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ABSTRACT: In this work, novel polyvinyl alcohol (PVA)/intercalated montmorillonite (MMT) nanocomposite foams were fabricated

by melt extrusion with fixed amount of foaming agent, and the structure and properties were investigated with X-ray diffraction,

transmittance electron microscope, differential scanning calorimetry, plate rheometer, scanning electron microscope, density analysis,

and mechanical testing in detail. The results revealed that pristine MMT could be intercalated by PVA during melt-extrusion. Both

exfoliation and intercalation structure was formed in the composites. The strong interaction between PVA and MMT restricted the

motion of PVA molecules, leading to the enhanced complex viscosity, storage modulus, and melt flow index, suggesting the improved

melt elasticity and melt strength. The improved melt strength of PVA through MMT incorporation facilitated the foaming process.

With the increase of MMT, cell rupture was limited and the thickness of cell-wall decreased, leading to the decreased density. The

homogeneous cells and the closed cell structure with the foaming density of 0.35 g/cm3 could be formed with 2 wt % MMT incorpo-

ration. With the increase of MMT, the tensile strength of PVA/MMT foams decreased because of the enlarged foaming ratio and

decreased density. This work aims to pave a simple and convenient way to produce biodegradable foams. VC 2015 Wiley Periodicals, Inc.

J. Appl. Polym. Sci. 2015, 132, 42706.
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INTRODUCTION

Plastic foams are widely used in packaging, transportation, daily

necessities, etc, for its unique characteristic such as low density,

heat-insulation as well as low cost.1,2 Polyvinyl alcohol (PVA) is

a kind of water soluble polymers.3,4 For its environmental

friendly, antistatic and biocompatible character, PVA foams pos-

sess wide applications in packaging, water treatment, heavy

metal adsorption, biomedicine and heat/sound insulation,5,6 etc.

As a result of the strong hydrogen bonding between –OH groups

on PVA, the melting temperature of PVA is close to its decompo-

sition temperature. Therefore, the melting processing of PVA is

difficult.7,8 The common method for processing PVA foams is

solution foaming9 and molding foaming,10 while the complex

process and high cost limits the wild application of PVA foams.

Melting extrusion is a convenient way to prepare polymeric

foams, for example, PVA foams was prepared through melt extru-

sion with water as plasticizer in the presence of foaming agent.11

However, water plasticizer is highly volatile in all these processes,

leading to the unstable quality of the resulting PVA foams, which

limit their application. The melt extrusion processing of PVA

foams without water have not been reported until now.

In recent years, montmorillonite (MMT) has attracted great inter-

est because of its high aspect ratio and specific surface area, lead-

ing to the wide applications in the field of polymeric composite

materials.12,13 With a small amount of MMT (<10 wt %), com-

posites often show unexpectedly great improvement of properties

compared with neat polymers or conventional composites.14 For

example, the water resistance,15 thermal stability16 besides the

mechanical properties of PVA films could be dramatically

improved by MMT.17,18 However, the influence of MMT on the

foaming properties of PVA has not been studied yet.

In our previous work,19,20 the melt processing of PVA without

water was successfully investigated, and the plasticized PVA could

be extruded and blow molded. In this work, the PVA/MMT nano-

composites were processed by melt intercalation and the nano-

composite foams were prepared via melt-extrusion in presence of
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constant amount of chemical foaming agent. The dependence of

the morphology, density as well as the mechanical properties of

the resulting foams with MMT content was investigated in detail.

This work aims to analyze the mechanism that MMT improved

the foaming process of PVA and pave a convenient and easy

way to prepare environment friendly PVA foams with high

performance.

MATERIALS AND METHODS

Materials

PVA (117) with the viscosity of 25.0–31.031023 Pa�S and alco-

holysis degree of 98.0–99.0 mol % was purchased from Kuraray.

(Japan). Polyol plasticizers and azodicarbonamide (AC) chemi-

cal foaming agent of analytical grade were supplied by the

Shanghai Chemical (Shanghai, China). Pristine Na1-montmoril-

lonite (PGW) was supplied by Nanocor (USA).

