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Abstract

Use of supercritical carbon dioxide (scCO2) as a blowing agent to generate microcellular polymer foams (MPFs) has recently received

considerable attention due to environmental concerns associated with conventional organic blowing agents. While such foams derived from

amorphous thermoplastics have been previously realized, semicrystalline MPFs have not yet been produced in a continuous scCO2 process.

This work describes the foaming of highly crystalline poly(vinylidene fluoride) (PVDF) and its blends with amorphous polymers during

extrusion. Foams composed of neat PVDF and immiscible blends of PVDF with polystyrene exhibit poor cell characteristics, whereas

miscible blends of PVDF with poly(methyl methacrylate) (PMMA) yield foams possessing vastly improved morphologies. The results

reported herein illustrate the effects of blend composition and scCO2 solubility on PVDF/PMMA melt viscosity, which decreases markedly

with increasing PMMA content and scCO2 concentration. Morphological characterization of microcellular PVDF/PMMA foams reveals that

the cell density increases as the PMMA fraction is increased and the foaming temperature is decreased. This study confirms that novel MPFs

derived continuously from semicrystalline polymers in the presence of scCO2 can be achieved through judicious polymer blending. q 2002

Published by Elsevier Science Ltd.
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1. Introduction

Microcellular polymer foams (MPFs) are porous poly-

mers generally characterized by pore densities greater than

109 cells/cm3 and cell sizes smaller than 10 mm [1]. These

foams constitute an emerging class of polymeric materials

that may eventually replace solid plastics in a wide range of

commercial applications. Microcellular foams offer

multiple advantages relative to their solid analogs, e.g.

substantial material savings, decreased processing/transpor-

tation costs and improved mechanical properties. While

most polymer foaming operations currently employ chloro-

fluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs)

and volatile organic compounds (VOCs) as blowing agents,

utilization of supercritical carbon dioxide (scCO2) in this

role provides a safer and more environmentally responsible

alternative. In addition, scCO2 possesses desirable physical

properties, such as liquid-like densities and gas-like

viscosities [2], which permit high rates of molecular

diffusion in most common polymers. It, therefore, consti-

tutes a viable alternative as a safe and efficient blowing

agent for commercial foaming applications.

Microcellular foamed plastics typically exhibit high

impact strength, toughness, stiffness-to-weight ratio and

thermal stability, as well as a low dielectric constant and

thermal conductivity, relative to their solid analogs [3].

These unique properties make MPFs ideally suited for a

large number of contemporary technologies including

automotive parts with high strength-to-weight ratio acoustic

dampening, sporting equipment with reduced weight and

high energy absorption, food packaging and insulation with

reduced material costs, molecular sieves for separation

processes, low dielectric insulators for microelectronic

applications, surface modifiers to reduce friction, and

biomedical materials for controlled drug delivery. The

microcellular foaming process occurs in three steps [4]. The
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first step, referred to as the saturation step, requires

saturation of a polymer melt with an inert gas under high

pressure, followed by thorough mixing to form a homo-

geneous polymer/gas solution. The next step is the

nucleation step, wherein a thermodynamic instability is

rapidly induced so that numerous gas nuclei form uniformly

throughout the polymer matrix. This is accomplished by

either a pressure quench, a temperature jump or a

combination of both. The final step is the growth step,

which relates to the growth of stable nuclei and the

development of desired microcellular morphology under

controlled conditions.

Numerous research efforts have focused on the gener-

ation of MPFs derived from amorphous polymers, such as

polystyrene (PS) [5], poly(methyl methacrylate) (PMMA)

[2], polycarbonate (PC) [1] and polysulfones (PSF) [6], with

scCO2 in both continuous and batch processes. Reports of

foaming semicrystalline polymers are, however, scarce and

rely almost exclusively on batch processing. Baldwin et al.

[3] have explored the feasibility of foaming amorphous

polyethylene terephthalate (PET) at high CO2 concen-

trations. Their results reveal that such scCO2-induced

crystallization severely hinders PET foaming, which,

therefore, requires higher processing temperatures. While

the generation of improved PET foam morphologies has

been attributed to an increase in polymer matrix stiffness

and a reduction in CO2 diffusivity, the precise mechanism

by which these factors affect foaming remains unclear.

