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In this study, a benign process was used to success-
fully produce low density foam from poly(arylene ether
sulfone) (PAES). Both carbon dioxide (CO2) and water
as well as nitrogen and water were used as physical
blowing agents in a one-step batch process. A large
amount of blowing agents (up to 7.5%) was able to dif-
fuse into the PAES resin in a 2-h saturation time. Utiliz-
ing water and CO2 as the blowing agents yielded foam
with better properties than nitrogen and water because
both the water and CO2 are plasticizers for the PAES
resin. PAES foam produced from CO2 and water had a
large reduction in foam density (∼80%) and a cell size
of ∼50 lm, while maintaining a primarily closed cell
structure. The small cell size and closed cell structure
enhanced the mechanical properties of the foam when
compared with the PAES foam produced from nitrogen
and water. The tensile, compressive, and notched izod
impact properties of the PAES foams were examined,
and the compressive properties were compared to
commercially available structural foams. With reduced
compression strength of 39 MPa and reduced
compression modulus of 913 MPa, the PAES foam is
comparable to polyetherimide and poly(vinylchloride)
structural foams. POLYM. ENG. SCI., 49:44–51, 2009. ª 2008
Society of Plastics Engineers

INTRODUCTION

Polymeric foams are one important class of lightweight

materials under investigation because of their high

strength to weight ratio. Polymeric foams can also posses

other attractive features such as low moisture absorption,

high thermal stability, and good sound and thermal insula-

tion, which depend upon the polymer resin. They are

cost-effective compared to other lightweight, structural

materials [1]. Because of these properties, these materials

are used in the automotive, marine, wind-energy, rail, and

aeronautical industries [2].

Currently, processes used to produce lightweight, struc-

tural polymeric foams utilize physical blowing agents,

which are not environmentally friendly. Physical blowing

agents, which have a relative high molecular weight and

low diffusivity, are necessary to produce low-density pol-

ymeric foams, especially when the foam is made from a

thermoplastic resin [3]. High-molecular weight physical

blowing agents such as hydrochlorofluorocarbons are

used, but they are being phased out because of the detri-

mental effects they have on the environment. Solvents,

such as methylene chloride, are also currently used as

physical blowing agents [4]. Because of the effects on the

environment, new processes and foaming agents need to

be utilized to produce lightweight, structural polymeric

foams.

Numerous studies have been conducted on producing

polymeric foams by using supercritical carbon dioxide

(scCO2), which is environmentally benign, as the blowing

agent [5–16]. These studies include both batch processing,

in which the polymer can be molded, and continuous

processing, in which polymer is foamed in the extruder or

immediately on exiting a die. Regardless of the technique

used, the underlying principles for the production of poly-

meric foams from scCO2 are the same [7, 17]. A high-

pressure gas is allowed to diffuse into the polymer matrix.

A supersaturated state of the gas is then obtained by ei-

ther rapidly increasing the temperature of the saturated

polymer or reducing the pressure. The supersaturated state

causes cells to nucleate and grow until either the concen-

tration of the gas becomes too low to cause cell growth

or vitrification of the polymer occurs and inhibits the cell

growth.

scCO2 has several advantages in producing polymeric

foams when compared with conventional physical blow-
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ing agents [17, 18]. It is nontoxic, nonflammable, chemi-

cally inert, and inexpensive. scCO2 is also known to plas-

ticize a number of polymers, which reduces their viscosity

at a given temperature and lowers their glass transition

temperatures, Tg [19]. The plasticization of the polymers

also allows for processing at lower temperatures and for

the resulting cell size of the polymeric foam to be con-

trolled [20].

Martini-Vvedensky et al. [21] first used scCO2 as a

blowing agent to produce foams that had microcellular

foam morphology. Microcellular foams are defined as

having a cell size less than 10 lm and a cell nucleation

density between 109 and 1015 cells/cm3. It was thought

that if the cell size was kept smaller than the size of the

critical flaw, lightweight material could be produced with-

out compromising the mechanical integrity of the foam.

Since the initial development of microcellular foams, very

little research has been reporting concerned with extend-

ing the technique to high Tg thermoplastics.

