G ¼
ffiffiffi
2

p

12
v

s
nRT

�c0

2
� z

�	 
�1

(A:12)

All these material parameters are supercooling- or
temperature-dependent, and this is exactly what one
does in real experiments when probing the forma-
tion of various crystalline morphologies.
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