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ABSTRACT: The effect of the foaming process on the intercalation of nanoclays in low-density polyethylene–nanoclay nanocomposites

was studied with in situ energy-dispersive X-ray diffraction (ED-XRD) with synchrotron radiation as an X-ray source. The solid

nanocomposites containing different amounts of an organomodified montmorillonite were melt-blended with blowing agents of dif-

ferent nature and later foamed by heating at atmospheric pressure. During the foaming process, ED-XRD experiments were per-

formed. These experiments allowed us to measure the time evolution of the interlamellar distance of the clay platelets during the

melting and foaming of the nanocomposites; we obtained information about the evolution of the clay structure during the process.

The experimental results show that the foaming process induced the intercalation of the clays independently of the blowing agent

used. We also proved that the degree of intercalation depended on the expansion ratio reached and that the intercalation produced

was larger when the blowing agent was azodicarbonamide. For this particular blowing agent, some interesting effects appeared; these

included a catalytic effect of the clays on the decomposition temperature, a partial intercalation of the clays during melt blending,

and a very stable structure of the clay particles after foaming. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43432.
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INTRODUCTION

During the last decade, the excellent properties of clay–polymer

nanocomposites (CPNC) have stimulated much interest and

research within the scientific and industrial communities. The

high surface-to-volume ratio of nanoclays leads to a high rein-

forcement efficiency. Thus, clay–polymer nanocomposites with

well-dispersed and exfoliated platelets at a low clay loading

show increased modulus and yield strength and reduced flame

propagation and permeability.1,2 In addition, in semicrystalline

polymers, clay platelets can promote faster crystallization and

higher levels of crystallinity; this results in improved solvent

and moisture resistance but reduced impact strength.1,3–5

There are three basic structures for polymer–clay mixtures: con-

ventional clay-filled composites with micrometer-sized aggre-

gates of clay particles, nanocomposites with intercalated clay

with a locally ordered structure, and exfoliated nanocomposites

with a disordered structure. Not all performance characteristics

depend to the same degree on exfoliation; however, the benefits

increase with the degree of intercalation–exfoliation of the clay

platelets. Thus, the goal of clay–polymer nanocomposite tech-

nology is to achieve the highest possible degree of clay intercala-

tion–exfoliation. Currently, three main methods for achieving it

can be distinguished3,5:

1. Polymerization in the presence of organoclay.

2. Melt compounding a polymer with a suitable organoclay

complex.

3. Other methods, such as ultrasonic exfoliation of organoclays

in a low-molecular-weight polar liquid or coprecipitation.6–8

Numerous examples of nanocomposites based on very different

polymers and produced by any of the three previously men-

tioned routes can be found in the literature.9–12 This work and

the corresponding revision of the state of the art is focused on

nanocomposites produced from polyethylene (PE). The nonpo-

lar character of PE makes it difficult to obtain an exfoliated

structure. The first two methods are the most examined ones.

Polymerization in the presence of organoclays fundamentally

consists of the intercalation of the clay with a compound that

subsequently enters the polymerization reaction (either polycon-

densation or radical polymerization). Jin et al.13 reported the

full exfoliation of a PE–montmorillonite (MMT) system pre-

pared by the Ziegler–Natta polymerization of ethylene in the

presence of organoclay. Although after polymerization the
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degree of exfoliation was high, a partial reaggregation of MMT

platelets occurred after processing by compression molding.

Alexandre et al.14 polymerized PE in the presence of either

MMT or hectorite. Clay exfoliation in the reaction products was

confirmed by X-ray diffraction and transmission electron

microscopy, but the tensile properties of the resulting nanocom-

posites were poor and essentially independent of the nature and

content of the silicate. Moreover, during melt processing, the

interlayer spacing partially collapsed.

Melt blending is the preferred method for preparing clay–

polymer nanocomposites with thermoplastic polymer matri-

ces. Typically, the polymer is melted and combined with the

desired amount of clay in an extruder or internal mixer.

Wang et al.15 produced PE–clay nanocomposites by melt

blending and determined their flammable properties. The

heat-release rate was reduced by 32% for the nanocomposites

in comparison to the raw PE. The microstructure and

mechanical properties of PE–clay melt-blended nanocompo-

sites were determined by Liang et al.16 To improve the nano-

clay exfoliation, a coupling agent based on maleic anhydride

grafted PE was used. Important improvements were found in

the tensile and impact strengths at a clay loading of 6 wt %.