Microcellular morphologies enhance some of the me-

chanical properties of the foam. Because of an increase in

the elongation-at-break under a tensile load, the toughness

of the foams increases when compared with the neat poly-

mer [22]. The presence of small cells also increases the

notched impact toughness of some polymeric foams [23,

24]. When the impact failure mode changes from brittle

fracture to ductile fracture, because of the crack blunting

capabilities of the small cells, the impact toughness

greatly increases.

Sun et al. [25, 26] have applied the technique to sev-

eral high-performance polymers. The polymers were

foamed using scCO2 as the blowing agent in a two-step

process. Polymer sheets (1.5 mm thick) of poly(phenylsul-

fone) (Radel R-5000) were saturated at room temperature

for 70 h. After saturating the sheets for 70 h, it was deter-

mined that 8.0% of CO2 was able to diffuse into the sam-

ple. The saturated polymer sheet was then submerged into

an oil bath to induce cell nucleation and growth. The

samples were quenched to induce vitrification, and thus

stopping cell growth. By using CO2 as the blowing agent

in a two-step batch process, foam with a density of 500

kg/m3 (�60% density reduction) for the poly(phenylsul-

fone) was obtained. Because many applications require a

foam with a density less than 300 kg/m3, a greater reduc-

tion in density is desired.

In the work by Sun et al. [25, 26], the density reduc-

tions of the foams were limited by the choice of blowing

agent. Although the authors reported 8.0% scCO2 was

able to diffuse into the polymer, the cell growth was

inhibited by the rapid loss of the scCO2 out of the poly-

mer during the foaming process. To obtain foam with a

higher density reduction, either more cells would need to

be nucleated initially and allowed to grow to the same

size as the authors reported or the process would need to

be altered to allow for a larger cell growth.

Water has also been used as a benign blowing agent

to produce polymeric foams. In a study published by

Brandom et al. [27], a blend of polyetherimide (PEI) and

poly(aryl ether ketone) (PAEK) was foamed utilizing

water as the blowing agent. Pellets of the PEI and PAEK

were melt-blended in a single screw extruder. Upon mix-

ing in the extruder, the diamine end groups on the PEI

reacted with the ketone groups in the PAEK and pro-

duced water as a byproduct. Because the extrusion was

taking place at 3508C, the water produced was in the

gaseous form. The gaseous water acted as a blowing

agent for the polymer. By varying the residence time of

the polymer in the extruder, the foam density was con-

trolled, with a maximum of 60% reduction in foam den-

sity obtained.

Water could be used as an ideal physical blowing

agent for certain polymer resins. An ideal physical blow-

ing agent must be inert to the polymer, readily incorpo-

rated in the polymer matrix, thermally stable in the gase-

ous state, nontoxic, economically feasible, and environ-

mentally safe [28]. It must also possess low vapor

pressure at room temperature, a low rate of diffusion in

the polymer, and low flammability or combustibility.

Water inherently possesses several of these characteristics.

Also, the polymer could become supersaturated with

water rapidly if the water was quickly transformed from

liquid to a gas. Water can remain a liquid at temperatures

well above 1008C, as long as sufficient pressure is

applied. The necessary pressure is readily obtained from a

water phase diagram. If incorporated into polymer that is

compatible with water, water could be used as an environ-

mentally benign physical blowing agent.

Poly(arylene ether sulfone) (PAES) has several char-

acteristics that are desired in lightweight, structural

applications. PAES is thermally stable at high tempera-

tures, exhibits outstanding toughness, and is combus-

tion-resistant [29]. In addition to these properties, water

is also readily absorbed into the polymer resin at

high temperatures and pressures (2208C and 1500 psi,

respectively).

Our research incorporates the concepts of microcellular

foaming, along with the use of water as a benign blowing

agent to produce foam with a density of 250 kg/m3

(�80% density reduction) from PAES. PAES was foamed

utilizing a combination of blowing agents in a one-step

batch processing scheme. Both scCO2 and water, as well

as nitrogen and water, were used as the blowing agents

in the process. At a pressure greater than 2.2 MPa, the

water remains liquid at the elevated processing tempera-

ture (2208C) [30]. The polymer becomes saturated with

the liquid water and upon rapid depressurization of the

system, the liquid turns to gas causing cell nucleation

and growth. The use of gas and water as the blowing

agents produces foam with a large density reduction.

