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RESUMEN 

En el procesamiento de compuestos de madera-plástico (WPC) mediante moldeo rotacional, puede 

ocurrir la descomposición térmica de la madera debido a las altas temperaturas del proceso. Sin 

embargo, puede evitarse controlando el pico de temperatura interna del aire (PIAT, por sus siglas en 

inglés). En esta perspectiva, el principal propósito de este trabajo es determinar cómo están relacionados 

el PIAT y las propiedades del WPC rotomoldeado entre sí. Para lograr esto, se procesaron varios 

materiales utilizando diferentes temperaturas de horno y tiempos de calentamiento. Como consecuencia, 

el PIAT alcanzó un valor específico durante el proceso en cada caso. Luego, se realizaron ensayos de 

caracterización para determinar las propiedades mecánicas y físicas de los materiales obtenidos. 

Finalmente, utilizando los resultados de las pruebas, se definió una relación entre el PIAT y esas 

propiedades. Los WPC rotomoldeados estaban compuestos por un 85% de polietileno de alta densidad 

reciclado (HDPER) y un 15% de partículas de madera de capirona (CWP), pero también se procesaron 

materiales compuestos por un 100% de HDPER. Los resultados muestran que se requiere un PIAT de 

208 °C para que un WPC rotomoldeado se densifique completamente. Bajo esta condición, tiene 

propiedades óptimas y no sufre degradación térmica. En cuanto al material compuesto por un 100% de 

HDPER, se necesita un PIAT de 233 °C para alcanzar dicho estado. Además, utilizando la segunda 

derivada de los perfiles de temperatura interna del aire, también se identificaron el comienzo y el final de 

las seis fases del proceso de moldeo rotacional. 

ABSTRACT 

In the processing of wood-plastic composites (WPC) by rotational molding, thermal decomposition of 

wood can occur due to the high temperatures of the process. However, it can be avoided by controlling 

the peak internal air temperature (PIAT). In this perspective, the main purpose of this work is to determine 

how the PIAT and the properties of the rotomolded WPC are related to each other. To achieve this, several 

materials were processed using different oven temperatures and heating times. As a consequence, the 

PIAT reached a specific value during the process in each case. Then, characterization tests were carried 

out to determine mechanical and physical proprieties of the obtained materials. Finally, using the test 

results, a relationship between the PIAT and those properties was defined. The rotomolded WPC were 

made of 85% of recycled high-density polyethylene (HDPER) and 15% of capirona wood particles (CWP), 

but materials made of 100% of HDPER were also processed. Results show that a PIAT of 208 °C is 

required for a rotomolded WPC to be fully densified. Under this condition, it has optimal properties and it 

does not undergo thermal degradation. As for the material made of 100% of HDPER, a PIAT of 233 °C is 

necessary to reach such state. In addition, using the second derivative of the internal air temperature 

profiles, the beginning and end of the six phases of the rotational molding process were identified, too. 
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ABSTRACT 

In the processing of wood-plastic composites (WPC) by rotational molding, thermal decomposition of 

wood can occur due to the high temperatures of the process. However, it can be avoided by controlling 

the peak internal air temperature (PIAT). In this perspective, the main purpose of this work is to determine 

how the PIAT and the properties of the rotomolded WPC are related to each other. To achieve this, several 

materials were processed using different oven temperatures and heating times. As a consequence, the 

PIAT reached a specific value during the process in each case. Then, characterization tests were carried 

out to determine mechanical and physical proprieties of the obtained materials. Finally, using the test 

results, a relationship between the PIAT and those properties was defined. The rotomolded WPC were 

made of 85% of recycled high-density polyethylene (HDPER) and 15% of capirona wood particles (CWP), 

but materials made of 100% of HDPER were also processed. Results show that a PIAT of 208 °C is 

required for a rotomolded WPC to be fully densified. Under this condition, it has optimal proprieties and it 

does not undergo thermal degradation. As for the material made of 100% of HDPER, a PIAT of 233 °C is 

necessary to reach such state. In addition, using the second derivative of the internal air temperature 

profiles, the beginning and end of the six phases of the rotational molding process were identified, too. 

Highlights: 

• HDPER and CWP recovered from scrap wood were used for making rotomolded WPC.

• Internal air temperature profiles of rotomolded WPC were registered.

• Critical temperatures for the processing of rotomolded WPC were identified.

• The influence of the CWP on the sintering of HDPER powder was assessed.

• A relationship between the PIAT and the properties of rotomolded WPC was found.

Key words: rotational molding, sintering, densification, wood-plastic composites, recycled polyethylene, 

natural fibers, wood particles, internal air temperature profile, peak internal air temperature. 
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1. INTRODUCTION 

The rotational molding process is used for the manufacturing of hollow parts from a plastic material in the 

form of powder or viscous liquid [1]. By using this process, it is possible to obtain large-volume or complex-

shaped objects made of a single piece without residual stress at low cost [2]. The process takes places 

in four cycles: (i) charging the material, (ii) heating the mold, (iii) cooling the mold, and (iv) demolding the 

rotomolded part. 

The interest for using natural fibers to make polymer composites by rotational molding has grown 

remarkably in the last years because of their many advantages [3]. Natural fibers have low density, high 

specific strength and modulus. Besides, these fibers are low-cost, nonabrasive, hydrophilic and 

biodegradables. Because of its intrinsic characteristics, this type of fibers can be employed as alternative 

and ecologic reinforcement. However, these fibers are incompatible with most polymers, which is a 

disadvantage that seriously limits their use. 

Despite that fact, several attempts have made for making natural fibers composites by rotational molding. 

In most cases, polyethylene (PE) has been the most commonly used matrix [3]. On the contrary, several 

fibers have been employed to see if they can be incorporated within the rotational molding process or not. 

Some of them are sisal [4-5], flax [6-8], agave [9-12], pine wood [11], coir [11-12], bamboo [13], and hemp 

[8]. Natural fibers in the form of flour like rice shell [4], pecan shell [4], wheat bran [14], buckwheat husk 

[15], coir [16], maple wood [17-20], capirona wood [21], and pine wood [21-22] have been used as well. 

From all the material mentioned above, the wood-plastic composites (WPC) deserve special attention. 

These materials are made of wood (in the form of fibers, particles or flour) and a thermoplastic or a 

thermoset. Basically, the WPC can be divided into two groups [23]. In the first group, the wood elements 

can work as a reinforcement or filler. Thus, the quantity of wood elements is much less than the matrix. 

