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Abstract

Biodegradable segmented poly(ester amide)s, based on dimethyl adipate, 1,4-butanediol and N,N 0-1,2-ethanediyl-bis[6-hydroxy-

hexanamide], with two distinct melting transitions were gas foamed using carbon dioxide (CO2). Polymer films were saturated with CO2 at

50 bar for 6 h after which the pressure was released. The samples were immersed in octane at the desired temperature after which foaming

started immediately. Just above the lower melt transition the polymers retain adequate mechanical properties and dimensional stability, while

the chain mobility increased sufficiently to nucleate and expand gas cells during the foaming process. In this way semi-crystalline poly(ester

amide)s can be gas foamed below the flow temperature.

Two poly(ester amide)s with 25 mol% (PEA2,5-25) and 50 mol% (PEA2,5-50) of bisamide segment content were foamed at 70 and

105 8C, respectively. The storage modulus (G 0) of both pure polymers at the onset foaming temperature is 50–60 MPa. Closed-cell foams

were obtained with a maximum porosity of w90%. The average pore size of PEA2,5-25 ranges from 77 to 99 mm. In contrast, the average

pore size of PEA2,5-50 is in between 2 and 4 mm and can be increased to 100 mm by lowering the CO2 saturation pressure to 20 bar. The

porosity of PEA2,5-50 foams using this saturation pressure decreased to 70%.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyurethane (PU), polystyrene (PS) and polyvinyl

chloride (PVC) are materials traditionally applied for the

manufacturing of polymer foams. PU foams are prepared by

in situ generation of carbon dioxide (CO2) while PS and

PVC foams are prepared using physical blowing agents like

nitrogen (N2) and CO2. The concept of foaming using

physical blowing agents is very promising because of the

lack of contaminating solvents. The use of CO2 has a

number of advantages including chemical inertness, non-

combustibility, natural occurrence, low cost, ready avail-

ability, environmental acceptability (no ozone depletion)

and low human toxicity. Foaming of polymers with a

physical blowing agent usually results in closed-cell foams,
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which are generally rigid and are most suitable for thermal

insulation and buoyancy.

All polymer foaming techniques using physical blowing

agents rely on the same principle: (1) Saturation of the

polymer with a gaseous penetrant (blowing agent) at high

pressure, (2) quenching of the polymer/gas mixture into a

super-saturated stage either by reduced pressure or

increased temperature, and (3) nucleation and growth of

gas cells dispersed throughout the polymer matrix. Upon

quenching of the polymer/gas mixture the solubility of the

gas in the polymer decreases, which results in clustering of

gas molecules in the form of nuclei. As the gas diffuses into

the forming cells, the free energy of the system is lowered.

The cell nucleation process is very important as it governs

the cell morphology of the material and to a large extent, the

properties of the material. This process can occur

homogeneously throughout the material or heterogeneously

at high-energy regions such as phase boundaries. In such

regions the free energy necessary to nucleate a stable void is

less compared to homogeneous nucleation, resulting in

preferential nucleation of voids at the interface. In semi-

crystalline polymers the crystalline domains may serve as
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www.elsevier.com/locate/polymer

http://www.elsevier.com/locate/polymer


P.A.M. Lips et al. / Polymer 46 (2005) 9396–9403 9397
heterogeneous nucleation points to generate gas bubbles [1–

7]. In general, cell growth is controlled by the time allowed

for the gas to diffuse into the cells before quenching, the

temperature of the system, the degree of supersaturation, the

rate of gas diffusion into the cells, the hydrostatic pressure

or stress applied to the polymer matrix, the interfacial

energy and the visco-elastic properties of the polymer/gas

mixture [3–5]. The stiffness of the polymer is typically

controlled by the foaming temperature and a reduction in

average cell size is observed at increasing stiffness [3]. The

work necessary to expand the gas cell must overcome the

additional stress resulting from the increased stiffness. By

increasing the saturation pressure the free energy barrier for

the formation of stable nuclei is decreased and additional

nucleation sites are formed due to matrix swelling, free

volume changes, and/or the formation of crystalline

interfaces. This results in an increased cell density and

consequently a decreased average cell diameter [3,4,6,8].

