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ABSTRACT: The quality of rotational molded products is
strongly affected by the sintering behavior of the powders
used in the process. In turn, for a given material, the sinter-
ing behavior of polymer powders is dependent on the size
and the shape of particles obtained in the milling apparatus.
The quality of powders for rotational molding is usually
determined by means of size distribution, dry flow, and bulk
density tests. However, these tests do not provide insight
into the relationship between the shape of powders, the
milling conditions, and the sintering behavior during the
rotational molding cycle. Nevertheless, the application of
mathematical tools to powder analysis can significantly im-
prove the efficiency of the grinding process, looking not only
at the size but also at the shape of the powder. This can in

turn result in a higher reliability of rotational molding and in
better performances of the products obtained in processes
dominated by the sintering behavior of polymer powders. In
this work the grinding process of recycled high-density
polyethylene was analyzed using a quantitative approach to
the shape and size of the powders. In particular, shape
factors, capable of characterizing powders obtained in dif-
ferent milling conditions, were studied. Finally, the influ-
ence of the powders’ shape and size on sintering behavior
was studied by thermomechanical analysis. © 2004 Wiley
Periodicals, Inc. J Appl Polym Sci 92: 449–460, 2004
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INTRODUCTION

Rotational molding is a unique technology for the
production of hollow or double-wall parts, usually of
large dimensions.1 The process involves the rotation of
a mold, filled with a polymer powder in a heating
oven, where the polymer reaches its melting temper-
ature. A sintering-like process in the melt state pro-
motes densification of polymer powders2 through a
double-stage mechanism involving powder coales-
cence3–5 and bubble removal.6 Once a fully dense
polymer layer is obtained, the mold is cooled to room
temperature before the extraction of the part. Heat-
transfer phenomena through the powder mass, sinter-
ing efficiency, and surface quality of the products are
strongly affected by the nature of the polymer, and by
the size and the shape of the powders used.7,8

The time needed for the heat to penetrate within the
center of a polymer particle is mainly determined by
its size. As a consequence, larger particles will need a
longer time to reach the temperature necessary to
promote melting and subsequent coalescence.7 Fur-
ther, a complete sintering of powders (i.e., void frac-

tion equal to zero) is very difficult to obtain for large
particles.3 In fact, an efficient bubble-removal process
is more critical for larger particles6,7 because of the
higher initial dimension of voids. On the other hand,
very small particles are very difficult to obtain, as a
consequence of very long grinding times and energy
consumption.8 Usually powders with a well-deter-
mined size distribution are needed to achieve a good
packing of the polymer mass and efficient sintering.7

The shape of the particles also plays a significant
role during the heating cycle of the rotational molding
process. Two counteracting factors influence the ther-
mal conductivity of powders. Because the contact area
between particles increases with the shape irregular-
ity, irregularly shaped powders are characterized by
an improved heat transfer between particles.8,9 On the
other hand, irregular shapes can result in a less-effi-
cient packing of the material,10 promoting an in-
creased porosity, a lower apparent density, and finally
a decrease of the thermal conductivity of pow-
ders.9,11–13 This effect very often counterbalances the
potential increase of thermal conductivity related with
a higher contact area. The actual thermal conductivity
of the powder will depend on the relative intensity of
both effects, the thermal conductivity in the solid
polymer phase, and the amount of entrapped gas.9

The relevance of the powders’ shape and size makes
the grinding process particularly critical for the deter-
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mination of the quality of the parts and cycle times
during rotational molding.7 The grinding temperature
is the factor that mainly affects the powders’ size and
shape.7,14 Other parameters, such as mill speed, gap
size, and number of teeth on the grinding plates, have
a weak influence on the final powder quality.14 Tem-
perature fluctuations during milling are mainly
caused by the frictional heating between the cutting
plates and the polymer pellets, and by the viscous
dissipation associated with particle shearing and
drawing. The quality of the powders for rotational
molding is usually determined by means of particle
size distribution, bulk density, dry flow,7 and internal
friction angle.15 Only a few attempts have been made
to use microscopy to characterize the shape and the
size of powders.15 On the other hand, a number of
different techniques, such as fractal analysis,16–19 mo-
ment invariants,20–24 Fourier descriptors,25–27 and
wavelet analysis,28,29 have been developed to describe
irregular morphologies through image analysis.