In the second group (known also as wood-based composites), the matrix works as a binder, so the 

quantity of wood elements is much higher than the matrix. In contrast to wood, the WPC from the first 

group present some advantages [24]: (i) they have good thermal stability in wet and dry environments, (ii) 

no treatment or paint is required to protect their surface, (iii) they are resistant to termites and fungi, (iv) 

complex shapes can be made without machining, and (v) they are more environmental-friendly than wood 

treated with preservatives. Nevertheless, wood has an important disadvantage to be considered. Like any 

other natural fiber, it has low thermal resistance and its thermal decomposition begins approximately at 

200 °C [25]. In despite of its limitations, wood is used as raw material for making WPC commercial 

products [24]. 

In the case of rotomolded WPC, studies have demonstrated that these materials have a remarkable 

aesthetic appearance since the wood particles are evenly distributed all over the matrix [21-22]. However, 

their mechanical properties and water absorption are negatively affected by the presence of such 

particles. In general, lignocellulosic fibers contain polar hydroxyl groups on their surface [26]. Because of 

these groups, natural fibers are not compatible with the non-polar thermoplastics such as PE, so adhesion 

between both materials is poor, and it causes mechanical weakening [27-28]. It is possible to improve the 

adhesion by treating the fibers with coupling agents such as silane [7] and anhydride grafted polyethylene 
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(MAPE) [12, 18-20, 29]. By doing this, natural fibers are no longer as green and ecological as before the 

treatment. 

The measurement of internal air temperature (IAT) can be a powerful tool to study natural fibers polymer 

composites made by rotational molding, but it has been used in very few investigations related to this 

topic. From this measurement, an IAT profile (IAT versus time) is obtained. This profile depends on the 

design of the rotational molding machine, the characteristics of the plastic material, the shape of the 

product to be molded, and the characteristics of mold. Therefore, there is a particular IAT profile for every 

equipment-material-form system. As there are many variables involved, this profile is normally determined 

by experimentation. The information derived from an IAT profile is very relevant for the rotational molding 

process. According to Nugent [30], the critical points of this process can be identified by using an IAT 

profile: (i) beginning and end of the powder adhesion to the mold surface, (ii) PIAT, (iii) beginning and end 

of crystallization in the case of semicrystalline thermoplastics, and (iv) demolding point for solidified part. 

One of the most important points within a certain IAT profile is the PIAT. It is known that this temperature 

must reach a specific value to achieve the fully densification of the plastic layer formed against the inner 

mold surface. In this context, the main objective of this work is to determine how the PIAT influences on 

the mechanical and physical properties of WPC made of recycled HDPER and CWP that are processed 

by rotational molding. This work is a continuation of a previous research [21]. Thus, the results found in 

that work will be used as the basis for the development of present study. 

2. MATERIAL AND METHODS 

2.1. Materials 

2.1.1. Recycled high-density polyethylene (HDPER) 

A HDPER powder was required for making the rotomolded WPC of this investigation. The HDPER came 

from unused white bottle caps, which were supplied by ALUSUD PERU S.A. These caps were made by 

injection molding of BorPureTM MB6562, which is a commercial virgin high density polyethylene (HDPE). 

In order to get a suitable HDPER powder for rotational molding process, the caps were cut and pulverized 

to reach an average particle size of 500 μm (35 mesh). Notice that the plastic coming from the bottle caps 

is called injected HDPE in this work. This material has a density of 0,955 g/cm3 (ASTM D792), and its 

melt flow index is 1,8 g/10 min when a temperature of 190 °C and a weight of 2,16 kg are used (ASTM 

D1238). In addition, results from a previous investigation [21] show that thermal degradation of HDPE 

starts at 290 °C and the highest mass loss rate occurs at 470 °C. These results are consistent with other 

studies [31-32]. 

2.1.2. Capirona wood particles (CWP) 

The wood particles came from calycophyllum spruceanum or capirona tree. It is indigenous to the Amazon 

rainforest, so it grows in the South American countries of Bolivia, Colombia, Brazil, Ecuador, and Peru. 

The CWP were recovered from furniture factories located on Villa El Salvador, Lima, Perú. Note that these 

particles came from homogenous scrap wood (sawdust and woodchips) which is generated during 

furniture manufacturing. These particles were sieved to obtain particles of 500 µm. Since the size is 

smaller than 850 μm, the CWP can be considered as wood flour [33]. In a previous work [21], it was 
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demonstrated that this particle size is appropriate for making WPC by rotational molding. In this study, 

the CWP were not treated with any kind of coupling agent to keep their natural and ecological feature 

either. Besides, under supply conditions, the capirona wood has a moisture content of 14% and its dry 

density is 0,737 g/cm3 (ASTM D2395). As it has been proved that wood moisture is removed before the 

sintering begins [34], it was not required to dry the CWP. For this reason, dry density was used for the 

calculation of the quantity of CWP that is required for making a rotomolded WPC sample. On the other 

hand, in a previous study [21], it has also been determined that thermal decomposition of capirona wood 

begins at 200 °C. 

2.1.3. Composite powder (HDPER-CWP powder) 

In this study, HDPER powder and CWP were dry-blended to obtain the composite powder that was used 

as raw material for the rotational molding process. In this case, 85% of HDPER and 15% of CWP (volume 

fractions) were employed for elaborating this powder. Then, as a WPC cylindrical sample has a nominal 

volume of 895 cm3 (nominal thickness of 5 mm), 727 g of HDPER and 101 g of CWP (828 g of composite 

powder) were required for making each sample. Additionally, 855 g of HDPER powder was necessary for 

making a sample of the same volume that does not contain CWP. Rule of mixtures was employed for 

mass calculation in both cases. 

2.2. Equipment 

2.2.1. Rotational molding machine 

A shuttle-type rotational molding machine was used in this investigation. It was designed by our research 

team and fabricated with funds from the Peruvian government. This machine has a straight arm whose 

rotation speeds can be set between 4 and 50 RPM at any of the two rotation axes. It also has an electric 

oven of 22 kW that works with a centrifugal fan of 1200 CFM for heating and it can reach a maximum 

temperature of 350 °C. For cooling, it has a couple of axial fans whose speeds can be regulated from 0 

to 6800 CFM. 

2.2.2. Molds 

Two stainless steel cylindrical molds were used for making the rotomolded samples. Each mold has a 

thickness of 1/8′′ and the dimensions of its cavity are ∅215 mm (top face) x ∅200 mm (bottom face) x 185 

mm (height). A draft angle of 2° was considered, too. One of the molds was modified in order to measure 

03 important temperatures during the rotational molding process: (i) mold outer surface temperature (TOS), 

(iii) mold inner surface temperature (TIS) and (iii) internal air temperature (IAT). Type K thermocouples 

were employed for measuring each of these temperatures. Different accessories were specially designed 

for fixing those thermocouples to the mold. Fig. 1 shows how these instruments were placed in the mold. 