Preparation of PVA/MMT Composite Foams

The compound polyol plasticizers were prepared by mixing sorbi-

tol and pentaerythritol with a ratio of 1 : 1. PVA, polyol plasticiz-

ers, and MMT with different weight ratios were first mixed in the

high speed mixer. The mixtures were extruded by co-rotating

twin-screw extruder at 2208C with a screw speed of 50 rpm. Thus

the PVA/MMT composite materials were obtained. Then, with

the incorporation of AC foaming agent (1%), PVA/MMT compo-

sites were prepared using a single-screw extruder at 2208C (screw

temperature) and 2108C (die temperature) with a screw speed of

25 rpm. The PVA/MMT foams with different compositions were

obtained.

Characterization

X-ray diffraction (XRD) patterns of the samples were recorded

on a XRD instrument (XRD-6000, Shimadzu, Japan) with Cu

Ka radiation (k 5 0.154 nm) at 40 kV and 30 mA. X-ray diffrac-

tion data were collected from 2h 5 1.58 to 108 at a scanning rate

of 28/min.

The structure and morphology of the nanocomposite powders

and plastics were visualized by a transmittance electron micro-

scope [TEM F30, FEI TECNAI, Netherlands] at an accelerating

voltage of 200 kV. Ultrathin sections of the composites were

prepared using a Leica Ultracut UCT with EMFCS cryo-

attachment at 21208C. The cross-sections were obtained by

using a diamond knife. The ultrathin films of the samples were

directly placed on the copper grids and observed after sputter-

ing carbon.

The crystallization behavior was analyzed using a differential

scanning calorimeter analyzer (DSC Q100, TA Instruments,

USA) under N2 atmosphere. Samples of 3–5 mg were main-

tained at 2408C for 3 min to eliminate thermal history, and

then the samples were cooled to 1408C with the cooling rate

of 108C/min to obtain the crystallization curves. The relative

crystallinity Xt at certain temperature T was calculated by

Xt 5

ðT

T0

dH=dTð ÞdT

ðT1

T0

dH=dTð ÞdT

(1)

where H is the crystallization enthalpy.

The nonisothermal crystallization of polymers can be described

by Avrami equation,21 which assumed that the relative degree of

crystallinity developed with crystallization time t:

12XðtÞ5exp ð2Zt tnÞ (2)

where X(t) is the relative degree of crystallinity at certain time t,

Zt is a constant reflecting nonisothermal crystallization rate, and

exponent n is a mechanism constant depending on the type nucle-

ation and growth process. Using eq. (2) in double-logarithmic

form:

lg f2ln 12XðtÞ½ �g5lg Zt 1nlg t (3)

With data at low degree of crystallinity used in the linear regres-

sion, the values of n and lgZt were calculated from the slope

and intercept of these plots. Jeziorny presented a modified form

of Zt, Zc, which was dependent of cooling rate U:22

ln Zc5
ln Zt

/
(4)

The half crystallization time t1/2 is related to Zc as

t1=25
ln 2

Zc

� �1=n

(5)

The rheological properties of PVA/MMT composites measured

in dynamic mode at 2208C using a rotational rheometer (ARES

Rheometer, TA, USA) with a parallel plates (20 mm in diameter

with a gap of 1.0 mm). The frequency range was 0.1–100 rad/s,

and the maximum strain was fixed at 0.5%, to ensure that

these analyses were within the linear viscoelastic region under

nitrogen.

MFI measurements were carried out in a MP600 Extrusion Plas-

tometer (Tinius Olsen, USA). Samples of approximately 5 g in

mass were preheated for 200 seconds at 2108C for the composite

in the barrel. The samples were then extruded through the die

(2.096 mm 3 8.001 mm) under a constant load of 2.16 kg.

The cell morphology was observed by the scanning electron

microscope (SEM Tescan Vege II, Tescan SRO Instruments)

under high vacuum. The foams in the dry state were frozen in

liquid nitrogen, snapped immediately, and then vacuum-dried.

The fractured surfaces were sputtered with gold before the SEM

observation.

The density of the foams was determined using density type

analyzer (Ultrapyc 1200e, Quantachrome Instruments, USA).

The tensile property was characterized by the mechanical testing

machine (CMT6101, Shenzhen Sans Materials Testing) in tensile

mode according to the GB/T 1040.3–2006 at 258C with the test-

ing speed of 10 mm/min. Mechanical tensile data were averaged

over at least five specimens.

