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This work presents new results on using organoclay
with an appropriate polymeric compatibilizer as rheol-
ogy-modifying additives for extrusion foaming of a linear
polypropylene (PP), which by itself does not display
strain hardening in extensional flow of the melt. The uni-
axial melt-extensional viscosity behavior of several
nanocomposites prepared with varying ratio of bound
maleic anhydride to clay as well as varying compatibil-
izer molecular weight was investigated. A chemical-
blowing agent was used at a fixed concentration for
foaming these nanocomposites in a single-screw ex-
truder. Among nanocomposites with similar levels of
clay dispersion or intercalation, the ones that displayed
significant strain hardening in the melt state along with
slower crystallization led to extruded PP nanocomposite
foams with smaller cell sizes and greater cell density by
reducing cell coalescence. This was achieved with as lit-
tle as 3 wt% organoclay and a high-molecular weight
PP-g-MA compatibilizer in linear PP. POLYM. ENG. SCI.,
51:1749–1756, 2011. ª 2011 Society of Plastics Engineers

INTRODUCTION

A variety of thermoplastic polymer foams with good

cell structure have been produced from polystyrene [1,

2], polycarbonate [3], poly(lactic acid) [4], and poly(eth-

ylene terephthalate) [5]. However, the production of

closed-cell foams with linear polypropylene (PP) is diffi-

cult, because it does not exhibit strain hardening under

extensional flow [6, 7]. Polymer melts that do not exhibit

strain hardening develop thinner cell walls during bubble

expansion in the foaming process, which results in coa-

lescence of bubbles and even open-cell foams [8–11].

The semicrystalline nature of PP also makes the foaming

process more complicated because of simultaneous

nucleation and growth of gas bubbles and crystals.

Reignier et al. [12] have demonstrated with batch foam-

ing of poly(e-caprolactone) that crystallization affects

both bubble nucleation and growth.

It is well established that blends of linear PP and

branched PP foam better than the linear resin [6, 13, 14],

leading to more uniform cell sizes and higher cell den-

sities than with the linear resin. This is because an

increase in the extensional viscosity of the blends during

the bubble expansion process provides stability to the cell

walls [15–18]. These blends typically have 20 wt% of the

branched polymer, which adds to the cost significantly.

Partial crosslinking also leads to strain hardening in melt-

extensional flow of PP [19–21] and results in better foam;

however, the crosslinking process leads to loss of recycla-

bility, chain scission, and oxidative degradation of the PP,

which affect its physical properties [22, 23].

Striking improvements in polymer foam-cell structure

upon adding organoclay have been demonstrated with the

amorphous polystyrene by Lee and coworkers [1, 24], and

these improvements have been attributed to the large

number of nucleation sites provided by the clay surface.

They reported over 50% reduction in average cell size

and around 6–10-fold increase in cell densities of polysty-

rene nanocomposite foam by the addition of 5wt% organi-

cally modified clay. Other workers have applied this

approach to the semicrystalline PP with only limited

improvement in foam quality [25–28]. For example, Guo

et al. [25] observed a 25% drop in average cell size of

linear PP foam upon addition of organoclay. Gendron

et al. [28] observed that addition of 2wt% of organoclay

to the linear PP matrix produced only a slight improve-

ment in the cellular structure of the foam samples. This

may be attributed to the absence of extensional strain

hardening in their linear PP clay nanocomposite melts.

Strain hardening in uniaxial extensional flow of polymer–

clay nanocomposite melts with a high-molecular weight

maleated PP alone as the matrix has been reported by

Okamoto et al. [29] and by Pathak and Jayaraman [30]

with different organoclays. There is clearly a need for

preparing and foaming nanocomposites that display signif-

icant strain hardening in extensional flow with linear PP

as the matrix.