In this work the grinding process of recycled high-
density polyethylene (rHDPE) was studied by means
of optical microscopy. Powders were characterized
through their bidimensional projection on the plane
perpendicular to the direction of the light of the mi-
croscope. Different shape factors, capable of character-
izing powders obtained at different temperatures,
were studied. Finally, the influence of the powders’
shape and size on sintering behavior was studied by
thermomechanical analysis (TMA).

EXPERIMENTAL

The material used was recycled HDPE, blow-molding
grade, which was shown to be a cost-effective raw
material for rotational molding, blended with a linear
low-density polyethylene.30 The material was ground
by means of an ultracentrifugal mill ZM100 by Retsch.
The temperature inside the mill, mainly determined
by the feed rate of rHDPE pellets, was controlled by
placing a thermocouple on the sieve. In the present
study, three milling temperature ranges were selected:
T � 40°C; 60°C � T � 70°C; 90°C � T � 110°C.
Powders obtained at these temperatures were labeled
as type “L,” “M,” and “H,” respectively. The mesh
size of the sieve of the grinder was 0.5 mm. A further
sieving on type H powders was also performed after
grinding because powder coalescence phenomena on
the external side of the sieve during milling caused the
presence of a high fraction of particles having d � 0.5
mm. About 50% of the powders of type H were dis-
carded.

In this study the particle analysis was applied at the
two-dimensional (2D) level operating on 2D micro-
scope images. A statistically significant number of
photographs (40 for each sample) was taken for pow-
ders obtained at different temperatures using an op-

tical microscope (Epiphot 200). Photographs were
then elaborated through the image analysis software
Paint Shop Pro. Histogram adjustment was applied
for the conversion of the gray-scale image into a black
and white binary image. The image was then con-
verted to a 256 � 187 matrix, and particle analysis was
performed on the area and the perimeter of each par-
ticle. For characterization of powders Heywood crite-
ria, fractal analysis, and wavelet descriptors were
used, applying user-defined Matlab functions to the
area and the perimeter of each particle.

The efficiency of the sintering process for L, M, and
H powders was studied through a Perkin–Elmer TMA
8 thermomechanical analyzer (TMA; Perkin Elmer Ce-
tus Instruments, Norwalk, CT). Samples of about 10
mg corresponding to an initial thickness of about 1
mm, were used. Heating scans were run between 40
and 200°C at 3, 5, and 10°C/min. To better simulate
the zero-pressure sintering condition occurring during
rotational molding the lowest possible pressure on the
sample was used (35 Pa). Powder sintering under the
TMA probe was performed using small aluminum
pans (standard DSC sample pans) limiting the powder
shrinkage in one direction. Therefore the density �(t)
was calculated as a function of initial density �i from
the ratio between the thickness of the sample at the
beginning of the test Li and the thickness at time t, L(t)
as expressed in eq. (1):

��t� � �i

Li

L�t� (1)

Each result reported was calculated as the average of
three tests.

Differential scanning calorimetry (DSC) was used to
study the melting behavior of rHDPE. Samples about
10 mg were heated in an inert atmosphere from 20 to
250°C at a scanning rate of 10°C/min. The onset and
the peak temperatures of melting were evaluated, to
highlight the inherent differences between the two
distinct processes.31

Mathematical tools for powder analysis

Heywood criteria

Once the perimeter and the area of powder images
were extracted, the shape factors, called Heywood
criteria,15 were used to characterize the particle shape.
Three parameters were adopted: circularity, round-
ness, and aspect ratio (or elongation), defined in eqs.
(2)–(4):