Thermodynamically, the melt-blended nanocomposites were

stable, but the achievement of fully exfoliated morphologies

was not easy. Commonly, nanocomposites exhibit more

attainable intercalated–exfoliated structures with higher or

lower degrees of exfoliation, depending on the specific system

and preparation method used.

Cellular nanocomposites are currently subject to attention in

both the scientific and industrial communities. The combina-

tion of functional nanoparticles and foaming technologies has

a high potential to generate materials that are lightweight

and multifunctional and have a high stiffness and strength-

to-weight ratio.17 As a result of these expected outstanding

properties, the number of works dealing with the production

and characterization of cellular nanocomposites has rapidly

increased in the last few years. Efforts have been focused

both on thermoplastic (amorphous and semicrystalline) and

thermoset polymers. The infused nanoparticles have been also

very diverse, from carbon nanotubes to carbon nanofibers or

silica particles. In addition, nanoclays have also been used in

a very important number of the works already published.18–27

Most of these works are related to the observed properties of

the cellular material (thermal, mechanical, fire-resistance, and

gas-barrier properties) and the state of aggregation and dis-

persion of the nanoparticles in the solid matrix before foam-

ing. However, in general, the analysis of the possible

evolution of the intercalation–exfoliation degree of clay par-

ticles during the foaming process has not been analyzed in

detail.

An interesting result was found by Velasco and coworkers28,29 a

few years ago. They showed that the degree of exfoliation was

enhanced after the foaming process. The cellular polymers were

produced from a melt-blended nanocomposite based on PE and

hectorite. The solid matrix before foaming presented an interca-

lated–exfoliated structure. The state of delamination of the

nanoclays was characterized by the determination of the X-ray

diffraction pattern before and after foaming and their

comparison. They showed that the produced foams presented a

higher degree of intercalation–exfoliation than the initial solid

precursors; thus, it seemed that the foaming processes induced

a modification of the clay structure.

The ex situ study of the samples reported in that article showed

interesting results about intercalation–exfoliation but did not

provide insights into the mechanisms involved. Among others,

the following aspects are still unknown:

� The previous observed effects were obtained with azodicarbo-

namide (AZO) as the blowing agent, but there are not results

about other blowing agents.

� It is not known whether foaming is the only factor that pro-

duces the increment in interlamellar spacing or other thermal

processes, such as whether polymer melting has also an

effect.

� It is not clear if the intercalation–exfoliation degree observed

after foaming and the solidification of the foam is the maxi-

mum reached or there is a higher value during intermediates

state.

� It is unknown whether foam collapse and solidification have

an effect on the intercalation–exfoliation degree.

� There is a lack of knowledge about the influence of the blow-

ing agent content and hence of the expansion ratio achieved

on the interlamellar spacing.

� The amount of nanoclays could also play some role that has

not been described so far.

To answer all of these questions and gain knowledge on the

mechanisms underlying this interesting effect, we performed an

in situ study with synchrotron radiation. In this way, the whole

behavior was characterized, from the diffraction pattern of the

solid precursor passing through all of the intermediate states up

to the final solidified foam.

With the previous ideas in mind, in this work, we used an

energy-dispersive X-ray diffraction (ED-XRD) technique with a

synchrotron light source to follow in situ the evolution of the

interlamellar spacing during foaming in the PE–MMT systems.

The in situ technique was combined with blowing agents of dif-

ferent nature, different contents of the same blowing agent, and

different additions of nanoclays to gain knowledge about the

mechanisms underlying the modification of the clay structure

during foaming.

EXPERIMENTAL

The intercalation of nanoclays during foaming was followed in

situ by ED-XRD at the EDDi experimental station hosted at the

BESSY II synchrotron light source of the Helmholtz Centre Ber-

lin (Figure 1). Samples were illuminated by a white X-ray beam

with a 2 3 1 mm2 (Height 3 Width) cross section. The peaks of

intensity were detected at particular energies (Ehkl’s) in trans-

mission geometry at an angle of 2h 5 1.7 8 by a Ge multichannel

analyzing detector because the diffracted photon energies

obeyed Bragg’s law, which reads in its energy-dispersive form as

follows:

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4343243432 (2 of 9)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Ehkl5hc=2dhklh

where h is Planck’s constant, c is the speed of light, dhkl is the

interlamellar distance and h is the angle between the incident

rays and the planes of dispersion.

