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Abstract
Rotomolded uncompatibilized composites of LLDPE with softwood and hardwood flour dispersed phases are compared and 
contrasted with respect to their static (tensile, flexural and impact) and dynamic (creep modelling, storage and loss moduli) 
mechanical properties and transport (oxygen permeability). The static and dynamic mechanical properties are analysed as 
a function of dispersed phase weight fraction and pre and post ethanol sorption. Vital structural properties such as the equi-
librium modulus, Kelvin Voigt modulus, Kelvin Voigt viscosity and relaxation times along with creep compliance trends 
are analysed. The interfacial porosity generated is then correlated to the overall gas transport using oxygen as the probe 
molecule. Two models are compared and it is found that the model of Alter which uses overall density as the modelling 
parameter, is able to predict composite gas permeability with high accuracy. Overall, owing to the uncompatibilized nature, 
most mechanical properties reduce with wood flour incorporation independent of the type of dispersed phase. However, 
these properties remain consistent pre and post ethanol sorption as long as the dispersed phase weight fraction is around 5%. 
This indicates that with some external scaffolding type support structures, the rotomolded composites have potential for use 
as storage units for liquid materials.

Keywords Composites · Packaging · Mechanical properties · Gas permeability modelling · Viscosity and viscoelasticity

Introduction

Rotational molding or Rotomolding is one of the fastest 
growing polymer processing techniques and is highly suit-
able for the manufacture of large volume (> 2  m3) polymeric 
storage units. The process of rotomolding consists of 4 basic 
steps viz., charging, rotation + heating, cooling and demold-
ing. Due to the relative simplicity of the process, rotomold-
ing has very few competitors for the production of large (> 2 
 m3) hollow objects in one piece [1]. The products fabricated 
using rotomolding find application in a wide spectrum of 
industries ranging from agriculture to the automotive sector 
[1–4]. The specific polymers that may be rotomolded include 
polyolefins (High density Polyethylene- HDPE, linear low 

density polyethylene- LLDPE, linear medium density poly-
ethylene- LMDPE, low density polyethylene- LDPE) [1–4]), 
Polypropylene (PP), Polycarbonate (PC), Polyamides (PA), 
Polyurethanes (PU), Poly (vinyl chloride)- PVC, Acryloni-
trile–Butadiene–Styrene (ABS) terpolymer, High Impact 
Polystyrene (HIPS), various fluoropolymers, liquids such 
as liquid Nylon block copolymer, liquid polyurethanes, and 
recently, biodegradable plastics like Poly (lactic acid)- PLA 
and foamed plastic analogues of the polymers already men-
tioned [1–4].

Polymer natural fiber composites are now being increas-
ingly used for applications in construction, packaging, and 
automotive industries. Detailed work on the nature and prop-
erties of polymer-natural fibre composites can be seen in 
[5–13] and in these works, the advantages provided by the 
incorporation of natural fibres in polymers are established. 
These include low cost, low density (good specific proper-
ties), reduced wear in processing equipment, high toughness, 
biodegradability, and ecological friendliness. As far as the 
rotomolding of polymer composites are concerned, a review 
of some of the work is shown in Table 1.
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Table 1  Review of mechanical properties of rotomolded polymer natural fibre composites

Composite system Results Reference

Polymer Fibre

HDPE Sisal, Cabuya Overall reduction in impact energy due to fiber addition. 55% reduction at 7.5% 
sisal loading and 33% reduction at 6% cabuya loading. Tensile strength remains 
consistent

[14]

LLDPE Flax A slight increase in both impact energy (3%) and in tensile strength (6%) was seen 
at 10% loading of fibre. This is attributed to improved dispersion of fibre owing to 
dicumyl peroxide surface treatment

[15]

LMDPE Agave The addition of agave fibers in PE and consequent rotomolding resulted in a product 
with increased flexural and tensile moduli but there was a reduction in impact 
strength, as well as tensile and flexural strengths

The optimum fiber concentration is around 10% based on the difficulty of the poly-
mer matrix to completely wet all the fibers in excess to 10%

[16]

LMDPE Sisal Tensile strengths showed a steady decrease with increasing fibre content for both 
sisal-LMDPE and wood fibre-LMDPE composites, tensile moduli generally 
increased with increasing fibre content up to 15 wt% for both sisal-LMDPE and 
wood fibre-LMDPE composites

The driving force behind the adverse effects on the mechanical properties were fibre 
agglomeration and the shorter fibre lengths

[17]