The foam morphology as well as tensile, compressive,

and impact properties of the resulting foams are pre-

sented. Because the foams exhibit a potential for use in

structural applications, the mechanical properties of the

foams are compared to several commercially available
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polymeric structural foams with similar foam densities

(110–320 kg/m3).

EXPERIMENTAL

Materials

Poly(arylene ether sulfone) (PAES, Radel1 R-5800)

was generously supplied by Solvay Advanced Polymers

(Alpharetta, GA). The Tg and density of the polymer were

2208C and 1.29 g/cm3, respectively. CO2 and compressed

nitrogen were obtained from Airgas.

Foaming Procedure

The PAES foams were produced using a one-step

batch process method. A cylindrical stainless steel mold

measuring 3 cm in diameter by 12.5 cm in length was

filled with the PAES resin and liquid water (a 2:1 w/v

ratio was used for polymer/water). The mold was placed

inside a pressure vessel. The pressure vessel was sealed

and charged with a predetermined amount of either CO2

(5.5 MPa) or nitrogen (6.9 MPa). The pressure vessel was

heated to 2208C, the Tg of the unsaturated polymer, which

caused the pressure to increase to between 10 and 11

MPa. Foaming has been performed at temperatures from

165 to 2208C. However, a temperature of 2208C yielded

foam with the greatest density reduction. The gas was

allowed to diffuse into the PAES for 2 h, which assured

full saturation. The pressure was rapidly released (less

than 2 s) and the mold was removed. The mold was

allowed to cool to room temperature before removing the

foamed specimen.

Thermal Analysis. A TA Q1000 differential scanning

calorimeter (DSC) was used to determine the Tg of the

samples. Scans were conducted under nitrogen from 220

to 2608C at a heating rate of 108C/min. PAES was satu-

rated with the gas and water at 2208C and 10.3 MPa for

2 h. The temperature was cooled to room temperature, to

eliminate the loss of blowing agent because of foaming,

and the PAES was removed from the vessel. The PAES

sample was sealed in the DSC pan immediately after re-

moval from the vessel. High-volume DSC pans with rub-

ber seals (TA instruments) were used to minimize the loss

of blowing agents during testing.

A TA Q500 thermogravimetric analyzer (TGA) was

used to determine the amount of blowing agents present

in the PAES resin. PAES was saturated with the blowing

agent(s) at 2208C and 10.3 or 17.2 MPa for 2 h. The tem-

perature was cooled to room temperature, to eliminate the

loss of blowing agent because of foaming, and the PAES

was removed from the vessel. The test was begun imme-

diately after removal from the vessel. Samples were run

from 25 to 6008C at a heating rate of 108C/min under a

nitrogen atmosphere.

Characterization

Foam Density. The foam density was determined using

the water displacement method. A foam specimen was

weighed and then submerged in water. The displaced

water was then measured to determine the volume of the

foam. Because the foam has a thin skin layer on the sur-

face and a predominately closed cell structure, water

uptake is negligible during the measurements.

SEM Imaging. The cell size and structure of the

foamed polymer were determined using a Leo 1550 field

emission scanning electron microscope (FE-SEM). The

foam specimen was freeze fractured and sputter coated

with 20 nm of gold. The FE-SEM was operated at 5 kV.

Determination of Cell Size and Cell Nucleation Density

The SEM images were analyzed using ImageJ image

processing software. Typically micrographs containing

25–50 cells were used to determine the average cell diam-

eter and 100–200 cells to determine the cell nucleation

density.

The cell nucleation density, No, was calculated using

the method reported by Kumar and Weller and given by

Eq. 1 [31]. In Eq. 1, n is the number of cells in the

micrograph, M is the magnification, A is the area micro-

graph in cm2, and Vf is the void fraction of the foam. Vf

can be estimated from Eq. 2, where D represents the aver-

age diameter of the cells.

No ¼ nM2

A

� �3=2
1

ð1� VfÞ (1)

Vf ¼ p
6
D3 nM2

A

� �3=2

(2)

Mechanical Properties

Tensile Testing. The tensile properties of the foam were

determined using an Instron 4204 and ASTM D638 was

used as a guide for testing. Because of sample size limita-

tions, the ASTM test method was not followed exactly.

