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Abstract: Rotational molding advantages include the production of a hollow part with no welding
lines, either of small or big sizes, with no internal stresses and good surface details. However,
the process is limited by the long cycle times, and its related high energy consumption. Different
strategies can be followed to reduce such energy use. This work assesses the use of pressure inside
the molds during the densification and cooling stages, finding reductions in overall cycle time of
approximately 20%, because of the reduction in the heating time required but also to the increased
cooling rate. The influence of such an approach on the production of composites with reed fibers
has also been assessed, finding a similar trend towards cycle time reductions. The rotomolded
samples’ thermomechanical and rheological behavior were determined, finding that viscosity was
not affected due to the incorporation of air during the moldings; besides, the homogeneity of the
composites increased due to the mold pressurization. The parts obtained show good aesthetics and
good thermomechanical behavior along the entire temperature range studied, and particularly for
10% composites; higher fiber ratios should be prepared via melt compounding. Therefore, the mold
pressurization allows us to reduce both oven and cooling times, which can be translated into an
increase in productivity and a decrease in energy consumption, which are undeniably related to the
increase in the products’ sustainability and cost.

Keywords: rotomolding; cycle time reduction; pressure; energy consumption; DMA; composite;
rheology

1. Introduction

Rotational molding is a well-established manufacturing method that allows obtain-
ing parts with low-cost tooling, no welding lines, no internal stress, and minimal or no
waste [1,2]. The use of relatively high temperatures and long cycle times [3], together with
the need of having the material either as a powder or as a liquid, limits the materials suited
for use within this process, and thus, limit its application [2,4]. In any case, the market
share of rotational molding is constantly growing at approximately 6%, and it is expected
to reach a value of 8,500 million euros by 2031 [5], by finding new applications, such as
hydrogen storage tanks [6] or wind-blade turbines [7,8].

The most common material in rotomolding is polyethylene (PE), in powder form,
accounting for about 85% of the market [2], followed by polylactide (PLA) as a more
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sustainable alternative [9–11]. The vast use of PE is due to its thermal resistance, low cost,
durability, and rheological characteristics [12–14], as the low viscosity of the materials is
needed to ensure good sintering of the granules to obtain a well-consolidated part, free of
voids and porosity [15].

The process has different stages, which can be simplified into four fundamental
ones [12,16]:

1. Introduction of the material inside the mold
2. Rotational molding itself: the mold is introduced into an oven and the rotation

starts. During this time, the internal air temperature is usually monitored, observing
three stages:

a. Induction, where the material starts increasing temperature.
b. Sintering, the powder starts melting and sticking in the mold walls.
c. Densification: the temperature increases quickly, until reaching the peak internal

air temperature (PIAT), which is the maximum temperature reached in the
process, and the molten material is consolidated. In this stage, air bubbles
trapped in the molten material migrate towards the inside of the part and
escape through the mold vent [12–14]

3. Once the desired temperature is reached, the mold is removed from the oven, while
still rotating, and the cooling stage starts.

4. Demolding of the part, once the polymer is solidified, the part is extracted from
the mold.

In order to overcome rotational molding’s limitations and increase its sustainable
character, a number of innovations have been incorporated in the sector. These range from
the incorporation of bio-based [17–23] or recycled materials [24–28] to the use of innovative
tools [29–31].

