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This  work  focused  on the  production  of natural  rubber  foams  by  cross-linking  the  polymer  matrix  using
high  energy  electron  beam  at different  irradiation  doses  (from  50 to  150 kGy)  and  foaming  it  with  a
chemical  blowing  agent.  The  aim  was to  study  how  the  irradiation  dose  influenced  the  cellular  structure
morphology  of the  produced  foams.  This  was  accomplished  by quantifying  the  evolution  of cellular  struc-
ture  parameters,  such  as cell  size  and  cell  density,  with  respect  to foaming  time  and  irradiation  dose.  The
eywords:
iopolymer
ry natural rubber
lectron beam irradiation
oams
ellular structure

results showed  that  the  foams  irradiated  at the  lowest  dose  are  more  prone  to suffer  cellular  structure
degeneration,  resulting  in  the formation  of  bimodal  cellular  structures,  while  foams  irradiated  with  the
highest  dose,  exhibited  more  uniform  cellular  structure.  In the  latter  case,  the  nucleation  density  clearly
increased  resulting  in  the  formation  of  foams  with  homogeneous  cellular  structures  and  smaller  cell sizes
(≈20 �m).

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Natural rubber (NR) is a bioderived elastomeric polymer which
s extensively used for the production of tires, gloves and gaskets
Rippel and Braganç a, 2009; Kohjiya and Ikeda, 2014). It is har-
ested from the Hevea Brasiliensis tree as a liquid suspension called
atex in which the presence of other substances such as proteins,
atty acids, carbohydrates to name a few, make its properties highly
ariable. Moreover, latex requires to be chemically stabilized with
mmonia prior to being processed because its properties can be
nvironmentally affected during storage. On the contrary, the dried
orm of NR (i.e. dry natural rubber) which is obtained after a cen-
rifugation process and subsequent drying of latex, present more
niform properties and stability with time (Najib et al., 2011). As

 foamed material, NR finds numerous applications especially in
ousehold comfort elements such as mattresses, cushions and pil-

ows. However, for these productions, the liquid suspension, latex,
s employed as the main raw material (Eaves, 2004). The dried ver-

ion of NR has not found many application niches as a foamed
aterial so far. In addition, there are few works in literature deal-

ng with the production of NR foams using the dried version of NR

∗ Corresponding author.
E-mail address: lesalmazo@yahoo.com.br (L.O. Salmazo).

ttp://dx.doi.org/10.1016/j.indcrop.2016.05.023
926-6690/© 2016 Elsevier B.V. All rights reserved.
(Ariff et al., 2008; Joon-Hyung et al., 2006; Joon-Hyung et al., 2007;
Najib et al., 2009; Najib et al., 2011).

NR has to be cross-linked during processing in order to have
the desired properties not only for being applied as a solid mate-
rial but also as a foam. For instance, the production of mattresses
and pillows (latex foams) is based on the established Talalay and
Dunlop processes, which require the cross-linking of the polymer
chains (Eaves, 2004). The same is required with the production of
automotive tires in which the well-known vulcanization process is
used to cross-link the polymer chains (Mark et al., 2005). The NR
polymer matrix can be cross-linked either by chemical reagents
(peroxides or sulphur) (Banik and Bhowmick, 2000; Manaila et al.,
2014) or by irradiation with high energy electron beam. The irra-
diation process has two clear advantages over the conventional
chemical processes: firstly, the final foamed material does not
present chemical residues. Secondly, the cross-linking degree can
be controlled throughout the applied irradiation dose (ID) before
the foaming process. The process has found tremendous interest
in the scientific community and there are plenty of articles in the
literature regarding the effect of high energy electron radiation
not only on the properties of NR, modified NR and their blends

(Ahmad et al., 2005; Almaslow et al., 2013; Banik and Bhowmick,
2000; Chirinos et al., 2003; Craciun et al., 2014; Hassan et al., 2007;
Jing et al., 2013; Khalid et al., 2010; Manshaie et al., 2011; Mitra
et al., 2008; Nabil and Ismail, 2014; Ratnam and Zaman, 1999;

dx.doi.org/10.1016/j.indcrop.2016.05.023
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2016.05.023&domain=pdf
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Table 1
Characteristics of the reagents and formulations employed.