Five rectangular samples measuring 45 mm in length, 10

mm in width, and 3 mm in thickness were cut from a

large specimen of the PAES foam. The gauge length was

set to 20 mm and the samples were tested at a constant

speed of 1.27 mm/min. The strain was calculated from

the displacement of the crosshead. The modulus was

determined by applying a least-squares fit through the ini-

tial linear region of the stress–strain curve. The modulus

represents an average of the five foam specimens.

Compression Testing. The compressive properties of

the foam were measured using a MTS (model 826.75)

46 POLYMER ENGINEERING AND SCIENCE—-2009 DOI 10.1002/pen



50,000 lbs servo hydraulic test system. ASTM D1621 was

used as a guide for testing; however, because of sample

size limitations, the test method was not followed exactly.

Five cylindrical samples measuring 30 mm in diameter

and 40 mm length were cut from a large specimen of the

PAES foam, and the foam properties were determined

from the average of the five samples. A lathe was used to

cut the samples to ensure the cuts were perpendicular to

the cylinder wall. The samples were compressed at a rate

of 2.5 mm/min. The strain was calculated from the dis-

placement of the crosshead and the modulus was deter-

mined by applying a least-squares fit through the initial

linear region of the stress–strain curve.

Impact Testing. The impact strengths of the foams

were determined using ASTM D256-06a. Five samples

measuring 63 mm in length, 12.7 mm in width, and 3.2

mm thick were cut from a large specimen of the PAES

foam. A sharp notch was cut into the sample using a

Tinius Olsen Model 899 specimen notcher (Horsham, PA)

turning at a high rotational speed. The notched specimens

were tested using a Tinius Olsen 897 machine (Horsham,

PA). Because the specimens were thinner than the ideal

ASTM thickness, care was taken to ensure the samples

did not buckle during impact.

RESULTS AND DISCUSSION

Determination of Plasticization of PAES Resin

All of the foams were produced using the one-step

batch processing method. In the one-step batch process,

the polymer was first saturated with the blowing agents of

interest. As the polymer was saturated with the blowing

agents, plasticization occurred, which caused a reduction

in the Tg [17]. The saturated resin was then subjected to a

rapid pressure drop. The rapid pressure release causes a

thermodynamic instability, which nucleates the cells and

the cells grow. During the nucleation and growth process,

the blowing agents diffuse out of the polymer resin,

which causes the suppressed Tg to increase. Cell growth

is inhibited by vitrification once the suppressed Tg reaches
the foaming temperature, which is just below the Tg of

the neat polymer. Because the cell growth is inhibited by

vitrification, the cell size can be controlled by the amount

of plasticization or by the rate of diffusion of the blowing

agent out of the polymer [7].

The effect of the saturation pressure on the diffusion

of the blowing agents into the PAES resin was deter-

mined with TGA and the results are shown in Fig. 1. For

both saturation pressures of 10.3 and 15.2 MPa, the same

amount of CO2 and water was able to diffuse into the

polymer during the saturation time. Because there was

not a significant effect on the diffusion of the blowing

agents into the PAES at the different pressures, the lower

pressure of 10.3 MPa was chosen for the rest of the

experiments.

The amount of blowing agents in the resin affects the

suppression of the Tg of the polymer. TGA was used to

quantify the amount of blowing agents that diffused into

the polymer, and the results are shown in Fig. 2. From

TGA, it was determined that �2.8% of CO2 was able to

diffuse into the PAES during the 2-h saturation time at

2208C and 10.3 MPa. However, when both scCO2 and

water were used as the blowing agents, 7.5% of CO2 and

water combined diffused into the polymer. Because only

2.8% of CO2 diffused into the PAES under the saturation

conditions, the additional 4.7% is attributed to the water.

When nitrogen and water were used, a combined level of

4.3% of the blowing agents diffused into the polymer,

of which 3.9% is attributed to water. As can be seen in

Fig. 2, the solubility of nitrogen in the PAES is 0.4%.

FIG. 1. Effect of saturation pressure on the diffusion of the blowing

agents into the PAES resin. The PAES resin was saturated with CO2 and

water at 2208C for 2 h at 10.3 and 15.2 MPa. The TGA was run at a

heating rate of 108C/min under a nitrogen atmosphere.