First, the tip of the TOS thermocouple was positioned in the middle of the outer surface of the mold. Second, 

the tip of the TIS thermocouple was located in the middle of the outer surface of the cylindrical samples, 

so it was able to measure the temperature of the rotomolded materials. Third, the tip of the IAT 

thermocouple was placed in the middle of the mold cavity. Notice that a tube of polytetrafluorethylene with 

a hole of 1/2 in was used for venting as well. 

 



 

5 
 

2.2.3. Temperature measurement system 

Using the temperature measurement system shown in Fig. 1, it was possible to record the three 

temperatures described previously. Its main components are: (i) three type K thermocouples, (ii) a three-

channel temperature datalogger EXTECH SD200, and (iii) a thermal protection box. The system was 

located on the straight arm of the molding machine to rotate simultaneously with the mold during the whole 

process. In order to keep the temperature datalogger safe from the heat of the oven, it was imperative to 

place it inside the thermal protection. The system is not prepared for showing the temperature/time profiles 

during the execution of the rotational molding process. Then, it was necessary to download the data into 

a computer to plot and analyze these profiles at the end of the process. The datalogger registered the 

temperatures using a data sampling rate of 5 s and it recorded all data on a SD card. The system was 

also designed by our research team and fabricated with funds from the Peruvian government. 

 

Fig. 1. Temperature measurement system. 

2.3. Rotational molding parameters 

All rotational molding parameters have a particular influence on the quality and the final properties of the 

rotomolded materials. Nevertheless, these were set to a specific value considering the main objective of 

this study, except for the oven temperature (TH) and the heating time (tH). In this case, different values for 

TH and tH were used in order to control the final value of the PIAT. For the rest of the parameters, 

recommended values were employed. For example, PE powder having a size distribution of 35 mesh is 

typically used as it offers the best compromise between grinding costs and the fusion characteristics of 

the plastic [35-36]. On the other hand, it has been demonstrated that a rotomolded WPC made of 85% of 

HDPER and 15% of CWP shows the best mechanical properties [21]. For that reason, those volume 

fractions were considered for elaborating the composite powder in this study. In the same way, a speed 

ratio of 4:1 was selected since it is commonly employed for making symmetrical products. Finally, 

regarding the cooling method, forced air was required due to the high crystallinity of the HDPER. In this 

case, a cooling time (tC) of 30 min was necessary for the outer surface of the mold to reach a temperature 

of 40 °C when a cooling air flow of 4200 CFM is used. 
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2.4. Experimental procedure 

It is clear that, for a certain machine-mold-material system, the TH and the tH must be selected carefully 

to reach the PIAT that is required for achieving the full densification of the material without causing its 

thermal degradation during the heating cycle. Consequently, different combinations of TH and tH were 

used for making the rotomolded materials shown in Table 1. For example, the materials from Group B are 

made of 85% of HDPER and 15% of CWP, and these were processed using a TH of 260 °C and a certain 

tH. As a result, seven different rotomolded materials were obtained. In each case, the PIAT reached a 

specific value during the process. As seen in Table 1, twenty-eight different materials were molded for 

this investigation. All of them were subjected to mechanical and physical characterization tests. Test 

results were used to find a relationship between the PIAT and the properties of the rotomolded materials. 

Some cylindrical samples of rotomolded WPC are shown in Fig. 2. 

Table 1. Rotomolded materials. 

Group Material composition TH (°C) tH (min) 

A 100% HDPER 260 20 25 30 35 40 45 50 – 

B 

85% HDPER / 15% CWP 

260 20 25 30 35 40 45 50 – 

C 280 16 20 24 28 32 36 40 44 

D 300 17 20 23 26 29 32 – – 

 

 

Fig. 2. Samples of rotomolded WPC. 

2.5. Characterization tests 

2.5.1. Morphology 

In order to evaluate the sintering and densification of the rotomolded WPC, a Leica S6D stereoscope 

equipped with a Leica DFC320 camera was used to observe and photograph the inner surface of the 

cylindrical samples made by rotational molding. No prior surface preparation was required. 



 

7 
 

2.5.2. Tensile test 

Two cylindrical samples were rotomolded for each of the 28 materials indicated in Table 1. From each 

sample, 04 tensile specimens (ASTM D638, type I) were obtained by using a CNC router machine. Tensile 

test was conducted using a Zwick/Roell Z050 machine equipped with a 50 kN load cell. A speed of testing 

of 5 mm/min was selected. For each material, 08 specimens were used to determine tensile strength (σM), 

elastic modulus (EM) and tensile strain associated with tensile strength (εM). 

2.5.3. Density and porosity 

Density of rotomolded WPC was measured by volumetric displacement according to ASTM D792. This 

standard was also used to determine the density of the injected HDPE that comes from the recycled 

plastic caps. Similarly, moisture content and density of capirona wood was determined by volumetric 

displacement according to ASTM D2395. In this case, specimens were dried in an oven at 103 °C for 

24 h to eliminate moisture and cooled in a desiccator. 

On the other hand, porosity of a certain rotomolded material was estimated using the value of its density 

and Eq. 1 as follows: 

 P = (ρR – ρ) / ρR * 100 % Eq. 1 

Where, P is the porosity, ρR is a reference density, and ρ is the density of the rotomolded material. For 

this particular case, the density of the injected HDPE (0,955 g/cm3) was used as the ρR. Since injection 

molding was employed to make the recycled plastic caps, it is presumed that injected HDPE is free of 

pores. So, its density is suitable as a reference. 

2.5.4. Water absorption 

In order to determine water absorption of rotomolded materials, 08 specimens of 15 mm x 40 mm were 

used in each case. Specimens were dried in an oven at 50 °C for 24 h and cooled in a desiccator. Then, 

they were immediately weighed to determine its dry mass before being submerged into distilled water for 

24 h. After that, specimens were removed from the water one at a time, wiped off with a dry cloth, and 

weighed to measure its wet mass. The increase in weight of each specimen, gained during water 

immersion, was calculated by subtracting specimen’s wet and dry mass. Finally, water absorption is 

calculated by dividing this increase in weight by the dry mass. 

2.5.5. Melt flow index (MFI) 

MFI tests were conducted according to ASTM D1238 using a Zwick/Roell MFlow equipment. MFI tests 

were performed on: (i) virgin HDPE (Borealis BorPureTM MB6562), (ii) HDPER powder and (iii) a 

rotomolded material made of 100% HDPER (TH of 260 °C and tH of 40 min). In all cases, a temperature 

of 190 °C and a weight of 2,16 kg were employed. 

2.5.6. Fourier transform infrared spectroscopy (FTIR) 

In order to study thermal-oxidation of HDPER, FTIR spectra of rotomolded materials made of 100% of 

HDPER were obtained using a BRUKER TENSOR 27 IR. 
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2.5.7. Scanning electron microscopy (SEM) 

The FEI QUANTA 650 FEG microscope was used to observe the fracture zone of tensile specimens. The 

samples were photographed using a large field detector at 15 kV and working distances of 10 mm. 