Raw material Chemical formula Phra Density (kg/m3) Purity (%)

Dry natural rubber (NR) (C5H8)n 100 930 –
Zinc Oxide ZnO 0.25 300 94
40 L.O. Salmazo et al. / Industrial C

atnam et al., 2000; Sharif et al., 2005; Stelescu et al., 2014) but
lso on the properties of polyolefins such as low-density polyethy-
ene (LDPE), high-density polyethylene (HDPE) and ethylene-vinyl
cetate (EVA) (Eaves, 1988; Gheysari et al., 2001; Gheysari and
ehjat, 2001; Khonakdara et al., 2006; Mateev et al., 1996; Mateev
nd Karageorgiev, 1996).

As far as foaming is concerned, the cross-linking process pro-
otes increment in viscosity and melt strength of the polymer,
hich provide more stability to the cell wall during cell growth

tage of foaming thus giving higher expansion capability with less
endency of cell collapse. It has been reported that the irradiation
rocess is industrially used for the production of flexible closed-cell
olyolefin foams (Rodríguez-Pérez, 2005). Moreover, a lot of scien-
ific works have been published in the recent years dealing with the
ubject (Dias and Silva, 2007; I-Chun et al., 2004; Rezaeiana et al.,
009; Wang et al., 2013; Xing et al., 2008; Youssef et al., 2007)
nd most of them focused on studying the ID influence towards
he obtained cellular structures. In the work of Wang et al. sev-
ral irradiation doses (25, 50, 75 and 100 kGy) were employed for
he production of foams based on blends of LDPE/EVA by a phys-
cal foaming process where CO2 was used as the blowing agent.
lthough there were no significant differences between the pro-
uced foams in terms of cellular structure, the sample irradiated
ith 100 kGy showed the lowest average cell size (≈20 �m).  In the
ork of Youssef et al.,  a similar study was carried out on LDPE foams
ith and without blending with EVA. The range of IDs employed
as the same (i.e. 25–100 kGy) but in this case, a chemical foam-

ng process was employed in which azodicarbonamide was used
s the blowing agent. In this case, there was a drastic reduction of
he expansion ratio when the ID was increased. The work of Xing
t al. studied the effect of ID (in the same range of the previous
orks) and the foaming temperature on the expansion ratio and the

ellular structure of LDPE foams produced from a gas dissolution
oaming process with CO2 as the blowing agent. They discovered
hat the foaming temperature had more influence in the determina-
ion of the final cellular structures than the ID. The only clear trend
btained was that the increment of the ID yielded a reduction of
he expansion ratio regardless of the foaming temperature. As far
s the authors’ knowledge, the only work related to the production
f NR foams is the one conducted by Ghazali et al. in which blends
f NR/EVA were foamed by a chemical foaming process with dif-
erent blowing agent contents (Ghazali et al., 1999). These blends
ere irradiated before foaming with a broader range of IDs than

n the previously mentioned works (20–200 kGy). The foams were
btained in a range of densities between 0.3 and 0.5 g/cm3. The
esearchers claimed that the increment of the ID restricted the
xpansion of the polymer. However, the cellular structures were
ot conveyed and analyzed.

The above review on the existing literature related to the sub-
ect has revealed that the control of the cellular structure in terms
f cell size and homogeneity by the irradiation process is still a
hallenge. This work attempted to go further into the subject by
nalyzing accurately the evolution of cellular structure parameters
uch as cell size and cell density with respect to the electron beam
xposure. The monitoring and evaluation of these parameters will
e performed on the produced NR foams after being irradiated with
igh energy electrons at different doses and foamed via chemical

oaming process at different foaming times.

. Materials
Dry natural rubber (NR) of the Crepe Brazilian Clear (CCB) type
as employed as the polymer matrix for the production of cross-

inked natural rubber foams. Azodicarbonamide (ADC) was used
s the blowing agent. It was provided by Lanxess in the form of
Azodicarbonamide C2H4O2N4 10 1600 99

a Parts per hundred of natural rubber.

yellow powders with an average particle size of 3.9 �m and with a
decomposition temperature of 210 ◦C (data obtained from the tech-
nical data sheet). Moreover, Zinc Oxide (ZnO), which was supplied
by Silox, was  added to the formulations with the aim of catalyz-
ing the thermal decomposition reaction of the blowing agent. The
formulation employed in this study is summarized in Table 1.