The objective of the present work was to investigate

differences in foam quality produced from two sets of PP

clay nanocomposites, all prepared with good dispersion of

clay—one set that does not exhibit strain hardening in the
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melt and another that does. These nanocomposites were

prepared by using different ratios of compatibilizer to clay

and two different grades of the compatibilizer. The foams

were produced in a single-screw extruder with the same

proportion of a chemical-blowing agent in all cases. It is

worth noting here that the literature on foaming polymer

nanocomposites has been focused largely on physical

blowing. The results presented in this work show that

besides providing a greater concentration of nucleating

sites for foaming the polymer matrix, addition of organo-

clay with appropriate compatibilizer in the right propor-

tions can provide favorable rheology modifications and

also alter the crystallization kinetics favorably for extru-

sion of closed-cell PP foams.

EXPERIMENTAL

Materials

Linear PP (Profax 6523, 4 dg/min MFI; ASTM 1238)

used in this study was supplied by Basell. Two grades of

maleic anhydride-grafted PP (PP-g-MA) were used as

compatibilizer in this study: Exxelor PO-1015 from

ExxonMobil Chemical Co., labeled PP-g-MA1 here is a

random copolymer with ethylene (Mw ¼ 180,000; 0.5

wt% bound maleic anhydride) and AC-950 from Honey-

well, labeled PP-g-MA2 here is a homopolymer (Mw ¼
22,000; 4 wt% maleic anhydride total and 2.6 wt% bound

maleic anhydride). The nanoclay used in this study was

organically modified montmorillonite clay, I.44P, supplied

by Nanocor. The chemical-blowing agent used in this

study was Cell-span 693K (gas volume 70 cc/g), provided

by Phoenix Plastics with the active ingredient being azo-

dicarbonamide.

Preparation of Nanocomposites

Five different PP–clay nanocomposites were com-

pounded for this study. The details of the composition are

provided in Table 1. Before compounding, the PP-g-MA

and nanoclay were dried overnight at 808C and 508 mm

Hg vacuum in a vacuum oven. Dry nanoclay powder was

premixed with PP resin and PP-g-MA in a bag and then

melt compounded in a 47-g Banbury batch mixer at

1808C and at a rotation speed of 150 rpm for 10 min; this

was done under a nitrogen blanket to avoid thermal deg-

radation. The compounded material was then granulated

in a mini granulator.

Extrusion of Foams

Continuous extrusion foaming with a chemical-blowing

agent (Cell-span 693K) was used to prepare PP nanocom-

posite foams. In all the foaming runs, 3 wt% of the chem-

ical-blowing agent was premixed with the granulated

polymer compound in a bag and loaded into the hopper

of a [3/4]" single-screw extruder, which was operated at

20 rpm. A 2-mm diameter die (L/D ¼ 15), was mounted

on this extruder with a tapered transition from the extruder

barrel. The chemical-blowing agent and the PP nanocom-

posite fused to form a homogeneous melt in the extruder

barrel. The three temperature zones in the extruder barrel

were maintained at 1808C, 2008C, and 1708C in the order

of distance from the hopper for all foaming experiments.

The die temperature was maintained at 358C above the

crystallization temperature of the compound determined

independently from DSC runs; this was found to be opti-

mal here, as it helped to maintain a pressure drop of

around 4000 psi with various polymer compounds. This is

consistent with the work of Park et al. [31–33] and Naguib

et al. [34] who report that the die temperature is critical

for extrusion foaming: early onset of crystallization at

lower temperatures leads to insufficient foaming while

delayed onset of crystallization at higher temperatures

causes foam collapse by gas diffusion.

Characterization

The dispersion of nanoclay in the PP matrix was charac-

terized by X-ray diffraction (XRD) studies using a Rigaku

Rotaflex Ru-200BH X-ray diffractometer, which is

equipped with a Ni-filtered Cu Ka radiation source. The

PP nanocomposite was molded in a compression molder at

1808C and 10 tons (20,000 pounds) into a 1-mm thick disc,

50 mm in diameter; a strip measuring 40 mm 3 20 mm 3
1 mm was cut out of this disc and used in the XRD studies.