Doroudiani et al. [7] have shown that crystallinity is

detrimental to the solubility and diffusivity of CO2 in

polymers and that, for this reason, highly crystalline

polymers tend to yield non-uniform foam morphologies.

Lee et al. [8] have studied the extrusion of polyethylene

(PE)/PS blends in scCO2 and report that high scCO2

concentrations substantially reduce blend viscosity. They

also found that elevated operating pressures and CO2 levels

promote small cells in PE/PS foams, but a uniform

microcellular morphology is not achieved. Recent efforts

by Mizumoto et al. [9] provide evidence for scCO2-induced

crystalline stereocomplex formation of regular PMMA,

which contributed to the formation of a superior micro-

cellular morphology during batch processing.

To the best of our knowledge, no previous studies have

offered a processing strategy by which to generate, in

continuous fashion, uniform microcellular morphologies

derived from semicrystalline polymers. Of particular

interest in the present study is the microcellular foaming

of semicrystalline poly(vinylidene fluoride) (PVDF), a

partially fluorinated polymer that possesses the properties

of an engineering thermoplastic and a fluoropolymer. It

exhibits the chemical resistance, thermal stability, dielectric

properties and ultraviolet resistance of a fluoropolymer, as

well as the processability of an engineering thermoplastic.

These properties make PVDF a versatile polymer that is

used extensively in the high-purity semiconductor market

(low extraction), pulp and paper industry (chemical

resistance), nuclear waste processing (radiation resistance),

high-performance coatings, and the wire and cable industry

(dielectric strength). Microcellular-foamed PVDF is antici-

pated to be highly advantageous relative to its solid

counterpart due to material reduction considerations, as

well as improvement in thermal and electrical insulation

properties. In this work, we investigate the efficacy of

foaming PVDF and its physical blends with two amorphous

polymers differing in PVDF miscibility: PS and PMMA.

Our continuous foaming system is detailed, as are the

rheological characteristics during polymer processing with

scCO2 and morphological characteristics of the MPFs

generated therein.

2. Experimental

2.1. Materials

The PVDF (Kynarw 740), PMMA (Plexiglasw VM-100)

and PS (Lacqrene Crystalw) employed in this study were

generously provided by Elf Atochem N.A. (King of Prussia,

PA) in pellet form and were used without further

purification. Their properties are listed in Table 1. Carbon

dioxide (.99.8% pure) was obtained from National

Specialty Gases (Durham, NC).

2.2. Continuous microcellular foaming system

2.2.1. Extruder configuration

A continuous extrusion-based microcellular foaming

system, similar to the one developed by Park et al. [10],

was employed in this study (see Fig. 1). The centerpiece of

the foaming system was a 19-mm single screw extruder,

manufactured by Wayne Machine and Die Co., with an

extended barrel (the length to diameter ratio is 30). The

extruder was divided into three sections according to feed,

melt and scCO2 injection. Polymer pellets were fed through

a hopper into the feed section, which was continuously

cooled with external water to ensure an uninterrupted

polymer supply to the extruder. The melt section was

outfitted with band heaters that created four sequential melt

zones along the length of the barrel. A typical temperature

profile for the foaming experiments conducted here is

provided below the schematic of the extruder presented in

Table 1

Characteristics of the homopolymers employed in this study

Polymer �Mn
a �Mw

a

(g/mol)

Densityb

(g/cm3)

Melt flow index

(g/10 min)

PVDF 100,000 156,000 1.78 17.5–21.5 (at 232 8C)

PS 80,000 112,000 1.05 16.0–20.0 (at 200 8C)

PMMA 70,000 107,000 1.18 14.5 (at 200 8C)

a Measured by gel permeation chromatography.
b Evaluated at 25 8C.
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Fig. 1. According to the profile, the barrel was heated

stepwise to a desired final temperature at the extruder exit.

The extruder was equipped with a temperature control

system accurate to within 1 8C. Blowing agents (such as

scCO2) were added directly to the polymer melt through an

injection port located at about three-fourths the distance

from the hopper to the extruder exit. A backpressure relief

valve permitted accurate injection of scCO2 from a syringe

pump operated in constant flow mode. A detailed descrip-

tion of the scCO2 injection system was provided elsewhere

[11].