Specimens were not coated for this test. 

3. RESULTS AND DISCUSSION 

3.1. Analysis of temperature/time profiles 

As an example, Fig. 3 shows the set of temperature/time profiles of a rotomolded WPC from Group D. It 

was molded with a TH of 300 °C (horizontal black line) and a tH of 26 min (see Table 1). In this case, the 

purple, light blue and green curves correspond to TOS, TIS, and IAT profiles, respectively. Similarly, the 

blue and red curves are the first and second derivative with respect to time of the IAT profile. While the 

first derivative corresponds to the instantaneous heating rate (positive value) or cooling rate (negative 

value) of the air inside the mold, the second derivative measures how this rate varies, so its local 

maximums and minimums correspond to the inflection points of the IAT profile. 

 

Fig. 3. Temperature/time profiles of a rotomolded WPC (TH of 300°C, tH of 26 min). 

Taking into account the idea presented by González-Núñez et al. [37], second derivative was used to 
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points are extremely important for the rotational molding process. These define the beginning and end of 

the six phases that take place during the transformation of the composite powder into a solid monolithic 

wood-plastic layer against the inner mold surface. Notice that dashed vertical lines were drawn to highlight 

those points.  

From the previous calculation, the beginning and end of those phases has been identified:  

(i) induction (OA), (ii) sintering (AB), (iii) densification (BC), (iv) melt-phase cooling (CD), (v) crystallization 

(DE), and (vi) solid-phase cooling (EF) [30]. It is observed that the IAT profile of this rotomolded WPC 

exhibits a behavior which is typical of a thermoplastic. It was expected since this material is mostly 

constituted by HDPER. So, as a general result, when the quantity of CWP is less than or equal to 15%, it 

can be affirmed that the presence of CWP does not affect the shape of the IAT profile. 

During the induction (OA), the composite powder starts to heat up, but it does not undergo any physical 

change while the mold rotates biaxially inside the oven. Then, when certain portion of the powder and the 

mold inner surface are hot enough, the HDPER particles stick to that surface and to each other, which 

indicates the beginning of the sintering (AB). At the very beginning of this phase, a thin layer of composite 

material is formed all over the mold cavity. As the IAT increases, successive layers are incorporated one 

over another until all the powder is consumed. As a consequence of particle coalescence, a highly porous 

single layer of composite material is obtained at the end of this phase. It can be noticed that the CWP are 

uniformly distributed all over the layer and these are no able to move freely due to the viscoelasticity of 

the matrix. In the sintering, the instantaneous heating rate increases slowly because the composite 

powder needs to absorb heat to soften and melt. In this particular case, according to the second derivative, 

the sintering begins and ends when the IAT is 85 °C and 126 °C, respectively. 

Once all the composite powder is fully adhered to the mold cavity, the densification (BC) takes place. 

During this phase, the traces of the air trapped within the layer of composite material gradually transform 

into air bubbles as the temperature increases. These bubbles disappear through dissolution and diffusion 

mechanisms [38]. In addition, HDPER behaves like a high-viscosity fluid. As a result, first derivative shows 

that heat transfer improves because the air inside the mold heats up faster, despite the presence of the 

CWP. In this case, the PIAT reached 207 °C, but this value can be controlled by regulating the value of 

tH, which defines the end of the heating cycle. Note that it takes 4,6 min for the machine-mold-material 

system to reach this PIAT after the heating cycle ends because of thermal inversion. 

In the melt-phase cooling (CD), the layer of composite material simply cools down because no physical 

change is appreciated. It is observed that the IAT and TIS profiles almost decrease at the same cooling 

rate during this phase. However, that changes drastically as crystallization (DE) occurs. This process is 

exothermic, so the air inside the mold absorbs the energy released by layer of composite material. Thus, 

the air cools down more slowly. For this particular case, it has been determined that the crystallization 

begins and ends when the IAT is 137 °C and 119 °C, respectively. Finally, the last part of the cooling 

cycle corresponds to the final solid-phase cooling (EF). During this phase, the rotomolded WPC shrinks, 

facilitating the extraction of the cylindrical sample. 
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Concerning the time spent on each phase, it can be noticed that the duration of the induction is the 

shortest of all (5,8 min), but it still represents 10% of the time spent for the whole rotational molding 

process (process time = tH + tC = 26 min + 30 min = 56 min). In contrast, the duration of the sintering is 

the longest of all (14,5 min). Certainly, 26% (one-fourth) of the process time has been required to develop 

this phase. In relation to tH, the duration of the sintering represents 56% of that time. This means that 

more than half of the time spent for heating cycle has been used for the sintering. 

In the same way, the duration of the densification (10,3 min) is also significant as it represents 18% of the 

process time. According to Gogos [39], 40% of the time for the rotational molding process is required to 

eliminate air bubbles during the densification. Notice that the end of this phase is regulated by the PIAT 

to be achieved. So, it is likely that the heating time used by Gogos was very high in order to eliminate the 

air bubbles completely. 

In the cooling cycle, the durations of melt-phase cooling (7,6 min) and the solid-phase cooling (11,4 min) 

represent 14% and 20% of the process time, respectively. This means that 34% (one-third) of the process 

time was spent on these two phases. Finally, the duration of the crystallization is 6,4 min and it 

corresponds to 12% of the process time. 

Regarding the TOS profile, it has a maximum value of 265 °C at the end of the heating cycle and a value 

of 37 °C at the end of the cooling cycle. As for TIS profile, it is observed that it lags behind TOS profile due 

to the thermal resistance of the mold as expected. 

On the other hand, the maximum temperature of the TIS profile has been called the peak inner surface 

temperature (PTIS). Considering how the TIS was measured, the PTIS is the highest temperature that a 

rotomolded material reached during its processing. The PTIS can be used as a reference for thermal 

degradation and, in this particular case, it is 241 °C. 

3.2. Influence of CWP on the IAT profiles of rotomolded materials 

Fig. 4(a) shows the IAT profile of two different materials. One of them is made of 100% HDPER (blue 

curve), and the other one is made of 85% HDPER and 15% CWP (green curve). These materials were 

processed using the same conditions as indicated in Section 2.3. Particularly, a TH of 260 °C and tH of 30 

min were employed in this case. 