RESULTS AND DISCUSSION

Dispersion of MMT

The structural interlayer spacing of the PVA/MMT nanocompo-

sites prepared via melting intercalation was investigated by

X-ray diffraction. Figure 1 shows the XRD patterns of MMT,

neat PVA, and the nanocomposites. The basal spacing of pris-

tine MMT was calculated to be 1.20 nm from the diffraction

peak at 7.388 using Bragg function. PVA displayed no obvious
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crystallization peaks under the tested 2h range. In the case of

PVA/MMT composites with various MMT content, XRD pat-

terns revealed sharp diffraction peaks at around 4.68 with the d-

spacing values of about 1.92 nm. It indicated that the PVA mac-

romolecules were inserted into the gallery of MMT layers, and

the intercalated structure had been successfully prepared via

melting intercalation process. With the increase of MMT load-

ing, the degree of intercalated MMT increased, leading to the

increased diffraction intensity, while the 2h values of diffraction

peaks almost unchanged.

TEM images of PVA/MMT composites with 1.0% (a) and 2.0%

(b) MMT are shown in Figure 2. MMT layers were well dis-

persed in the PVA matrix. Some of MMT were exfoliated into

randomized nanolayers. While other MMT layers still retained

their orientation to some degree, and the MMT tactoids are

highly delaminated into some thin lamellas by PVA molecules

with a dimension of about 1–2 nm in thickness, indicating the

intercalation. The difference between the two samples was that

the exfoliation structure decreased and intercalation increased

with the increase of MMT. The results from TEM were in agree-

ment with that from XRD. PVA macromolecules could insert

into the intercalated clay layers of MMT during melt processing,

resulting in the highly delaminated or intercalated structure.

Nonisothermal Crystallization Analysis

The DSC curves for PVA/MMT composites with various MMT

contents are shown in Figure 3 and the crystallization parame-

ters are listed in Table I. Strong crystallization peaks of PVA at

about 1808C were observed for all the composites tested. With

the increase of MMT, both the onset crystallization and the

crystallization peak temperature increased. During the crystalli-

zation process of PVA, the intercalated MMT layers might have

acted as nucleating agent inducing crystallinity. Also, after the

inserting of PVA molecules into the gallery of MMT, the affinity

between PVA and MMT would limit the rearranging of PVA

macromolecules into crystal lattice and hinder the crystallization

of PVA. The crystallization temperature increased after incorpo-

ration of MMT.

The relationship between the relative crystallinity Xt and tem-

perature T is shown in Figure 4. With the decrease of tempera-

ture, the crystallization process gradually completed. Acting as

the nucleating agent, MMT could promote the crystallizing pro-

cess. Therefore, the degree of crystallization of PVA/MMT com-

posites was higher than that of neat PVA during the testing

temperature.

The plots of lg f2ln 12XðtÞ½ �g as a function of lg t were drawn

for all compositions, as shown in Figure 5. The related parame-

ters are listed in Table I. With the increase of MMT, Zc

increased, suggesting the crystallization was completed rapidly.

The values of n for PVA/MMT composites were larger than that

of neat PVA at the same cooling rate, indicating that the MMT

acts as a nucleating agent for PVA, which was in accordance

with the analysis of DSC. The value of t1/2 decreased with the

incorporation of MMT, indicating that the crystallization pro-

cess was accelerated and became easy.

Figure 1. XRD curves of MMT and PVA/MMT composites. The MMT

content was indicated in the figure. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 2. TEM images for PVA/MMT composites with (a) 1.0% and (b) 2.0% MMT.
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Rheological Behavior of PVA/MMT Composites

The melt strength of a polymer generally depends on the viscosity,

dynamic storage modulus, and loss modulus. Rheological meas-

urements were employed to evaluate the viscoelastic properties of

PVA/MMT composites, as shown in Figures 6–8. The complex

viscosity of PVA and PVA/MMT composites is shown in Figure 6.

At low frequency, neat PVA exhibited as Newtonian fluid with vis-

cosity almost unchanged. The phenomenon became weak after

the incorporation of MMT. With the increase of shear frequency,

the viscosity decreased for all the samples tested indicating a

shear-thinning behavior. In the high frequency range, PVA mole-

cules disentangled and orientated along the shearing direction,

leading to the decreased flow resistance and viscosity. With the

incorporation of MMT into PVA matrix, the complex viscosity of

the composites increased compared with neat PVA. As discussed

in the XRD analysis, the layered MMT was intercalated by the

PVA macromolecules. Therefore, strong interaction such as

hydrogen bonding would occur between PVA and MMT, leading

to the reduced mobility of PVA macromolecule segments and

hence increased viscosity. The shear force tested could not destroy

the strong interactions between PVA and MMT, leading to the

higher viscosity of the composites.