LLDPE Maple Treatment of the maple fibres by maleic anhydride grafted polyethylene and conse-
quent dispersion into the LLDPE matrix via rotomolding resulted in composites 
with superior mechanical properties as compared to untreated fibres

For 30% fibre incorporation, there was a 42% increase in flexural strength for 
untreated maple fibre LLDPE composites and a 60% for treated maple fibre 
LLDPE composites compared to plain LLDPE

Microstructural analysis of the composites showed the presence of holes and voids. 
These holes/voids could be divided into in two categories:

1.Holes/voids produced by fibre debonding. The debonding holes result from fibre 
pull-out and are typical in composites with poor fibre wettability and adhesion

2.Holes/voids related to trapped air. This air is imprisoned between the powder par-
ticles due to incomplete sintering and/or gases released by the fibres themselves

[18]

PLA Agave Uptake of water in rotomolded composites was studied and it was found that the 
surface treatment (using maleic anhydride grafted PLA) of the Agave fibres lead to 
a reduction in diffusion coefficient and overall uptake

Parameter based on density differential akin to Vp studied in Prasad et al. [19] was 
used to characterize the composite specimens

20% by weight of the treated agave fibres was found to be the optimal concentra-
tion. The tensile strength and modulus of treated fiber composites increased by 
up to 68% (from 25 to 41 MPa) and 32% (from 1.30 to 1.74 GPa) respectively, in 
comparison with untreated fiber composites at 20% incorporation

[20]

Metallocene PE Banana
Abaca

Increase in tensile and flexural moduli were observed for the composites. Simulta-
neous grinding of the metallocene PE and the fibres helped in dispersion prior to 
rotomolding

However, impact strength reduced significantly with and without surface treatment 
of the fibres. This paper suggested that efficient dispersion of the untreated fibres 
was easier to achieve than for the treated fibres

[21]

Recycled PP Lignocel C120 wood flour Silanization based surface modification of the lignocellulosic fibres helped in reduc-
tion of wood flour particle size and assisted in efficient dispersion. The differences 
between measured composites densities and theoretical density confirmed the pres-
ence of porous microstructure similar to Gonzalez Lopez [11] for 5% by weight 
incorporation of treated and untreated wood fibre. A higher amount of the pores 
were seen for the composite filled with unmodified filler

Unlike [18], there was a consistent drop in mechanical properties with or without 
compatibilization in [22]. Adding 5 weight % of untreated and treated wood fibre 
caused a 29% and a 40% respectively decrease of tensile strength in comparison 
with pure recycled PP

[22]
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Thus, from the literature collected in Table 1, it can be 
seen that the rotationally molded polymer composites do show 
some reduction in mechanical properties compared to the vir-
gin material. This can be improved by surface treatment of the 
wood fibre dispersed phase. The review of the literature indi-
cates certain gaps and are addressed in this paper as follows:

1. A detailed comparison of the thermomechanical proper-
ties of rotomolded composites under dry and wet condi-
tions is limited in the current literature. Therefore, the 
first set of results in this paper will cover the static prop-
erties of the rotomolded composites under wet and dry 
conditions for two types of dispersed phase, softwood 
pine flour and hardwood oak flour.

2. The long-term mechanical properties data reported for 
the rotomolded composites in literature is also limited. 
Only the works of Chandran and Waigonkar [25, 27] 
and Pozhil et al. [28] expound on this. In [25, 27] it is 
reported that the nature of the dispersed phase has a 
massive influence on the creep properties with an ana-
lytical model for the creep deformation shown in [28]. 
In our previous work, we presented the creep model-
ling for rotomolded LLDPE softwood (pine) composites 
under dry and wet conditions. It was found that with 
ethanol uptake, all rotomolded composites deteriorated 
mechanically at different rates. While 5% and 10% pine-
based composites retained most of their properties simi-
lar to that of the plain rotomolded LLDPE, the 20% pine 

samples deteriorated significantly. As rotomolding is a 
conventional processing method used for manufactur-
ing storage units, for any potential storage application, 
the pine incorporation could be optimized at 10% by 
weight in terms of the long-term properties. In order to 
see is similar trends are seen for a hardwood dispersed 
phase, the properties obtained for the optimised pine 
flour rotomolded composite (RM10) are compared with 
5% and 10% by weight oak flour rotomolded composites. 
In addition, fitting a viscoelastic model (the Burger’s 
model detailed in [29]) and determining critical struc-
tural parameters such as the equilibrium modulus, Kel-
vin Voigt modulus, Kelvin Voigt viscosity and relaxa-
tion time as a function of dispersed phase and ethanol 
uptake is conducted. This can then be compared and 
contrasted with the trends in Maxwell moduli and vis-
cosities indicated in [29].