3. Production process

The production process consisted of four steps: blending,
thermoforming, cross-linking and foaming. First, the formulation
described in Table 1, was compounded in a Haake internal mixer
model Rheodrive 5000. The temperature and the screw speed were
set to 60 ◦C and 60 rpm respectively. For the second step, the com-
pound was  thermoformed in a hot-plate press at a temperature
of 80 ◦C and by applying a pressure of 10 MPa  for 5 min. In this
way, solid sheets with 2 mm in thickness were obtained. In the
third step, the obtained solid sheets were subjected to electron
beam irradiation in the facilities of MEVION TECHNOLOGY with
the aim of cross-linking the polymer matrix. The energy employed
was 10 MeV, the power of 40 kW,  4 mA intensity and the frequency
of 500 Hz. Five solid sheets with different IDs: 50, 75, 100, 125
and 150 kGy, were obtained. Finally, small samples (20 × 20 mm2)
extracted from the irradiated natural rubber sheets were foamed
by immersing them in a silicon oil bath heated at high temperature
(231 ◦C). Several foams were produced at different times for each
irradiation dose: 30, 37, 45, 53, 60, 75 and 90 s. All these foams were
denominated accordingly throughout the work with the acronym
NRF (natural rubber foam) followed by the applied ID. For instance,
the natural rubber foam irradiated with 50 kGy was denominated
as NRF50. In addition, solid natural rubber sheets were also pro-
duced (i.e. without ADC and ZnO) following the same production
route. They were subjected to the same IDs previously specified
with the aim of evaluating the degree of alteration induced to the
virgin polymer matrix by the irradiation process (cross-linking).
These samples will be denominated with the acronym NRS (solid
natural rubber) followed by the applied ID. NRS50 referred to the
sample produced without ADC and irradiated with 50 kGy.

4. Characterization techniques

4.1. Density, expansion ratio and porosity measurements

Density measurements of the foamed samples (�f ) were per-
formed by the geometric method; that is by dividing the weight of
each specimen between its corresponding volume (ASTM standard
D1622-08). The relative density of the foams (�r) was  in turn cal-
culated as the ratio between the density of the foam (�f ) and that
of the corresponding solid (�s) as shown in Eq. (1).

�r = �f

�s
(1)

The volumetric expansion ratio (ER) of the foams was calculated

inversely, that is, as the ratio between the solid density and the foam
density (Eq. (2)).

ER = �s

�f
(2)
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ig. 1. Scheme of the natural rubber based sheets and indication of their thickness
t).

In addition, the porosity of the foamed samples (Vf ), which rep-
esents the gas fraction in the material was calculated using Eq.
3).

f = 1 − �r (3)

The density of the solid natural rubber matrix was taken as
30 kg/m3 in all these calculations.

.2. Cellular structure

The cellular structure of the foamed samples was  evaluated by
eans of micrographs analyses, which were taken by a scanning

lectron microscope (SEM) model QUANTA 200 FEG. Samples were
ractured after being frozen in liquid nitrogen. The fractured sur-
aces corresponded to one of the planes parallel to the thickness (t)
irection (D1) of the sheets (D1/D2 or D1/D3) as shown in Fig. 1.

The SEM micrographs were taken in these fractured surfaces and
hey were analyzed by an image analysis software, ImageJ (Pinto
t al., 2013) in which a binarization process was performed so as to
solate each cell from the rest allowing the software to measure cel-
ular structure parameters such as the cell size in 2D (�), anisotropy
atio (R), cell density (Nv) and cell nucleation density (N0). For mea-
uring the size of each cell (�i), the software determined its center
nd then measured its length (l) in eight different angles. Finally, it
alculated the average diameter. The foam cell size (�) is the aver-
ge for all the cells considered in the image as shown in Eq. (4)
here n is the total number of cells.