FIG. 2. TGA results quantifying the amount of blowing agents that

were able to diffuse into the PAES resin. The resin was saturated for 2 h

at 2208C under a pressure of 10.3 MPa. Results are shown for unsatu-

rated PAES, PAES saturated with N2, PAES saturated with CO2, PAES

saturated with CO2 and water, and PAES saturated with N2 and

water. The TGA was run at a heating rate of 108C/min under a nitrogen

atmosphere.
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The amount of water increases significantly when CO2

and water are the blowing agents, when compared with

saturating the polymer with nitrogen and water. The

increased solubility of water in the PAES is believed to

be due to the CO2. Water is known to be soluble in

scCO2 [32]. Thus, more water is present in the PAES,

which contributes to the formation of a lower density

PAES foam.

The DSC thermograms of the plasticized PAES resin

are shown in Fig. 3. The DSC results exhibited a plasti-

cized Tg for the saturated polymer, followed by an endo-

thermic peak. The endothermic peak is attributed to the

adiabatic expansion of the gas as it diffuses out of the

polymer once the plasticized Tg is surpassed.
The combination of CO2 and water yielded the greatest

reduction in Tg, which correlates to the greater amount of

blowing agents determined from TGA. When CO2 and

water were utilized as the blowing agents, the Tg was

reduced from 220 to 1608C. When the combination of N2

and water was used, the Tg was only suppressed to

1758C. The additional suppression of the Tg is attributed

to the CO2, which acts also as a plasticizer.

Quantifying the amount of blowing agents in the poly-

mer and the suppression of the Tg is important for under-

standing the fundamentals of the foam production and for

controlling the foam density. Because cell growth is

inhibited by vitrification in the one-step batch processing

method, the suppression of the Tg controls the cell size

and, ultimately, the foam density. In the one-step batch

foaming process, both a foaming temperature, Tf, and the

plasticized Tg exist. Research by Krause et al. [7] showed

that if Tf was less than the plasticized Tg no foaming

could occur. This is because the viscosity of the polymer

is infinitely large. Therefore, Tf must be higher than the

plasticized Tg. The magnitude of the difference between

the plasticized Tg and Tf can be used to control the cell

size. The further that Tf is from the plasticized Tg, the

longer the cells can grow before vitrification occurs and,

thus, larger cells are obtained. The research by Krause

et al. [7] also showed that the Tf is bound by an upper

limit. The upper limit is near the Tg of the unsaturated

(neat) polymer. Because the upper limit on Tf is con-

trolled by a material property and cannot be changed, a

larger suppression of Tg is necessary to produce the foam

with a large density reduction using the one-step batch

processing method.

Characterization of the Foam Density and Morphology

The foam densities of the PAES foams are shown in

Table 1. As expected, based on the DSC and TGA results,

the combination of CO2 and water as the blowing agents

for the PAES resin yielded foam with a greater density

reduction than when N2 and water were used. As deter-

mined from the DSC, the combination of CO2 and water

reduced the Tg of the PAES by 608C, where as the nitro-

gen and water reduced the Tg by 458C. This additional

plasticization yielded foam with a greater reduction in the

foam density. A foam density of 244 kg/m3, obtained

from CO2 and water, represents a 50% decrease in foam

density relative to previous efforts, which also utilized a

benign foaming process [25, 26].

The cell size and nucleation density were determined

from SEM images, which can be seen in Figs. 4 and 5,

respectively. Although the CO2 and water yield PAES

foam with a larger reduction in foam density than N2 and

FIG. 3. DSC results quantifying the plasticized Tg of the PAES resin.

The resin was saturated for 2 h at 2208C under a pressure of 10.3 MPa.

Results are shown for unsaturated PAES, PAES saturated with CO2 and

water, and PAES saturated with N2 and water. The DSC was run at a

rate of 108C/min in a nitrogen atmosphere. The data has been shifted so

the results could be seen more clearly.

TABLE 1. Foam density and morphology of PAES foam.