Circularity �
4� Area

Perimeter (2)
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Roundness �
Area

�
�Dmax�

2

4

(3)

Elongation �
Dmax

Dmin
(4)

where Dmax and Dmin are the maximum and minimum
Feret diameter of the particle, as defined by Janowsky
et al.32 Given a 2D area, at each direction n� can be
associated with a Feret diameter, defined as the min-
imum distance between two parallel lines perpendic-
ular to the n� direction, which enclose the area. To find
the Feret diameter for each direction the image was
rotated between 0 and 180° with a 1° step. Each rota-
tion angle i corresponds to a rotation of the n� direction
of 1°. The Feret diameter at each rotation angle i was
evaluated according to eq. (5):

Df,i � max�d�yA, yB�� A, B � Pi (5)

where d(yA, yB) is the distance between points and Pi

is the perimeter of the particle at a given rotation angle
i. The maximum Feret diameter was determined as the
maximum value of Df,i over different rotation angles,
as reported in eq. (6):

Dmax � max
0�i�180

�Df,i� (6)

whereas the minimum Feret diameter was taken as the
diameter in the direction perpendicular to that one
corresponding to Dmax.

The aim of Heywood parameters is to emphasize
the spherical (circularity and roundness) or the oblate
(elongation) shape of a particle. Circularity, round-
ness, and elongation are equal to unity for a spherical
shape. Both circularity and roundness decrease while
the particle deforms from an ideal spherical shape,
whereas elongation increases. The limit of these pa-
rameters is that they give a rough indication of the
shape of a particle as a whole, although they do not
provide indication of the regularity of a particle at a
finer observation scale.

Fractal analysis

In this work the Mandelbrot method16 was used,
based on a Richardson plot, where the estimated
length of a contour is plotted as a function of the scale
of the measurement on a double-log scale. If a profile
is approximated piecewise linearly, its perimeter in-
creases with decreasing step length, that is, with the
length of the side of the equilateral polygon that ap-
proximates the profile. A simple relation can be estab-

lished between the estimated length L(�) and the step
length �, expressed as

L��� � M��1�D� (7)

where M is a positive constant and D is a constant � 1.
By linear regression of experimental data on a double-
logarithm plot of L(�) versus �, the value of D, called
the fractal dimension, can be determined. The proce-
dure used in this work to determine at each step
length the estimated contour length is the same as that
described by Allen et al.16 The minimum step length
was chosen to be 2 pixels, corresponding to 5.9 �m,
the maximum equal to a half of the maximum Feret
diameter. Further, at each step length, the perimeter
was calculated starting from every point of the con-
tour, and the average value was taken as the estimated
length,33 according to eq. (8):

L��� � avg
1�n�N�1

�L��, n�� (8)

where n is the position of the starting point on the
contour and N is the total number of points in the
contour. In this way, the calculated estimated perim-
eter was made invariant from the choice of the starting
point.33 Richardson plots for powders L, M, and H are
shown in Figure 1. If a particle is self-similar (i.e., its
degree of roughness is the same for all scales of ob-
servation), one line can be drawn through all data
points. Particle contours, however, rarely provide self-
similarity19; more commonly the fractal dimension is
dependent on the step length interval over which it is
evaluated and the slope of the Richardson plot
changes with the step length. As a consequence of this,
a textural dimension Dtex was determined as the slope
of the Richardson plot at the lower step length inter-
val, corresponding to the finer observation scale,
whereas at larger scales a structural dimension Dstruct
was determined.17,33,34 In this work the textural di-
mension was evaluated as the slope of the Richardson
plot at the seven lower step lengths, whereas the struc-
tural dimension was evaluated as the slope of the plot
at the seven higher step lengths, as shown in Figure 1
for powders H. The Richardson plot for a circle is also
shown in Figure 1. A linear fit of the Richardson plot
for a circle simply provides D 	 1.00 at each observa-
tion scale, which actually means absence of fractal-
ity.17