It is generally accepted that the sorption of gases by

semi-crystalline polymers occurs exclusively in the

amorphous regions [9]. The crystalline regions act as

impermeable barriers due to the tight packing of the

polymer chains. Many polymers do show a substantial

sorption (solubility) of gas, which leads to a dramatic

decrease in glass transition temperature (Tg) of these

materials (plasticization), even at modest pressures [10].

Sorption of CO2 can induce crystallization in polymers and

occurs when the rate of polymer chain-segment motions

makes crystallization kinetically feasible through the

realignment of the chains [3,11,12].

In recent years, micro-cellular foams using CO2 have

been prepared from amorphous as well as semi-crystalline

polymers [1–6,8,13–17]. A micro-cellular foam has closed-

cells with an average cell sizes smaller than 10 mm and can

be applied in food packaging, construction and as insulation

materials [18]. Micro cellular processing follows the same

foam formation mechanism as conventional prepared foams

using a physical blowing agent. Semi-crystalline polymers

like polypropylene (PP) [2,19,20], polyethylene terephthal-

ate (PET) [2–5], high-density polyethylene (HDPE) [2] and
Fig. 1.
polybutylene (PB) [2] have been processed into micro-

cellular foams below their melting temperature. Semi-

crystalline polymers exhibited considerably higher cell

densities than amorphous polymers, which are attributed to

a significant contribution of heterogeneous nucleation at the

amorphous/crystalline interfacial regions. Since the gas

does not dissolve in crystallites, the nucleation is non-

homogeneous which makes it difficult to control the cellular

structure of semi-crystalline foams. Polymers with a low

crystallinity afforded foams with an almost uniform

structure. When the crystallinity was increased, non-

uniform foams with irregular cell sizes were obtained. No

foaming was observed for highly crystalline polymers [2–5].

Foaming using physical blowing agents is thus a versatile

technique to prepare closed-cell polymer foams.

Amorphous as well as semi-crystalline polymers can be

processed at a range of temperatures close to Tg up to

temperatures just below the melting of the material.

Previous research showed that the incorporation of

symmetrical bisamide-diol monomers into the backbone

of biodegradable polyesters enhanced the thermal and

mechanical properties of these materials [21–33]. These

poly(ester amide)s have a micro-phase separated

structure with an amide-rich hard phase and an ester-

rich flexible soft phase. Depending on the amount of

hard segment incorporated these aliphatic poly(ester

amide)s have, besides a Tg below room temperature, a

lower melt transition in between 50 and 80 8C and a

higher melt transition which increased with increasing

hard segment content up to 140 8C [21,25,26]. These

materials are biodegradable, have thermal, physical and

mechanical properties that can be tuned and have

potential in foam applications. In this paper the

preparation of closed-cell poly(ester amide) foams well

below the highest melting temperature is described [6].

The porosity and pore size of the foams were

determined as a function of foaming temperature and

CO2 saturation pressure. The relation between the

thermal and mechanical properties and the foam

morphology of these materials will be discussed.
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2. Experimental section

2.1. Materials

n-Octane was obtained from Merck (Darmstadt,

Germany). All other solvents were obtained from Biosolve,

the Netherlands. Carbon dioxide was obtained from

Hoekloos (Schiedam, The Netherlands).

2.2. Polymers

2.2.1. Synthesis

A two-step polycondensation of dimethyl adipate, 1,4-

butanediol and N,N 0-1,2-ethanediyl-bis[6-hydroxy-hexana-

mide] was performed in the presence of tetrabutyl(orthoti-

tanoate) as a catalyst, as described previously [25]. The

molar ratio of hard (x) and soft (y) segments of the

poly(ester amide) (Fig. 1) can be varied by changing the

ratio of N,N 0-1,2-ethanediyl-bis[6-hydroxy-hexanamide]

and 1,4-butanediol. The polymers PEA2,5-25 and

PEA2,5-50 with a hard segment content x of 25 and

50 mol%, respectively, were used to prepare foams.

2.2.2. Methods

The intrinsic viscosity of polymer samples was

determined by a single point measurement with a capillary

Ubbelohde type 0C at 25 8C, using a polymer solution with a

concentration of 0.1 g dlK1 in chloroform–methanol (1:1

vol/vol).