3. Thirdly, the  VP parameter covered in [19] and [29], 
which was correlated to ethanol diffusion in [29] is used 
in this paper to correlate to the overall gas transport phe-
nomena. A more detailed correlation of interface and 
morphology with the transport (specifically, ethanol 
sorption) was also been conducted in [29]. Therein, we 
studied the effect of high-pressure vs low-pressure pro-
cessing on the porosity and diffusion characteristics of 
LLDPE-pine flour composites. In this paper, the models 
of Duan [30] and of Alter [31] are used to establish the 
correlation of  VP with gas transport.

Table 1  (continued)

Composite system Results Reference

Polymer Fibre

PLA Ficus Reinforcement of the PLA matrix was observed when the modified ficus (2.3%, by 
weight corresponding to a volume fraction of 4.1%) was added

The flexural modulus went up from 1.4 GPa (plain plasticized PLA) to 1.7 GPa, the 
flexural strength from 20 MPa (plain plasticized PLA) to 32 MPa and the tough-
ness is increased from 0.40 (plain plasticized PLA) to 0.44 mJ/mm3

The elongation at break, however, reduced from 2.9% (plain plasticized PLA) to 
2.1%

[23]

LLDPE Maple While the results in [24] indicated that the effect of matrix particle size on the 
properties of rotomolded PLA is negligible, the work of Hanana [25] indicates that 
effect of dispersed phase particle size is highly significant

The tensile modulus increased by 7%, 40%, and 73% for 125–250, 250–355, and 
355–500 mm at 30 wt% of maple fibers. The tensile strength also increased by 
114% at the same fiber loading (30 wt%) when the particle size increased from 
125–250 mm to 355–500 mm

The impact strength with 355–500 mm particles was 52% higher than for 125–
250 mm particles at 30 wt%

[25]

LLDPE Short coir fibre
Coconut fibre

Plasma modification of LLDPE surface was conducted and used in combination 
with surface modification of the natural fibres to improve dispersibility for roto-
molding. 4 different types of interfaces viz., PE/natural fibre, PE/bleached natural 
fibre, plasma modified PE/natural fibre, plasma modified PE/bleached natural fibre

Among all, plasma modified PE/bleached natural fibre showed the best balance of 
properties. The plasma modified PE/bleached natural fibre composite showed a 
122% higher tensile modulus and ~ 66% higher impact strength than pure PE

[26]
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Thus, a holistic view of rotomolded composite materi-
als with insights on the thermomechanical (long and short 
term, static and dynamic under both wet and dry conditions), 
microstructural and transport properties are developed in 
this paper.

Materials and methods

Rotomolding grade LLDPE with brand name: Alkatuff 
LL710UV and melt flow index (MFI) of 10 g/min was 
provided by Price Plastics Pty. Ltd., Dandenong, Victo-
ria. Untreated fine pine flour was purchased from Pollard’s 
Sawdust Supplies Pty. Ltd., Plenty, Victoria. Oak flour was 
sourced from Bordeaux, France. Scanning Electron Micros-
copy (SEM) analysis of the samples was done on a Zeiss 
Supra 40 Vp electron microscope. The samples analysed 
via SEM were first coated with gold on an Emitech K975X 
sputtering unit. SEM images of the raw material samples 
are shown in Fig. 1. Rotomolding was carried out at Roto 
Industries Pty. Ltd., Pakenham, Victoria and the rotomolded 
samples are shown in Fig. 2. The processing cycle details are 
in Table 2 and the compositions are shown in Table 3. Opti-
mization of the rotomolding cycle including temperature and 
cycle times has been shown in our previous work [19].

For each test mentioned herewith, a minimum of 3 sam-
ples were analysed per composition to provides statistical 
data. Visual characteristics of the raw materials and molded 
samples were observed using an Olympus BX61 Optical 
Microscope. The crystallinity of all the molded specimens 
was tested using a TA DSC 2010 Differential Scanning 
Calorimeter. Heating runs were conducted from room tem-
perature to 250 °C at a heating rates of 5, 10 and 15 °C/min 
to check the trends in and the effect of heating rate on the % 
crystallinity of the composite specimens. The % crystallinity 

of the specimen was determined using 293.1 J/g as the stand-
ard heat of fusion for 100% crystalline polyethylene [32].

