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Liège, Belgium

J. Karger-Kocsis
University of Technology
and Economics
Budapest, Hungary

Byung K. Kim
Pusan National University
Pusan, South Korea

J. M. Lagaron
Packaging Lab., IATA-CS1C
Valencia, Spain

Jean L. Leblanc
Universit�e Pierre et Marie Curie
Paris, France

Alan J. Lesser
University of Massachusetts
Amherst, MA, USA

Yongfang Li
Chinese Academy of Sciences
Beijing, China

Michael Malkoch
KTH Royal Institute of Technology
Stockholm, Sweden

Robert Matheson
DuPont Automotive Products
Troy, MI, USA

Kenneth Mauritz
University of Southern Mississippi
Hattiesburg, MS, USA

Jimmy W. Mays
University of Tennessee
Knoxville, TN, USA

Michael A. R. Meier
Karlsruhe Institute of Technology
Karlsruhe, Germany

Han E. H. Meijer
Eindhoven University of Technology
Eindhoven, Netherlands

Goerg H. Michler
Martin Luther University
Halle Wittenberg
Halle, Germany

Philip Molyneux
Macrophile Associates
Nottingham, UK

Koon-Gee Neoh
National University of Singapore
Singapore, Singapore

Cheolmin Park
Yonsei University
Seoul, South Korea

Donald R. Paul
University of Texas
Austin, TX, USA

Nicholas A. Peppas
University of Texas at Austin
Austin, TX, USA

Robert E. Prud’homme
Princeton University
Princeton, NJ, USA

D. K. Setua
Defense Materials and Stores
Research & Development
Establishment
Kanpur, India

Arthur W. Snow
Naval Research Laboratory
Washington, DC, USA

Bluma G. Soares
Universidade Federal do
Rio de Janeiro
Rio de Janeiro, Brazil

S. C. Tjong
City University of Hong Kong
Kowloon, Hong Kong

Ricardo Vera-Graziano
Instituto de Investigaciones en
Materiales, UNAM
Mexico DF, Mexico

Christoph Weder
University of Freiburg
Freiburg, Germany

Robert A. Weiss
University of Connecticut
Storrs, CT, USA

Andrew K. Whittaker
University of Queensland
Brisbane, Australia

Paula Wood-Adams
Concordia University
Montreal, QC, Canada

Kenneth J. Wynne
Virginia Commonwealth University
Richmond, VA, USA

Liqun Zhang
Beijing University of Chemical
Technology
Beijing, China

J_ID: Z8Q Customer A_ID: Cadmus Art: Ed. Ref. No.: Date: 30-January-12 Stage: Page: 1

ID: thambikkanue I Black Lining: [ON] I Time: 14:29 I Path: N:/3b2/APP#/Vol00000/090005/APPFile/APP_EDBD_1

VOL 1 | NO 1 | 1 JANUARY 2013

Special Issue: Manufacturing of Advanced 
Biodegradable Polymeric Components

Guest Editors:  Prof. Roberto Pantani (University of Salerno) and 
			                              Prof. Lih-Sheng Turng (University of Wisconsin–Madison)

SPECIAL ISSUE: MANUFACTURING OF ADVANCED 
BIODEGRADABLE POLYMERIC COMPONENTS

http://onlinelibrary.wiley.com/doi/10.1002/app.42447/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42447/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42447/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42612/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42612/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42612/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42472/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42472/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42481/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42481/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.v132.48/issuetoc


Foaming behavior of bio-based blends based on thermoplastic gelatin
and poly(butylene succinate)
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ABSTRACT: Biodegradable thermoplastic gelatin/poly(butylene succinate) (TPG/PBS) foams were prepared by melt mixing and subse-

quent batch foaming with supercritical CO2. Shear viscosity and calorimetric properties of the various blends were investigated using

a rotational rheometer and a differential scanning calorimeter, respectively. TPG/PBS blends show poor miscibility at all blend ratios.