Blowing

agent

Foam bulk

density (kg/m3)

Average cell

size (lm)

Cell nucleation

density (cells/cm3)

CO2/water 244 54 1.85 3 107

N2/water 490 156 7.03 3 105

FIG. 4. SEM image of PAES foam produce in a one-step batch process

utilizing a combination of CO2 and water as the blowing agents. The

PAES subjected to the CO2 and water for 2 h at 2208C under a pressure

of 10.3 MPa and foamed at a temperature of 2208C.
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water, the cell size is smaller and cell nucleation density

is larger when the CO2 and water are used. Both combi-

nations of blowing agents yielded foam which had a pre-

dominantly closed cell structure, which is important for

enhanced mechanical properties [33].

Mechanical Properties of the PAES Foam

The mechanical properties of the PAES foams were

measured to determine their potential for use in structural

applications. The tensile, compressive, and impact proper-

ties of the PAES foams were tested. Compressive proper-

ties of various commercial structural foams are used as a

comparison for the PAES foams.

Tensile results are shown in Fig. 6 and Table 2 for the

PAES foams. From Fig. 6, the PAES foam produced from

CO2 and water yields a material that is both stronger and

more ductile when compared with the foam produced

from N2 and water. The increases in strength and ductility

are attributed to the smaller cell size of the foam. The

tensile modulus is also greater when CO2 and water are

used, shown in Table 2. The foam produced from CO2

and water has a modulus of 177.1 MPa, whereas the foam

produced from nitrogen and water has a modulus of

122.4, despite having a greater foam density. The increase

observed in the tensile modulus of the foam produced

from CO2 and water is attributed to the smaller cell size

and the greater abundance of a closed cell structure.

The tensile moduli for both of the foams are lower

than unfoamed PAES, which is expected from conven-

tional foam theory [33]. The theory states that the modu-

lus of the foam decreases as a function of the foam den-

sity, as can be seen in Eq. 3. In Eq. 3, E represents the

modulus and q represents the foam density, and the sub-

scripts f and s denote the foam and the solid polymer,

respectively. The moduli of the foams, as predicted by

conventional foam theory, can be seen in Table 2. The

modulus of the foam produced with CO2 and water is

higher than the theoretical modulus, and this is attributed

to the foam having a predominantly closed cell structure

[33]. However, the foam produced with N2 and water has

a modulus which is slightly less than predicted.

Ef

Es

¼ rf
rs

� �2

(3)

The properties of the PAES foam when subjected to a

compressive load were also determined. The relative com-

pressive strengths and moduli of the PAES foams are

shown in Fig. 7 and Table 2, respectively. As was

observed in the tensile properties, the PAES foam pro-

duced with CO2 and water exhibits significantly greater

compressive properties than the foam produced with N2

FIG. 6. Stress–strain curve for PAES foam produced by using combi-

nation of CO2 and water and N2 and water under a tensile load. The

samples were tested at a rate of 1.27 mm/min.
FIG. 5. SEM image of PAES foam produce in a one-step batch process

utilizing a combination of N2 and water as the blowing agents. The

PAES subjected to the N2 and water for 2 h at 2208C under a pressure

of 10.3 MPa and foamed at a temperature of 2208C.

TABLE 2. Summary of the mechanical properties of the PAES foam and commercially available PEI and PVC foam.

Density

(kg/m3)

Tensile

modulus

(MPa)

Stress

at break

(MPa)

Theoretical

tensile modulus

(MPa)

Relative

compressive

modulus (MPa)

Relative

impact strength

(J/m)

Unfoamed PAES 1,290 2,300 70 – – 537.4 6 6.2

PAES CO2/water 245 177.1 6 27.4 9.7 82.3 912.5 6 60.2 305.5 6 55.6

PAES N2/water 335 122.4 6 16.1 6.2 154.2 518.6 6 70.0 225.4 6 80.7

PEI-110 [34] 110 – – – 504.3 –

PVC-250 [2] 250 – – – 1,187 –

PVC-300 [2] 300 – – – 1,376 –
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and water. This is also attributed to the smaller cell size

of the foam produced with CO2 and water.

Three commercially available structural foams, Airex1

R82 (polyetherimide foam, PEI), Rohacell1 WF (polyme-

thacrylimide foam, PMI), and Divinycell1 H (poly(vinyl

chloride) foam, PVC), were used as a comparison for the

compressive properties of the PAES foams. The commer-

cial foams are referred to as their polymer abbreviation,

followed by a number denoting the foam density in kg/m3.