A self-designed X-ray transparent furnace equipped with IR

lamps and Kapton windows was mounted on a positioning table

attached to a goniometer. The sample size was 20 3 10 3 4 mm3.

The 10-mm side was placed parallel to the beam direction, and

the 4-mm side indicated the compaction direction during the

production of the precursor material. A thermocouple was

inserted into the sample parallel to the 20-mm side and beside

the beam path for recording and controlling the temperature

with a CAL3300 controller and a self-developed program that

ran under LabView. The temperature was increased from 30 8C

up to the foaming temperatures (185 or 190 8C) at 10 K/min

and held there for an isothermal step. After 600 s, the IR lamps

were turned off, and cooling took place. The ED-XRD data

acquisition and positioning table were computer-controlled by

the software package Spec. Acquisition started when the sample

temperature was 100 8C on heating. The counting time per

spectrum was 30 s, after which a lateral sample displacement of

1 mm was programed to detect each time-diffracted photon

energy from a volume that was previously not irradiated by the

X-rays. Complementary spectra were also acquired for 30 s at

room temperature, before heating and after cooling.

The following procedure was used to follow the increment of

the interlamellar spacing during foaming. For each spectrum,

the energy corresponding to the maximum of the nanoclay

peak was calculated and converted into distance according to

the following formula:

dhkl5hc=2Ehklsinh

The obtained distance was plotted as a function of the foaming

time. Because the acquisition of each spectrum lasted 30 s, the

midpoint of the 30 s was selected as representative.

The density of the final foams produced in the in situ experi-

ments was measured with Archimedes principle in a density-

determination kit designed for the AT261 Mettler balance. In

addition, for some of the formulations, on the basis of AZO as

the blowing agent, thermogravimetric analysis experiments were

carried out to evaluate the kinetics of gas release. The instru-

ment used for thermogravimetric analysis was a TGA/SDTA

861 instrument from Mettler with a temperature program simi-

lar to the one used in the in situ experiments.

Materials

Low-density polyethylene (LDPE; PE003 from Repsol Alcudia),

with a melt flow index of 2 g/10 min (measured at 190 8C and

2.16 kg), a density of 920 kg/m3, and a melting temperature of

110 8C, was used as the polymer matrix. For the nanocompo-

sites, this polymer matrix was melt-blended with the MMT-type

organomodified nanoclay Cloisite C15A from Southern Clay

Products and a coupling agent, maleic anhydride grafted PE

Fusabond 226 DE from DuPont (melt flow index 5 1.5 g/10 min

at 190 8C and melting temperature 5 120 8C). The blending was

performed in a twin-screw extruder B€uhler BTSK 20/40D at

250 rpm with a die temperature of 190 8C. The proportion of

coupling agent to nanoclays was maintained constant at 2:1.

To study the foaming behavior, the previous nanocomposites

were blended with three different blowing agents [4, 7, and 10

wt % AZO, 3 wt % Hydrocerol (HY), and 4 wt % Expancel

(EXP)] and antioxidants Irgafos 168 (from Ciba) in a propor-

tion of 0.08 wt % and Irganox 1010 (from Ciba) in a propor-

tion of 0.02 wt % to prevent thermal oxidation of the polymer.

The amounts of the different blowing agents were selected

according to previous experiences. The blending of the nano-

composite with the blowing agents was performed in a twin-

screw extruder (Collin mod ZK25T) ratio between the length

and the diameter of the extruder (L/D). To prevent any differ-

ence in the intercalation–exfoliation of the platelets during

blending, a constant-shear mixing energy was used for all of the

samples. A screw speed of 50 rpm was used in all of the formu-

lations with a constant feeding speed and a temperature profile

identical for all of the compositions. This was varied from

105 8C in the hopper to 125 8C in the die in steps of 5 8C. Such

a profile was chosen to prevent premature decomposition of the

blowing agents during the compounding steps. The materials

were water-cooled and pelletized.