Previous research works have shown the potential applications of natural fibers or
waste materials as fillers of rotomolded parts, as a way to broaden the range of mate-
rials available and increase the range of properties achievable while, at the same time,
improving the environmental behavior of the molded parts and potentially reducing their
costs [12,32]. However, particularly for fillers of an organic nature, the process conditions
(namely, relatively high temperature and long cycle time) sometimes make it necessary to
treat them in order to increase thermal resistance and avoid degradation. Mercerization
(biomass treatment with an NaOH solution) is one of the most commonly applied proce-
dures [32–35], although some authors report the formation of fiber clusters when using
this treatment [21,36]; the use of maleated polyethylene or the modification of fibers with
maleic anhydride have also been proposed in several works [16,37–40], albeit, with the
aim of improving compatibility between the hydrophilic fiber and the hydrophobic matrix.
Although these are widely used in the literature for the improvement of the properties
of natural fiber composites, their effect in rotomolded products is not as clear as in other
production processes, such as injection molding, particularly due to the lack of shear and
pressure within the process. Specifically, the use of giant reed fibers (Arundo donax L.) has
been recently explored in the literature to obtain rotomolded composites; for example,
Suárez et al. introduced them in proportions up to 10% in (PLA) and PE matrices, finding a
strong correlation between increased fiber loading and porosity, leading to lowered me-
chanical properties, particularly impact strength and tensile stress [17]. The incorporation
of such fibers led to improved biodisintegration behavior for the composites obtained with
the PLA matrix; similarly, the research conducted by Ortega and his collaborators [18]
reached up to 20% of reed fibers in PE matrices, although with important drops in their
mechanical properties. Very few other significant publications have been found on the
use of this fibers for composites obtained on rotomolding, while very few additional ones
can be retrieved for other processing technologies; for example, Fiore et al. and Suárez
et al. have obtained reed composites with PLA, PE, and PP composites, obtaining good
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mechanical properties [41,42]. Other authors have obtained composites with this plant
using epoxy or polyurethane matrices [43–45].

Concerning energy consumption and its reduction, very little research was found in
the literature to the best of the authors’ knowledge, and it was mainly related to electrically-
heated tools [29] or microwave-assisted processes [31]. The use of directly heated molds,
using Robomould device [29], results in a lower energy consumption (by a factor of up to 15
less than in conventional carrousel machines), higher energy efficiency, and a shorter cycle
time (about 20%) due to the reduced time needed to heat the mold. A different strategy to
reduce the cycle time and improve the final parts’ properties (such as reduced shrinkage or
increased ductility) is the use of internal pressurization. Only one reference has been found
in this sense; Malnati [46] reported cycle time reductions of up to 78% for 6.35 mm thick
parts made on PE when using pressure-assisted cooling by Ripple’s technology. However,
this author only provides the data and neither the curves nor the properties of the obtained
parts are reported in that reference.

This paper analyzes the processing cycles to obtain 4 mm thick PE parts when using
conventional procedure and two levels of pressure, as well as two different PIATs. The pro-
cedure was also applied to obtain composites with lignocellulose fibers, demonstrating the
benefits of using such a simple procedure, without the need for complicated modifications
in conventional rotomolding machines.

2. Materials and Methods
2.1. Materials

The material used was a polyethylene–hexene grade material produced by Matrix
Polymers (Revolve N-307) (Liverpool, UK), with a density of 0.939 g/cm3 and a melt flow
index of 3.5 g/10 min, in powder form. The composites were prepared by dry blending of
this PE at a 10 and 20% weight of giant reed fibers, cut to about 2–3 mm in length. These
fibers, obtained from Arundo donax L. culms by a chemo-mechanical procedure previously
described [47], have a cellulose content of over 70% and exhibit good thermal stability.

2.2. Rotational Molding Trials

Samples were produced in a 200 × 200 × 200 mm aluminum mold with a vent hole
in a biaxial three-arm carrousel rotomolding machine from Ferry RotoSpeed, the RS–1600
Turret Style model. The rotational speed ratio was set to 8:2, and the oven temperature was
set at 300 ◦C. The oven and peak internal air temperature (PIAT) were constantly monitored
using a Rotolog system (Ferry Industries, Stow, OH, USA). For the parts with positive
internal pressure applied, the vent was substituted by a pipe with a valve, which was open
for the outlet of gases during the first stages of heating and closed for air injection when
the sintering stage was concluded.

Samples without pressure application were heated up until reaching an IAT of 180 ◦C;
for those with pressure, the mold was taken out of the oven on reaching 140 ◦C, at
two different pressures: 80 and 150 kPa (0.8 and 1.5 bar). The cooling was performed
with forced air until reaching 70 ◦C, when the parts were extracted from the mold. The
total weight of the material in each sample was 800 g, which allowed obtaining 4 mm thick
parts. Table 1 summarizes the conditions of the molding trials and the short names given
to the obtained parts:

Table 1. Conditions for the different moldings performed.

Short Name Pressure (kPa) IAT (◦C) Fiber Content (% Weight)

PE Ambient 180 0

PE180-0.8 80 180 0

PE140-0.8 80 140 0

PE140-1.5 150 140 0
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Table 1. Cont.