The sample is scanned over a 2y range of 0.5–108 at a rate

of 0.58/min, and measurements are recorded at equal incre-

ments of 0.018. The crystallization temperatures and crys-

tallization rate of the nanocomposites were estimated by

differential scanning calorimetry (TA Q-Series, DSC Q10).

The sample (10 mg) was heated to 2008C (at 58C/min

ramp), then cooled to 408C (258C/min ramp) under nitro-

gen atmosphere, and this was repeated; results are reported

from the second run.

The melt-extensional viscosity was measured using an

extensional viscosity fixture on a TA-ARES instrument.

Test specimens (18 mm 3 10 mm 3 0.75 mm) were

compression molded at 1808C and a pressure of 5 tons

(10,000 pounds). The extensional viscosity measurements

were made for the nanocomposites at 1808C and at four

strain rates (0.1, 0.5, 1.0, and 2.0 s21) over Hencky

strains up to 3. The densities of the foam samples were

TABLE 1. Composition of PP-clay nanocomposites.

Specimen

PP

(wt%)

PP-g-MA (wt%)

Organoclay

(wt%)

g-Mol bound

MA/kg

organoclayPP-g-MA1 PP-g-MA2

PPNC-N2 68.0 — 24 8 0.80

PPNC-N1 68.0 24 — 8 0.15

PPNC-S1 40.0 52.8 — 7.2 0.37

PPNC-S2 76.0 21.0 — 3.0 0.35

PPNC-S6 85.0 12.0 — 3.0 0.20
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measured by the Archimedes water-displacement method

(ASTM D792). The reported value of density is an average

of 10 data points. The foam structure was studied by scan-

ning electron microscopy (JEOL 6400). Foamed extrudates

were cryogenically fractured, and the fractured surface was

coated with osmium. SEM micrographs were taken from

these fractured surfaces at a magnification of 603. The av-

erage cell size, cell-size distribution, and cell density were

evaluated using ImageJ software. The cell density was cal-

culated with the following equation:

N ¼ ðn=AÞ3=2 (1)

where n is the number of cell projections in the defined

image area A, derived from SEM micrographs.

RESULTS AND DISCUSSION

Nanocomposite Structure

XRD patterns obtained for all the PP nanocomposites

and for the nanoclay in the range of 2y ¼ 18–108 have

been presented in Fig. 1. The mean interlayer spacing of

the [001] plane (d-spacing) for the nanoclay used in this

study was found to be 2.54 nm (2y ¼ 3.488). The d-spac-
ing of the [001] plane was found to be higher in all the

PP nanocomposites here, confirming intercalation by poly-

mer. A comparison between PPNC-N1 and PPNC-N2

indicates a larger d-spacing of 3.53 nm in PPNC-N2, than

in PPNC-N1 (2.85 nm). The higher maleic anhydride con-

tent in PP-g-MA2 (2.6 wt% bound maleic anhydride)

compared to PP-g-MA1 (0.5 wt% bound maleic anhy-

dride) allows greater hydrophilic interaction between the

polar montmorillonite surface and the maleic anhydride

groups of the polymer chains and results in greater inter-

calation of the polymer chains within the clay galleries. A

comparison between PPNC-N1 and PPNC-S1 nanocompo-

sites, which have similar clay loadings and different pro-

portions of the same compatibilizer (PP-g-MA1), shows

an increase in d-spacing with an increase in the propor-

tion of compatibilizer, thus indicating that similar extents

of nanolayer intercalation were achieved by increasing the

weight fraction of the lower maleic anhydride content

compatibilizer. Increasing the proportion of this compati-

bilizer above 4 provided very little change in the extent

of intercalation as seen by comparing PPNC-S1, PPNC-

S2, and PPNC-S6.