Notice that IAT profiles exhibit the same behavior during the induction, revealing that the presence of 

CWP has no influence on this phase. However, the duration of the sintering is 3,0 min longer in the case 

of material that contains CWP. This means that a composite powder requires a longer time to fully adhere 

to the mold cavity during the sintering. Clearly, the presence of CWP has a negative effect as it extends 

the duration of the sintering and delays plastic particle coalescence. Previously, this phenomenon has 

been studied under static conditions [40] and under dynamic o real conditions [21]. Nonetheless, these 

results are mainly qualitative and cannot be directly applied to the rotational molding process. By using 

the IAT profiles and their second derivatives, it has been possible to measure accurately the negative 

effect of CWP during the sintering in this case. 
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Capirona wood can be considered as a hardwood due to its density. Therefore, its thermal conductivity is 

approximately 0,16 W/mK [41], which is three times lower than that of HDPE (0,51 W/mK [42]). From this, 

it can be inferred that the thermal insulation behavior of capirona wood is responsible for the increase in 

the duration of the sintering. In spite of this fact, the sintering for both materials ends when the IAT is 

126 °C. This proves that presence of CWP does not affect the IAT that defines the end of the sintering. 

During the densification, the IAT profiles present similar trends as well as their first derivatives, but they 

are out of synchronization since the time spent for the sintering is different in each case. This 

demonstrates that the air inside the mold heats at the same rate during the densification whether the 

material contains CWP or not. In despite of the thermal insulation behavior of the CWP, it is evident these 

particles have no influence on the heat transfer in this phase. Furthermore, it can be observed that the 

PIAT of both materials is different, which means that the level of densification is also different in each 

case. 

Finally, heat transfer is not affected by presence of CWP during the cooling cycle because the IAT profiles 

exhibit the same behavior. For both of them, it has been determined that the beginning and end of the 

crystallization occur when the IAT is 132 °C and 120 °C, respectively. 

  
(a) Influence of CWP. (b) Influence of TH 

Fig. 4. Influence of CWP and TH on the IAT profiles 

3.3. Influence of TH on the IAT profiles of rotomolded WPC 

Fig. 4(b) shows the IAT profile of 03 rotomolded WPC made of 85% HDPER and 15% CWP. These were 

molded with different TH and tH: (i) 260°C - 30 min, (ii) 280 °C - 28 min, (iii) 300 °C - 26 min. The rest of 

the molding parameters were set as indicated in Section 2.3. 
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First, these results show that the IAT that settles the end of the induction depends on the TH employed as 

this varies between 85 °C and 93 °C. Then, the duration of sintering also varies with the TH and it is 16,5 

min for 260 °C, 15,4 min for 280 °C and 14,5 min for 300 °C. Certainly, the duration of this phase gets 

shorter as TH increases. In addition, it is observed that the end of the sintering takes place once the IAT 

is 126 °C in all cases. Therefore, the IAT that settles the end of this phase is independent of the TH 

employed. Finally, it can be inferred from Fig. 4(b) that the tH required for reaching a certain PIAT can be 

short provided that a high TH is used. For example, the PIAT of the material molded with a TH of 300 °C 

is the highest, in spite of the fact that the tH is the shortest. It is clear that a TH of 300 °C presents more 

advantages. 

Concerning the cooling cycle, results show that the IAT which settle the beginning and end of the 

crystallization are also independent of the TH. It has been determined that this phase begins and ends 

when the IAT is 135 °C and 120 °C, respectively. 

3.4. Influence of tH on the IAT profiles of rotomolded materials 

Fig. 5 presents the IAT profiles of the rotomolded materials from the Groups A (0% CWP) and B (15% 

CWP). According to Table 1, these were molded with a TH of 260 °C and different tH. Using the second 

derivative, it was possible to identify the critical points: A, B, C, D, and E (shown in Fig. 3) and their 

corresponding temperatures for all IAT profiles. For each critical point, all the obtained temperatures were 

averaged to have a representative value. Notice that the IAT profiles of the materials from Groups C and 

D were also registered, so they were also included in this analysis. 

Results indicate that sintering begins when the IAT is between 85 and 95 °C (point A), and it ends when 

the IAT is 126 ± 0,6 °C (point B). Notice that this particular temperature only depends of the HDPER 

characteristics, and rotational molding parameters do not have any effect on it. In the same way, the IAT 

that settles the beginning and end of the crystallization is 133 ± 3,2 °C (point D) and 119 ± 1,3 °C (point 

E), respectively. 

Zepeda-Rodríguez et al. [43] has reported an IAT profile for a linear medium-density polyethylene 

(LMDPE). In that case, they indicated that sintering begins and ends when the IAT is 69 °C and 131 °C, 

respectively and crystallization begins and ends when the IAT is 118 °C and 88 °C, respectively. The 

LMDPE (128 °C [43]) and the HDPER (133 °C, see Section 3.5) have similar melting temperatures. It 

may be the reason why the IAT associated with the end of the sintering are similar, too. In contrast, the 

crystallinity of both materials is completely different: (i) 43% for LMDPE [43] and 71% for HDPER (see 

Section 3.5). Then, it is reasonable that the IAT associated with the crystallization are different as well. 

Regarding the temperature that determines the end of the densification (point C or PIAT), Fig. 4 shows 

clearly that it depends on the value set for the tH, in contrast to the temperatures indicated above. Similarly, 

it is evident that the PTIS of every TSI profile depends on the tH, too. In the case of Groups A and B, the 

PTIS were practically the same because these were processed with the same TH and tH. The PTIS of Group 

A were: 173 °C (20 min), 191 °C (25 min), 205 °C (30 min), 218 °C (35 min), 230 °C (40 min), 238 °C 
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(45 min) and 245 °C (50 min). The PTIS of Group B were: 176 °C (20 min), 193 °C (25 min), 209 °C (30 

min), 222 °C (35 min), 233 °C (40 min), 239 °C (45 min) and 247 °C (50 min). 

It is important to note that the presented results are valid when the quantity of CWP is less than or equal 

to 15%. So, it presumed that some of the critical points may vary if the quantity of CWP is higher. Further 

investigation must be carried out to see what happens in that situation. 

  
(a) Group A (0% CWP). (b) Group B (15% CWP). 

Fig. 5. Set of IAT profiles and their 2nd derivatives. 

 

3.5. Results of characterization tests 

3.5.1. Differential scanning calorimetry (DSC) and MFI 

In a previous publication [21], DSC tests were conducted on the following materials: (i) virgin HDPE 

(BorPureTM MB6562), (ii) HDPER powder and (iii) a rotomolded material made of 100% of HDPER (TH 

of 320 °C and tH of 25 min). Results showed that the crystallinity of each material is: (i) 77% for virgin 

HDPE, (ii) 71% for HDPER powder and (iii) 65% for rotomolded HDPER. Sen et al. [44] indicate that the 

crystallinity of PE decreases significantly when it is subjected to thermo-oxidative conditions. Furthermore, 

Kazemi [45] states that the crystallinity of recycled plastics tends to be lower than virgin plastics. Thus, 

these findings suggest that DSC results are consistent. 