The screw design was devised specifically for micro-

cellular foaming. Since the extruder is largely responsible

for dissolving relatively large amounts of scCO2 in the

polymer melt, a high-pressure level was required to inhibit

phase separation of the polymer/gas solution. The first part

of the screw at the feed section consisted of closely spaced

deep flights to ensure rapid melting of the polymer pellets.

The flights became shallower as the injection port was

approached to build a high-pressure zone, which served as a

melt seal to avoid backflow of the blowing agent to the

hopper. At the injection port, the flights were deep and

spaced out, creating a low-pressure zone that facilitated

scCO2 injection. Beyond the port, the flights were closely

spaced and shallow to increase the polymer melt pressure

and promote scCO2 dissolution. The final part of the screw

used a Saxton mixing section to increase solution pressure

and ensure polymer/gas homogeneity.

2.2.2. Foaming section design

At the exit of the extruder, microcellular foaming was

achieved through the use of three separate elements: a die

adapter, a cooler and a nozzle. The die adapter, equipped

with a static mixer, was heated to above the extruder exit

temperature to ensure complete dissolution of scCO2 in the

polymer melt. The cooler was also outfitted with a static

mixer to reduce the system temperature in uniform and

controllable fashion until the temperature was near the glass

transition temperature (Tg) of the polymer/gas solution.

Reduced temperature at the cooler exit was expected to

enhance melt strength, prevent foam cell coalescence and

increase the melt flow pressure due to an increase in

polymer/gas solution viscosity. A typical pressure profile of

the entire foaming process is included in Fig. 1. The nozzle

served to reduce the solution pressure initiating gas

nucleation in the polymer matrix. It consisted of a circular

pinhole and a small channel that promotes the final growth

step in the foaming process. As anticipated from the results

of Behravesh et al. [5], accurate control of the experimental

conditions at the cooler and nozzle allowed for excellent

control of the final microcellular foam morphology. The

temperatures in the die adapter and nozzle were maintained

with band heaters, whereas the cooler temperature was

maintained by a rope heater and a fan. The pressure drop

and temperature across the cooler were measured by two

Dyniscow melt transducers, and the temperatures of the two

elements were maintained using individual autotune

temperature control units in conjunction with type-J

Omegaw thermocouples.

2.3. Methods

2.3.1. Polymer foaming

In a typical experiment, the entire foaming system was

heated initially to achieve a desired temperature profile. The

cooler exit and nozzle temperatures were set equal to the

adapter temperature. Polymer pellets were added to the

extruder through the feed hopper. Polymer blends were

prepared by thoroughly mixing predetermined quantities of

the constituent homopolymers prior to extrusion to yield a

desired composition. The extruder was operated for a

reasonable period of time (ca. 15 min) at a desired screw

speed to ensure steady polymer flow. Carbon dioxide was

then injected into the system through the scCO2 metering

system. Upon reaching steady state, the extruder received a

constant supply of scCO2 at a fixed pressure (ca. 28–

35 MPa). The melt temperature was then reduced stepwise

at the cooler and nozzle elements. At lower temperatures,

foaming was achieved by pressure-induced phase separation

of the polymer/scCO2 solution under isothermal conditions.

After the bubbles nucleated, the remaining scCO2 diffused

into the nuclei and produced the final foam morphology, the

characteristics of which reflected the operating conditions.

Foamed samples were collected at different operating

conditions for characterization purposes.

Fig. 1. Schematic illustration of a continuous extrusion-based foaming

process with a typical temperature and pressure profile for foaming PVDF-

containing polymer resin.
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2.3.2. Rheological measurements

Rheological characterization of the prefoamed polymer

systems containing scCO2 was performed with a slit die

rheometer attached to the foaming system. The design of the

extrusion slit die rheometer used here was based on the

original design proposed by Han and Ma [12–14] and later

used by Lee et al. [15]. Its design and operating procedure

were fully discussed elsewhere [11,16]. The difference

between the present foaming and rheological extrusion

systems was that the slit die used for rheological

measurements replaced the cooler of the foaming system.

The pressure drop along the length of the slit die yielded the

apparent viscosity of the polymer melt under a given set of

operating conditions. The slit die was maintained at constant

temperature using two strip heaters (Watlow S1J10AU3)

and 3 Dyniscow melt pressure and temperature transducers

(TPT432A-7.5M-6/18). The homogeneity of the polymer

melts containing scCO2 was maintained by the downstream

nozzle, which elevated the pressure of the slit die to above

the bubble pressure of the polymer/CO2 solution. Viscosity

calculations were performed using standard relations for a

slit die rheometer [17–19].