 =
∑n

i=1�i

n
(4)

The anisotropy ratio (R) was calculated using Eq. (5), which rep-
esents the ratio between the cell size of the foam in the direction
1 (�1) and the cell size in one of the directions perpendicular to it

�2,3).

 = �1

�2,3
(5)

The cell size distributions were characterized by parameters
uch as the asymmetry coefficient (AC) and the standard deviation
SD) which accounts for the shape and homogeneity of the distri-
utions, respectively. Both parameters were calculated by Eqs. (6)
nd (7).

C =
∑n

i (�i − �)3

n(SD)3
(6)

D =

√∑n
i (�i − �)2

n − 1
(7)

The homogeneity of the cell size distribution is more accurately
escribed by the NSD (normalized standard deviation) parameter
hich represents the ratio between the standard deviation and the
verage cell size of each foam sample (Eq. (8)).

SD = SD

�
(8)
d Products 89 (2016) 339–349 341

The cell density or number of cells per cubic centimeter of the
foamed material (Nv) was  determined by Eq. (9) in which n is the
total number of cells, M is the magnification of the image and A is
the area considered for the analyses (Kumar, 1988).

Nv =
[(

nM2
)

A

]3⁄2

(9)

The cell density measurement allows the estimation of the cell
nucleation density (N0) by means of Eq. (10) in which Vf represents
the porosity of the foams (Eq. (3)).

N0 = Nv

1 − Vf
(10)

4.3. Cross-linking degree

The cross-linking degree of the NRS samples were determined
by the Flory-Rhener (Eq. (11)), which calculates the density of cross-
link points (�) in the irradiated material (Flory and RehnerJr, 1943;
Manaila et al., 2014).

� = − ln (1 − �2m) + �2m + �12�2m
2

V1

(
�

1⁄3
2m − �2m

2

) (11)

where�12is the interaction parameter polymer-solvent (or Flory
parameter), which is generally adopted as 0.42; V1 is the solvent
molar volume (toluene in this case) which is calculated by Eq.
(12) and finally, �2m is the volume fraction of NR obtained after
submerging the sample within the solvent after specific period of
time, which was  in turn determined through the increase in weight
produced after the swelling of the sample (Eq. (13)).

V1 = MMT

�T
(12)

�2m = VNR

VT + VNR
=

mNR
�NR

mT
�T

+ mNR
�NR

(13)

In Eqs. (11) and (12), MMT represents the solvent (toluene)
molar mass (92 g/mol), �T is the toluene density (0.862 g/cm3) and
�NR is the NR density (0.93 g/cm3). VNR, mNR and VT , mT are the
volume and the mass of NR and the volume and the mass of the
solvent, respectively.

5. Results and discussions

The cross-linking densities of the irradiated NRS samples are
plotted against the irradiation dose as shown in Fig. 2.

The obtained results follow an expected increasing trend with
the applied ID. This increment is quite significant between the ID
of 100 kGy and 125 kGy and then somehow level off. These results
are in agreement with those of previous works, in which the cross-
linking degree of NR samples increased with the applied ID and
remained practically constant after being irradiated with 100 kGy
(Khalid et al., 2010; Manaila et al., 2014; Ratnam et al., 2000;
Sharif et al., 2005). Only one of these works employed the Flory-
Rhener method to calculate the cross-linking density of the samples
(Manaila et al., 2014) but the absolute values obtained were higher
with respect to those obtained in this work. This could be due to
the different grade of natural rubber employed.

Fig. 3 shows photographs of the NRF samples produced in this
work at the different foaming times.
Some foams, especially those produced at the lower times (30,
37, 45 and 53 s.), presented significant distortion. This occurrence
was caused by the existence of different blowing agent decom-
position rates throughout the sample which was  likely caused by
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evolution of the foaming process, such as nucleation, cell growth
Fig. 2. Crosslinking density versus ID of the NRS samples.

emperature gradient across the samples. Having direct contact
o the heating medium, blowing agents within the samples sur-
ace started to decompose first but the expansion process in the

iddle section was somehow delayed due to poor heat transfer
f NR. Therefore, when the foaming process was stopped, it was
elieved that expansion of the precursor in the middle section has
ot completed yet resulting the final foam to present the observed
istortion.