The three specific blowing agents that were used were

� AZO (Porofor ADC/M-C1 from Lanxess): an exothermic

chemical foaming agent presented as a yellow powder with

an average particle size of 3.9 6 0.6 lm and an onset of

decomposition around 210 8C. The main released gases are

N2 (62%), CO (35%), and NH3 (ca. 3%).30,31

� HY (BIH 40 E from Clariant): an endothermic chemical

foaming agent masterbatch (in the form of white pellets with

60% active compound and an onset of decomposition of

140 8C). These blowing agents are mainly compounds of

Figure 1. EDDi experimental station hosted at the BESSY II synchrotron light source. The beam crosses a system of slits, filters, and attenuators before

hitting the sample.
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alkali carbonate, citric acid, and citric acid esters in a carrier

based in LDPE. The main products released in the decompo-

sition are CO2 and H2O.32–34

� EXP (950 DU 80 from AkzoNobel): microspheres with a parti-

cle size between 18 and 24 mm and a density of 12 kg/m3 or

lower (once expanded) and are characterized by having a gas,

typically a hydrocarbon, inside of them. The onset of activation

is around 140 8C. Unlike the others, with the two blowing

agents mentioned previously, once the temperature of decom-

position is reached, a gas phase is released; in this case, when

the activation temperature is reached, the microspheres start to

expand and maintain most of the gas confined within.35,36

Before the foaming experiments, the formulations containing

the different blowing agents were compression-molded into pre-

cursors with dimensions of 20 x 10 mm2 and a thickness of

4 mm with a two-hot-plate press. In all of the formulations, the

temperature of the press was fixed at 125 8C (lower than the

decomposition point of all of the used blowing agents). The

material was first melted without pressure for 15 min; then, it

was pressed under a constant pressure of 2.18 MPa for another

15 min, and finally, it was cooled down under the same pres-

sure. These molded precursors were used for the foaming tests.

For the samples containing AZO, three different contents were

studied, 4, 7, and 10 wt %. In addition, two different clay con-

tents were used for the materials containing 7% AZO. Two dif-

ferent foaming temperatures, 185 and 190 8C, were also used for

all of the samples. The nominal compositions and nomenclature

used for all of the analyzed materials are summarized in Table I.

RESULTS AND DISCUSSION

The effects of different variables were analyzed. In particular,

the effects of the nature and content of the blowing agent and

the content of the nanoparticles were studied.

Effects Related to the Nature of the Blowing Agent

The 5 wt % nanoclay filled samples were foamed with the three

blowing agents at two different foaming temperatures (185 and

190 8C).

The interlamellar spacing obtained from the in situ diffracto-

grams is presented in Figure 2 as a function of the foaming

time for the two foaming temperatures. The sample temperature

profile is also included in the figure. The trends observed were

very similar for the two temperatures tested. The point corre-

sponding to time 0 s corresponded to the in situ diffractogram

of the solid precursor (i.e., the solid precursor material before

foaming). The point corresponding to time 4500 s corresponded

to the in situ diffractogram of the solidified foam (i.e., the final

foam at room temperature).

Initially, at a time of 0 s, the separation between platelets in the

samples blended with AZO was 10% higher than the one in

samples blended with HY or EX. Therefore, AZO helped to

increase the interlamellar spacing of the clays during melt

blending; this indicated some type of chemical interaction

between them.

The thermally activated higher mobility of the polymer molecu-

lar chains and the thermal expansion of the polymer helped to

separate the nanoclay platelets at temperatures below the activa-

tion temperature of the blowing agents. This was observed from

the interlamellar spacing value found at a time of about 200 s;

this corresponded to a temperature of 110 8C. This value was

5% higher than that of the initial platelet separation. This incre-

ment, attributed to the thermal movement of the polymer

chains and the thermal expansion of the polymeric matrix, was

found independently of the blowing agent used and, for all of

them, had a value near 5%.

In the samples containing AZO, from around 400 s, the rate

of increment in the interlamellar spacing was higher. At that

time, the sample temperature reached the decomposition tem-

perature of the AZO. The foaming began and, hence, the

interlamellar spacing increased at a higher rate than it did

previously. This effect was not observed with HY or EX

because the decomposition temperature windows of these two

blowing agents were broader.32–36 In any case, during the

foaming process with these two blowing agents, there was also

an increase in the intercalation of the clays. In the case of EX,

the gas was mainly confined inside the microspheres at every

Table I. Proportions of Components for the Different Kinds of Samples and the Foaming Temperatures

Sample
Matrix
(parts)

Coupling
agent (parts)

Nanoclays
(parts)

Blowing
agent (wt %)

Foaming
temperature ( 8C)

5% Nanoclays_AZO4_185 85 10 5 4 185

5% Nanoclays_AZO4_190 85 10 5 4 190

3% Nanoclays_AZO7_185 91 6 3 7 185

3% Nanoclays_AZO7_190 91 6 3 7 190

5% Nanoclays_AZO7_185 85 10 5 7 185

5% Nanoclays_AZO7_190 85 10 5 7 190

5% Nanoclays_AZO10_185 85 10 5 10 185

5% Nanoclays_AZO10_190 85 10 5 10 190

5% Nanoclays_HY_185 85 10 5 3 185

5% Nanoclays_HY_190 85 10 5 3 190

5% Nanoclays_EXP_185 85 10 5 4 185

5% Nanoclays_EXP_190 85 10 5 4 190
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moment; therefore, the increment in the intercalation was

attributed to a separation because of the stretching of the

polymer chains chemically bonded to the nanoclay platelets.