2.3.3. Morphological measurements

Foamed samples were dried under vacuum for 24 h at

50 8C, fractured in liquid nitrogen and examined by

scanning electron microscopy (SEM) with a Hitachi

S3200N variable-pressure microscope. Backscattered elec-

tron images of uncoated foams were acquired at an

accelerating voltage of 21 kV and a chamber pressure of

50 Pa. Differential scanning calorimetry (DSC) of the foams

was performed in a Seiko-Haake DSC220 calorimeter at a

heating rate of 10 8C/min under nitrogen. Bulk densities of

foamed samples were measured using Archimedes’ prin-

ciple, in which the measuring vessel was first calibrated with

a metal sinker (since the MPFs are lighter than water). A

known mass of foam was attached to the sinker and

immersed in water, and the volume of the water displaced

due to the immersed specimen was measured.

3. Results and discussion

3.1. Foaming PVDF

The extrusion process typically requires optimization of

several operating conditions variables that influence the

final foam morphology and properties. Key parameters that

can be manipulated in our continuous process are (i) scCO2

injection rate, (ii) residence time (screw speed), (iii) exit

temperature (at cooler), (iv) foaming temperature (at

nozzle), (v) pressure reduction (nozzle diameter), and (vi)

depressurization rate (screw speed). Unlike conventional

foaming processes performed batchwise, however, all of

these process variables cannot be varied dynamically in an

extrusion process. For example, fixing the screw speed

establishes the residence time and the driving force for

nucleation (i.e. the pressure drop for a particular nozzle).

Screw speed is selected on the basis of benefiting our

foaming process. A lower screw speed is preferred due to

the longer residence time it permits to dissolve scCO2 in the

polymer melt. A very low screw speed (,10 rpm in our

system) can be detrimental, as it might not promote constant

flow of a high-viscosity melt. To best achieve the objective

of this study, a mean screw speed of ,20–25 rpm has been

chosen to ensure sufficiently long residence times and

thorough mixing in the extruder barrel. All the results

reported here correspond to a single nozzle diameter of

about 0.5 mm, in which case only the scCO2 concentration

and melt and/or foaming temperature(s) can be indepen-

dently varied.

Representative SEM images of PVDF foams produced at

different foaming temperatures with a fixed scCO2 injection

rate are displayed in Figs. 2 and 3. Fig. 2a shows a PVDF

foam produced at 175 8C and 2.0 wt% scCO2. The

corresponding enlargement (Fig. 3a) reveals that scCO2-

foamed PVDF possesses unacceptably poor foam structure

and is not, strictly speaking, microcellular by accepted

Fig. 2. SEM micrographs (imaged with backscattered electrons) of

uncoated (a) PVDF foam generated at 175 8C with 2.0 wt% scCO2, (b)

PVDF porous powder generated at 165 8C with 2.0 wt% scCO2 and (c)

PVDF fine powder produced at 165 8C with 4.0 wt% scCO2.
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standards. The foam exhibits a highly heterogeneous cell

size distribution and a relatively low cell density. Variation

in the extrusion conditions does not improve the foam

morphology appreciably due to the semicrystalline nature of

PVDF and its limited scCO2 solubility. Although earlier

studies [5] suggest that a decrease in foaming temperature to

,Tg of the polymer/CO2 solution reduces cell coalescence

and promotes high cell nucleation densities, reduction of the

nozzle temperature in the present work results in the

generation of PVDF powder. Micrographs of the porous

PVDF powder produced in this fashion at 165 8C (under

different scCO2 concentrations) are displayed for compari-

son in Fig. 2b and c. Foaming PVDF at the low scCO2

concentration (2.0 wt%) yields porous powder particles

measuring 0.5–1.0 mm across. The SEM image provided in

Fig. 3b confirms that the porous morphology of this powder

is virtually identical to that of the foam in Fig. 3a. This

morphology is characterized by the presence of fine pores

varying in size and distributed in non-uniform manner. An

increase in scCO2 concentration substantially alters the pore

morphology. Fig. 2c shows a representative micrograph of

fine PVDF powder with a mean diameter of about 10–

50 mm produced at 165 8C and 4.0 wt% scCO2. The

enlargement in Fig. 3c reveals that the powder appears to

be finely ground, nonporous polymer. While this approach

clearly fails to produce acceptable MPFs derived from

PVDF, a detailed study regarding the feasibility of an

extrusion-based scCO2-assisted powder coating technology

based on these results is currently underway.