The molded specimens were cut into standard dimen-
sions for testing the mechanical properties of the manu-
factured composites. Tensile and flexural testing was done 
on a Zwick Z010 Universal testing machine with a 10 kN 
load cell. Tensile testing was conducted per ASTM D638 
and flexural testing per ASTM D790. Izod Impact tests per 
ASTM D256 were done on a CEAST Impact testing machine 
with the notch on the sample being made on an Instron notch 
cutter. The results from tensile, flexural and impact testing 
would establish the trends in static mechanical properties of 
the fabricated composites independent of time and inertial 
effects.

Dynamic testing was then conducted on a TA Dynamic 
Mechanical Analyzer DMA 2980. Trends in properties 
obtained from dynamic testing would indicate how the fabri-
cated composite product would perform in real life operation 
conditions. This included measuring the storage moduli of 
the samples in tensile and single cantilever modes before and 
after ethanol contact. A testing span of 17.5 mm was used in 
single cantilever mode. The frequency used was 1 Hz and the 
analysis was carried out from 30 °C to 100 °C at a heating 
rate of 3 °C/min. Creep analysis of the specimens was also 
done in tensile mode, before and after ethanol contact, over 
a period of 24 h under a stress of 1 MPa. Equilibrium com-
pliance values  (Jeq) from using the DMA set up in tensile 
mode was then converted to the corresponding equilibrium 
modulus values using Eq. (1).

In our previous work [29], the Burger model was used to 
provide the fit to the compliance data. Burger’s model, shown 

(1)Eeq =
1

Jeq

Fig. 1  SEM images of the raw materials (a): LLDPE, (b): Pine flour, (c): Oak flour
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in Eq. (2) and Fig. 3, is a parallel combination of an elastic 
Maxwell element (with characteristic modulus  EM and viso-
cosity ηM ) with a viscous Kelvin Voigt element with charac-
teristic modulus  EK and visocosity ηK ). The model displays a 
lagging elastic response to stress represented by a relaxation 
time  (tr). Mathematically speaking,  tr is the time required for 
the strain of a suddenly strained substance to reduce to 1/e of 
its initial value. In [29], comparisions between the compres-
sion molded and rotomolded LLDPE pine (softwood) flour 
composites was done. Comparing the trends in creep com-
pliance and  EM, the RM10 sample was found to be optimal. 
Expanding upon [29] in this paper, similar work was done for 
LLDPE oak (hardwood) flour composite but the focus was on 
purely rotomolded composite behaviour. To this end, some of 
the data from [29] (specifically, the compliance curves,  EM and 
ηM data for RM0 and RM10 for RM0 and RM10 in dry and 
wet conditions) is reproduced here to provide context. More 

detail on the creep modelling is also presetnted in the form of 
trends in  EK and  tr.

In order to correlate the trends in microstructural poros-
ity to gas transport, oxygen permeability of the samples was 
tested on a MOCON OxTran 2/21 Oxygen Permeability 
Tester at Gunn Labs, Black Rock, Victoria. The analysis 
was carried out at 23 °C, 0% Relative Humidity (RH) under 
ASTM F1927. This, in combination with the ethanol trans-
port trends in rotomolded composites detailed in [29], would 
provide a complete picture of the transport characteristics of 
the polymer natural fibre composites fabricated in this work.

(2)J(t) =
1

EM

+
1

EK

(

1 − e
−t

tr

)

+
t

ηM

Fig. 2  (a): Rotomolded speci-
mens with pine flour L-R: 0%, 
5%, 10% and 20% by weight 
pine flour (b): Rotomolded 
specimens 5% and 10% by 
weight of oak flour

Table 2  Process cycle time and other parameters of the rotomolding 
technique. Optimized from [19]

Cycle RPM Temperature (°C) Time (min)

Heating Major axis: 
7.5, Minor 
axis: 5

240 12

Ambient cooling - Room temperature 4
Fan cooling - Room temperature 6
Cooling chamber - 13 12

Table 3  Samples made from each molding method with wood flour 
content

Sample Type of Wood Wood flour 
content 
(weight %)

RM0 None 0
RM5 Pine 5
RM10 Pine 10
RM20 Pine 20
RM5_O Oak 5
RM10_O Oak 10
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Results and discussion