It can be observed that the crystallinity of virgin HDPE decreases as it is consecutively used in two 

different manufacturing processes. At the beginning, virgin HDPE was used to make plastic caps by 
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injection molding, and its crystallinity is decreased by 6% at the end of this process. Then, the caps were 

recycled, chopped, and pulverized to obtain HDPER powder. Later, this powder was used for making 

rotomolded samples. Clearly, the crystallinity decreases by 6% more at the end of that process, too. 

According to Tamboli et al. [46], crosslinking is induced when a thermoplastic is subjected to 

thermo-oxidative conditions. As the tested materials were exposed to such conditions during the injection 

and rotational molding processes, crosslinking may be also responsible for the loss of crystallinity. 

On the other hand, the melting temperature of each material is: (i) 137 °C for virgin HDPE, (ii) 133 °C for 

HDPER powder and (iii) 135 °C for rotomolded HDPER. This shows that melting temperature of HDPE 

does not change much after being recycled and reprocessed once, which agrees with the results reported 

in other investigations [45]. Likewise, the MFI of each material is: (i) 1,58 g/10min for virgin HDPE, (ii) 

1,81 g/10min for HDPER powder and (iii) 1,57 g/10min for rotomolded HDPER. There is not a big 

difference between the MFI of these materials. 

3.5.2. Morphology 

The morphologies of the rotomolded WPC from Group B (15% CWP) are shown in the Fig. 6. It is well-

known that the formation of a pore-free layer from plastic powder is a consequence of sintering and 

densification. This layer gradually forms on the mold cavity through the successive adhesion of thinner 

plastic layers [47-48]. In the case of WPC, this process develops in a similar way. However, the adhesion 

between the CWP and HDPER is not possible due to their incompatibility. Therefore, during the sintering, 

the CWP get entangled or trapped in the three-dimensional network formed by the coalescence of plastic 

particles. Consequently, the CWP cannot move freely and end up well-distributed within the HDPER 

matrix. It is evident that the portion of the WPC layer that is farthest from the mold cavity (inner surface of 

the cylindrical sample) is the last to densify. By taking a look into this surface it is possible to observe the 

development of particle coalescence (sintering) and the collapse of the three-dimensional network 

(densification) when CWP are incorporated. 

In the morphology of the material molded with a tH of 20 min (Fig. 6(a)), individual HDPER particles are 

observed since they were the last to adhere to the WPC layer. Unlike freshly pulverized particles, those 

have a regular shape and a smooth-rounded surface. Shape change is evident and it is a consequence 

of temperature as noted by McDaid [36]. However, it is still possible to distinguish the individual particles 

because they are lightly adhered to each other and to the underlying surface. 

Instead, the morphology of the material molded with a tH of 25 min (Fig. 6(b)) shows plastic necks that 

formed due to of HDPER particle coalescence. In this case, the network of necks traps and restricts the 

movement of the CWP. The fact that the HDPER particles and CWP have similar sizes seems to be an 

advantage for that. Then, the morphology of the material molded with a tH of 30 min (Fig. 6(c)) shows that 

densification improves as tH increases because there is a clear growth of the necks at this point. Finally, 

a significant reduction in porosity is observed in the morphology of the material molded with a tH of 40 min 

(Fig. 6(d)). 
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Fig. 6. Morphology of the rotomolded WPC from Group B:  

(a) 20 min, (b) 25 min, (c) 30 min, (d) 40 min. 

 

The wood-plastic composites made in this research exhibit a remarkable aesthetic appearance since the 

CWP are evenly distributed throughout the entire thickness of the sample. Two things were necessary to 

achieve this: (i) the use of CWP and HDPER particles of similar sizes and (ii) the use of a composite 

powder whose CWP are well-distributed due to dry-blending. 

3.5.3. Influence of the PIAT on mechanical properties 

A. Tensile strength 

Fig. 7(a) displays tensile strength of the rotomolded materials from Groups A (0% CWP) and B (15% 

CWP). It can be observed that the material molded without CWP and a tH of 40 min (PIAT of 233 °C) has 

a tensile strength of 22 MPa, which is the highest among all. From that point onwards, tensile strength 

remains constant as it does not increase with the tH or the PIAT. According to this, a rotomolded material 

made of 100% of HDPER is fully densified once the PIAT reaches 233 °C. Hence, increasing tH to achieve 

a higher PIAT is unnecessary as it will not improve tensile strength. An unnecessary extension of tH may 

lead to thermal degradation of the material and loss of mechanical properties. It is also important to note 

that this material reached a PTIS of 230 °C during the heating cycle (see Section 3.4), so this is the highest 

temperature it was subjected to. It is evident that the material did not undergo thermal degradation since 

a 

c d 
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such process starts at 290 °C for HDPE [31, 32]. For a PIAT less than 233 °C, tensile strength behavior 

mainly depends on the level of densification. 

  

(a) Tensile strength and PIAT (b) Elastic modulus and PIAT 
Fig. 7. Mechanical properties of the rotomolded materials from Groups A and B. 

 

Regarding the materials molded with CWP, notice that tensile strength increases from a minimum value 

of 11 MPa (20 min, PIAT of 127 °C) to a maximum value of 16 MPa (40 min, PIAT of 208 °C).  Afterwards, 

it decreases to 9 MPa (50 min, PIAT of 219 °C). With a PIAT lower than 219 °C, it is not possible to 

achieve thermal degradation of HDPE as mentioned above. Therefore, such process is not responsible 

for the tensile strength behavior in this case. With a PIAT < 208 °C, tensile strength behavior is influenced 

by the level of densification of the composite layer and the presence of CWP. As the level of densification 

improves by increasing the PIAT, tensile strength also increases until it reaches a maximum value. With 

a PIAT > 208 °C, results show that the thickness of materials molded with CWP increases significantly. 

This is an indication that those materials become porous once the PIAT exceeds that value. It is clear that 

porosity leads to mechanical weakening, so the tensile strength behavior shown in Fig. 7(a) is strongly 

associated with this type of defect. 

Pores are formed due to the presence of the medium volatile components of capirona wood, which appear 

during the thermal decomposition of CWP. In Section 3.4, it was reported that a material molded with 

CWP reaches a PTIS of 233 °C when the PIAT is 208 °C. At this point, initial pore formation is observed. 

So, it is estimated that medium the volatile components appear when a rotomolded WPC is subjected to 

a PTIS higher than 222°C. 
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On the other hand, for the same tH, it is observed that tensile strength of a material molded without CWP 

is higher than tensile strength of material molded with CWP for all cases. It is known that adhesion 

between HDPER and CWP is poor due to their incompatibility [49], which results in poor load transfer as 

well [50-51]. Because of this, tensile strength decreases when CWP is used. It has been calculated that 

tensile strength of the material molded with CWP is 23% lower than that of the material molded without 

CWP for a tH of 40 min. These results are consistent with other investigations [17-18, 21, 52-53]. 