Short Name Pressure (kPa) IAT (◦C) Fiber Content (% Weight)

10A Ambient 180 10

20A Ambient 180 20

10A-0.8 80 140 10

20A-0.8 80 140 20

2.3. Materials Characterization

An Olympus BX51 optical microscope (Tokyo, Japan) was used for the observation of
the rotomolded samples. The presence of voids and bubbles was assessed in the external
and internal sides of the different parts obtained, as well as in their cross section.

The flow properties of the materials were assessed in an oscillatory AR G2 rheometer,
from TA instruments (New Castle, DE, USA), with 25 mm diameter parallel plates and
a 1.5 mm gap in a nitrogen atmosphere. The experiments were conducted at 190 ◦C.
Preliminary assays were performed under the strain sweep mode in order to ensure that
later the experiments were placed in the linear viscoelastic region (LVE). In these tests, the
strain was varied between 0.1 and 5%. Frequency sweep tests were performed at a 0.5%
strain in the LVE in the 100 to 0.01 Hz range. Finally, flow tests were also performed at the
same temperature, between a shear rate of 0.01 and 1 Hz.

The thermomechanical properties of different materials were evaluated by dynamic
mechanical thermal analysis (DMTA) using a Tritec 2000 device, from Triton Technology
(London, UK), under the single cantilever bending method. A strain of 10 µm was applied
at a frequency of 1 Hz between −60 and 100 ◦C, at a heating rate of 2 ◦C/min.

From the DMA results, the adhesion factor (A) can be obtained, as described by
Kubát et al. [48], and simplified according to [9], in which the authors consider that the
behavior of the composite is due to the properties of the matrix, the filler, and the interphase
(Equation (1)):

A =
1

1 − xF
· tanδC

tanδPE
− 1 (1)

where xF is the ratio of the filler in the composite (in volume); and tanδC and tanδPE, the
damping factors of the composite and the neat PE, respectively.

The entanglement factor (N) is also proposed as an approximation to the intensity
of the interaction between matrix and filler/reinforcement, together with the efficiency
factor [49,50]. The entanglement factor is usually calculated at several temperatures to
evaluate the potential differences in such interactions due to different service conditions;
this factor is calculated as

N =
E′

RT
(2)

where E′ is the storage modulus at a certain temperature (T, in K) and R is the universal
gas constant.

The reinforcement efficiency (r), calculated as shown in Equation (3), provides infor-
mation about the filler/matrix interaction:

E′
c = E′

m·(1 + r·Vf) (3)

where E′
c and E′

m are the storage moduli of the composite and the matrix, respectively,
and Vf is the percentage of the filler (by volume).

3. Results and Discussion
3.1. Cycle Time Analysis

Figure 1 shows the cycles recorded for the PE rotomolding trials; as also found in
Table 1, the curves for the moldings at lowest temperature are overlapped regardless of
the value of the pressure applied. Apart from this, reductions in oven time are observed,
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ranging from 7 to 14% in oven are observed from Figure 1a, while in Figure 1b the shortest
overall cycle is clear, together with the increase in the densification rate for all moldings
performed under pressure.
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Figure 1. (a) Temperature recordings for thermocouple placed outside the mold. (b) Monitoring of
internal air temperature for PE moldings.

Furthermore, when taking the mold out of the oven at 140 ◦C, a PIAT of approximately
190 ◦C is reached, meaning that the pressure on the molten materials force it towards the
mold walls and enhance the energy transfer between the mold and the molten material
(the moldings with no pressure are taken out of the oven for an IAT of 180 ◦C, and reach
a PIAT of 206.4 ◦C, that is, an increase of only about 20 ◦C vs. the approximately 50 ◦C
increase obtained for pressurized moldings). This lower temperature will beneficially result
in a reduced extent of degradation, which is of particular interest for polymers (or fillers)
sensitive to thermo-oxidation, while, at the same time, it allows getting well-cooked parts
and does not negatively affect their properties.