The flexural strengths as a function of oak and pine flour 
content are shown in Fig. 4a. It can be seen that there is a 
consistent drop with wood flour content irrespective of pine 
or oak. This suggests that if any potential application for this 
composite material is to be had, there has to be an external 
strengthening of the molded shape, maybe, in the form of an 
external scaffold. The trends in flexural strength as a func-
tion of ethanol uptake is shown in. It can be seen that with 
the incorporation of 5% by weight of wood flour, the flexural 
strength is found to reduce by 5% for the RM5 sample and 
by 17% for the RM5_O. The trends in 10% incorporation 
is a lot more pronounced with RM10 showing a 30% drop 
and RM10_O shows a 45% drop respectively as compared 
to RM0. The overall flexural strength comes into play when 
considering the stacking of these storage containers and 
therefore, it is important that a proper choice of dispersed 
phase concentration is done. It has to be noted that the flex-
ural strength is maintained before and after the ethanol sorp-
tion at different temperatures (Fig. 4b). Thus, when consid-
ering alcohol-based food contact applications, the sorption 
of the food product into the pores of the designed storage 
will not have any major detriment on the mechanical perfor-
mance of the unit. However, the relative drop with respect to 
the plain rotomolded LLDPE necessitates the use of external 
support structures to maintain structural integrity for any 
potential storage unit application. Also, for every composi-
tion, the oak flour composite has a lower flexural strength 
value as compared to the pine flour composite. This could 
be because on average, the oak flour particles are harder 
than the pine flour particles and therefore, harder to disperse 
effectively, leading to poorer mechanical performance.

The trends in storage modulus in single cantilever mode 
as a function of wood flour content are shown in Fig. 5a 
and the effect of ethanol uptake on the storage modulus are 
shown in Fig. 5b. Overall, there is a drop in storage modulus 
with increasing wood flour content similar to the trends in 
Fig. 5a. At 5% incorporartion of both oak and pine flour, 
the drop in storage modulus compared to RM0 is about 4% 
for RM5 and 6% for RM5_O. Following that, post ethanol 
uptake the RM0 sample shows an minor drop of about 2.5% 
while the RM5 and RM5_O samples show a drop of 2.7% 

and 4.2% respectively. For the 10% samples, both RM10 and 
RM10_O show a drop of 10% in the storage modulus values 
post ethanol contact. The effect of ethanol uptake on the 
structural integrity of the composite is most apparent for the 
20% sample (RM20) where post ethanol uptake at 30 °C the 
storage modulus drops to almost half of the modulus value 
under dry conditions.

The tensile strengths of the dry rotomolded samples are 
shown in Fig. 6. It can be seen that the tensile properties 
reduce consistently with wood flour incorporation irrespec-
tive of type in the rotomolded system. This indicates that the 
fibrous nature of the dispersed phase does not provide much 
reinforcement (Fig. 6a). This is because of the lower disper-
sive power of the rotomolding process and the interfacial 

Fig. 3  Burger’s representation of a viscoelastic material
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tension existing between the untreated fibre dispersed phase 
and the matrix LLDPE phase. The tensile strengths reduce 
by about 10% at 5% wood flour (oak or pine) incorporation 
and up to 30% at 10% wood flour incorporation. The trends 
in tensile strength as a function of ethanol uptake are shown 
in Fig. 6b. First and foremost, is that with an increase in the 
wood flour concentration, the tensile strength starts reduc-
ing with the RM10 and RM10_O samples showing tensile 
strengths of 9.7 ± 0.2 MPa and 9.8 ± 0.2 MPa as compared 
to the RM0 value of 13.1 ± 0.5 MPa. The reasons for this 
are clearly the lower dispersive efficiency of the rotomold-
ing process. That being said, it is very possible that this 
lower dispersive efficiency can be exacerbated in the pres-
ence of sorbed ethanol. Evidence of this, however, is not 
seen amongst the RM5, RM10, RM20, RM5_O, RM10_O 

specimens. On average the overall tensile strength of the 
specimens is maintained after ethanol sorption and in the 
RM0 specimen, there is a slight increase after ethanol sorp-
tion at 30 °C. But this supposed increase is only of the order 
of 3% so could be attributed to experimental variation rather 
than a true increase in tensile strength via plasticization.