Polymer films were prepared by compression moulding

using a hot press (THB 008, Fontijne Holland BV, The

Netherlands). Polymers were heated for 6–8 min at 20 8C

above their melting temperature, pressed for 3 min at

300 kN, and cooled in approximately 5 min under pressure

to room temperature.

Thermal analysis of the polymers was carried out using a

Perkin–Elmer DSC-7 differential scanning calorimeter

equipped with a PE7700 computer and TAS-7 software.

Calibration was performed with pure indium. Measurements

were performed on samples of dried polymer films after

compression moulding, after CO2 sorption (and subsequent

desorption) and after gas foaming. The samples (5–10 mg)

were heated from K20 to 180 8C at a rate of 20 8C minK1,

annealed for 5 min, cooled to K80 8C at a rate of 20 8C

minK1, and subsequently heated from K80 to 180 8C at a

rate of 20 8C minK1. Melting (Tm) and crystallization (Tc)

temperatures were obtained from the peak maxima, melt

(DHm) and crystallization enthalpy (DHc) were obtained

from the area under the curve and the glass transition

temperature (Tg) was taken at the inflection point. The data

presented are from the second heating step, unless stated

otherwise.

Differential mechanical analysis was performed with a

Myrenne ATM3 torsion pendulum at a frequency of

approximately 1 Hz. The storage modulus (G 0) and the

loss modulus (G 00) were measured as a function of
temperature. Samples (75!4!2 mm3) were first cooled

to K100 8C and then heated at a rate of 1 8C minK1. The

temperature at which the loss modulus reached a maximum

was taken as the Tg. The flow temperature (Tflow) was

defined as the temperature at which the storage modulus

reached 1 MPa.

The solubility of CO2 in polymer films (10!4!
0.4 mm3), at 25 8C, as a function of CO2 pressure (5–

50 bar) was determined using a Rubotherm magnetic

suspension balance operated by MessPro software. This

balance has an accuracy of 1 mg. The samples were first

exposed to a pressure lower than 1!10K4 bar, before

subjecting the sample to CO2 at the elevated pressure.

The measurement was completed after a sorption

plateau (constant value of the sample mass) was reached

(6–8 h). The data obtained were corrected for buoyancy

effects, because of the increased gas density at higher

pressures.
2.3. Foams
2.3.1. Preparation

Compression moulded films (20!20!0.5 mm3) of

PEA2,5-25 or PEA2,5-50 were placed in a pressure

vessel connected to a CO2 cylinder. The samples were

saturated for 6 h with CO2 at room temperature and

50 bar. Subsequently, the pressure was quickly released

and the polymer films were immersed into an octane

bath, maintained at a desired temperature (40–120 8C).

When visually no more gas escaped, the samples were

removed from the octane bath and dried. Typical

exposure times were w1 min.

PEA2,5-50 foams were also prepared using different CO2

saturation pressures (20–50 bar) applying the same pro-

cedure as mentioned above. Samples were subsequently

immersed in an octane bath at a temperature of 105 8C.

Experiments were carried out in duplo.
2.3.2. Methods

The porosity of the gas foamed samples was determined

by the flotation weight loss method, based on the

Archimedes principle (ASTM D-792). The mass of a

sample in air and in hexane was determined. With the

known density of hexane (0.6637 g mlK1) at 20 8C, the

density of the sample (polymer film or foam) can be

calculated according to the following equation:

rsample Z
m

mKmhexane

rhexane

� � (1)

in which m is the mass of the dry sample in air, mhexane the

mass of the sample immersed in hexane and rhexane the

density of hexane. The porosity p was calculated from Eq. (2):

p Z 1K
rfoam

runfoamed

� �
(2)
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Scanning electron microscopy (SEM) was carried out with

a LEO Gemini 1550 field emission microscope at a voltage of

2 kV. Freeze fractured samples of the porous structures were

sputter-coated with gold before analysis. The average pore

size and the pore size distribution were obtained by measuring

the size of at least 100 pores at the cross section of the fractured

foam sample.