Extensional Viscosity

Although gas expansion within foaming polymers cre-

ates biaxial extensional flow in the melt, uniaxial exten-

sional flow measurements are relevant, because measure-

ments of biaxial extensional viscosity in lubricated

squeezing tests display trends that are similar to trends in

measurements of uniaxial extensional viscosity; cf. Mun-

stedt et al. [12, 35]. In particular, they conclude that if

strain hardening is observed in uniaxial extensional flow,

it will be observed in biaxial extensional flow as well.

This is useful, because more reliable equipment and pro-

cedures are available for the measurement of uniaxial

extensional viscosity of melts than for the measurement

of biaxial extensional viscosity of polymer melts.

The melt-extensional viscosity transients for the linear

PP, PPNC-N1, and PPNC-N2 melts at 1808C and several

strain rates have been presented in Fig. 2. The transients for

the remaining nanocomposite melts have been presented in

Fig. 3. For all specimens, as expected, the transient exten-

sional viscosity curves measured at different strain rates

superimpose at low strains to give the linear viscoelastic

limit. Strain hardening of the melt is defined as an upward

deviation of the extensional viscosity from this linear visco-

FIG. 1. X-ray diffraction patterns of the organoclay and the nanocomposites.

FIG. 2. Uniaxial extensional viscosity transients at 1808C of linear PP

and nanocomposites PPNC-N1 and PPNC-N2.
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elastic envelope usually at strains greater than one. The

strain hardening parameter v is defined as follows.

w ¼ ZþE ðt; ėÞ
ZþE0ðtÞ

(2)

where gþE ðt;_eÞ is the transient extensional viscosity as a

function of time and strain rate, and gE0+(t) is the tran-

sient extensional viscosity in the linear viscoelastic re-

gime. The linear viscoelastic gE0+(t) may be determined

in one of two ways: (a) as three times the transient shear

viscosity growth curve at very low strain rates or (b) by

extrapolating the superimposed portion of the curves for

different strain rates. The two methods give the same

result for homogeneous melts but may give different

results for filled polymer systems and polymer–clay nano-

composites in particular because of differences in orienta-

tion of anisotropic filler particles in elongational and shear

flows [29, 36]; hence method (b) was used for this work.

The transient extensional viscosity data for the linear

PP melt did not show strain hardening. The extensional

viscosity data for molten PP-g-MA compatibilizer did not

show any strain hardening either. Amongst the PP nano-

composite melts, PPNC-N1 and PPNC-N2 showed no

strain-hardening behavior. However, the transient exten-

sional viscosity curves for PPNC-S1, PPNC-S2, and

PPNC-S6 show significant strain hardening of the poly-

mer melt at all strain rates tested. The strain-hardening

parameter, estimated at a Hencky strain of 2.25, is plotted

against strain rate for three strain-hardening melts at

1808C in Fig. 4; these curves shows that strain hardening

in PPNC-S1, PPNC-S2, and PPNC-S6 melts decreased

with increasing strain rate similar to the trend shown by

blends of linear PP with up to 20 wt% of branched PP

[14] as well as blends of linear PP with small amounts of

crosslinked polymer [37]. The melts of PPNC-S1, PPNC-

S2, and PPNC-S6 displayed similar strain-hardening

behavior indicating that 3 wt% of organoclay and a 4:1

(wt) ratio of PP-g-MA to organoclay were adequate for

producing this effect in linear PP/organoclay nanocom-

posites. The latter amounted to 0.2-g-mol bound maleic

anhydride on the compatibilizer chains per kilogram

organoclay as presented in Table 1, which represents

one requirement for forming sufficient physical junc-

tions (presumably by hydrogen bonding) between the

hydroxyl groups at the organoclay edges and the compa-

tibilizer chains, which may also form bridges between

clay particles.