Possible explanations for the unexpected behavior

evident in Figs. 2 and 3 are offered below and schematically

shown in Fig. 4. The Tg of PVDF is low (240 8C), but its

normal melting point (Tm) is relatively high (,170 8C). The

lowest operating temperature in the extruder should be

slightly higher than Tm to ensure melt flow, in which case

the PVDF melt is far removed from its Tg. Foaming at these

high temperatures will lead to high rates of cell coalescence

and result in poor foam definition. Secondly, the solubility

[20] of CO2 in PVDF is only about 2.0 wt%. Such low

solubility translates into very little gas available for

foaming, thereby resulting in a small number of bubble

Fig. 3. SEM micrographs of uncoated (a) PVDF foam generated at 175 8C

with 2.0 wt% scCO2, (b) PVDF porous powder generated at 165 8C with

2.0 wt% scCO2 and (c) PVDF fine powder produced at 165 8C with 4.0 wt%

scCO2 at higher magnification than those presented in Fig. 2.

Fig. 4. Schematic diagram of the PVDF powder generation process in the

presence of scCO2. As the temperature of the PVDF decreases below Tm

and crystals form, the solubility of CO2 decreases, resulting in expulsion of

CO2 from the polymer. Due to the presence of impermeable crystals, the

internal CO2 pressure builds, eventually inducing fracture of the

semicrystalline polymer matrix. The end result is the formation of PVDF

powder.
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nucleation sites. Lastly, the crystallinity of PVDF presents

another obstacle, since penetrant molecules only reside

within the amorphous regions of a polymer matrix. A

reduction in temperature below Tm causes the PVDF to

crystallize and expel the CO2 sorbed in the melt at elevated

temperatures. This mechanism may result in embrittled cell

walls that would collapse upon exiting the nozzle, in which

case the foam would fracture into discrete particles. An

increase in scCO2 concentration reduces the size of the

powder insofar that fine particles no longer appear porous

(see Fig. 3c). The DSC data in Table 2 compare the thermal

signatures of the foamed PVDF blends with the initial

polymer pellets received from the manufacturer. Unlike

studies of PET, these data do not show any evidence of

scCO2-induced crystallization in PVDF.

3.2. Foaming PVDF blends

Physical blending is commonly employed as a means by

which to modify the physical properties of macromolecular

systems. Typically, polymer blending is conducted to

develop low-cost materials or materials with formulation-

dependent properties. Since the addition of PE to isotactic

polypropylene (iPP) to form an immiscible blend in a scCO2

batch process produces finer microcellular morphologies

compared to foams generated from either homopolymer [7],

we have elected to investigate the effect of adding PS and

PMMA to PVDF as processing aids by which to produce

high-quality PVDF-containing MPFs.

3.2.1. PVDF–PS blends

As most early microcellular foaming studies [21] have

been successfully performed with PS, it is sensible to

consider blending PVDF with PS here, although it must be

remembered that the two polymers are highly incompatible.

Fig. 5a is an illustrative image of a PS MPF produced with

6.0 wt% scCO2 at 120 8C in our extrusion process. The foam

morphology is uniformly microcellular with a cell density of

about 1010 cells/cm3 and a mean cell diameter of less than

10 mm. Blending PS with PVDF permits access to new

processing windows in terms of lower foaming temperature

and higher CO2 uptake. Both considerations should serve to

improve the overall PVDF foam morphology. Fig. 6a and b

shows SEM images of foams derived from 50/50 w/w

PVDF/PS blends at two different operating conditions. The

foam presented in Fig. 6a corresponds to the blend prepared

at the same conditions as the neat PVDF in Fig. 2a, whereas

Fig. 6b reveals the morphology of the blend produced at

160 8C and 6.0 wt% scCO2. In both cases, these foams show

little improvement over those derived from neat PVDF and

lack the homogeneous microcellular foam morphology

achieved in neat amorphous resins. As the image in Fig. 6b

Table 2

Thermal characteristics of PVDF subjected to scCO2

Nozzle temperature

(8C)

scCO2 concentration

(wt%)

Tg

(8C)

Tm

(8C)

Dhm

(J/g)

Unprocessed PVDF – 239.0 169.2 51.2

175 2.0 238.9 169.4 51.8

165 2.0 239.1 170.1 50.9

165 4.0 240.4 168.8 49.9

Measured by differential scanning calorimetry performed at 10 8C/min.