The addition of PBS reduced the melt viscosity and increased both the CO2 diffusivity and the thermal stability of TPG. Results from

foaming experiments show that the blend foams exhibit smaller cell size and higher cell density compared to the neat TPG foam due

to the lower melt viscosity and to their lower gas barrier. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42704.
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INTRODUCTION

The development of biobased polymer foams is of worldwide

interest due to their environmentally friendly nature and their

potential use in different technical applications.1–3 “Biobased

polymer” refers to polymeric materials obtained from renewable

resources that can be processed to obtain plastic-like products

with desired structural and functional properties. A wide variety

of biobased polymers are available in nature, including proteins

(wool, silk, casein, and zein), oils and fats, lignin, as well as

polymers derived from monomeric components obtained from

renewable resources.4,5 In this contest, gelatin, a protein derived

from the partial hydrolysis of collagen, has shown a good

potential as substitute of petroleum based plastics. Porcine and

bovine skins are the main sources of gelatin and widely utilized

in food manufacturing.6 Alternative sources, such as fish,

chicken and duck based poultry have also considered in the last

decades.7,8 Actually, more than half the animal byproducts are

not suitable for normal consumption. Additionally, traditional

markets for food derived from byproducts have gradually been

disappearing because of health concerns. It means that a valua-

ble source of potential revenue is lost, and the cost of disposing

of these products is rapidly increasing.9 In response to these

problems, food processors have directed their marketing and

research efforts towards maximizing its use in nonfood

applications.10

It has been shown that gelatin can be processed by conventional

dry mixing techniques, after being adequately plasticized, to

obtain the so called thermoplasticized gelatin (TPG).11 TPG is

characterized by interesting mechanical properties and excellent

barrier properties to oxygen. As a major drawback, it has a

strong sensitivity to moisture, which can heavily decrease its

barrier as well as its thermomechanical properties.11 Blending

with other biodegradable polymers may be a viable solution to

this issue. Examples reported in literature show that the

mechanical and water barrier properties of gelatin based films

have been improved by “in solution mixing” with high molecu-

lar weight carbohydrates such as starch and chitosan,12–14 other

proteins such as soy protein,15 synthetic polymers such as poly

(vinyl alcohol)16 oligosaccharides and some organic acids.17,18

The possibility of obtaining stable foams with a good cellular

morphology is another important drawback for the use of plas-

ticized gelatin in conventional applications. The low permeabil-

ity to gas, the low crystallinity and the usually high viscosity are

important faults to be mitigated.

PBS is a semicrystalline polymer with excellent biodegradability,

good processability, and mechanical properties similar to those

of polyethylene. The relatively high cost and some performance

shortcomings, such as low melt strength and high permeability

to gases have strongly limited its applications. Also in this case,

blending with other biodegradable polymers, such as PLA,19

natural fibers,20 starch,21 novatein protein,22 and soy protein15

have been proposed to enhance its properties. PBS was also

investigated with the aim to produce biodegradable foams.

These foams have recently awakened interests of scientists and

VC 2015 Wiley Periodicals, Inc.
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researchers because of its biocompatibility, low density, strong

energy absorption capability, as well as good sound and thermal

insulation.23

Zhang et al.24 studied the effect of the processing conditions on

the morphology of PBS foams. Authors used ammonium bicar-

bonate as foaming agent and found that a low density foam can

only be obtained by adding talc as nucleating agent. Since con-

ventional PBS grades do not show good foaming properties,

efforts have been made to improve the elongational viscosity of

the polymer to improve its foamability. Son et al.25 obtained

PBS foams using supercritical CO2 as blowing agent. Authors

used a reactive compounding technique to increase the molecu-

lar weight of PBS and its melt strength. Similarly, Lim et al.26

used two types of polyisocyanate as branching agents into PBS

matrix. Bahari et al.27 investigated the effects of radiation on

the crosslinking of PBS foams and on its biodegradation. Guan

et al.28 used dicumyl peroxide and trimethylolpropane trimetha-

crylate to prepare high viscosity PBS and were able to prepared

PBS foams by compression moulding.

An interesting strategy, less investigated, to improve the foam-

ability of biodegradable polymers such as PBS and TPG can be

represented by their blending to adjust the rheological proper-

ties, to enhance cell nucleation, and to tailor the diffusivity and

solubility of the blowing agent. To that purpose, in this paper

the development of foams based on TPG/PBS biobased blends

is reported. TPG/PBS blends with different compositions have

been prepared and characterized using thermal and rheological

analyses. Blends have been foamed by using CO2 as a blowing

agent. A correlation between foam morphology and processing

conditions has been proposed in light of the thermal and rheo-

logical properties of the starting blends.