In the case or HY, the main gas released was CO2, which pro-

moted a very similar expansion ratio (density of the solid

matrix divided by the density of final foam) and similar inter-

calation to those of EX.

The final expansion ratios reached in each sample are shown

in Table II. The expansion ratios achievable with AZO were

higher than the ones achievable with HY or EX. This was

probably one of the main reasons behind the lower incre-

ments in interlamellar spacing found for the samples contain-

ing HY or EX in comparison with the AZO ones (see later).

Moreover, for the HY and EXP, the interlamellar spacing

reached a maximum and then decayed to a lower value as

the foam collapsed and/or solidified. On the contrary, with

AZO, the volume reduction at the end of the experiment due

to collapse and solidification (foam collapse and solidification

were confirmed with optical ex situ optical expandometry) of

the foam did not have any influence on the interlamellar

spacing; the value reached during foaming was maintained

level even when the foam was solidified. Therefore, it seemed

that the chemical interaction between clay platelets and AZO

proposed previously could also help to retain the maximum

separation achieved between the platelets. The platelets were

hooked to their new positions. Because HY and EX did not

show any interaction with the layered silicates, the foam col-

lapsed, and solidification also produced some collapse on the

lamellar structure. On the other hand, the effect of the tem-

perature on the final density is also shown in Table II. For

two of the blowing agents, HY and EX, the effect of the tem-

perature was not appreciable; this was probably because the

activation temperature of the two blowing agents was well

below the foaming temperature used in this study. For the

material foamed with AZO, there was a decrease in the den-

sity when the foaming temperature increased; this should

have been due to the higher amount of gas released when the

foaming experiment was carried out at higher temperatures.

Effects Related to the Amount of the Blowing Agent

Three different amounts of the blowing agent that presented the

most interesting results (AZO) were used for this study. Two

different temperatures were also used, 185 and 190 8C.

The results are shown in Figure 3. The first remarkable result

was found in the initial degree of intercalation at a time of 0 s.

The higher the addition of blowing agent was, the higher the

initial separation between platelets was. This result supported

the hypothesized AZO–nanoclay chemical interaction, and

because of this, an increase in the amount of blowing agent

promoted a higher value for the interlamellar distance.

The same trend observed previously (Figure 2) was also

observed in the results of Figure 3. At low temperatures (below

the decomposition temperature of the blowing agent), there was

an increase in the interlamellar spacing because of the mobility

and thermal expansion of the polymer. This increment was

found independently of the amount of blowing agent used and,

for all of them, showed a value near 5%.

The interlamellar spacing continued increasing when the gas

was released. At both temperatures, the highest expansion ratios

(lower densities) were achieved with the samples containing 7

wt % AZO, as shown in Table III. This was translated again to

Figure 2. Evolution during foaming of the interlamellar spacing of the clay platelets at foaming temperatures of (a) 185 and (b) 190 8C. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Final Densities and Expansion Ratios Achieved with the

Different Blowing Agents at 185 and 190 8C

Sample
Density
(kg/m3)

Expansion
ratio

5% Nanoclays_AZO7_185 250.3 3.7

5% Nanoclays_HY_185 648.0 1.3

5% Nanoclays_EXP_185 609.5 1.6

5% Nanoclays_AZO7_190 237.8 3.9

5% Nanoclays_HY_190 639.8 1.4

5% Nanoclays_EXP_190 616.8 1.5

The maximum expansion ratios achievable with EX and HY were lower
than those obtained with AZO.
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the highest increments in interlamellar spacing (Figure 3) that

were clearly reached for the materials containing 7% AZO. On

the other hand, the amount of gas that was released in the 5%

Nanoclays_AZO4 sample was lower, and hence, foaming ended

earlier. Therefore, the maximum value of interlamellar spacing

was reached at lower times than in the samples containing 7

and 10 wt % AZO. For the three analyzed compositions, the

maximum degree of exfoliation reached was almost maintained

after the solidification of the foam; this confirmed the effect

mentioned in the previous section for this type of blowing

agent.