Fig. 5. Backscattered SEM micrographs of uncoated (a) PS and (b) PMMA

foam generated at 120 8C with 6.0 wt% scCO2.

Fig. 6. Backscattered SEM images of 50/50 w/w PVDF/PS foams generated

at (a) 175 8C with 2.0 wt% scCO2 and (b) 160 8C with 6.0 wt% scCO2.
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attests, lowering the foaming temperature and increasing the

scCO2 concentration does not alleviate this problem. The

effect of increasing the PS content in the blends (up to

80 wt%) has also been explored. These results (not shown

here) do not, however, provide any evidence for improve-

ment. Processing a 20/80 w/w PVDF/PS blend at 160 8C

and 6.0 wt% scCO2, for example, does not appear to refine

the foam morphology.

The thermal signatures of PVDF/PS foams over the

entire blend composition range are listed in Table 3. These

DSC data demonstrate that the blends are heterogeneous at

all compositions. Although the heat of melting (Dhm) of the

blend decreases upon addition of amorphous PS, the degree

of PVDF crystallinity in each blend can be inferred from the

heat of melting of the PVDF in the blend (Dhm expressed in

J/gPVDF) and does not vary markedly. Note that Dhm of the

blend is never eliminated, even in the blend with the lowest

PVDF content. The presence of two discrete polymer phases

during foaming strongly suggests that (i) homogeneous

nucleation of the blowing agent occurs as expected in each

phase and (ii) heterogeneous nucleation likewise occurs

along the PVDF/PS interfaces. The extent of interfacial

development is determined by the temperature, degree of

scCO2-induced plasticization and the degree of mixing

achieved within the extruder. Foaming the polymer blend at

a temperature higher than the melting point of PVDF

permits considerable cell coalescence (see Fig. 6a) due to

poor melt strength of the polymer, which is consequently

unable to resist gas expansion. A reduction in foaming

temperature results in not only greater polymer melt

strength, but also higher PVDF crystallinity, the latter of

which limits the availability of CO2 gas for foaming. The

presence of effectively impermeable PVDF crystals is

responsible for the non-uniform foam morphology evident

in Fig. 6b. These foaming results employing PVDF/PS

blends are not entirely surprising, since similar mor-

phologies have been previously reported [8] for foams

based on PE/PS blends. It is interesting to note, however,

that the bulk densities of the PVDF/PS foams are lower (by

as much as 20–50%) than those generated from neat PVDF,

despite the obvious lack of improvement in foam

morphology.

3.2.2. PVDF/PMMA blends

Attempts to foam PVDF/PS blends highlight the

possibility that blend miscibility may play a critical role

in the generation of MPFs containing PVDF. Poly(methyl

methacrylate) is another polymer that has been repeatedly

shown [4] to be amenable to microcellular foaming. Fig. 5b

displays a typical micrograph of an extruded MPF derived

from PMMA and processed with 6.0 wt% scCO2 at 120 8C,

and confirms that PMMA can yield highly uniform MPFs

with cell densities on the order of 1010 cells/cm3 and cell

diameters measuring about 10 mm across. Numerous studies

[22–28] of PVDF/PMMA blends have demonstrated that

these homopolymers are miscible over a reasonably broad

concentration range at routine application temperatures. In

fact, they exhibit lower critical solution temperature (LCST)

behavior [22], which means that they tend to remain

homogeneous at low temperatures and phase-separate as the

temperature is increased beyond the binodal (cloud point)

temperature. Such blends exhibit excellent chemical and

flame resistance (due to PVDF) and reduced smoke toxicity

(due to PMMA) [29]. Since PVDF is a relatively expensive

polymer whereas PMMA is much less expensive, dilution of

PVDF with PMMA also provides a significant economic

incentive. As in the case of the PVDF/PS blends, addition of

PMMA to PVDF is expected to permit foam generation at

reduced temperatures and elevated scCO2 concentrations.