The expansion ratio of all samples seemed to evolve with the
oaming time until a certain value where it seems to remain practi-
ally constant. In order to quantify this evolution, both the relative
ensity (�r) and the expansion ratio (ER) were represented versus
he foaming time as displayed in Fig. 4(a) and (b). The results for
he foams produced from the non-irradiated polymer (NRF0) were
ot included because they presented almost completely collapsed

tructures, which made it difficult to calculate their geometrical
olume.

There is a general trend for all the samples regardless of the ID:
r decreased as the foaming time was increased. Consequently, ER

Fig. 3. Pictures of the NRF
d Products 89 (2016) 339–349

followed the opposite tendency; it increased with the increment in
foaming time. However, these trends are not linear and the main
variations occurred in the range of foaming times between 30 and
53 s. After that, all the foams seem to reach a steady state in which
both �r and ER are more or less plateau.

Moreover, it is interesting to note that the stabilized ER,  is clearly
dependent on the applied ID in the sense that the higher the applied
ID, the lower the ER.  The highest density was  obtained in the mate-
rial irradiated with 150 kGy (≈300 kg/m3) while the lowest density
in the material irradiated with 50 kGy (≈100 kg/m3). This behavior
remains constant in the range of foaming times of 60–90 s, which
could be due to the gradual increase of the cross-linking density
obtained after increasing the ID (Fig. 2). On the contrary, when con-
sidering lower foaming time, such dependence of the foam density
with the ID applied was not found. For instance, at 30 s., the NRF100
foam is the one which presents the lowest �r . This could be due to
the lack of homogeneity of these foams, which made it difficult to
get accurate measurements of their volumes. These results are bet-
ter represented in Fig. 5, in which the ER of all the NRF samples is
plotted versus the cross-linking density of the material.

The increment of the cross-linking density can be accompa-
nied by an increment of the viscosity of the polymer matrix. This
means that the polymer chains after being cross-linked are less
capable of being deformed under the pressure exerted by the gas
molecules, which could make the cells to grow slower and give
lower expansion rates as reported by several previous works in the
literature (Kim and Kim, 2002; Klempner and Frisch, 1991; Sagane
and Harayama, 1981; Wang et al., 2013; Youssef et al., 2007).

Having established the foaming behavior of the irradiated NR
samples, the study of the cellular structures will be focused on two
aspects: firstly, on the influence of the ID. This study was accom-
plished through observation of SEM micrographs and by measuring
the evolution of the cell size (�) and the cell density (Nv) with
respect to the ID only in the foams produced at 60 s. Secondly, the
study focused on evaluating the key mechanisms controlling the
and degeneration of the cellular structure. With this purpose in
mind, the � and Nv were measured in foams produced at different
foaming times but irradiated at the same exposure levels.

 samples produced.
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Fig. 4. (a) Relative density (�r) and (b) expansion r
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and stabilization of the cellular structure), which in turn, could be
Fig. 5. Expansion ratio versus cross-linking density.

.1. Influence of the irradiation dose

Fig. 6 shows the cellular structure of NR foams irradiated with
ifferent doses but produced at the same foaming time (60 s.). The
ell size distributions (bin size = 20 �m)  corresponding to each foam
re included together with the SEM micrographs.

The SEM micrographs show that regardless of the applied ID,
ll the foams present a closed cellular structure. The increment of
D mainly produced variations in the homogeneity of the cellular
tructure and cell size. The foams NRF50 and NRF75 presented a
haracteristic bimodal cell size distribution, which are composed
f few large cells surrounded by packs of smaller cells. Fig. 7 shows
EM micrographs of these two foams, which were taken at lower
agnifications in order to appreciate in detail the bimodal cellular

tructures.
These non-homogeneous cellular structures disappeared after

radually increasing the ID applied up to values of 125 and 150 kGy.
or instance, the sample NRF150 shows a relatively homogeneous
ell size distribution in which most of the cells (>80%) fall within
he range of cell sizes between 20 and 40 �m.  On the contrary, the
ample NRF50 shows a wider distribution and a high percentage of

he cells (around 35%) having cell sizes above 100 �m.

