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Abstract 
 

A three-layer composite (polymer-fiber / polymer-
foam / polymer-virgin) was made by rotational molding 
using a laboratory-scale biaxial rotational molding 
machine. The mold consists of a cylindrical stainless steel 
of five liters of volume. A linear medium density 
polyethylene (LMDPE) was used in all layers.  In the 
composite layer a natural fiber (agave) was included and 
in the foam layer a chemical foaming agent 
(azodicarbonamide, ACA) was incorporated. The effect of 
the agave fiber and foaming agent contents was related to 
the tensile properties. The inner air mold temperature and 
rotomolding cycle time are reported. 

 
 
 

Introduction 
 
 Rotational molding is a procedure to obtain hollow 
plastic articles having different sizes and complex shapes 
of various thicknesses and layers [1]. Such flexibility, 
have the advantage of manufacturing plastic products with 
minimum residual stresses, and the fact that the molds are 
inexpensive represent an alternative to injection and blow 
molding [2].  
 
 Polyethylene (PE) is the material most widely used 
[3]. Nevertheless the physical characteristics of PE limits 
it use for certain applications. For this reason, composites 
of PE are used when different properties are required. In 
recent years, the use of natural fibers as a reinforcing 
material for thermoplastics to substitute synthetic fillers, 
besides their significant processing advantages, 
reinforcing polymers with natural fibers are inexpensive 
and have lower density compared to typical fillers [4]. 
They also provide a “natural look” (better aesthetics) [5]. 
But incompatibility between hydrophilic natural fibers 
and hydrophobic polymer matrices is a limitation leading 
to poor fiber-matrix adhesion and dispersion, as well as 
reduced thermal stability and high moisture absorption [6] 
which is why this great interest in the use of polymeric 
composites (composites) with natural fibers. Natural 
fibers have a low production cost, are biodegradable 
(opposed to synthetic fibers), are considered to have low 
toxicity, have lower density than synthetic and inorganic  

 
fibers, and in some cases may increase the tensile and 
bending modulus of the compounds materials [4]. The 
rotational molding of composites with natural fibers and 
foamed polymers has become more important in recent 
years [7,8 9]. In a previous work [10], the morphology of 
rotomolded parts of three layers composite was 
completely characterized, and the results were correlated 
with part density and impact strength (Charpy and 
Gardner).  
 
 An important rotomolding processing parameter is the 
inner air temperature in the mold. A typical temperature 
profile has been described by several authors [7, 11-14] 
where the main stages of the rotomolded process are 
observed: induction of powder, adhesion to the mold 
walls, melting-sintering of the powder pool, and fusion 
coupled with densification. 
 

The main objective of this investigation was to obtain 
a three-layer part via rotational molding and determine its 
tensile properties. In particular, the amount of fiber in the 
first layer (0, 5, 10 and 15% wt. %) and the amount of 
foaming agent (0, 0.15, 0.25, 0.50 and 0.75% wt. %) in 
the second layer was studied using LMDPE as the matrix. 
Also the effect of part composition on inner air 
temperature and cycle time is reported. 
 

Experimental 
 

Materials 
 

The resin used in this study was powder linear 
medium density polyethylene (LMDPE) RO 93650, from 
Polimeros Nacionales (Mexico). Agave fiber (AF) (A. 
tequilana Weber var. Azul) obtained from the waste in the 
manufacturing process of tequila. The chemical blowing 
agent azodicarbonamide (ACA) was provided of Grupo 
ALBE (Mexico).  
 
Fiber preparation 

To remove impurities from the fibers coming from the 
tequila processing, six steps were performed: 1) hydration, 
2) pith separation, 3) centrifugation, 4) drying, 5) grinding 
and 6) sieving. The agave fibers were first placed in water 
for 24 hours to facilitate separation of the pith. Pith 
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separation was conducted on a double disc (30 cm 
diameter) refiner Sprout-Waldron (D2A509N) with one 
rotating (1770 rpm) against the other stationary. A 
centrifuge process was used to remove water from the 
fibers, which were sun-dried to constant weight. The fiber 
size selected from the sieved materials was the one 
retained on the 140 mesh (106-150 µm) to improve the 
processability of the composite. Finally, the fibers were 
dried in an oven for 24 h at 60°C before being used. 
 