Fourier descriptors and wavelet analysis

When the contour of a particle is extracted from the
image, a periodic function is obtained in the x–y coor-
dinates. Each point of the contour has coordinates
[x(n), y(n)], where n is the position on the contour. In
the complex plane the representation of each point is

HDPE POWDERS FOR ROTATIONAL MOLDING 451



given as z(n) 	 x(n) 
 jy(n). The complex Fourier
transform of z(n) can be written as in eq. (9)27:

F�k� �
1
N �

n	0

N�1

z�n�exp��j2�kn/N� 0 � k � N � 1

(9)

where k is the order of the descriptor and N is the total
number of points. The coefficients F(k) need to be
independent from the choice of the starting point, and
from rotation, translation, and scaling of the contour.
The calculation of real first-order Fourier descriptors
of the coordinate points x(n) and y(n)25 leads to the
determination of the centroid position of the contour,
and the phase angles necessary to make the profile
invariant from rotation and starting point. The scale-
invariant feature was determined as the average of the
two major axes of the first-order ellipsoid. Once these
parameters were determined, Fourier descriptors
were made invariant following the procedure de-
scribed by Lai et al.26 Once Fourier descriptors of
particle shape have been determined, wavelet analysis
allows the determination of contour irregularities cor-
responding to different scales as a function of the
position on the contour. The wavelet analysis is based
on the calculation of the correlation between the signal
z(n) and a test function, 	(n), called the wavelet func-
tion. The correlation coefficient is defined in eq. (10):

a�n� � �
��

�

z�
�	�
 � n� d
 (10)

The coefficient a(n) provides information about the
structure of z(n) and its relationship with the test
wavelet 	(n). When z correlates with 	 then a(n) is

large; otherwise a(n) is small.29 Among all wavelet
functions, the harmonic wavelet was used in this work
for its simplicity. A harmonic wavelet is such that its
Fourier transform is zero everywhere, except in a fi-
nite band of frequency, defined by 2�m � k � 2�l,
with m � l need not be integers. In this range, the
Fourier transform of the wavelet function has a con-
stant value W(k) 	 1/[2�(l � m)]. If the total number
of points on the contour is a power of 2, N 	 2J, where
J is a positive integer, the correlation coefficients can
be written as28,35

a0 � F�0�

a2j
n � �
s	0

2j�1

F�2j � s�exp�i2�sn/2j�

a� 2j
n � �
s	0

2j�1

F�N � 2j � s�exp��i2�sn/2j�

aN/2 � F�N/2 � 1� (11)

where 0 � j � J � 2 is the resolution level and 0 � n
� 2j � 1 is the position on the contour. Consequently,
each profile can be approximated by ( J � 1) different
resolution levels. The total roughness associated with
each resolution level j can be calculated as the energy
of the level28 and is reported in eq. (12):

Rj �
1
2j �

n	0

2j�1

��a2j
n�2 � �a� 2j
n�2� (12)

with 0 � j � J � 2. The energy associated with reso-
lution level 0 is an indication of the elongation of a
particle (ranging from 1 for a circle to 2 for a slab),
increasing elongation resulting in higher energies. At

Figure 1 Richardson plot for powders L (�), M (E), and H (‚), and for a circle (
) and linear fit of H powders plot (—).
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higher resolution levels, which correspond to obser-
vations at finer scales, increasing energy corresponds
to higher roughness at that level.

The efficiency of wavelet analysis in particle analy-
sis was tested on five different shapes, obtained add-
ing secondary waves of different frequencies to a cir-
cle. The different shapes are shown in Figure 2 as
Shape 1–Shape 5. The energies at seven different res-
olution levels for the shapes of Figure 2 are reported in
Table I. From the results reported in Table I it can be
observed that wavelet analysis leads to the determi-
nation of a distribution of energies as a function of the
resolution level. The position of the energy peak de-
pends on the frequency window corresponding to the
higher roughness, and its amplitude depends on the
intensity of the roughness. The energy associated with
level 0 is always 1, given that all the shapes are de-
rived from a circle and their elongation is 1. On the
other hand, increasing the frequency of the secondary
wave in Figure 2 results in a shift of the maximum
energy to higher-resolution levels. The peaks for the
five shapes reported in Figure 2 differ only for their
localization on the frequency scale, and not for their
absolute amplitude because the amplitude of the sec-
ondary wave is the same for all the shapes of Figure 2.