Table 2 shows average parameters of the cellular structures. The
atio cell size (�)/expansion ratio (ER) was additionally calculated
atio (ER) of all the NRF samples versus time.

in order to normalize the effect of the ER on the cell size parameter.
Moreover, the relative density (�r) values were also included.

� and Nv varied significantly with the applied ID but in opposite
directions: the general trend is that � decreased while Nv increased
when increasing the ID. There are some exceptions to this general
behavior: for instance, the cell size of the sample irradiated with
100 kGy is higher than that of the sample irradiated with 75 kGy,
but this is likely due to the bimodal cellular structures found when
applying low irradiation doses. In these structures there are many
small cells whose contribution to the calculus of the average cell
size is very significant. Moreover, the average cell size of the sample
irradiated with 150 kGy is about 3 �m larger than that of the sample
irradiated with 125 kGy. However, this difference is not very sig-
nificant, which is in agreement with the fact that the crosslinking
densities of both samples are very similar.

The cell density (Nv) of the foam NR150 is 235 times higher
than that of the foam NR50. The NSD parameter decreased with
the applied ID, which is connected with the fact that the applica-
tion of higher IDs evolved a more homogeneous cellular structure.
The parameter AC also describes this behavior because the low-
est value was obtained in the NRF150 foam which possessed the
most homogeneous cellular structure from a structural point of
view. On the contrary, the anisotropy ratio parameter (R) was not
greatly affected by the ID and all the foams presented more or less
similar values, around 1. This is because this structural parame-
ter was  controlled by the foaming system rather than by the ID.
In this foaming process, the cells were able to grow freely in all
directions. Therefore, it was  projected that a free foaming process
occurred, which usually resulted in the formation of isotropic cells
(R = 1) as obtained in this work. Similar results to this work were
previously reported in other works but they employed different
types of polymers: silicon and polyethylene (Liu et al., 2009; Wang
et al., 2007).

In principle, these results could be attributed to the fact that the
ER of the foams decreased with the applied ID. The ER is a parameter
that has been proven to significantly influence the cellular structure
of foams (Gibson and Ashby, 1997). Nevertheless, the normalized
values of cell size (�/ER) also decreased with the increment of the
ID. For this reason, such a high variation found in the average cel-
lular structure parameters (Table 2) were more likely to be caused
by alteration of the foaming mechanisms (nucleation, expansion
promoted by alterations of the cross-linking degree of the polymer
(Fig. 2). Fig. 8 shows a plot in which both, � and Nv were represented
versus the cross-linking density.
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Fig. 6. SEM micrographs of the NR foams produced with different IDs an
The production of foams with higher cross-linking densities
nvolved, in general terms, reductions of � and increments of Nv.
his chemical alteration of the polymer matrix at different levels
same foaming time (60 s) and their corresponding cell size distributions.
by the electron beam irradiation has somehow modified the basic
mechanisms involved in the foaming process. These mechanisms
are directly connected with the obtained final cellular structures.
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Fig. 7. Bimodal cell size distributions in the (a) NRF50 and (b) NRF75 foams.

Table 2
Average cellular structure parameters and �r of the NR foams produced at 60 s.

Irradiation dose (kGy) 50 75 100 125 150
�r 0.13 0.18 0.23 0.30 0.30
�(�m)  135.0 38.0 48.8 18.0 21.6
�ER  17.6 6.80 11.2 5.4 6.50
Nv × 106 (cells/cm3) 0.11 2.99 2.39 15.52 25.91
N0 × 105 (cells/cm3) 8.70 168.1 102.4 526.9 847.3
NSD  0.95 1.03 0.70 0.63 0.60
AC  1.75 3.15 

R  1.10 1.10 
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different IDs (Table 2). Similarly in this case, there is no influence
of the applied ID on the cell orientation characteristic.
Fig. 8. Cell size (�) and Cell density (Nv) versus the cross-linking density.

or instance, an increase of the nucleation rate (higher cell nucle-
tion densities/N0) should lead to higher cell densities (Nv) as
lready observed in previous works (Liu et al., 2009). In the same
ay, the use of polymers with higher stabilities in the molten state

hould lead to lower degeneration rates of the cellular structure, as
roven by the presence of cells with lower sizes and more homoge-
ous cellular structures.