To elucidate the roles of PMMA blending and scCO2

solvation on the viscosity of PVDF, high-pressure rheolo-

gical experiments have been conducted. Only a few key

results are presented here to establish the effect of system

(neat polymer and blend) viscosity on foam morphology.

Interested readers are referred to detailed studies of

PVDF/PMMA blend rheology [22,24] and scCO2-induced

plasticization [11,16,30–32] for more in-depth discussion.

The apparent viscosity of PVDF, PMMA and PVDF/PMMA

Table 3

Thermal characteristics of MPFs derived from PVDF blends at 160 8C and 6.0 wt% scCO2

Blend series Composition (wt% PVDF) Tg (8C) Tm (8C) Dhm (J/g) Dhm (J/gPVDF)

PVDF/PS 0 104.0 – – –

20 239.0/104.0 167.8 12.6 63.0

40 239.0/104.0 167.6 18.9 47.3

60 239.0/104.6 169.3 26.5 44.2

80 239.0/104.1 169.2 36.7 45.9

100 239.0 169.1 51.0 51.0

PVDF/PMMA 0 101.0 – – –

20 76.4 – – –

40 49.0 – – –

60 34.4 155.0 9.3 15.5

80 24.9 165.4 29.2 36.5

100 239.0 169.1 51.0 51.0

Measured by differential scanning calorimetry performed at 10 8C/min.
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blends is provided as functions of shear rate and scCO2

concentration in Fig. 7. As the concentration of PMMA in

the blends is increased, the viscosity expectedly decreases

towards the viscosity of pure PMMA. The solid lines

displayed in Fig. 7 serve as guides for the eye to identify

trends and are not intended as model fits to the experimental

data. Diffusion and mixing of scCO2 within a polymer melt

depends on the viscosity of the melt [16], in which case the

lower viscosity of the blends relative to that of neat PVDF

provides an indication that the blends should yield more

uniform MPFs. As scCO2 is added to the blends, the melt

viscosity further decrease (see Fig. 8). At each blend

formulation (from pure PVDF to pure PMMA) the viscosity

of the system containing scCO2 is significantly lower.

Besides this significant viscosity reduction, addition of

PMMA to PVDF increases the solubility of scCO2 in the

blend relative to that in neat PVDF. Rheological tests of

PVDF could only be conducted at scCO2 concentrations of

2.0 wt% or less. At higher concentrations, the PVDF/CO2

mixture becomes unstable (due to phase separation) during

measurement in the slit die. All the blends, including the one

with 80 wt% PVDF, could be measured at concentrations of

at least 4.0 wt%. This is an important consideration, since

classical nucleation theory predicts [2] that higher scCO2

concentration should result in smaller cell sizes.

As anticipated from the rheological measurements

discussed above and confirmed by the SEM images

displayed in Fig. 9, addition of PMMA to PVDF vastly

improves the quality of the MPFs relative to those generated

from neat PVDF. In addition to melt viscosity, the Tg of the

blend constitutes an important design consideration, since it

dictates the temperature at which cell coalescence ceases

and the foam morphology is frozen-in. Thermal analysis of

the foamed blends shown in Fig. 9 indicates that Tg of the

blend increases with increasing PMMA content (see Table

3). In addition, Tm is also depressed due to PVDF dilution,

yielding a narrower Tm 2 Tg process window relative to

neat PVDF. As an example, consider the 50/50 w/w PVDF/

PMMA blend with Tg ¼ 60 8C and Tm ¼ 150 8C. Melt

extrusion may be conducted at 150 8C, and foam vitrifica-

tion occurs at 60 8C, thereby requiring a 90 8C temperature

quench. Recall that the Tm 2 Tg process window for neat

PVDF is about 210 8C. Thus, foaming at temperatures closer

to the Tg of the melt serves to reduce the degree of cell

coalescence and improve the overall cell morphology. At

lower PVDF concentrations (,50 wt%), the PVDF/PMMA

blends are homogeneous and entirely amorphous. The effect

of varying blend composition, in 20 wt% PMMA incre-

ments, on foam morphology at 160 8C and 6.0 wt% scCO2 is

evident in Fig. 9. As seen in Fig. 9a and b, homogeneous

nucleation of miscible PVDF/PMMA blends accounts for

the most uniform MPF morphologies with acceptably small

cell diameters. The presence of distinct polymer phases

enhances cell coalescence (Fig. 9d) and yields foam

morphologies similar to that of the PVDF/PS blend (Fig. 6).