Considering the moldings performed at different values of pressure and the lack of
differences observed, the composites were obtained at 80 kPa. A lignocellulosic fiber (from
giant reed) was introduced in the PE matrix in order to determine whether the cycle times
for composites are also affected by mold pressurization, as previous research work has
shown that cycle time is increased by approximately 6% for 10% abaca composites [21].
In Figure 2, it is observed that the composites with reeds tend to delay different stages in
the process, particularly the induction step, due to the thermal insulating behavior of the
lignocellulose materials, and up to 18% for 20% loaded composites. The use of pressure
in this case also results in a decrease in oven time of 10% compared to the same material
without pressurization, due to the faster densification step, while a more significant 17%
total reduction in cycle time is found due to a faster cooling. More significant differences
are observed for 20% composites, as observed in Figure 2:
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It is then clear that the use of pressurization can effectively reduce the cycle time
either of neat PE or composites. Table 2 summarizes the reductions in heating, cooling,
and total process cycles for the different moldings; the use of positive pressure effectively
decreases the cycle time by approximately 20%, even for composite moldings, with oven
time reductions also significant. There is no difference in the cycles due to the use of 80 or
150 kPa; therefore, the first pressure level is enough to achieve the desired shortening of the
process. The effectiveness of pressure in cycle reduction is mainly due to the shortening
in the cooling stage. In terms of cycle time reduction, linked to energy consumption
and productivity, it is particularly interesting to incorporate pressure when working with
composites, because this is when the most important cycle time reduction happens, finding
a cycle similar to that of neat PE under pressure.

Table 2. Distribution of time for each stage of the rotomolding cycle and variations compared to PE
molding cycle without any pressure applied.

Cycle
Oven Time Cooling Time Total Cycle Time PIAT Time to Reach PIAT

(min) Variation (%) (min) Variation (%) (min) Variation (%) (◦C) (min) Variation (%)

PE 11.9 -- 27.3 -- 40.3 -- 206.4 12.3 --

PE180-0.8 11.0 −7.3 20.2 −25.9 32.0 −20.7 202.3 11.8 −4.5

PE140-0.8 10.6 −11.2 20.7 −24.0 32.3 −19.9 190.2 11.5 −6.2

PE140-1.5 10.4 −12.4 20.6 −24.0 32.2 −19.9 190.6 11.6 −6.2

10A 11.6 −2.9 27.2 −0.4 39.7 −1.6 211.8 12.5 1.4

20A 12.8 7.6 12.2 −22.4 35.2 −12.7 220.7 13.9 12.7

10A-0.8 10.8 −9.2 21.0 −23.1 32.7 −18.8 199.3 11.8 −4.6

20A-0.8 12.0 0.8 18.9 −30.7 32.3 −19.9 198.0 11.2 −9.2

Finally, the molded parts show good consistency, with few voids/bubbles and good
fiber distribution in general (Figure 3a,b); besides, the moldings performed with pressure
also show less warpage (Figure 3c,d). Due to the shorter cycles, and the lower PIAT, the
degradation of the filler is reduced, as clearly observed for the composites with the reed
fibers, which exhibit a lighter color for the pressurized moldings.
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The observation of samples under optical microscopy allows confirming the fewer
bubbles in the polyethylene samples when working under pressure, despite the lower
temperature reached (Figure 4). Not only is the internal surface more homogeneous but
also the presence of bubbles within the wall thickness is reduced to obtain parts with
practically the absence of bubbles. As expected, the incorporation of fibers results in a
higher number of defects due to the lack of the shear stress of the process. However, the
use of pressure has also been seen to be beneficial for composite production, where a
better integration of the fibers within the matrix is observed, as also confirmed later in this
document. The most significant differences are found particularly on the inner side of the
parts, where the fibers in the pressurized moldings are covered with the polymer, while for
moldings without pressure they are looser. In any case, the composites with a 20% fiber
content exhibit a high porosity, albeit, again to a lesser extent with the use of pressure.

3.2. Rheology Assessment of Rotomolded Samples

The previous analysis of the storage and loss modulus (G′ and G′′) versus strain,
obtained during strain sweep assays, was performed to ensure that the analysis took place
in the linear viscoelastic region (0.1–5.0% strain), selecting the 0.5% strain for the frequency
sweep tests. As observed in Figure 5, and suggested in Section 3.1, no differences in the
rheological behavior of the PE are observed as a consequence of the incorporation of air
pressure during molding in the entire range of frequencies studied. This constitutes proof
that no modifications in the bulk material occur in the process regardless of the application
of pressure.