MATERIALS AND METHODS

Materials

Gelatin from bovine skin type B (CAS 9000-70-8) and glycerol

(CAS 56-81-5), used as plasticizer for the preparation of TPG,

were purchased from Sigma-Aldrich. PBS Bionolle 1903 pro-

duced by Showa High Polymers was supplied by Toyo Plastics.

CO2, used as physical blowing agent for gas foaming experi-

ments was purchased from Air Liquide.

Samples Preparation

Various formulations of TPG/PBS were prepared using a two-

step procedure. The initial step aimed at the destructurization

and plasticization of the gelatin protein was carried out using

an internal mixer (Rheomix 600 Haake) controlled by a meas-

uring drive unit (Haake Rheocord). In particular, 50 g of gelatin

powder were mixed with 20 wt % of glycerol at 808C, 60 rpm

for 6 min. TPG was then extracted from the mixer and granu-

lated for further processing. Subsequently, TPG/PBS blends

were obtained with the same mixing equipment at 1208C,

80 rpm for 6 min. Different TPG/PBS compositions, ranging

from 80/20 to 20/80 wt/wt %, were prepared. A compression

molding press was used to prepare specimens for both shear

rheological measurements and foaming experiments. Polymer

slabs were molded at 1208C under a pressure of 30 bar in a hot

plate press (P300 Collin). Processing times were limited to 8–10

min in order to prevent any thermal degradation of polymers.

Samples Characterization

Thermal Analysis. The thermal characteristics of TPG, PBS,

and their blends were determined under a nitrogen atmosphere

using a differential scanning calorimeter (DSC Q1000) (TA

instrument). Few micrograms (approximately 5–7 mg) were cut

from the molded slabs and tested through a heating–cooling–

heating procedure, with a scan rate of 108C/min. Temperature

scan was performed from 250 to 1808C for all samples. Glass

transition temperature (Tg), melting temperature (Tm), and

crystallization temperature (Tc) were all determined from the

detected thermograms. In particular, Tg was determined as the

onset of the DSC signal from the baseline shift, Tm as the onset

of the endothermic melting peak, and Tc as the onset of the

exothermic peak.

Rheological Measurements. Rheological experiments were per-

formed using a stress controlled rotational rheometer (HAAKE

RheoScope MARS III) equipped with 20 mm parallel plates and

using a gap thickness of 0.15 mm. The tests were performed at

1208C under dry nitrogen atmosphere, and with a frequency

sweep from 0.05 to 100 Hz. A fixed strain of c 5 0.1% was cho-

sen for all samples in order to operate in the linear viscoelastic

region.

Foaming

Batch Foaming Experiments. Foaming experiments were car-

ried out by using a batch process by expanding disc-shaped

samples with 10 mm in diameter and 1 mm in thickness. In

each experiment, the samples were placed inside a high-pressure

vessel that was firstly evacuated for about 10 min. After that

step, the vessel was heated at the desired temperature (Ts) and

immediately filled with CO2 up to reach a constant pressure

(Ps) for various time intervals (ts). The vessel was then cooled

to the desired foaming temperature (Tf) and the pressure

quickly released to allow sample foaming. Finally, in order to

stabilize the cellular structure, the samples were immediately

removed from the vessel and allowed to cool at room condi-

tions. A sketch of the temperature/pressure history imposed to

the samples is reported in Figure 1.

Figure 1. Schematic representation of the temperature/pressure history

imposed to the samples in the foaming tests. Ts is the solubilization tem-

perature, Tf is the foaming temperature, Tamb is the room temperature,

tsol is the solubilization time, Ps is the solubilization pressure, Pamb is the

room pressure, Pvac is the vacuum pressure. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Among all the experiments carried out, the test conditions listed

in Table I were selected to elucidate the effect of temperature,

pressure and time on the development of the cellular morphol-

ogy during the foaming stage.

Foam Characterization. The analysis of the foamed specimens

included an investigation of the foam morphology with a spe-

cial emphasis on the relation between the mean cell size and the

blend composition.