No major differences are seen in the storage modulus 
value in tensile mode amongst the samples containing 0, 
5% and 10% by weight of wood flour (pine or oak), with the 
overall variation being of the order of around 2%. This indi-
cates that the low dispersive effects of rotomolding and inter-
facial tension existing on account of non-compatibilization 
does not adversely affect the properties of the composite in 
tensile mode. When it comes to the effect of ethanol sorption 
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on the tensile storage modulus shown in Fig. 7b, it is seen 
that there is a formation of a band of results between ~ 500 
and 550 MPa for all the samples except for RM20. This 
indicates that below the 20% by weight incorporation of the 
wood flour, no major effect of ethanol uptake is seen on 
the overall storage modulus. Therefore, except for RM20, 
all the samples maintain their tensile mechanical perfor-
mances in the presence or absence of ethanol. With RM20, 
there is a pronounced reduction in the modulus value. For 
an ethanol uptake of about 8% by weight at equilibrium, 
there is a 23% drop in storage modulus (415 ± 30 MPa) as 
compared to RM0 (534 ± 20 MPa). This is also reflected in 
the slopes of the linear fits of the storage moduli. The RM20 
specimen shows an ~ 13 times larger rate of drop of modulus 

value with ethanol sorption as the RM0 and a 4–11 times 
larger rate of drop than the specimens with 5% wood flour 
incorporation. Thus, with an increase in wood flour con-
tent in the rotomolded system there is a more pronounced 
drop in mechanical performance. This, once again, indicates 
that, the dispersed phase concentration needs to be ≤ 5% by 
weight (pine or oak). In general, the trends in storage modu-
lus via DMA (Figs. 5a, 7a) indicated a decreasing trend as 
a function of wood flour content. This, in combination with 
the fact that our composite system is non-compatibilized 
system fabricated using a low pressure processing technique 
indicates a weak interaction between the fibre and matrix. 
In our previous work [19], with high pressure compres-
sion molding (which induced large shear rates), there was a 
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marked increase in storage modulus indicating a relatively 
stronger fibre/matrix interaction.

The impact strengths of the rotomolded samples are 
shown in Fig.  8a. As seen for the tensile and flexural 
strengths, there is a clear reducing trend. The incorporation 
of solid fillers without any sort of compatibilization between 
the matrix and the dispersed phase can lead to delamina-
tion and poor interfacial properties [32]. This can have an 
adverse effect on the ability of the composite specimens 
to absorb impact and is demonstrated conclusively by the 
reducing trend in impact strength with increase in wood 
flour content. The drop in impact strength with oak flour 
is a lot more pronounced as compared to pine flour owing 
to the hardwood nature of the oak flour. With ethanol sorp-
tion, there is a further reduction in impact strength, but the 
reduction is not very pronounced for the RM0 specimen. For 
all composite specimens the drop in impact strength with 
ethanol sorption happens at a rate that is roughly twice the 
rate seen with RM0.

The trends in creep compliance for the rotomolded com-
posites pre and post ethanol contact are shown in Fig. 9. 
Using the trends in Fig. 9 and applying Eq. (1), the equilib-
rium modulus  (Eeq) can be estimated and the trends in  Eeq as 
a function of ethanol uptake are shown in Fig. 10.

Amongst the rotomolded composites, similar negative 
slopes are seen for the  Eeq modulus values with increase etha-
nol content (Fig. 10). This can be attributed to a combination 
of the low dispersive effects of rotomolding and the sintering-
based formation mechanism of the rotomolded composites. 
Images that display this sintering-based mechanism for the 
rotomolded LLDPE pine flour composites have been shown 
in our previous works [19, 29]. Images of the sintering mech-
anism and formation of RM5_O and RM10_O are shown in 
Fig. 11a, b respectively. It was observed that optical micros-
copy was able to provide the resolution required to make 
appropriate inferences for our work. However, more detail 
can be observed through SEM analysis and for this the reader 
can refer to microstructural SEM data shown in our previous 

0

5000

10000

15000

20000

0 50000 100000 150000

C
om

pl
ia
nc
e
(µ
m

2 /N
)

Time (s)

RM0_FIT

RM5_FIT

RM5_O_FIT

RM10_O_FIT

RM0

RM5

RM5_O

RM10_O

a

0

5000

10000

15000

20000

0 50000 100000 150000

C
om

pl
ia
nc
e
(µ
m

2 /N
)

Time (s)

RM0_POST_6_FIT

RM5_POST_6_FIT

RM5_O_POST_6_FIT

RM10_O_POST_6_FIT

RM0_POST_6

RM5_POST_6

RM5_O_POST_6

RM10_O_POST_6

b

0

5000

10000

15000

20000

0 50000 100000 150000

C
om

pl
ia
nc
e
(µ
m

2 /N
)

Time (s)