The zero-shear viscosity values (η0) show similar behavior for each material, regardless
of the use of pressure, i.e., approximately 2100 Pa·s for PE and 2300 Pa·s for reed composites;
therefore, it can be concluded that the fibers do not significantly affect the η0. Some
differences are found for the fibrous composites, particularly in the storage modulus
(Figure 6a), where the samples rotomolded without pressure seem to stiffen the matrix to a
greater extent, particularly at low frequencies. The reduction in G′ found for pressurized
moldings, which show a behavior quite close to that for the neat matrix, can be an indication
of a better dispersion of the fibers within the parts’ thickness, which otherwise tend to move
towards the inner surface of the part. This can be confirmed by drawing the Cole-Cole plot
(Figure 6b), which is a comparison between the real and imaginary parts of viscosity. The
closer the shape obtained to a circle the higher the homogeneity of the blend [51,52]. It can
be observed that the curves for fibrous composites show dissimilar behavior, getting a closer
approximation to the semicircle for the moldings under pressure; and the fibrous composite
without pressurization tend to form a straight line at higher viscosities, indicating that the
fibers tend to get agglomerated [51,52]. Finally, Figure 6c shows the complex viscosity for
the different molded samples; a Newtonian plateau is observed for all samples, although
with some deviations for the composites, particularly at low shear rates, thus meaning that
they exhibit a shear thinning behavior. Once more, the more dissimilar behavior is obtained
for the fibrous composites without pressure, because of the formation of agglomerates [9].
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Figure 4. Microscopical observations of (a) PE, (b) PE-140-0.8, (c) 10A, (d) 10A-P, (e) 20-A, (f) 20A-P.
Pictures were taken on the external side of the samples (labelled as 1), on the cross section (labelled
as 2) and on the internal side (labelled as 3).
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3.3. Thermomechanical Performance of Rotomolded Samples

Dynamic mechanical analysis (DMA) is an important test for the evaluation of the
mechanical properties of materials because it is sensitive to structural changes [53]. The
analysis of the storage modulus (E′), loss modulus (E′′), and damping factor (tanδ) with
temperature allows for an evaluation of the change in mechanical properties in the tem-
perature range studied (−60 to 100 ◦C) due to the different processing of the material,
namely, the use of pressure and a lower PIAT. The curves for the different moldings of
neat PE (Figure 7) follow the expected trend for the storage modulus, with a decreasing
trend with temperature. Again, no significant differences are observed for the rotomolded
polyethylene samples due to the use of pressure during the moldings. However, the sam-
ples rotomolded at higher pressure seem to provid higher values of the storage modulus,
that is, a more elastic behavior. For the loss modulus (Figure 7b), the curves overlap,
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with two maximums in the curves, one at approximately −20 ◦C, which can be related
to segmental motions in the amorphous region [54], and a more intense one at 44–47 ◦C,
attributed to the α-transition (chain movements in the crystalline region) [9]. These same
conclusions arise from the damping factor curves shown in Figure 7a.

Figure 7. Variation of (a) storage modulus and damping factor and (b) loss modulus for neat PE
rotomolded parts.

When assessing the effect of pressure in the composites, it can be observed that the
fibers are not acting as the reinforcement of the matrix, as the storage modulus (responsible
for the elastic behavior of the composite) does not increase. However, it can be considered
that they are not reducing the mechanical properties of composites significantly when used
at 10%, as otherwise expected. It is interesting to note that the fiber length directly affects
the mechanical properties of the obtained parts, as well as the interface between the fiber
and matrix, and usually the longer the fibers the better the properties [52]. However, it is
well known that the particle size distribution affects the properties of rotomolded products
to a significant extent [3,18,37], and so a compromise between these two aspects should be
achieved. Therefore, this work was performed with relatively short fibers (2–3 mm long, the
usual size in any case in rotational molding); longer fibers result in entanglements and poor
distribution on the matrix, with reduced mechanical behavior. In any case, it is interesting
to note that the use of pressure results in a more stable behavior of the rotomolded part
for composites at 10%, as the curve obtained is smoother and closer to that of the PE, even
observing a slight increase in the value of the storage modulus for temperatures over 20 ◦C
(Figure 8a). Despite the negative influence of adding 20% of fibers in the values for the
storage modulus, it can also be seen that these composites show less variation in the range
of temperatures studied; i.e., the properties are less variable with temperature; for this
material, the values of storage modulus tend to approximate the ones showed by the matrix
from approximately 40 ◦C. As observed in the moldings, 20% loading overcomes the limit
of foreign material use in rotomolding, particularly as compounding was not performed
here; this is mainly due to the formation of fiber clusters that hinder the movement of the
PE during the process and result in the appearance of voids. For such high loadings, there
are no benefits from the use of pressure, at least for this format of filler, with a relatively
high aspect ratio.