The other requirement arises from the density of

trapped entanglements along the bridging compatibilizer

chains. This may be seen from the fact that when the

lower molecular weight compatibilizer was used with

0.8-g-mol bound maleic anhydride per kilogram organo-

clay, the resulting nanocomposite melt did not display

strain hardening. Hence, strain hardening in the nano-

composite melts is analogous to that reported for blends

containing small amounts of crosslinked polymer. Just as

blends of linear PP with small amounts of chemically

crosslinked polymers contain trapped entanglements on

chain segments between crosslinks or junctions, which

respond to stretching differently from entanglements and

chain segments in the bulk [37], interactions between

the surface or edge of the nanolayer and the maleated

polymer can form a network of physical junctions or

anchor points between which bridging compatibilizer

chains trap entanglements to produce a similar effect.

Thus, in addition to good dispersion and sufficient inter-

action between the compatibilizer and the clay surface

or edge, the molecular weight of the compatibilizer

should be high enough so as to form a sufficient number

of trapped entanglements along the compatibilizer chain

between clay surfaces or edges.

FIG. 3. Uniaxial extensional viscosity transients at 1808C of PPNC-S1,

PPNC-S2, and PPNC-S6 nanocomposite melts.

FIG. 4. Strain-hardening parameter at a Hencky strain of 2.25 versus

strain rate for PPNC-S1, PPNC-S2, and PPNC-S6 nanocomposite melts

at 1808C.
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Crystallization

Average rates of crystallization may be computed from

the crystallization curves obtained with DSC tests for var-

ious nanocomposites. Crystallization curves have been

presented for PPNC-N1 and PPNC-N2 in Fig. 5, and the

crystallization curves for the remaining nanocomposites

have been plotted in Fig. 6 along with the curve for

PPNC-N2 as the base case. The cooling rate for all the

DSC tests was 58C/min. The fractional crystallinity (Xc)

and the average rate of crystallization (k) in each sample

were obtained by the following relations.

Xc ¼ DHc

207w
; k ¼ Xc

tc
(3)

where w is the weight fraction of polymer in the sample,

DHc is the enthalpy of crystallization of polymer in the

sample obtained by computing the area under the crystal-

lization peak, the quantity 207 J/g refers to the enthalpy

of crystallization of 100% crystalline PP, and tC refers to

the time span over which crystallization is completed.

These results are tabulated in Table 2.

It is clear from Table 2 that both compatibilizers crystal-

lized more slowly than the linear PP; this is consistent with the

literature [38]. PP-g-MA1, being a random copolymer, dis-

played a lower rate of crystallization from the melt than PP-g-
MA2, which is a hompolymer. Amongst the four nanocompo-

sites studied in this work, PPNC-N2 has the highest rate of

crystallization. The average rates of crystallization for PPNC-

N1, PPNC-S1, PPNC-S2, and PPNC-S6 (each containing PP-

g-MA1) were all about half of the rate for PPNC-N2 (which

contains PP-g-MA2). This may be traced to the fact that PP-g-
MA1 crystallized at about half the rate of PP-g-MA2.

Extruded Foam Structure

It is evident from the preceding sections that addition

of nanoclay and a suitable compatibilizer to linear PP has

the potential to produce three different effects: (a) greater

surface area for nucleation of voids, (b) changes in crys-

tallization rate of the PP, and (c) strain hardening in the

melt state. PPNCs resulting in first two effects are com-

monly observed due to the addition of nanoclays and PP-

g-MA, respectively; however, compounds composed of

nanoclay and compatibilizer with linear PP and displaying

strain-hardening behavior in extensional flow have not

been reported previously. The absence or ordering of the

three effects among the five different PP nanocomposites

of this work has been summarized in Table 3. Extruded

foam samples were inspected visually to determine

whether they were open-cell or closed-cell foams. The

foamed linear PP without any nanoclay particles turned

out to be open-cell foam with very large cell sizes. Some

open-cell structure was seen in PPNC-N2 foam as well.