 

B. Elastic modulus 

From the Fig. 7, it is evident that elastic modulus and tensile strength have the same behavior. It also 

depends on the level of densification or the porosity that arises as a result of the thermal decomposition 

of CWP. Concerning the materials molded without CWP, elastic modulus increases from a minimum value 

of 287 MPa (20 min, PIAT of 128 °C) to a maximum value of 907 MPa (40 min, PIAT of 233 °C) and, 

then, it remains constant for higher tH. Regarding the materials molded with CWP, elastic modulus 

increases from a minimum value of 251 MPa (20 min, PIAT of 127 °C) to a maximum value of 1119 MPa 

(40 min, PIAT of 208 °C). Afterwards, it decreases to 663 MPa (50 min, PIAT of 219 °C). 

Note that, unlike the negative effect of CWP on tensile strength, the presence of CWP has a positive 

effect on elastic modulus. In fact, elastic modulus of the material molded with CWP increases by 23% 

compared to the material molded without CWP. In this case, both materials were molded with a tH of 40 

min, but they reached a different PIAT at the end of the heating cycle. This result is also consistent with 

the findings reported in other similar studies [17-18, 21, 51-52]. 

C. Tensile strain 

Test results show that tensile strain of materials molded without CWP is around 12% and it does not vary 

significantly with the tH or the PIAT. Similarly, tensile strain of materials molded with CWP is 7% when  

tH ≤ 35 min, and it decreases to 4% for a tH of 50 min. Indeed, tensile strain decreases drastically when 

CWP is used. It has been calculated that tensile strain of the material molded with CWP is 45% lower 

than that of the material molded without CWP for a tH of 40 min. It is clear that the use of CWP causes a 

loss of ductility. 

D. Mechanical properties of materials molded with a TH of 280 °C and 300 °C 

The materials from Groups C (TH of 280 °C) and D (TH of 300 °C) were also tensile tested. Results show 

that their mechanical behavior is identical to that of the materials molded with a TH of 260 °C. When TH is 

280 °C, a tH of 32 min is necessary for a rotomolded WPC to reach a PIAT of 207 °C. Under that condition, 

this material has a tensile strength, an elastic modulus and a tensile strain of 17 MPa, 1104 MPa and 7%, 

respectively. in the same way, when TH is 300 °C, a tH of 26 min is required to reach the same PIAT and 

the same mechanical properties. 

Two important things can be inferred from these results. First, the rotomolded materials have a specific 

PIAT that maximizes their mechanical properties. For the rotomolded materials made of 100% of HDPER, 

the PIAT should reach 233 °C to achieve that condition. In the case of rotomolded WPC, a PIAT of 207 
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°C is required. At this point, it should be clear that these PIAT are independent of the molding parameters, 

such as the TH. Second, the tH required to reach a particular PIAT decreases as the TH increases. So, it 

can be observed that a TH of 300 °C is the most convenient option as it requires the shortest tH. 

3.5.4. Influence of the PIAT on physical properties 

A. Density and porosity 

Fig. 8(a) shows the density (green curve) and the porosity (purple curve) of the rotomolded materials from 

Group A (0% CWP). Tensile strength (red curve) and actual thickness (blue curve) of those materials 

were also included to explain the influence of porosity on the mechanical properties. Additionally, dashed 

horizontal lines were drawn as reference: (i) density of the injected HDPE (0,955 g/cm3, green line), (ii) 

porosity of a fully densified material (0%, purple line), (iii) tensile strength of the injected HDPE (23 MPa, 

red line), and (iv) nominal thickness of the rotomolded samples (5 mm, blue line) 

  

(a) Group A (b) Group B 
Fig. 8. Physical properties of the rotomolded materials. 

 

For a material molded without CWP, a PIAT of 233 °C is required to achieve optimal mechanical 

properties. Under this condition, it has a density of 0,950 g/cm3 which is practically identical to the density 

of the injected HDPE (0,955 g/cm3). This result indicates that densification has concluded or it is very 

close to finish. As porosity is minimal at this point (0,7%), mechanical properties are the best. The results 

regarding the actual thickness also support previous discussions. Clearly, that thickness is equal to the 
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nominal thickness when the PIAT is higher than 233 °C. As pores are eliminating during densification, the 

thickness of the plastic layer reduces until it reaches the nominal value. 

In the case of the materials molded without CWP that reached a PIAT < 233 °C, it can be affirmed that 

densification was interrupted since their density is lower than 0,955 g/cm3. Considering that all of these 

materials have not fully densified, they have some degree of porosity. This type of defect weakens 

mechanical performance, as shown in Fig. 8(a). By observing the PTIS values reported in Section 3.4, it 

can be noticed that thermo-oxidative conditions were not that aggressive to cause thermal degradation of 

the HDPER. Therefore, mechanical behavior basically depends on porosity only. 

Similarly, Fig. 8(b) shows the density (green curve) and the porosity (purple curve) of the rotomolded 

WPC from Group B (15% CWP). Tensile strength (red curve) and actual thickness (blue curve) of those 

materials were added. The same dashed horizontal lines of Fig. 8(a)were included as reference, too. 

For a material molded with CWP, a PIAT of 208 °C is required to achieve optimal mechanical properties. 

In such condition, this material has a density of 0,950 g/cm3 which is very close to the density of the 

injected HDPE (0,955 g/cm3). Also, a porosity of 1,3% has been calculated in this case. 

In the case of the materials molded with CWP that reached a PIAT < 208 °C, it can be affirmed that 

densification was interrupted since their density is lower than 0,955 g/cm3. As a result, these materials 

are highly porous because they have not fully densified. 

Concerning the materials molded with CWP that reached a PIAT > 208 °C, it can be stated that 

densification has concluded. However, all these materials have a density lower than 0,955 g/cm3, which 

is not logical. According to the PTIS indicated in Section 3.4, all of these materials were subjected to 

temperatures above 200 °C. Under these conditions, thermal decomposition of the CWP takes place. 

During this process, the CWP release gases (medium volatile components) that cannot flow freely and 

get trapped within the WPC layer. As a consequence, this layer becomes highly porous and looks like a 

hard sponge. In addition, its density is low because of the high porosity and its actual thickness increases 

with tH, as observed in Fig.9. It is evident that the more porous the material, the lower its mechanical 

properties. For that reason, the decrease of tensile strength is consistent with the increase of porosity. 

B. Water absorption 

In the case of the materials molded without CWP, the water absorption varies from 1,33% (tH of 20 min) 

to 0,01% when tH ≥ 30 min. The material molded with a tH of 20 min has high porosity (13%) and, for that 

reason, water gets trapped within the pores that did not collapse during densification. However, as 

densification progresses, the water absorption decreases until it reaches the expected value of 0,01%, 

which is typical of PE [54]. 