Equipment and sample preparation  

A laboratory-scale rotational molding machine was 
used for sample preparation. The mold consists of a 
cylindrical stainless steel of 3.6 mm thickness with a 
diameter of 19 cm and a length of 25.5 cm giving a total 
volume of five liters. Before the materials were processed, 
a simple dry blending was performed in a Torrey LP-12 
mixer for 5 minutes. Then the blends were dried in an 
oven at 60°C for at least 24 hours. Previous to material 
loading, the demolding agent was applied.  
 

The first layer was produced adding 270 g of a blend 
of LMDPE with 0, 5, 10 or 15% wt. % agave fiber blend 
into the mold. The charged mold was then closed and 
introduced into the oven previously heated at 260 ± 5°C. 
The maximum temperature inside the mold was limited to 
200°C. A speed ratio of 1:4 was used with a major axis 
speed of 3.5 rpm for 15 minutes. Then, the mold was 
taken out from the oven and filled with 270 g of LMDPE 
with different ACA contents (0, 0.15, 0.25, 0.50 or 0.75% 
wt. %) using the same processing conditions as for the 
first layer. The last layer was made of neat LMDPE and 
processed under the same conditions as for the other 
layers. Finally, the mold was taken out of the oven to cool 
down by forced air convection (fan). The internal air 
temperature (PIAT) was monitored with a thermocouple 
inside the mold during the process. After the heating 
cycle, forced air for cooling was started until the IAT 
dropped around of 50°C. 
 
Morphology 

For morphological analysis, scanning electron 
microscopy (SEM) was done on a TESCAN model 
MIRA3. Each sample was cryogenically fractured in 
liquid nitrogen to expose the internal structure and the 
surfaces were covered with a thin layer of Au/C. 
 
Density  
Density was determined using the weight and the linear 
dimensions (thickness, width and length) of rectangular 
sections of the rotomolded parts. The results reported are 
the average of a minimum of seven samples and its 
respective standard deviation. 
 
Tensile Properties 

Young’s modulus, tensile strength and strain at break 
were determined using an Instron universal tester model 

3345, with a 1 kN load cell. Type V dog bones samples 
were cut from the molded parts according to ASTM 
D638. The samples were analyzed after 3 weeks of 
relaxation, at least five samples of each condition. The 
tests were performed at room temperature and the travel 
speed was set at 5 mm/min. A minimum of five samples 
were tested to report on the average value. 
 

Results and Discussion 
 

Figure 1 shows typical evolutions of the IAT inside 
the mold as a function of time when the oven temperature 
was maintained at 280 ± 5°C for neat LMDPE and 
composites with 15% AF, and with 0 and 0.75% of ACA. 
Table 1 shows the peak of the inner air temperature 
(PIAT) of the different composition. This table shows that 
PIAT 1 and 2 increase with fiber content for formulations 
with 0 and 0.75% of ACA; PIAT 3 decreases with fiber 
content when using ACA.  Cycle time increases with fiber 
and when adding ACA. The incorporation of ACA in the 
second layer generates gas bubbles that act as thermal 
insulators besides increasing the thickness of the piece, 
causing variations in the values of the PIAT, reported in 
Table 1 [15]. The expected result for a foamed material is 
increased cycle times.  

 
The percentage of fiber used in this work is well below 

the percentages used by the authors reporting variations of 
thermal conductivity as a function of the percentage of 
fiber (10 to 30%) [16]. It has been reported that the 
increase in the thickness of the material processed by 
rotational molding decreases its thermal conductivity 
causing cycle times also increase [17].  
 

 
Figure 1. Internal air temperature in the mold for 15% AF 
compared with neat LMDPE. 
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Table 1. PIAT at the three stages of the samples 
produced 

ACA 
content 
(wt. %) 

Agave 
fiber 

(wt. %) 

PIAT 
1 

(°C) 

PIAT 
2 (°C) 

PIAT 
3 

(°C) 

Total 
cycle 
(min) 

0 

0 126 171 191 115 
5 129 172 194 116 

10 129 173 194 118 
15 130 174 194 119 

0.75 

0 123 177 173 127 
5 125 179 168 131 

10 127 178 164 138 
15 128 179 158 144 

 
 

Figure 2 presents typical SEM micrographs of the 
samples produced. It can be observed that three layers 
were clearly produced in a foamed composite with 10 and 
15% AF at two different ACA concentrations. Figure 2b 
showed that gas diffusion occurred from the foamed 
second (middle layer) to the composite first (outer) layer. 
 