For analysis of HDPE powders the contour of each
particle image was sampled to obtain for each profile
a total number of points N 	 256. In this way, for each
image, seven shape features were obtained. Because at
the higher-resolution levels the value of the energy
can be strongly affected by the pixel resolution of the
image, only five features were extracted, correspond-
ing to the lower five resolution levels.

RESULTS AND DISCUSSION

Characterization of powders

Typical particle shapes for the powders obtained at
different temperatures are shown in Figure 3. When
polyethylene is ground, the particles are sheared be-
tween cutting elements, and long tails are drawn as a
consequence of the toughness of the material. At lower
temperatures, the viscosity of the material is too high
to allow any rearrangement of the shape, capable of
lowering the surface energy toward a spherical shape,
as is evident from Figure 3(a). As a consequence,
particles obtained at room temperature have a rough
surface and irregular shape. At higher temperatures

Figure 2 Shapes obtained adding a secondary wave to a
circle, used for Wavelet analysis verification.

TABLE I
Wavelet Energy as a Function of Resolution Level for

the Different Shapes of Figure 2

Resolution
level

Wavelet energy

Shape 1 Shape 2 Shape 3 Shape 4 Shape 5

0 1 1 1 1 1
1 2.29E-5 2.21E-5 2.20E-5 2.20E-5 2.20E-5
2 0.0199 7.38E-6 5.61E-6 5.37E-6 5.32E-6
3 1.86E-5 0.0199 6.60E-6 2.71E-6 2.22E-6
4 2.88E-6 1.88E-5 0.0199 9.02E-6 1.39E-6
5 1.37E-6 4.27E-6 3.17E-5 0.0198 6.78E-6
6 9.31E-7 2.64E-6 1.03E-5 7.03E-5 0.0199

Figure 3 Particle shapes from optical microscopes for pow-
ders L, M, and H.
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the tails, which are formed during milling, can shrink
and recoil into the main particle body14: the oriented
and anisotropic polymer chains of the tails assume a
nonoriented and isotropic configuration. This allows
cleaner cuts and smoother surfaces on particles char-
acterized by lower elongation, as can be seen in Figure
3(b). Further increasing of the temperature can lead to
premature melting and adhesion of the powders,36

and consequently to the formation of clusters, which
are not suitable for rotational molding.7 This leads to
particles having higher dimension, but more regular
shapes, as can be seen in Figure 3(c).

The occurrence of the typical shapes reported in
Figure 3 is confirmed from the results of Table II,
where the Heywood criteria, fractal dimensions, and

wavelet energies at different resolution levels are
shown for L, M, and H powders.

A minimum value for the area of the particles was
obtained for powders M ground at a temperature of
about 65°C. For particles H the average size was
higher compared with that of powders M and L. This
can be attributed to some coalescence of particles, as a
consequence of the high temperature.

The elongation decreased going from samples L to
samples H. The “compactness” factors, roundness and
circularity, increased with increasing temperature.
This was confirmed from the observation of wavelet
energy at resolution levels 0 and 1, which were di-
rectly related to the elongation of a particle and to the
presence of tails, both parameters increasing with de-

Figure 4 Normalized distribution of circularity for powders L (o), M (d), and H (z).