Foam morphologies were characterized by scanning electron

microscopy (SEM) with a Quanta 200 FEG. Samples were frac-

tured in liquid nitrogen and cross sections were gold-sputtered

before being observed by SEM (operating at an accelerating

voltage of 20 kV and at various magnifications). The mean cell

size was evaluated by Image J software (from NIH). A mini-

mum of 100 pores for each sample were selected from the

micrographs and analyzed by assuming a spherical shape of

pores.

The porosity U of each sample was determined using eq. (1):

U5 12
qf

qb

� �
3100 (1)

where qf is the foam density and qb the bulk density. The

density of foams was measured with a hydrostatic balance

according to ASTM D792. Because TPG is soluble in water,

tetrahydrofuran was used as liquid media in measurements. The

reported foam porosity was obtained by averaging between the

results from three specimens for each composition and foaming

conditions. Highly consistent results with a standard deviation

of less than 4% were obtained.

RESULTS AND DISCUSSION

Thermal Behavior of the TPG/PBS Blends

Figure 2(A,B) show the first heating and the subsequent cooling

thermograms for all the analyzed samples, respectively. The

DSC heating curve of TPG shows an endothermic peak in the

range 120–1808C, which corresponds to helix-coil transitions in

gelatin, as reported by Vanin et al.29 for dehydrated gelatin–

glycerol systems. The cooling curve from the melt state does

not show any reorganization or crystallization peak, which indi-

cates that the sample retain its fully amorphous state. PBS

shows multimelting endotherms in the range 100–1208C. In

general, the melting behavior of PBS depends on several factors,

such as the thermomechanical history, molecular weight, and

sample conditioning.30 Yasuniwa et al.31 found that PBS, noni-

sothermally crystallized from the melt, shows three endothermic

peaks, which were attributed to the melting, recrystallization,

and remelting processes undergone during heating. Yoo et al.32

showed that the middle peak correspond to the melting of the

original lamellae formed during the previous crystallization

step, whereas the highest melting peak correspond to the melt-

ing of the structures formed during the heating step. The loca-

tion of melting peaks for the two blends is almost the same of

the pure PBS.

Table II provides a summary of the DSC results, reporting the

glass transition temperature, the melting temperature, and the

degree of crystallinity of the different samples. The crystalliza-

tion temperature of the PBS component in the blends shows an

evident increase, which indicates that gelatin have a nucleating

effect on PBS thus favoring solidification during the melt pro-

cess. However, the PBS in the blends showed a change in

Table I. Experimental Conditions used for the Preparation of Foams

Test number Ts (8C) Ps (bar) Tf (8C)

1 100 65 100

2 120 65 100

3 120 85 80

4 120 85 75

5 120 85 100

6 100 85 100

Figure 2. (A) Heating endotherms for TPG/PBS blends and (B) cooling extherms for TPG/PBS blends. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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enthalpy upon crystallization (DHc) almost proportional to the

PBS content (Table II). The degree of crystallinity of PBS

(Xc,PBS) in each blend was calculated using eq. 2:

Xc;PBS5
DHf

WPBS

� �
1

DH0
f ;PBS

(2)

where DHf is the heat of fusion (in J/g units) calculated by inte-

grating the area under the melting peak of each thermogram

(see Table II), WPBS is the mass fraction of PBS in the TPG/PBS

blend, and DH0
f is the heat of fusion for the PBS 100% crystal-

line taken as 110.3 J/g.33

The calculated results, plotted in Figure 3(A), show that the

PBS crystallinity remains fairly constant regardless of the

amount of TPG in the blends. Similar observation has also been

reported on poly (butylene succinate)/polylactide blends by Wu

et al.34 This provides cab be taken as an evidence for the very

limited miscibility of TPG and PBS.