For polymers with high melt strength the foaming process

would be facilitated. The melt strength could be characterized

by the melt elasticity, which could be enhanced with the

increase of shear storage modulus in the low frequency range.23

As shown in Figure 7, the storage modulus as well as loss mod-

ulus of PVA/MMT composites increased obviously with the

increase of MMT. As a result of the affinity between PVA and

MMT and motion limitation of the MMT layer on PVA mole-

cules, the slack time of PVA/MMT composites was longer than

that of the neat PVA. The PVA molecules of composites did not

have enough time to disentangle, resulting in the increased stor-

age modulus. Therefore, with the increase of MMT, the storage

modulus increased, leading to the enhanced melt strength.

Figure 8 shows the loss modulus of PVA/MMT composites with

different MMT content. The loss modulus of the composites

exhibited similar trends with the storage modulus and increased

Figure 3. DSC curves of PVA/MMT composites with different amount of

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

at wileyonlinelibrary.com.]

Table I. The Onset Crystallization (Tc-onset), the Crystallization Peak

(Tcp) Temperature and the Kinetics Data Calculated by Avrami Method

of PVA/MMT Composites

MMT content
(wt %) Tc-onset (8C) Tcp (8C) n Zc t1/2 (min)

0 189.88 174.14 2.67 0.76 2.12

0.25 190.98 178.27 2.96 0.79 1.95

0.5 191.66 178.55 3.09 0.80 1.89

1.0 191.93 180.03 2.85 0.81 1.87

1.5 191.87 179.58 2.65 0.82 1.82

2.0 189.89 179.49 2.98 0.84 1.58

Figure 4. Dependence of relative crystallinity on temperature for PVA/

MMT composites. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 5. The Avrami curves of PVA/MMT composites. [Color figure can

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

com.]
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with the increase of MMT. However, the amplification or

changes of G00 was smaller than that of G0, indicating that incre-

ment of elastic component of PVA/MMT composite melt was

greater than that of the viscous component resulted from the

interactions between the filler and matrix.

Melt flow index is also used to characterize the viscosity and melt

strength of polymer melts. The lower melt index suggests higher

viscosity and melt strength. Figure 9 shows the melt index for

PVA/MMT composites with different content of MMT. With the

increase of MMT, the melt index of PVA/MMT composites

decreased linearly. PVA macromolecules could insert into the

nanolayers of MMT after melt processing as indicated by XRD

analysis. Also the interactions between PVA and MMT nanolayers

could restrict the motion of PVA molecular chains, resulting in

the increased melt index and melt viscosity.

It is interesting that both the viscosity and storage modulus

exhibited the highest value at about 1% MMT content. The

decrease of melt index also became mild with MMT content

more than 1.0%. The reason may be that the exfoliation may

decreased and intercalation increased with the increase of MMT

as indicated in the TEM images, resulting the decreased rein-

forcing effect of MMT on PVA matrix.

Cell Morphology of PVA/MMT Composite Foams

The morphology of neat PVA foam and PVA/MMT composite

foams prepared with the same amount of foaming agent (1%) is

shown in Figure 10. Serious cell coalescence and rupture occurred

in neat PVA matrix [Figure 10(a)]. During the foaming process,

the cell wall ruptured and coalescence occurred for the low melt

strength of neat PVA, resulting in the leakage of the gas and low

foaming ratio. For PVA/MMT composite foams, the phenomenon

of cell coalescence and rupture was limited, and the cell size

became more uniform with the thinner cell-wall with the increase

of MMT. The result shows that MMT could facilitate the foaming

process. As discussed above, the melt strength of PVA increased

with the addition of MMT. The generated gas could grow suffi-

ciently in the melt, and with the increase of the melt strength, the

Figure 6. Complex viscosity of PVA/MMT composites. [Color figure can

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

com.]

Figure 7. Storage modulus of PVA/MMT composites. [Color figure can

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

com.]