TABLE II
Numerical Values of Heywood Criteria, Fractal Dimensions, and Wavelet Energies

for Powders L, M, and H

Powders L Powders M Powders H

Heywood criteria

Area � 10�2 (mm2) 4.95 � 2.19 4.32 � 2.04 9.75 � 2.90
Circularity 0.267 � 0.148 0.415 � 0.162 0.472 � 0.0921
Roundness 0.297 � 0.172 0.462 � 0.143 0.541 � 0.0898
Elongation 2.29 � 1.07 1.63 � 0.390 1.51 � 0.219

Fractal analysis
D 1.17 � 0.0426 1.15 � 0.0492 1.12 � 0.0319
Dtex 1.07 � 0.0232 1.08 � 0.0251 1.07 � 0.0162
Dstruct 1.38 � 0.149 1.25 � 0.110 1.20 � 0.0727

Wavelet analysis
R0 1.16 � 0.179 1.06 � 0.0981 1.02 � 0.0237
R1 0.113 � 0.118 0.0639 � 0.0623 0.0284 � 0.0172
R2 0.0199 � 0.0216 0.0166 � 0.0187 0.0103 � 0.00635
R3 0.00270 � 0.00250 0.00277 � 0.00219 0.00218 � 0.00106
R4 4.22E-4 � 2.98E-4 4.42E-4 � 3.83E-4 3.52E-4 � 1.65E-4
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creasing milling temperature. This indicates that more
regular particles can be obtained at higher tempera-
tures, whereas at lower temperatures the particles are
highly elongated.

The structural dimension decreased going from
powders L to powders H, indicating that the rough-
ness of the samples decreased with increasing temper-
ature. This was confirmed by the wavelet energies at
higher-resolution levels, R1 and R2, also decreasing
with increasing temperature. The roughness at a finer
scale, which is related to the textural dimension Dtex
reported in Table II, and to the energies at higher-
resolution levels (R3 and R4), was almost the same for
powders L, M, and H, indicating that the difference is
not as evident as for the roughness at lower resolution.
At resolution levels corresponding to textural dimen-
sion and to the energies at levels 3 and 4, errors can be

generated by the resolution of the image, by the con-
tour acquisition technique,33 and by the noise related
to the low magnification of the image.28 As a conse-
quence, the importance of these parameters must not
be emphasized.

From the standard deviation values of Heywood
criteria, also reported in Table II, it can be observed
that more uniformly distributed shapes can be ob-
tained at higher temperatures, whereas for powders L
and M both regularly and irregularly shapes are
present. Further, the same behavior is observed in
Table II for structural dimension and wavelet energy
up to level 3. This is better evidenced in Figure 4,
where the distribution for the circularity is shown. At
higher grinding temperatures, irregularly shaped par-
ticles can reach low surface energy conformations be-
cause of the higher mobility of polymer chains at-

Figure 5 Normalized distribution of area for powders L (o), M (d), and H (z).

Figure 6 Fractal dimension as a function of step length interval for powders L (—�—), M (—E—), H (—‚—).
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tained also after particle production. At lower temper-
ature, this rearrangement is not possible, and both
regularly and irregularly shaped particles are present.
A different behavior is found for the area distribu-
tions, shown in Figure 5. Broad distributions are ob-
tained for any powder sample, as a consequence of
nonuniform milling process and temperature.

To better investigate the fractal nature of particles,
the approach described by Kindratenko et al.17 was
applied to study the variation of fractal dimension
with step length range. Results are reported in Figure
6, where the average value of the fractal dimension is
reported as a function of the step length, normalized
with respect to the maximum Feret diameter, for pow-
ders L, M, and H. The fractal dimension was calcu-
lated at each step length from a linear regression on
the adjacent five points. As may be observed in Figure
6, the fractal dimension does not show a neat distinc-
tion between a textural and a structural dimension,
but rather a continuous increase with increasing step
length. As a consequence of this, the textural and
structural dimensions reported in Table II can be re-
garded as extreme values of a distribution of fractal
dimensions. Also in this case, as already underlined
for the wavelet descriptors, the observation scale plays
a significant role, given that at different resolution
levels different slopes of the Richardson plot can be
found.19

At low step length the three samples L, M, and H
show no difference, as confirmed from the observa-
tions on the textural dimension and wavelet energies
at high resolution, reported in Table II. With increas-
ing step length the higher slopes, which can be ob-
served with decreasing milling temperature, are re-

sponsible for the higher structural dimension for pow-
ders L, as confirmed by Heywood criteria and wavelet
energies at lower resolutions.