In the case of the materials molded with CWP, the water absorption varies from 6,87% (tH of 20 min) to 

0,76% (tH of 50 min). It is clear that the water absorption is notably higher. For example, the material 

molded with CWP that is fully densified (tH of 40 min, PIAT of 208 °C) has a water absorption of 0,56%, 
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which is the lowest of the materials from Group B. Nevertheless, this is 56 times greater than the water 

absorption of the material molded without CWP that has fully densified. 

There are two important aspects to highlight about the water absorption. The materials molded with CWP 

and a PIAT lower than 208 °C present incomplete densification and high porosity. In these cases, many 

CWP are prone to absorb water since these are not fully wet by the HDPER matrix. For this reason, these 

materials present high water absorption. On the other hand, the materials molded with CWP and a PIAT 

higher than 208 °C have high porosity and low water absorption, which is contradictory. In these cases, 

the CWP are embedded within the HDPER matrix, limiting their ability to absorb water. As a result, the 

water absorption of these materials reaches its minimum value when the PIAT exceeds 208 °C. 

3.5.5. FTIR 

Fig. 10 shows FTIR spectra of the rotomolded materials from Group A. In all cases, the four characteristic 

peaks of HDPE: 2914 cm-1, 2848 cm-1, 1463 cm-1, and 718 cm-1 are visible [55]. Nevertheless, the spectra 

of the inner surface of the samples molded with a TH of 40 min (blue) and 50 min (red) have a particular 

peak at 1716 cm-1. This peak is located within the region of the carbonyl group (1650 - 1800 cm-1) and its 

value is related to ketones [56]. The presence of ketones is attributed to low level oxidation of HDPE [57-

58]. During the heating cycle, the inner surface of these two samples was in contact with the internal air 

of the mold. So, conditions for the thermo-oxidation of HDPE were favorable. As a consequence, these 

surfaces got a yellowish color at the end of the process. Clearly, thermo-oxidation of HDPER begins when 

an IAT higher than 233 °C is reached. 

On the other hand, it is interesting to see that the spectrum of the outer surface of the sample molded 

with a TH of 50 min (light blue) does not have the peak associated with ketones. In addition, the outer 

surface did not undergo any color change at the end of the process. The evidences demonstrate that 

thermo-oxidation did not occur. This result seems contradictory according to the mentioned above, but it 

is not. As the outer surface is completely adhered to the mold cavity, there is no air in contact with this 

surface. Consequently, thermo-oxidation of HDPER is not possible. 

3.5.6. SEM 

Fig. 11 shows a SEM image of the fracture surface of a tensile test specimen. In this case, the specimen 

was obtained from a rotomolded WPC from Group B that was molded with a TH of 260°C and tH of 40 

min. According to the previous discussion (see Fig. 8(b)), this material has reached adequate mechanical 

properties because its porosity is very low, which is also an indication that it has properly densified. Thus, 

the voids shown in the image are not a consequence of an incomplete densification. Rather, the irregular 

shape of the voids suggests that a couple of CWP were initially there. Since CWP were not treated with 

any type of coupling agent, the SEM image proved that there is lack of adhesion between the CWP and 

HDPER. As a result, those particles detached from the matrix during the tensile test. 
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Fig. 9. Actual thickness of the rotomolded materials from Group B. 
 

 

Fig. 10. FTIR spectra of the rotomolded materials from Group A. 
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Fig. 11. Facture surface of a tensile test specimen. 

Rotomolded WPC from Group B (tH of 40 min). 

 

4. CONCLUSIONS 

The rotomolded WPC show a remarkable aesthetic appearance due to the evenly distribution of the CWP 

throughout the entire thickness of the material. Two things were necessary to achieve this: (i) the use of 

CWP and HDPER particles with similar sizes, and (ii) the use of a composite powder where the CWP are 

well-distributed due to the dry-blending. 

By using the second derivative of the IAT profiles, it was possible to identify the critical points associated 

with six phases of the rotational molding process. It has been determined that the sintering begins and 

end when the IAT is 91 ± 5 °C and 126 ± 1 °C, respectively. Then, the IAT that defines the end of the 

densification (PIAT) depends on the values set for the oven temperature and the heating time. Finally, the 

crystallization begins and ends when the IAT is 133 ± 3 °C and 119 ± 1 °C, respectively. 

Results showed that the temperatures associated with the critical points are dependent on the polymer 

characteristics and are independent of the values set for rotational molding parameters. It also can be 

affirmed that these temperatures are not affected by the quantity of the CWP when this is less than 15%. 

It was quantified the negative effect of CWP over the sintering. The use of these particles extends the 

duration of the sintering and hinders plastic particle coalescence. It has been calculated that the duration 

of the sintering of the material molded with CWP is 3 min longer than the material molded without CWP. 

A relationship between the PIAT and the properties of rotomolded materials (mechanical and physical) 

was presented. Results showed that rotomolded materials are fully densified and reach optimal proprieties 

when the PIAT has a specific value. In the case of the materials with 0% of CWP, a PIAT of 233 °C is 

required to achieve such state. For the materials with 15% of CWP a PIAT of 208 °C is necessary. 

When the PIAT ≤ 233 °C, the materials with 0% of CWP do not undergo thermal degradation. So, the 

level of densification, quantified by means of porosity, is responsible for mechanical performance. In the 
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case of the materials with 15% of CWP that happens when the PIAT ≤ 208 °C. If the PIAT is higher, 

rotomolded WPC become extremely porous because of the medium volatile components of CWP that 

appear as a consequence of the thermal decomposition of the wood. The result of this physical change 

causes mechanical weakening in the case of rotomolded WPC. 

In general, the material with 0% of CWP that reached a PIAT of 233 °C has better properties than the 

material with 15% of CWP that reached a PIAT of 208 °C, except for the elastic modulus. Results show 

that the tensile strength is decreased by 27%, while the elastic modulus is increased by 23%. In addition, 

tensile strain is decreased by 45% and water absorption is 56 times higher. 

It was demonstrated that a plastic powder, obtained from recycled HDPE bottle caps made by injection 

molding, can be used as raw material for the rotational molding process. Using the appropriate molding 

conditions, the final properties of a rotomolded HDPER (consolidated without the application of any 

external force) can be exactly the same as the injected HDPER (consolidated under high pressure). 

Results show that these properties are independent of the force applied for the material consolidation. 

Nomenclature 

Notation Description 

WPC Wood-plastic composites 

PE Polyethylene 

HDPER Recycled high density polyethylene 

CWP Capirona wood particles 

TH Oven temperature 

TOS Outer surface temperature 

TIS Inner surface temperature 

PTIS Peak inner surface temperature 

IAT Internal air temperature 

PIAT Peak internal air temperature 

tH Heating time 

tC Cooling time 
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