Microcomputed tomography (m-CT) analysis was

carried out using a desktop Micro-CT 40, (Scanco

Medical, Bassersdorf, Switzerland) at a resolution of

6 mm in all three spatial dimensions to provide three-

dimensional reconstructions of the foam. For PEA2,5-25

foams (0.8!10!10 mm3), 180 slices were scanned

with 1024!1024 pixels per slice. For evaluation,

volumes of interest slightly smaller than the diameter

of the sample were chosen to exclude crushed

boundaries. The resulting gray-scale images were

improved by using a low-pass filter to remove noise,

and segmented with a fixed threshold to extract the

polymer phase. For the 3D evaluation of the structure of

the samples, ‘direct’ three-dimensional techniques with-

out model-assumptions for the appearance of the

structure were used. Pore voxels can be defined as

voxels corresponding to the void space and polymer

voxels as voxels corresponding to the polymer phase.

The porosity can be calculated from the number of

polymer voxels and the total number of voxels. To

determine the pore sizes, pores are completely filled

with modelled spheres of different diameters. The pore

diameter assigned to a pore voxel is then the diameter

of the largest sphere (still containing that pore voxel)

that fits inside the pore [34]. In the case of non-

spherical cubic pores, this method underestimates the

pore size assigned to pore voxels present in the corners

of these pores. Therefore, the algorithm was modified to

assign the diameter of the largest sphere fitting in the

pore to all pore voxels within that pore [35]. The

average pore size was calculated by averaging the

product of pore voxels with their assigned pore

diameters over the total amount of pore voxels,

according to Eq. (3):

Average pore size Z

P
iðpore voxeli !pore sizeiÞP

i pore voxeli

(3)
Table 1

Thermal and physical properties of PEA2,5-25 and PEA2,5-50 [25]

Polymer code [h]a (dl gK1) Tg
b (8C) Tm,1

c (8C) DHm,1
c (J gK1

PEA2,5-25 0.73 K45 48–73e 16

PEA2,5-50 0.63 K25 52–80e 7

a CHCl3/MeOH (1:1 vol/vol) at 25 8C.
b From DMA.
c From DSC, 2nd heating scan.
d Crystallinity according to amide I band in FTIR spectra.
e Melting range.
3. Results and discussion

3.1. Polymer characterization

The synthesis and properties of segmented poly(ester

amide)s (Fig. 1) with a hard segment content x of 25 mol%

(PEA2,5-25) and 50% (PEA2,5-50), used for the prep-

aration of foams is similar to a procedure that has previously

been described [21,22,25]. These aliphatic copolymers

show structural organisation through hydrogen bonding by

incorporation of symmetrical rigid amide segments. The

induced phase separation between the different chemical

blocks leads to polymers with a glass transition temperature

(Tg) below room temperature and a melting temperature

(Tm) dependent on the hard segment content. The thermal

and dynamic mechanical properties of these block copoly-

mers are summarized in Table 1.

3.2. Sorption

Sorption of CO2 in poly(ester amide) films was measured at

different CO2 pressures (Fig. 2). At all pressures PEA2,5-50

has a lower CO2 sorption compared to PEA2,5-25, which is in

line with the higher crystallinity of PEA2,5-50 (Table 1). For

PEA2,5-25 and PEA2,5-50 a linear relationship between the

applied CO2 pressure and CO2 sorption is found. CO2 sorption

may induce crystallization in the poly(ester amide)s due to

enhanced mobility of the polymer chains and reorganization

into a more favourable state [11]. DSC measurements revealed

no change in melting temperature and enthalpy after CO2

sorption and subsequent desorption of CO2.

3.3. Foams

3.3.1. Foaming at different temperatures

Polymer films of PEA2,5-25 and PEA2,5-50 were

saturated for 6 h with CO2 at room temperature and

50 bar. This pressure was applied in the foaming exper-

iments to give a maximal CO2 sorption. When the pressure

was released and the samples were immersed in an octane

bath, kept at the appropriate temperature, foaming started

immediately. The porosity (Fig. 3) and average pore size

(Table 2) of the foams were determined as a function of

foaming temperature (Tfoam).
) Tm,2
c (8C) DHm,2

c (J gK1) Tflow
b(8C) wc

d (%)

77–115e 14 87 12.5G2.5

136 26 130 27.5G2.5



Fig. 2.