 
a 

 
b 

Figure 2. Typical SEM micrographs of  different types of 
samples produced: a) LMDPE/0.50% ACA/10% AF, b) 
LMDPE/0.25% ACA/15% AF 
 

As expected, Table 2 shows that density of the 
composites increases as fiber content increases, since the 
fibers are denser (1.59 g/cm3) [18] than the LMDPE 
matrix (0.93 g/cm3). The density of the parts decreased 

with ACA content for formulations without agave fibers 
in the first layer. In general, exothermic blowing agents 
reduce the density of polymer foams [19].  

When fiber concentration is increased from 0 to 5, 10 
and 15% without foaming agent density increased by 1, 3 
and 5 %, respectively; the natural fiber at its highest 
concentration represents only 5% of the entire 
multilayered part, which explains that the AF contribution 
on density is small. However, AF has a higher influence 
on the density of the samples prepared with ACA because 
of the nucleation effect that explain that for parts 
rotomolded with 0.25% and larger percentage of ACA 
density decreased with fiber content.  
 
Table 2. Density (g/cm3) of the sample produced 

ACA 
content 
(wt. %) 

 
LMDPE 

Fiber content  
(wt. %) 

 5 10 15 
0 0.93±0.03 0.94±0.02 0.96±0.01 0.98±0.04 

0.15 0.86±0.06 0.88±0.04 0.89±0.07 0.92±0.05 

0.25 0.78±0.03 0.75±0.03 0.72±0.04 0.72±0.01 

0.50 0.69±0.02 0.67±0.02 0.58±0.03 0.55±0.04 

0.75 0.58±0.03 0.56±0.02 0.52±0.03 0.42±0.03 
 
Figure 3 shows the tensile modulus of the three-layer 
material as a function of part density and AF content. 
When no ACA was used in the middle layer, the tensile 
modulus of the unfoamed composite is higher than the 
three layer parts prepared only with LMDPE. For example 
when 15% of AF was used in the external layer, the 
tensile modulus was 283 MPa compared with 218 MPa 
for neat LMDPE (an increase of 30%), higher values are 
also observed for 5 and 15 % of AF (see Figure 3 and 
Table 2). This tendency is in agreement with other reports 
for natural fibers reinforced composites [20, 21, 22].  
 

 
Figure 3. Tensile modulus as a function of sample density. 
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When ACA is added in the middle layer, the tensile 
modulus decrease with ACA content and with AF content, 
the lower value of tensile modulus is observed at 15 % of 
AF and 0.75 of ACA (density of 0.42 g/cm3). 
 
The tensile strength of material as function of part density 
is shown in figure 4.  The tensile strength decreases with 
increasing fiber content (see Table 2 for density) for ACA 
content larger than 0.15%. For unfoamed parts or at low 
ACA content (0.15 %) because the total density of the 
parts increases with AF content, tensile strength increases.  

 
Figure 4. Tensile strength as a function of sample density. 
 
In Figure 5, the strain at break as a function of density is 
presented; as expected for composites with rigid fillers, 
ultimate strain decreased when increasing AF content (see 
table 2) because the filler does not contribute to 
elongation. It is known [23, 24] that when a coupling 
agent is not used a poor adhesion between the fiber and 
the matrix can be observed and less energy is required to 
initiate a crack due to stress concentration at the fiber 
surface [24]. 
 

 
Figure 5. Strain at break as a function of sample density. 
 

In the case of foamed polymer, bubbles can be considered 
as a discontinuity that favors the failure through the 
interface between the gas and the polymer during tension 
force [25]. 
 

Conclusions 
 
Three-layer rotomolded parts with different physical 
characteristics were obtained by combining different 
concentration of agave fibers (0-15% wt. %) in the outer 
layer, chemical blowing agent content (0-0.75% wt. %) in 
the middle layer and LMDPE in the internal layer. All the 
blends were prepared by dry blending and the parts 
obtained by rotational molding. Morphological 
characterization shows a clearly three layer formation. 
The incorporation of ACA in the second layer generates 
gas bubbles that act as thermal insulators besides 
decreasing the total density of the piece, causing 
variations in the values of the PIAT. The tensile properties 
are a function of the total density, tensile modulus 
increased when density increased. 
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