RM0_POST_30_FIT

RM5_POST_30_FIT

RM5_O_POST_30_FIT

RM10_O_POST_30_FIT

RM0_POST_30

RM5_POST_30

RM5_O_POST_30

RM10_O_POST_30

c

Fig. 9  Creep compliance rotomolded LLDPE wood flour composites (a): dry, (b): post ethanol uptake at 6 °C, (c): post ethanol uptake at 30 °C. 
Data for RM0 and RM5 has been  reproduced with permission from our previous work [29]
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work [19]. Therein, a significant porosity is observed in the 
microstructure of fractured impact tested samples attributed 
to the uncompatibilized nature of the rotomolded composites. 
As far as the sintering mechanism is concerned, the evolution 
is very similar to the ones observed in Fig. 3 of [29]. Thus, 
for the rotomolded composites, it must be acknowledged that 
beyond a loading of 10% by weight of the wood flour phase, 
the reduction in the modulus values are quite unsustainable 
and in reality, for uncompatibilized composites like the ones 
studied in this paper, the optimized composition is closer to 
5%.

In our previous paper [29], we have shown how to fit 
Burger’s viscoelastic material to model the creep behaviour 
and estimated the Maxwell modulus  (EM) and the Maxwell 
viscosity (ηM) for the rotomolded LLDPE pine flour com-
posites. It was observed in [29] that with the use of pine 
flour in the rotomolded material, the  EM values reduce com-
pared to RM0 (296 MPa). RM5 has an  EM that is 24% lower 
(226 MPa) than that of RM0 and further addition of pine 
flour for RM10 and RM20 ends up producing composites 
with  EM values that are 27% (217 MPa) and 29% (209 MPa) 
respectively lower than that of RM0. For the rotomolded oak 
composites studied in this work, the  EM values of RM5_O 
and RM10_O were found to be 215 MPa and 200 MPa 
respectively indicating that the hardwood oak flour compos-
ite stiffness was reducing at a larger rate than the softwood 
pine flour composites. Expanding on that work, we have 
now estimated the Kelvin Voigt moduli and relaxation times 
of the creep behaviour of both LLDPE pine and LLDPE 
oak flour composites. The second set of results obtained 
from fitting Burger’s model are related to the Kelvin Voigt 

modulus and the relaxation time. Both parameters are asso-
ciated with the amorphous part of a semi-crystalline poly-
mer. The trends in  EK as a function of wood flour content are 
shown in Fig. 12a and it can be seen that at 5% wood flour 
incorporation, the values are quite similar to that of RM0 but 
reduce consistently at higher wood flour weight fractions. 
As far as the effect of the ethanol sorption, irrespective of 
composition or the type of dispersed phase there is a drop 
in  EK values post sorption as compared to the  EK pre sorp-
tion (Fig. 12b). This drop is due to the slight plasticizing 
effect of the sorbed ethanol and is more obvious amongst the 
wood flour composites than with the plain polymer because 
of the hydrophilic nature of both dispersed phases and the 
permeant.

The  tr values (Fig. 12c), for the most part, show a reduc-
ing trend with increasing ethanol contact. This again speaks 
to the plasticizing nature of the ethanol for the system. The 
only samples this is not seen for is the samples without any 
wood flour incorporation ie RM0. Therefore, the plasticizing 
effect of ethanol uptake in our system can only be observed 
in the presence of the filler material.

Based on the results in dynamic properties and the trends 
thereof as a function of wood flour concentration and ethanol 
uptake, an understanding of the maximum loading of wood 
flour before a general downtrend in mechanical performance 
begins has been established. For the rotomolding process, 
it can be stated that that optimal concentration is 5% by 
weight of wood flour, both independent of the type of wood 
flour used.

It is well known that intensive properties such as crys-
tallinity and density of a polymer significantly influence 
the overall permeation characteristics [30]. However, mod-
els developed on this basis are not completely determin-
istic in nature because they often include parameters that 
are customised to individual systems [33]. One such model 
that correlates crystallinity to polymer permeability is the 
one by Duan et al. [30] shown in Eq. (3). 

Here, Xc refers to the fractional degree of crystallin-
ity. The logic behind the development of this model is 
that while a linear model would show zero permeability 
at < 100% crystallinity, this particular model shows zero 
permeability at exactly 100% crystallinity. In order to esti-
mate the differences in crystallinity between the different 
composites, Differential Scanning Calorimetry (DSC) was 
carried out. The area under the melting curve was esti-
mated from the DSC graph and using the heat of fusion 
for purely crystalline PE which is 293.1 J/g [32]. Based on 
this, the % crystallinities of all the composite specimens 
and the raw material LL710UV are shown in Table 4.
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Fig. 10  Equilibrium Modulus vs ethanol uptake of the rotomolded 
LLDPE wood flour composite samples
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From Table 4, it can be seen that there are no major differ-
ences or trends in % crystallinity values. Therefore, this result 
combined with the results in Prasad et al. [34], who suggest 
that the diffusion coefficient and thus, permeability of a per-
fectly crystalline polymer may be a non-zero value, means 
that other intensive properties are needed to effectively model 
polymer permeability. The trends in  VP estimated in [29] indi-
cate an increased porous microstructure for the rotomolded 
composites with wood flour incorporation. Hence, to confirm 
whether these trends also correlated with increased  O2 perme-
abilities, gas permeability testing of the RM0, RM5_O and 
RM10_O samples was carried out. The values are shown in 
Table 5 and the trends were fit using the Alter model [31] in 
Fig. 13. The Alter model is another expression that correlates 