Figure 8. Loss modulus of PVA/MMT composites. [Color figure can be

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

Figure 9. Melt index for PVA/MMT composites with different content of

MMT.
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cell coalescence and rupture would be limited, leading to the

improved foam morphology.

Another reason for the improved cell morphology would be

ascribed to the decreased crystallization time of PVA in the

presence of MMT. As discussed above, with the increase of

MMT, Zc increased and t1/2 decreased, indicating the rapid crys-

tallization. As a result, the generated bubble had no enough

time to expand, resulting in reduced cell wall sharing and cell

rupture. For example, with 2 wt % MMT, homogeneous cells

with 300 lm aperture size were formed and the foam had close

structure with little cell rupture, as shown in Figure 10(f).

Density of PVA/MMT Composite Foams

The dependence of density of PVA/MMT composite foams on

MMT content is shown in Figure 11. With less than 0.25 wt %

MMT, the foam density was close to bulk PVA (1.20 g/cm3),

because of the serious cell coalescence and rupture resulted by

the low melt strength of PVA. With the increase of MMT, the

density of the foams decreased quickly from 1.11 g/cm3 of neat

PVA foam to 0.35 g/cm3 with 2 wt % MMT. MMT clays facili-

tated the foaming processing, leading to lower cell coalescence

and rupture, as well as improved foaming ratio. Therefore, the

Figure 10. Cell morphology of PVA/MMT composite foams. MMT content: (a) 0 wt %, (b) 0.25 wt %, (c) 0.5 wt %, (d) 1.0 wt %, (e) 1.5 wt %, and (f) 2.0 wt %.

Figure 11. Density of PVA/MMT composite foams. Figure 12. Mechanical properties of PVA/MMT composite foams.
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density of the composite foams decreased dramatically although

the density of MMT is higher than PVA.

Mechanical Properties

The mechanical properties of PVA and PVA/MMT composite

foams are shown in Figure 12. The tensile strength decreased

quickly from 9.97 MPa of neat PVA foam to 4.53 MPa of foam

with less than 1 wt % MMT. With further increase of MMT

(more than 1 wt %), the variation of tensile strength was little.

The reason for the change of strength of the foams could be

explained through four aspects: (1) MMT could facilitate the foam-

ing process, resulting in the decreased foaming density and thinner

cell wall, leading to the decreased tensile strength. (2) Although the

foaming density and the thickness of cell wall decreased, the cell

size became uniform which reduced the stress concentration points.

(3) As the reinforcing filler, MMT nanolayers could enhance the

strength of PVA matrix as indicated by the increase of storage mod-

ulus. (4) The degree of crystallization of PVA/MMT composites

would increase the strength of the matrix. Therefore, taking all

these factors, the tensile strength did not decreased as the density

but exhibited a plateau of approximately 4.53 MPa for composite

foams with 1–2 wt % MMT content.

CONCLUSIONS

Novel PVA/intercalated MMT nanocomposite foams were fabri-

cated by melt extrusion process. The effect of MMT content on

the structure and properties of the resulting foams were investi-

gated. The results revealed that pristine MMT could be interca-

lated by PVA during melt-extrusion. Both exfoliation and

intercalation structure was formed in the composites. MMT

might act as nucleating agent and induce the crystallization of

PVA. The crystallization time reduced with the increase of

MMT. The strong interaction between PVA and MMT restricted

the motion of PVA molecules, leading to the enhanced complex

viscosity, storage modulus, and melt flow index, which resulted

in the improved melt elasticity and melt strength. With the

increase of MMT, the cell coalescence and rupture of the com-

posite foams decreased. The cell wall became thinner and the

cell size distribution became more uniform. The density of the

foams decreased from 1.11 g/cm3 of neat PVA foam to 0.35 g/cm3

of foams with 2 wt % MMT, which could be attributed to the

enhanced melt strength and the reduced crystallization time. With

the increase of MMT, the tensile strength of PVA/MMT foams

decreased because of the enlarged foaming ratio and decreased

density. Also MMT could reinforce PVA matrix, resulting in the

stable tensile strength of composite foams with the increase of

MMT. The PVA/MMT foams prepared by the novel, efficient,

and economic processing method possess good performance

and would have a wide application prospects in packaging, water

treatment, heat/sound insulation, which may replace the nonde-

gradable polystyrene and polyethylene foams.
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