The influence of the number of analyzed particles
on the calculated shape factors was also assessed,
analyzing the evolution of the average value for elon-
gation and R1 with increasing population of tested
particles. The results are reported in Table III for pow-
ders L. Particles L were chosen for this purpose for
their higher heterogeneity with respect to powders M
and H. In Table III it can be observed that the differ-
ence between consecutive populations decreases with
increasing number of analyzed particles. Analyzing 35
or 40 particles results in a difference in the average of
0.6 and 1.2% for elongation and R1, respectively. Fur-
ther, for any sample the mean is within experimental
mean deviation, reported in Table II for the sample
containing 40 particles. As a consequence of these
observations, the selected population of 40 samples for
each milling temperature was considered to be repre-
sentative of the whole population.

Characterization of powder sintering by TMA

TMA sintering experiments were performed on the
HDPE powders of different shapes. The bulk density
of powders was determined by dividing the weight of
each sample for its volume at room temperature (re-
ported in Table IV). The bulk density of powders
increases with increasing grinding temperature. This
result is consistent with the shape measurements:
highly regular shaped powders are characterized by a
more efficient packing, in which the fraction of voids
is much lower than that for irregularly shaped parti-
cles,10 characterized by tail bridging and higher inter-
particle friction37 and surface roughness.

The derivative of the linear shrinkage dL/dT mea-
sured in a TMA experiment at 10°C/min is compared
in Figure 7 with the DSC melting endotherm per-
formed at the same heating rate. Sintering is observed
only when the sample temperature exceeds the onset
of melting temperature, as previously observed for
other semicrystalline polymers.5 Sintering can occur
only if a finite viscosity is achieved, as predicted by
the Frenkel model.3 After melting has begun, the sin-
tering rate dL/dt suddenly increases as a consequence
of high initial void fraction and viscosity reduction,
and reaches its maximum at a temperature lower than

TABLE III
Mean Values of Elongation and R1 for Powders L at

Different Populations of Analyzed Particles

Number of particles Elongation R1

5 2.351 0.1747
10 2.034 0.1156
15 2.029 0.1019
20 2.108 0.09432
25 2.162 0.1203
30 2.248 0.1155
35 2.304 0.1141
40 2.290 0.1128

TABLE IV
Initial and Final States for the Numerical Integration of Eqs. (13)–(15)

Parameter Powders L Powders M Powders H

Initial bulk density (kg/m3) 300.5 � 4.94 325.5 � 9.31 347.1 � 5.56
Final void fraction 0.01233 0.00895 0.02375
Average bubble dimension (�m2) 5715 � 2712 6725 � 3742 7754 � 6452
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the peak temperature determined from DSC, which is
mainly determined by the lamellar thickness distribu-
tion of crystals.30 In Figure 8 and Figure 9 the sintering
behavior of powders in terms of linear contraction and
rate of contraction is shown for powders obtained at
different temperatures. The results reported in Figure
9 were obtained by differentiating the measured
shrinkage of Figure 8.

Surface area reduction is the driving force for sin-
tering, and thus finer particles with high surface area
are expected to sinter more rapidly.38 Moreover,
higher dimensions cause higher-temperature gradi-
ents within a single particle,39 leading to increased
sintering temperatures.40,41 This is confirmed from the
results of Figure 9, where it can be observed that for
powders H the peak temperature is about 2.3°C higher
than the peak temperature for powders L. This phe-

nomenon was observed at every heating rate. Further,
once coalescence of powders has been completed, the
initial larger dimension of bubbles entrapped in the
molten mass is responsible for longer densification
times6 or not fully sintered samples,3 as shown in
Figure 8, where less-efficient sintering is observed
with increasing size of powders.