The rest of the nanocomposite foams were all closed-cell

foams. The bulk densities for the various extruded foam

samples are listed in Table 4 along with average cell sizes

and cell number densities. The bulk density of foamed

PPNC-N2 was close to the bulk density of the foamed

linear PP matrix although the latter was open-cell foam.

The bulk density of foamed PPNC-N1 was lower at 0.37,

and each of the remaining nanocomposites—PPNC-S1,

FIG. 5. Crystallization curves of nanocomposites PPNC-N1 and PPNC-N2.

FIG. 6. Crystallization curves of PPNC-S1, PPNC-S2, and PPNC-S6

compared to the base case of PPNC-N2.

TABLE 2. Crystallinity and average rates of crystallization for PP and

PP nanocomposites.

Specimen

Fractional

crystallinity (Xc)

Time span

tc (min)

Average rate of

crystallization (min21)

PP 0.44 2.9 0.15

PP-g-MA1 0.34 3.9 0.09

PPNC-N1 0.35 5.0 0.07

PPNC-S1 0.36 5.1 0.07

PPNC-S2 0.38 5.0 0.07

PPNC-S6 0.39 5.1 0.08

PP-g-MA2 0.36 2.7 0.13

PPNC-N2 0.44 3.4 0.13
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PPNC-S2, and PPNC-S6 had a bulk density of 0.3 g/cc

indicating similar levels of expansion.

The scanning electron micrographs for all the extruded

foam samples are presented in Fig. 7. The scanning electron

micrograph of a linear PP foam sample (Fig. 7a) shows evi-

dence of severe cell coalescence and large scale inhomoge-

neity with regions of very low cell density. The micrograph

of PPNC-N2 foam presented in Fig. 7b shows some

improvement in quality with mostly closed-cell structure;

however, most of the cells are larger than 200 lm. The

improvement in cellular structure may be attributed to the

increased surface area for heterogeneous nucleation in

PPNC-N2 over the neat linear PP. Recall that neither

PPNC-N1 nor PPNC-N2 showed melt strain hardening in

extensional flow and both have the same level of nanoclay,

but PPNC-N1 crystallizes slower than PPNC-N2. Hence a

comparison between PPNC-N1 foam and PPNC-N2 foam

would establish the effect of slower crystallization on foam

characteristics. It is evident from comparing the SEM

micrographs in Fig. 7b and c that PPNC-N1 foam has better

cellular structure than PPNC-N2 foam. This is also evident

from the cell-size distributions presented in Fig. 8 for the

two nanocomposite foams. The cell density for PPNC-N1

foam was sixfold greater than that of PPNC-N2 foam, and

the average cell size in PPNC-N1 foam was significantly

lower as well. A lower rate of crystallization of the polymer

matrix in PPNC-N1 led to a greater rate of bubble nuclea-

tion in the melt and also cut down the coalescence of bub-

bles. Still, PPNC-N1 foam had a lot of larger-sized cells

([200 lm) and a broad cell-size distribution.

Next, the effect of strain hardening in melt extensional

flow on foam quality may be seen by comparing the cell-

size distribution presented in Fig. 9 for the foam extruded

from PPNC-S1 against that of the foam extruded from

PPNC-N1. It is clear from Table 4 that PPNC-S1 resulted in

foam with smaller average cell size and higher cell density.

The cell-size distribution presented for PPNC-S1 is dis-

tinctly narrower with most cells in the range of 40–100 lm.

Since the clay loading in PPNC-S1, the average rate of crys-

tallization, the amount of blowing agent used, and the pres-

sure drop during foaming were all very similar to that in

PPNC-N1, and the improvement in foam quality with

PPNC-S1 can be attributed to the strain hardening of the

polymer melt in extensional flow. The enhanced strain-hard-

ening behavior of the PPNC-S1 melt stabilizes the cell walls

TABLE 3. Comparison of polypropylene–clay nanocomposite

characteristics.