an intensive property (in this case, density or ‘ ρ ’) to polymer 
permeability [31]. The model expression is shown in Eq. (4) 
and is based on the observation that density is a parameter that 
can help correlate subtle differences between different areas 
of the polymer sample to its overall permeability.

Based on Fig. 13, it is possible to state the model equa-
tions for oxygen permeability  (Ppred) of the rotomolded com-
posites. The model equation for the pine and oak composites 
is shown in Eq. (5) and Eq. (6) respectively.

(4 )P = K(1 − �)n

(5)P
Pine

= 9.1 × 10
4 × (1 − �)0.43

Fig. 11  Evolution of micro-
structure in LLDPE raw 
material with wood flour (L-R) 
200 °C, 5 min; 200 °C, 10 min; 
240 °C at 12 min for (a): 5% 
oak flour, (b): 10% oak flour
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Fig. 12  Burger model parameters of the rotomolded LLDPE wood flour composite samples (a): Kevin Voigt modulus vs wood flour content (b): 
Kelvin Voigt Modulus vs ethanol uptake, (c): Relaxation time vs ethanol uptake

Table 4  % Crystallinities of all samples at 3 different heating rates.

Sample XC

5 °C/min 10 °C/min 15 °C/min

Raw material 
LL710UV

48.8 46.1 47.0

RM0 44.4 47.8 45.4
RM5 51.5 46.7 48.5
RM10 45.4 45.4 49.1
RM20 49.8 44.8 49.8
RM5_O 48.1 49.1 46.7
RM10_O 50.6 46.7 44.4

Table 5  Experimental (Pexp) vs predicted (Ppred) oxygen permeabil-
ity values of rotomolded composites

Sample ρ
(g/cm3)

P experimental
(cm3.mm/m2/year)

P predicted
(cm3.mm/m2/
year)

RM0 0.93 28,616 ± 716 31,065
RM5 0.90 34,592 ± 1534 35,829
RM10 0.86 38,544 ± 658 40,991
RM5_O 0.89 38,835 ± 3407 34,326
RM10_O 0.84 39,712 ± 2500 41,336
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Thus, the composites do not differ noticeably in terms 
of crystallinity but do in terms of density. In terms of gas 
transport, the porosity created can be directly correlated to 
changes in density. As density is an intensive parameter it is 
an effective tool for modelling this transport phenomenon. 
The model of Alter [21] performs quite acceptably for all 
rotomolded composites made studied in this paper independ-
ent of the type of dispersed phase used.

Conclusions

All static mechanical properties of the rotomolded com-
posites (flexural, tensile and impact strengths) are found 
to reduce with wood flour incorporation independent of 
the hard or softwood nature of the dispersed phase. This 
is also seen with the trends in the storage moduli in ten-
sile and cantilever modes. The reducing trends are more 
pronounced with increasing wood flour content and the 
worst performance is seen in the RM20 composite. In 
terms of long-term properties, the Maxwell moduli reduce 
by 20–30% as compared to RM0 indicating a drop in 

(6)P
Oak

= 8.3 × 10
4 × (1 − �)0.38 stiffness with wood flour incorporation. A 10–12% drop 

is seen for the Kelvin Voigt moduli indicating that there 
is minimal plasticizing effects with ethanol sorption. The 
relaxation time continuously reduces for all the compos-
ite specimens, while being relatively stable for the RM0, 
indicating that the ethanol sorption induced plasticizing 
behaviour is restricted to only the composite systems. The 
overall crystallinities of the specimens are consistent and 
therefore the model of Duan and Thomas shown in Eq. (3) 
is not effective in modelling gas permeability. However, 
the trends in  VP studied in our previous works helped cor-
relate the overall densities to gas permeability and to this 
end, the model of Alter shown in Eq. (4) is found to be 
highly capable of predicting oxygen permeabilities of the 
rotomolded composites.
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