Optical micrographs of sintered samples were
taken, and the void fraction and area distribution of
air bubbles on the surface were evaluated. Images of
the sintered samples for powders L, M, and H, are
shown in Figure 10. The results obtained for the
final void fraction and bubble dimension were cal-
culated as an average over four surfaces (reported in
Table IV).

The void fraction for the sintered samples of H
powders is higher than that of the other powders.

Figure 7 DSC melting endotherm (—) and TMA rate of sintering (�) for powders H.

Figure 8 TMA sintering signal for powders L (�), M (E), and H (‚).
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Further, the average bubble dimension is higher, a
consequence of the higher dimension of the initial
particles. The M powders show the lowest void con-
tent, which is also consistent with the particle size
measurement, showing a minimum for M powders.

The sintering behavior was modeled using a kinetic
model derived from the one proposed by Kandis and
Bergman,4 and modified to take into account the ab-
sence of sintering when the temperature is lower than
the onset temperature of melting Ton (360 K as deter-
mined from DSC analysis). The equations used are

d�

dt � �k0exp��
E

R�T � Ton�
��� � ��� (13)

� � 1 �
�

�0
(14)

� � �i

L
Li

. (15)

where � is the void fraction, �� is the final void frac-
tion, E is the activation energy for sintering process,
and K0 is a preexponential factor. The final void frac-
tion �� and initial density �i can be determined using
the data reported in Table IV, L/Li is the output signal
of TMA experiments, and the material density �0 is
taken as 950 kg/m3. By nonlinear regression of TMA

Figure 9 TMA rate of sintering for powders L (�), M (E), and H (‚).

Figure 10 Sintered samples optical micrographs.
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experimental data values of the parameters E and K0
were determined. The prediction according to the
model of eqs. (13)–(15) is compared with experimental
results in Figure 11 and Figure 12 for powders L and
H, respectively. The values of E/R and k0 calculated
by nonlinear regression are reported in Table V.

The observed behavior of HDPE powders is in
good agreement with experimental observations
and theoretical modeling, predicting that the sinter-
ing rate strongly depends on initial particle size.41

In particular, an increase of the milling temperature
results in a higher activation energy for the sintering
process, causing a shift of the whole process at
slightly higher temperatures. This increase in acti-
vation energy is attributed to the more regular

shape and larger size of H-type particles, discussed
in detail previously.

CONCLUSIONS

In this work, the influence of grinding temperature
on the shape and size of powders for rotational
molding was studied. A quantitative approach to
the description of the particles was presented. The
efficiency of the shape factors for the powder char-
acterization was well evidenced by the differences
observed for powders obtained at different temper-
atures. The effect of the temperature on the shape of
the particles indicated that larger and more regu-

Figure 11 Sintering rate for powders L at 3 (�), 5 (E), and 10 (‚) °C/min, and model prediction (—) according to eqs.
(13)–(15).

Figure 12 Sintering rate for powders H at 3 (�), 5 (E), and 10 (‚) °C/min, and model prediction (—) according to eqs.
(13)–(15).
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larly shaped particles are obtained by increasing the
milling temperature.

The influence of particle size and shape was also
reflected in the bulk properties of powders and in
their sintering behavior. More regularly shaped parti-
cles had higher initial bulk density, although larger
size was reflected in a less-efficient sintering process.
The results obtained from the introduced mathemati-
cal model, and confirmed from experimental TMA
observations, showed that an optimal milling temper-
ature can be selected. When this temperature is ap-
proached, the apparent density of sintered products is
higher, and good-quality rotational molded parts can
be fabricated in processes, such as rotational molding,
where the sintering behavior of powders plays a sig-
nificant role in determining the final quality of the
parts.
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TABLE V
Numerical Values for the Parameters of Eqs. (13)–(15)

from Nonlinear Regression of Experimental Data

Parameter Powders L Powders H

k0 (s�1) 4 � 106 4 � 106

E/R (K) 750 780
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