The two conveyed theories could explain the existence of such
ariation in cellular structures in this work but with the results
btained so far, it is difficult to corroborate which of them is hav-
ng more influence. For this reason, the cellular structures of foams
rom samples irradiated with the lowest and the highest irradia-
ion doses (NR50 and NR150) and produced at different foaming

imes were also studied. The results obtained are presented in the
ollowing section.
1.83 1.60 0.89
1.00 0.90 1.00

5.2. Influence of the foaming time

The cellular structures of NR50 and NR150 foams produced at
different foaming times (30, 37, 45, 53, 60, 75 and 90 s) are shown
sequentially in Fig. 9 together with the corresponding cell size dis-
tributions (bin size = 20 �m in the case of the NR50 foams and bin
size = 10 �m in the case of the NR150 foams).

The SEM micrographs allow qualitatively assessment of the cel-
lular structures evolution for both foams produced at different
foaming times. It was  observed that the cellular structure of the
NRF50 sample evolved from non-homogeneous bimodal cell size
distributions to clearly degenerated cellular structures with very
large cell sizes (75 and 90 s.). On the other hand, the cellular struc-
ture of the NRF150 sample do not seem to evolve substantially and
they are more homogeneous than those observed in the NRF50
samples in all range of foaming times studied. These observations
were also reflected in the quantitative cell size distributions results.
Table 2 shows the average parameters calculated from the image
analyses of these cellular structures.

The NSD and AC parameters followed very different paths
depending on the foams considered. In the case of the NRF50 foams,
both values increased with time, which describe perfectly the evo-
lution of the formation of the bimodal cell size distributions. This
growing trend of both parameters are hampered at the longest time
because the cellular structure is in some way homogenized by cell
coalescence mechanisms, which resulted in the formation of larger
cells. On the contrary, in the case of the NRF150 foams, the evo-
lutions of these two  parameters are practically negligible which
indicate higher homogeneity of these cellular structures. The inher-
ent characteristics of the employed foaming process (free foaming)
resulted in the formation of highly isotropic cellular structures (R
values around 1) as already commented for the foams produced at
The results gathered in Table 3 involving �, Nv and N0 proved
that these parameters evolved in very different ways depending
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) NRF

o
r
t
t

Fig. 9. SEM micrographs of (a) the NRF50 and (b

n the applied ID. These two different evolutions are more clearly

epresented in Figs. 9 and 10 in which both � and N0, together with
he correspondent relative densities (�r), are represented versus
he foaming time. For the case of the NRF50 foams (Fig. 10), the
150 foams produced at different foaming time.

obtained values for these three parameters can be split up into two

regions: before and after the foaming time of 53 s.

This is because they evolved in different ways before and after
this value, which could indicate that the nucleation and degener-
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Table  3
Average cellular structure parameters and �r of the NR50 and NRF150 foams produced at different foaming times.

Foaming time (sec.) 30 37 45 53 60 75 90

�r NRF50 0.94 0.79 0.48 0.18 0.13 0.13 0.11
NRF150 0.92 0.90 0.41 0.58 0.30 0.29 0.29

�(�m) NRF50 55.2 47.7 68.5 79.5 135.0 165.2 189.7
NRF150 25.4 16.9 19.0 19.0 21.6 21.0 20.1

Nv × 10 6 (cells/cm3) NRF50 0.14 0.12 0.49 0.44 0.11 0.06 0.04
NRF150 0.10 1.59 37.75 35.47 25.91 34.68 41.13

N0 × 105 (cells/cm3) NRF50 1.49 1.49 10.37 23.76 8.72 4.97 4.23
NRF150 1.1 17.7 918.9 610.8 847.3 1181.5 1411.4