Table 2

Porosity and average pore size of PEA2,5-25 and PEA2,5-50 foamed at

different temperatures (Tfoam)

Polymer code Tfoam (8C) Porosity (%) Average pore

size (mm)

PEA2,5-25 60 81.6G2.6 99G42

70 89.6G0.1 77G38

75 89.4G1.2 87G44

PEA2,5-50 105 87.1G0.8 2.4G1.6

110 87.2G0.7 3.8G2.5

120 89.4G0.6 4.3G3.0

Fig. 4.
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The porosity increases with increasing foaming tem-

perature (Fig. 3). A maximum porosity of w90% is obtained

for both PEA2,5-25 and PEA2,5-50, although at a different

Tfoam. The average pore size (Table 2) and pore size

distribution (Fig. 4) of PEA2,5-25 and PEA2,5-50 foams

were determined. Foams with a maximum porosity of

w90% and the smallest pore size distribution are obtained

at 70 8C for PEA2,5-25 and at 105 8C for PEA2,5-50,

respectively. The foams have closed cells and a thin dense

skin. The latter is caused by a reduced gas concentration

near the polymer surface due to gas desorption during the

heating step of the foaming process [6,13,36].

With micro computed tomography (m-CT) 3D images of

PEA2,5-25 foamed at 70 8C were generated. Porosity and
Fig. 3.
average pore size were calculated with an algorithm for

cubic like pores although the pores are ‘honeycomb’

shaped. The porosity and average pore size obtained are

87.1% and 89 mm, respectively. The porosity is comparable

to that measured by the flotation weight loss method

(89.6%), whereas the average pore size is higher compared

to that measured with SEM (77G38 mm). Because the

thickness of the cell walls is smaller than the resolution of

the m-CT scanner (6 mm), higher pore sizes are generally

determined. The pore size distribution was also determined

by m-CT and corresponds with that obtained from SEM

pictures (Fig. 5). As the pores of the PEA2,5-50 foams were

smaller than the resolution of the m-CT scanner (6 mm), no

data could be obtained.

The average pore size of PEA2,5-25 is significantly

larger than that of PEA2,5-50 foams at a porosity of w90%

(Table 2 and Fig. 6). The crystalline domains in the CO2

saturated polymers serve as heterogeneous nucleation

agents to generate gas cells. These crystalline domains are

in direct contact with the amorphous polymer matrix

saturated with CO2, providing a large interfacial area for
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cell nucleation. Combined with a high nucleation rate this

leads ultimately to a higher cell density [1–7]. When a

similar amount of gas is available, more cells will nucleate

in the polymer matrix with the highest crystallinity

(PEA2,5-50), leading to a reduction in average pore size.

Furthermore, PEA2,5-50 has a higher modulus compared to
Fig. 6.
PEA2,5-25 and thus will be more difficult to expand (during

cell growth) which also reduces the average pore size [3].

Thus even though the CO2 sorption for PEA2,5-50 is lower

than for PEA2,5-25 at the same CO2 pressure, the higher

crystalline PEA2,5-50 affords foams with smaller pore

sizes. The pore size of the foam can thus be tuned by the

hard to soft segment ratio of the polymer using similar

foaming conditions.

Foaming of the poly(ester amide), which is saturated

with CO2 above its Tg, did not start before the temperature

reached a critical value of 35 8C for PEA2,5-25 and 65 8C

for PEA2,5-50 (Fig. 3). The driving force, which is the gas

pressure gradient, below these temperatures is not high

enough to overcome the attractive forces and entanglements

of the polymer chains. The poly(ester amide)s show a lower

melt transition (Tm,1) and a higher melt transition (Tm,2)

(Table 1) [25]. It is believed that at the lower transition

crystals comprising single ester amide (EA) sequences melt

while at the higher transition crystals composed of 2 or more

EA sequences melt. Above the lower melt transition but

below the Tm,2 the polymers will retain adequate mechanical

properties and dimensional stability, while the chain

mobility has increased sufficiently to nucleate and expand

gas cells during the foaming process. These results show

that foaming of poly(ester amide)s comprising two distinct

melting temperatures can be carried out well below the flow

temperature. Uncontrollable cell growth, which is caused by

a dramatic decrease in viscosity upon melting of the

polymer is hereby prevented [19].