Polymer

Surface

area

Average rate

of crystallization

Melt strain

hardening

PPNC-N2 B A S E C A S E

PPNC-N1 ¼ _ ¼(None)

PPNC-S1 ¼ _ þ
PPNC-S2 _ _ þ
PPNC-S6 _ _ þ

(2), lower than base case; (þ), higher than base case; (¼), same as

base case.

TABLE 4. Characteristics of extruded foams from polypropylene and

PP–clay nanocomposites.

Polymer

Foam

density (g/cm3)

Average cell

size (lm)

Average cell

density (no./cm3)

Linear PP 0.4 — —

PPNC-N2 0.4 170.9 0.1 3 106

PPNC-N1 0.37 132.7 0.6 3 106

PPNC-S1 0.3 86.5 1.3 3 106

PPNC-S2 0.3 87.0 1.2 3 106

PPNC-S6 0.3 87.9 1.2 3 106

FIG. 7. Scanning electron micrographs of extruded foam samples for (a) linear PP foam, (b) PPNCN2

foam, (c) PPNC-N1 foam, (d) PPNC-S1 foam, (e) PPNC-S2 foam, and (f) PPNC-S6 foam.
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and limits coalescence. The absence of strain hardening in

PPNC-N1 resulted in cell coalescence and led to larger cells.

Finally, the cell structures of foams produced with the

three strain hardening compounds PPNC-S1, PPNC-S2, and

PPNC-S6 may be compared. The three nanocomposites differ

only in the amounts of organoclay and compatibilizer; all

three show significant strain hardening under uniaxial melt

extensional flow and have similar crystallization rates. From

the SEM micrographs in Fig. 7d–f and the results in Table 4,

it is evident that the three extruded foams have similar aver-

age cell sizes and cell densities. The cell-size distributions

presented in Fig. 9 for PPNC-S1, PPNC-S2, and PPNC-S6

nanocomposite foams are also very similar. This indicates that

high quality foams can be produced with only 3 wt% of nano-

clay and a ratio of 0.2-g-mol maleic anhydride per kg of clay

(see Table 1) in a compatibilizer with high molecular weight.

Results presented in this work on foams extruded from

PP–clay nanocomposites with a chemical-blowing agent

show progressive improvement in the quality of foam

samples as one or more of the following features were

FIG. 8. Cell size distributions in extruded samples of (a) PPNC-N2

foam and (b) PPNC-N1 foam.

FIG. 9. Cell size distributions in extruded samples of (a) PPNC-S1

foam, (b) PPNC-S2 foam, and (c) PPNC-S6 foam.
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present in the nanocomposites: high surface area, slower

crystallization, and melt strain hardening in extensional

flow. The higher molecular weight grade of maleated PP

copolymer led to nanocomposites displaying strain hard-

ening in melt extensional flow that is critical for produc-

ing closed-cell foams with a narrow cell-size distribution

from linear PP. Further increases in melt strain hardening

can be achieved by silane treatment of the organoclays

used for making linear PP nanocomposites, leading to fur-

ther improvement in the quality of extruded foams. This

work will be presented in a subsequent paper.

CONCLUSIONS

When several PP clay nanocomposites all with good

dispersion of the dialkyl amine-treated organoclay were

foamed by extrusion with a chemical-blowing agent, sys-

tematic variations in foam quality were obtained based on

differences among them in melt-extensional strain harden-

ing and in crystallization behavior. Among nanocompo-

sites that did not strain harden, a slower rate of crystalli-

zation led to closed-cell foams with smaller cell sizes and

greater cell density. With nanocomposites where signifi-

cant strain hardening was observed in extensional flow,

the extruded PP nanocomposite foams displayed the

smallest cell sizes and the greatest cell density by reduc-

ing cell coalescence. Very good foams were produced

with linear PP–clay nanocomposites containing only 3

wt% of organoclay and compatibilizer chains with suffi-

cient length to bridge the clay surfaces and cause exten-

sional strain hardening in the melt.
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