NSD NRF50 0.51 0.45 0.88 0.97 0.95 0.90 0.79
NRF150 0.54 0.61 0.72 0.71 0.60 0.74 0.76

AC NRF50 0.73 1.09 1.23 1.58 1.75 1.26 1.13
NRF150 2.44 2.26 1.61 2.10 0.89 1.87 1.57

R NRF50 0.98 0.94 0.93 1.06 1.09 0.97 0.93
NRF150 0.91 0.90 1.02 0.95 1.02 0.91 1.12

ersus foaming time in the NRF50 foams.
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Fig. 10. Evolution of �, N0 and �r v

tion mechanisms had different roles in these two  regions. The N0
alues (density of cell nuclei) experienced a clear increment with
he foaming time until 53 s. This fact is clearly connected with the
lowing agent decomposition reaction, which gradually evolved
uring this period of time up to its completion (53–60 s.). As ADC

s a self-nucleating blowing agent, the higher the amount of the
ecomposed blowing agent, the higher the number of cell nuclei
an be formed (Saiz-Arroyo et al., 2013). In addition, the size of
he cells that have already nucleated increases with time due to
he increasing amount of gas generated which came from the sur-
ounding polymer matrix to the interior of the cells. This cell size
ncrement can be exclusively associated to cell growth mechanisms
s long as the polymer would be strong enough to support the pres-
ure of the gas. At the same time, this fact also caused an increment
f the ER of the foam, or inversely, a decrease of �r. However, when
he foaming time exceeded 53 s, the N0 values started to decrease
ramatically, while ER remained practically constant. In addition, �
ontinued its growing trend. These results could only be explained
y considering that the polymer matrix is no longer able to support
he pressure of the gas inside the cells and the cellular structure
egeneration mechanisms start to prevail over those factors related
o nucleation and cell growth.
Results given in Fig. 11 represent the evolution of these param-
ters in the NRF150 foams.

The �r values followed a similar tendency to that obtained with
he NR50 foams because a drastic reduction took place at the ini-
Fig. 11. Evolution of �, N0 and �r versus foaming time in the NRF150 foams.

tial foaming time while it remained constant during the longer
foaming time, i.e. once all the gas has been generated. On the con-
trary, the trends obtained for N0 and � are completely different to
those obtained with the NR50 foams. Firstly, N0 underwent a dras-
tic increment during the initial foaming times. The values achieved

after 45 s. are considerably higher than those of the NR50 foams
(in some cases up to two orders of magnitude). Since then, they
continue to increase but at a lower rate. On the other hand, the
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ell size values obtained (around 20 �m)  are very similar for all the
onsidered foaming times (Kumar, 1988).

These trends proved that the degeneration mechanisms did not
lay a significant role in these foams (NRF150), at least in the range
f foaming time studied (30–90 s.). This was due to the highly stable
olymer (high cross-linking densities), which was obtained after
eing irradiated at high IDs (125 and 150 kGy). The most signifi-
ant contribution to the formation of these homogeneous cellular
tructures with very low cell sizes came from the nucleation mech-
nisms, which were clearly intensified by applying these IDs. This
s a phenomenon which has been previously reported in literature
Liu et al., 2009).

. Conclusions

NR foams with low to medium densities (100–300 kg/m3) and
ith very low cell sizes (20 �m)  have been produced by irradiat-

ng the polymer matrix with high energy electrons and foaming
hem through a chemical foaming process. The increment of the
pplied ID (from 50 to 150 kGy) yielded a gradual increment of the
ross-linking degree, which in turn allowed the production of foams
ith different expansion ratios and different cellular structures.

he foams produced with the lowest IDs presented bimodal cell size
istributions with densities around 100 kg/m3 while the foams pro-
uced with the highest IDs presented highly homogeneous cellular
tructures with very low cell sizes (20 �m)  and densities around
00 kg/m3. The analysis of the effect of foaming time has provided
ore details of the role that the different foaming mechanisms

layed in samples irradiated with very different doses (50 and
50 kGy). The foam is more susceptible to suffer cellular structure
egeneration after being exposed with low IDs. In fact, it has been
ossible to detect when these degeneration effects started to dom-

nate exceeding those effects related to nucleation. Therefore, this
ork has set a protocol that is crucial to be followed in controlling

he expansion ratio and cellular structure of natural rubber foams
hich are produced from NR compounds crosslinked with different
oses of electron beam irradiation prior to the foaming process.
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