As shown in Table III, the minimum density was reached for an

intermediate content of AZO; the reason behind this behavior

could have been related to the fact that an increasing amount of

gas was not always connected to a density reduction because,

when the amount of gas was very high, the polymer was not be

able to tolerate the high stretching forces promoted by the pres-

sure created by the blowing agent, and strong coalescence took

place.37 In general, the density reached was slightly reduced

when the temperature was increased; this was due to the higher

amount of gas generated at higher temperatures.

Effects Related to the Amount of the Nanoclays

As already mentioned, two different contents of nanoclays were

studied, with the kind (AZO) and amount of blowing agent

(7 wt %) fixed. Table IV shows the final densities achieved for

the different samples. A large addition of nanoclays yielded also

higher expansion ratios. There were several reasons behind this

result. The first reason was related to a catalytic effect of the

nanoclays over the AZO; this finally yielded a higher amount of

gas released. This catalytic effect was analyzed with thermog-

ravimetry, as shown in Figure 4. Blank for 3% and Blank for

5% are samples without nanoclays but with the same coupling

agent–polymer matrix ratio maintained and the same amount

of blowing agents as in the samples with clays. The weight loss

measured by thermogravimetry was due to the decomposition

of the AZO and, therefore, to the gas released. As inferred from

Figure 4, the higher the addition of clays was, the higher the

amount of gas was released at a given temperature, and there-

fore, higher expansion ratios were achieved. Not only was the

Figure 3. Evolution during foaming of the separation between platelets for materials containing different amounts of AZO at foaming temperatures of

(a) 185 and (b) 190 8C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table III. Final Densities and Expansion Ratios for Samples with Different

AZO Additions

Sample
Density
(kg/m3)

Expansion
ratio

5% Nanoclays_AZO4_185 293.7 3.2

5% Nanoclays_AZO7_185 250.3 3.7

5% Nanoclays_AZO10_185 287.7 3.2

5% Nanoclays_AZO4_190 294.9 3.1

5% Nanoclays_AZO7_190 237.8 3.9

5% Nanoclays_AZO10_190 261.3 3.6

Figure 4. Weight loss measured by thermogravimetry due to the decom-

position of AZO in samples containing different amounts of nanoclays

and corresponding blank samples. The experiments were performed with

a temperature program similar to the one used in the diffraction tests.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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amount of gas released higher in the samples with clays, but

also the decomposition began earlier in these samples (Figure

4). In addition, the nanoclays might have also helped to

increase the stability of the polymer melt during the foaming.

This allowed the retention of more gas and finally translated

into lower densities. Finally, the presence of nanoclays could

have also played a gas-barrier role, limiting the gas escape and

increasing the amount of gas available during foam expansion.

Figure 5 shows the evolution of interlamellar spacing for the

samples containing different amounts of clay particles. The

trends were similar to those shown in previous figures. It was

clear that the samples containing 5 wt % showed a higher

increase in the interlamellar distance; this was related to the

higher expansion ratio reached in these materials.

The increment in interlamellar spacing attributed to the thermally

activated mobility of the molecular chains was again observed

independently of the nanoclay addition for temperatures below

the decomposition temperature of the blowing agent. For higher

temperatures, the material containing a higher amount of clays

produced a higher separation of the clay platelets.

Correlation of the Expansion Ratio and the Increment in

Interlamellar Spacing

Almost all of the samples studied fit well to a linear regression

between the final expansion ratio and the increment (in per-

centage) in the interlamellar spacing, as shown in Figure 6.

Independently of the kind of blowing agent used or gas released

during the foaming, there was an increase in the interlamellar

spacing associated with foaming. The higher the expansion ratio

was reached, the higher the intercalation of the nanoclays was.

This increment in the separation between platelets was as high

as 24% for samples expanding more than 3.5 times.

Samples containing HY (triangles in Figure 6) were below the

linear regression. As it was previously studied, in these samples,

the lamellar structure of the nanoclays presented a strong col-

lapse matching with the collapse and solidification of the foam.