DMA measurements (Fig. 7) revealed a storage modulus

(G 0) at room temperature for PEA2,5-50 of 129 MPa, which

is twice as high as that for PEA2,5-25 (57 MPa). The DMA

curves also reveal a transition in the rubber plateau of both

poly(ester amide)s in a temperature range of 50–80 8C,

similar to the Tm,1 determined with DSC (Table 1). The

onset temperatures for foaming of PEA2,5-25 (35 8C) and

PEA2,5-50 (65 8C) are close to these transitions. In this

temperature range the storage modulus is 50–60 MPa for

both pure polymers and only when the G 0 is lower than this

value foaming can take place. Note that the plasticizing
Fig. 7.
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nature of CO2 results in a shift of the storage modulus curve

of the pure polymer along the temperature axis representing

a depression in Tg.

No foams were obtained when the gas-saturated PEA2,5-

25 and PEA2,5-50 were immersed in the heating bath with a

temperature of 90 and 120 8C, respectively. As this upper

foaming temperature (Tupper) is reached, deformation of the

polymer foams is observed which was confirmed with SEM.

Most likely, cells cannot grow to large sizes because CO2

diffuses to the exterior under the strong plasticizing

conditions caused by the onset of melting. The exact
Fig. 9.
value of Tupper will depend on the melt viscosity and

molecular weight of the polymer [6].

DSC measurements were performed on polymer films

before and after foaming (Fig. 8). The melt enthalpy of the

lower melt transition (Tm,1) of PEA2,5-50 has decreased

after foaming, whereas the melt enthalpy of the higher melt

transition (Tm,2) has increased. However, the total melt

enthalpy has not changed, indicating that the crystal

structure at the higher melting transition is more stable.

Similarly the Tm,1 of PEA2,5-25 has broadened after

foaming but the total melt enthalpy (DHm,1CDHm,2) has

not changed.
3.3.2. Foaming at different saturation pressures

One way to decrease the cell density and increase the

average cell diameter of the foams is to decrease the CO2

sorption by decreasing the saturation pressure [3,4,6,8].

Polymer samples of PEA2,5-50 were subjected to different

CO2 saturation pressures and subsequently foamed at

105 8C. With increasing CO2 concentration in the polymer

the concentration of nucleation points is increased. A higher

amount of gas cells will be initiated which results in smaller

pores (Fig. 9). Foams with an average pore size of

w100 mm were obtained when the saturation pressure was

20 bar and an average pore size of 6 mm was obtained when

the pressure was elevated to 50 bar (Table 3). Also the



Table 3

Porosity and average pore size as a function of CO2 saturation pressure of

gas foamed PEA2,5-50 at TfoamZ105 8C

Saturation pressure

(bar)

Porosity (%) Average pore size

(mm)

20 70.3G1.6 103G29

30 83.0G0.7 46G23

40 87.0G0.6 21G9

50 86.6G1.6 6G5
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porosity decreased slightly with decreasing saturation

pressure as at lower saturation pressures less CO2 dissolves

in the polymer. Changing the saturation pressure thus allows

tuning of the average pore size of these foams.
4. Conclusions

Segmented poly(ester amide)s, comprising two melt

transitions, have been gas foamed by saturation with CO2 at

elevated pressures and subsequent immersion in octane at

temperatures just above the lower melt transition. At these

temperatures the polymers have adequate mechanical

properties and dimensional stability, while the chain

mobility has increased sufficiently to nucleate and expand

gas cells. The storage modulus of both pure polymers at the

onset foaming temperature is 50–60 MPa. With increasing

saturation pressure, the CO2 sorption in the polymer is

increasing leading to a higher concentration of nucleation

points, which results in smaller pores. This study reveals

that closed cell foams with a maximum porosity of w90%

and various pore sizes (2.5–100 mm) can be prepared. The

pore size can be tuned by changing the saturation pressure or

the bisamide to ester ratio of the poly(ester amide).
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