Another aspect of microcellular foaming is control over

the MPF density. In the present work, the cell size

distribution and, in turn, the bulk density of MPFs derived

from a 40/60 w/w PVDF/PMMA blend have been system-

atically altered by varying the melt and foaming tempera-

tures. Fig. 10 displays a series of SEM images of the PVDF/

PMMA MPFs at different temperatures and 6.0 wt% scCO2.

These images clearly demonstrate that a combination of

lower melt and foaming temperatures results in the best

MPF morphologies, in agreement with previous findings for

amorphous homopolymers. A reduction in melt temperature

increases the melt strength and endows the melt with greater

resistance to gas expansion in the cell growth step of the

foaming process. A lower foaming temperature solidifies

the skin of the foam and reduces the extent to which CO2

diffuses from the melt to the atmosphere at the nozzle exit.

Values of cell and bulk densities measured from these MPFs

at different foaming temperatures are presented in Fig. 11

and confirm that these metrics can be tailored through

judicious choice of foaming temperature. In fact, an increase

Fig. 7. Apparent melt viscosity presented as a function of shear rate at

210 8C for neat PVDF and PMMA, as well as for several PVDF/PMMA

blends differing in composition (in wt% PMMA): 100 (L), 80 (O), 40 (S),

20 (B) and 0 (W). Solid lines serve as guides for the eye.

Fig. 8. Dependence of viscosity on shear rate at 210 8C for PVDF in the

presence of 2.0 wt% scCO2, as well as for three PVDF/PMMA blends and

unblended PMMA in the presence of 4.0 wt% scCO2 (in wt% PMMA): 100

(L), 80 (O), 50 (S), 20 (B) and 0 (W). Solid lines serve as guides for the

eye. Dashed lines representing data acquired from neat PVDF and PMMA

in the absence of scCO2 are included for comparison with Fig. 7.
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Fig. 9. Backscattered SEM images of uncoated PVDF/PMMA foams differing in composition (in wt% PMMA)—(a) 80, (b) 60, (c) 40 and (d) 20—generated at

160 8C with 6.0 wt% scCO2.

Fig. 10. Backscattered SEM images of 40/60 w/w PVDF/PMMA blends foamed at different foaming temperatures (in 8C)—(a) 140, (b) 160, (c) 180 and (d)

200—with 6.0 wt% scCO2.
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of two orders of magnitude in the foam cell density is

realized over the temperature range explored. Since the

reduction in bulk density exceeds 70% over this range, these

MPFs may be further classified as ultralight foams.

4. Conclusions

On the basis of the findings presented here, foaming

PVDF/PMMA blends with scCO2 affords several advan-

tages compared to foaming neat PVDF homopolymer.

Addition of PMMA to PVDF increases the solubility of

scCO2 from 2.0 wt% in neat PVDF to at least 6.0 wt% in

PVDF/PMMA blends. Greater scCO2 solubility increases

the number density of bubble nucleation sites and,

consequently, the cell uniformity in MPFs. It also serves

to enhance the degree of plasticization and viscosity

reduction. Blend homogeneity (up to about 60–70 wt%

PVDF) is responsible for increasing the Tg of the blend and

eliminating or, at higher PVDF concentrations, reducing the

crystallinity of PVDF, which thereby alleviates the CO2

solubility problem incurred during PVDF recrystallization.

Elimination or reduction of the PVDF melting point,

coupled with scCO2-induced plasticization, facilitates

processing the blends at lower temperatures, in which case

the difference between the processing temperature and the

Tg of the blend/scCO2 solution is significantly reduced and

provides better control over cell growth and coalescence.

Blend miscibility constitutes an important issue to be

considered, since blending PVDF with PS does not yield

favorable MPFs due residual PVDF crystallinity, which

restricts the amount of CO2 available for foaming. The

results presented here are very promising and are anticipated

to establish new scCO2 foaming paradigms for semicrystal-

line polymer resins.
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