Although the samples containing EX also presented some col-

lapse after the maximum separation between platelets was

reached; this collapse was not so strong. On the other hand,

samples containing AZO maintained the maximum separation

between platelets, even during the collapse of the foam cellular

structure and solidification of the polymer. That was the reason

why almost all of the samples containing AZO were near or

above the linear regression. The fundamental reason explaining

these differences is still unknown, and further research on this

topic is needed.

Table IV. Final Densities and Corresponding Expansion Ratios Achieved

in Samples with Different Contents of Nanoclays

Sample
Density
(kg/m3)

Expansion
ratio

3% Nanoclays_AZO7_185 324.2 2.8

5% Nanoclays_AZO7_185 250.3 3.7

3% Nanoclays_AZO7_190 313.1 2.9

5% Nanoclays_AZO7_190 237.8 3.9

Figure 5. Evolution of the interlamellar spacing during foaming in samples containing different amounts of nanoparticles at foaming temperatures of (a)

185 and (b) 190 8C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Correlation between the expansion ratio and the increment in

interlamellar spacing (as a percentage) for the different blowing agents

and different materials. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4343243432 (7 of 9)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


CONCLUSIONS

Synchrotron radiation has turned to be a very useful in situ

technique for gaining new knowledge into the mechanisms

involved in the increment of the intercalation degree of LDPE–

clay nanocomposites during foaming with chemical blowing

agents. The whole evolution of the interlamellar spacing during

the foaming process was characterized for the first time.

Three blowing agents of very different natures were selected.

Two of them released gas phases, one mainly nitrogen and the

other one mainly carbon dioxide. In the case of the third blow-

ing agent, the gas remained confined within the microspheres,

and the swelling of these microspheres produced the expansion

of the material. An increase in the interlamellar spacing during

foaming took place to a higher or lower extent, independently

of the blowing agent used. Therefore, a first important conclu-

sion of this work was that the phenomenon was mainly associ-

ated with the foaming itself and not with the kind of gas or

foaming procedure used.

The blending of nanoclays with AZO yielded higher exfoliation

degrees during blending. On the contrary, blending with HY or

EXP did not produce any effect on the exfoliation. These later

samples presented a delamination state similar to the ones

obtained when the blending was performed without any blow-

ing agent. The initial exfoliation degree obtained with AZO also

depended on the amount of AZO used. Higher additions

yielded higher initial separations between platelets. Therefore,

chemical interaction between AZO and organomodified nano-

clays was postulated. This chemical interaction helped with the

clay delamination during blending and was also connected with

the catalytic effect of the used nanoclays in the decomposition

temperature of AZO. It was proven that the gas was released at

lower temperatures when the clay particles were included in the

formulations and that a higher amount of gas was released

when a higher amount of clay was added.

The increment in the interlamellar distance was not only pro-

moted by foaming but also by the thermal mobility of the poly-

mer molecular chains and the thermal expansion associated

with the melting of the polymer. When the sample temperature

increased, an increase in the interlamellar spacing was also

observed. The movement of the polymer chains bonded to the

edges of the nanoclays platelets separated them and contributed

to their disorder. This effect was observed independently of the

blowing agent nature, blowing agent addition, or nanoclay con-

tent, and it was basically associated with the nature of the poly-

meric matrix used and the degree of interaction between the

clay platelets and the polymer.

There existed a correlation between the expansion ratio and the

increment in interlamellar spacing. Higher increases in inter-

lamellar distance were found in the samples with lower relative

densities. For all of the samples, a maximum interlamellar spac-

ing was reached during the foaming process. In the case of sam-

ples foamed with AZO, the maximum interlamellar spacing was

maintained after foam collapse and solidification. On the con-

trary, in the samples foamed with the other two blowing agents,

the interlamellar spacing found after collapse and solidification

was lower than the maximum observed during the experiment.

The postulated AZO–nanoclay interaction may have helped to

keep the nanoclay platelets hooked to their new positions

reached during foaming, even when the density of the materials

increased because of a partial collapse of the cellular structure

or the solidification of the polymeric matrix.

This scientific work has shown a new experimental methodol-

ogy that allows one to follow in situ the exfoliation process of

nanoclays. Foaming promoted the separation degree between

platelets in the nanoclay-filled composite. As mentioned in the

introduction, in noncomposite-containing clays, the highest

possible exfoliation degree is sought. From this point of view,

cellular materials benefit and present a higher intercalation

degree than their initial solid matrices. The results shown in

this article can be considered as an interesting synergetic effect

between the use of nanoclays and foaming, because foaming

promotes the intercalation of the nanoparticles.
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