The PVC and PMI foams were chosen for the com-

parison because they both are used in structural applica-

tions. Both PMI (Tg ¼ 1408C) and PVC (Tg ¼ 818C)
have low Tgs compared to PAES, and thus the structural

properties of the foams significantly decrease at tempera-

ture greater than 1408C. The PEI110 (Tg ¼ 2258C) was

chosen because it has a similar Tg to the PAES. All of

the commercial foams have cell sizes between 300 and

600 lm, which are significantly greater than the PAES

foams [34, 36].

A comparison of the compressive properties to com-

mercially available structural foams with similar densities

is shown in Table 2 and Fig. 7. Because of slight varia-

tions among the densities of the foams, the relative com-

pressive strengths are used for the comparison. Both

PAES foams exhibit relative compressive strengths that

are comparable to or better than PEI110, PVC250, and

PVC300 [2, 34]. However, the relative compressive

strengths are much less than that of the PMI200 and

PMI300, despite having a smaller cell size. The PMI

foams have some of the highest strength to weight ratios

of any polymeric foam, but these foams have limited high

temperature applications [2]. The PAES foams have

greater relative compression moduli than PEI110. How-

ever, the relative compression moduli of the PAES foams

are significantly lower than PVC250 and PVC300.

The cell size does not affect the compressive properties

between the foams produced from different polymer

resins, but when comparing the two different PAES

foams, the smaller cell size leads to greater compressive

properties.

The impact strength of the PAES foams was deter-

mined by using a notched izod impact test. The results of

the test are shown in Table 2. The notched izod impact

results follow the same trend as the tensile and compres-

sive properties. The PAES produced from CO2 and water

has greater relative compression strength than the PAES

foam produced from nitrogen and water. Like the tensile

and compressive properties, this is attributed to a smaller

cell size and greater cell nucleation density. When com-

pared with unfoamed PAES, the relative impact strength

is lower for the PAES foams. Collias and Baird [24]

report that a 15.7 times increase in the notched impact

strength of polycarbonate foam compared to unfoamed

polycarbonate, which was attributed to the fracture going

from brittle in the unfoamed polycarbonate to ductile in

the polycarbonate foam. Because the unfoamed PAES al-

ready exhibited ductile fracture, it was not expected that

the PAES foams would have greater impact strength than

unfoamed PAES.

CONCLUSIONS

PAES foam was successfully produced by means of an

environmentally benign process. Both CO2 and water as

well as N2 and water were used as blowing agents to pro-

duce the PAES foam in a one-step batch foaming process.

PAES foam produced using the combination of N2 and

water had a foam density ranging between 350 and 490

kg/m3. This correlates to a density reduction of 62–72%.

The cell size and cell nucleation density of the foam were

156 lm and 7.03 3 105 cells/cm3, respectively. The

PAES foam produced using CO2 and water as the blow-

ing agents exhibited much better properties. The foam

density was 250 kg/m3, an 81% reduction in foam den-

sity, which is comparable to several commercially avail-

able structural foams. The cell size was 54 lm and the

cell nucleation density was 1.85 3 107 cells/cm3, which

are both improvements upon the PAES foam produced

from N2 and water.

The mechanical properties of the resulting PAES

foams were also determined. Although both foams exhib-

ited much lower reduced tensile and compressive proper-

ties than unfoamed PAES polymer, the PAES foamed

produced using CO2 and water as the blowing agents per-

formed relatively well. The tensile modulus was much

better than theoretically predicted from conventional

foam theory. The relative impact strength of the PAES

foams was less than unfoamed PAES, which was

expected because unfoamed PAES already fractured in a

ductile manner during impact. Also the compressive prop-

erties were similar to some polymeric structural foams,

which are used commercially. Because the mechanical

properties compare well with the commercial foams,

the PAES foam produced using CO2 and water as the

FIG. 7. Relative compressive strength (&) and foam density (n) of the

PAES foam produced by using CO2 and water and N2 and water as the

blowing agents. The compressive strength of commercially available

PEI, PMI, and PVC foams are shown for comparison [2, 34]. The sam-

ples were compressed at a rate of 2.5 mm/min.
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blowing agents exhibit a potential for use in future struc-

tural foam applications.
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