From Equations (1)–(3) and the DMA results, different factors to assess the adhesion
between the fibers and the matrix can be calculated. They are represented in Figure 8b
(adhesion factor, A) and Figure 8c (entanglement and reinforcement efficiency, N and r,
respectively). The lower values of A indicate a higher interfacial adhesion [9,21], which
should result in improved mechanical performance. It can be observed that the samples
obtained under pressure provide a lower value of this factor, and also more stable behavior
in the temperature range studied. When 20% fiber composites are used, the highest values
are attained for A, which are reduced to values even lower than those obtained for 10%
composites obtained without pressurization. Moreover, samples 10A-P show an adhesion
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factor close to zero in the entire analyzed range, thus demonstrating the potential of pressure
application in rotomolded composites, as also determined from the flow behavior. Similarly,
the entanglement factor is reduced for all composites, with reinforcement efficiencies under
zero, meaning that the fibers are not acting as reinforcement but are reducing the mechanical
performance of composites, particularly with a ratio of 20%. However, an improvement in
these parameters is also observed for the samples obtained with pressure. Therefore, the
application of pressure during the rotational molding of composites can effectively improve
the adhesion between the fiber and the matrix, with the advantage of also reducing the
processing cycle times.

Figure 8. (a) Variation of storage modulus and damping factor for composites with reed fibers,
(b) adhesion factor (A) evolution with temperature, and (c) entanglement factor (N) and reinforcement
efficiency (r).

4. Conclusions

The use of positive pressure inside the mold during rotational molding effectively
allows for significant reductions of cycle time, thus making the process more efficient in
terms of energy consumption. The pressurization of the molds allows us to reduce both
oven and cooling times, which can be translated into an increase in productivity and a
decrease in energy consumption. Average values of a 20% reduction in cycle time can be
achieved by the use of this strategy.

The characterization performed over rotomolded samples allows ensuring that there is
no degradation of the polymer due to the incorporation of air within the process; however,
in the case of working with polymers more sensitive to thermo-oxidation than polyethylene,
the gas could be switched to an inert one, such as nitrogen, thus preventing this effect.
The reduction in the peak internal temperature did not lead to a modification of the
thermomechanical behavior of the polymer, thus demonstrating that this reduction in
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temperature is feasible, while maintaining the mechanical properties and aesthetics of the
obtained parts.

Finally, the incorporation of different kinds of fillers can also benefit from the use of
pressure during the moldings, also resulting in lower cycle times, and not affecting the
mechanical behavior of the rotomolded products. In fact, the rheological behavior seems to
be improved as a consequence of the mold pressurization for fibrous composites, obtaining
a more homogenous material because of the better dispersion of the fibers; no differences
in the thermomechanical behavior of composites due to the use of pressure was found,
although composites at 10% fiber loading obtained under mold pressurization exhibit
behavior close to that of the neat PE, with even slight improvements of the storage modulus
at a temperature above room temperature. The composites with 20% loading resulted in
a reduction of their properties, although providing a more stable storage modulus in the
studied temperature range; i.e., there are fewer variations of the elastic properties of the
material. This amount of fiber is excessive for rotomolding, at least to be obtained only by
dry-blending, although well-consolidated parts were obtained.

In summary, the use of pressure during the densification and cooling stages allows
for a reduction in the total cycle time of approximately 20%, with the oven time being
reduced by about 10%, leading to well-consolidated parts, with no voids or apparent
defects, and with a good thermomechanical and rheological behavior for 10% composites.
The economic and environmental benefits of such an approach, which does not require
extensive modifications in conventional machines or tooling, are then clear. However, some
more studies would be needed to determine the effect of such an approach on energy (and
costs) savings, particularly when it comes to the production of large parts.
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