In all of the enthalpic curves, only the Tg of TPG results clearly

identifiable. Probably, for the PBS, the small change in the spe-

cific heat capacity and the characteristic low Tg temperature

(below 2308C) makes difficult its detection. The Tg of TPG in

the blend as function of PBS content is depicted graphically in

Figure 3(B). As can be seen, the Tg was observed to be

depressed from 438C of the pure TPG to 34 and 278C with the

addition of 20 and 80% of PBS, respectively. The composition

dependence of the glass transition temperature in a polymeric

blend is often modeled using the Gordon Taylor (G–T)35 rela-

tionship [eq. (3)]:

Tg 5
W1 � Tg11k �W2 � Tg2

W11k �W2

(3)

where W1 and W2 are the weight fractions of two blend compo-

nents, and Tg1 and Tg2 are the respective glass transition tem-

peratures of the neat components. The parameter k is

represented by Da2/Da1, where Dai is the change between the

liquid and glassy thermal expansion coefficient at Tgi.

Usually, k is used as fitting parameter: a value close to unity

indicates good miscibility between blend components, whereas a

too high or low value for k indicates limited miscibility.35 The

comparison between the Tg of the TPG with the G–T model is

depicted graphically in Figure 3(B). It must be noted that for

neat PBS, the literature Tg value (2328C) was used. As showed

in Figure 3(B), a good agreement between the observed Tg and

the G–T model is obtained for K 5 0.1, indicating a very limited

miscibility of TPG and PBS components.

Rheological Characterization

To develop a good foam morphology, a polymeric material with

a suitable melt strength is needed. The melt strength represents

the resistance of the polymer melt to stretching and is related to

the molecular chain entanglements and its resistance to untan-

gling under strain. Polymers with low melt strength values are

not able to bear the stretching forces occurring on cell walls

Table II. Calorimetric Data for the Neat TPG, PBS, and Their Blends

TPG PBS

TPG/PBS (wt %/wt %) Tg (8C) Tg (8C) Tm (8C) Tc (8C) DHf (J/g) Xc (%) (PBS)

100/0 43 – – – –

80/20 34 – 111 88 12 56

20/80 27 – 111 86 52 58

0/100 – 232 113 84 68 61

Figure 3. (A) Degree of crystallinity of the PBS fraction for the various blends and (B) Tg of the TPG fraction as function of the PBS content. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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during the bubble expansion. On the contrary, high melt

strength can hinder the bubble growth. The experimental deter-

mination of the transient extensional viscosity of foam is

fraught with all of the problems characteristic of a two phase

system. Despite the large difference between them, it is quite

common to use the shear properties of polymer melts as a refer-

ence for its extensional rheological characteristics at high tem-

peratures.36,37 They are more simple to be carried out and

provide a complete picture of the polymer blend properties in

terms of morphology and compatibilization of the components.

In our case, rheological measurements were performed to evalu-

ate the complex viscosity of the TPG/PBS blends at the foaming

temperature (1208C). In particular, Figure 4 shows the changes

in the complex viscosity of samples as a function of the oscilla-

tion frequency, at a fixed strain of c 5 0.1%. For all samples,

the complex viscosity decreased with both increasing frequency

and increasing PBS content. TPG and TPG/PBS blends showed

a shear thinning behavior in the entire frequency range with log

(g*) versus log (f) curve decreasing with a constant slope. Con-

versely, PBS showed a transition from an end Newtonian pla-

teau. These phenomena suggest that TPG molecules in the

blends are able to form of an interconnected network structure.

In Figure 5(A,B), the changes in the storage modulus (G 0) and

the loss modulus (G 00) of samples are shown versus the oscilla-

tion frequency, at a fixed strain of c 5 0.1%. As expected, all

samples showed an increase of G 0 and G 00 with the frequency.

The values of G 0 increased with the TPG content, which

implied that the melt elasticity of the blends is enhanced by the

presence of TPG molecules. The G 00 curves of various samples

had similar trend with the G 0 curves. However, in particular for

the sample TPG/PBS (20/80), the increase of G 00 was lower than

that of G 0, indicating that the addition of TPG mainly increased

the elastic component of the viscoelasticity with respect to the

viscous one. This is another evidence of the improvement in the

relaxation properties (in particular the melt elasticity) induced

by the TPG addition to PBS.

A rough estimation of the melt strength can be obtained by

looking at the shift of the crossover point of the G 00 and G 0

curves. The crossover point, in fact, gives an indication of the

average molecular weight and breadth of the molecular weight

distribution of the sample. Long-chain branching or entangle-

ment, which is probably present in the TPG, increases the elas-

ticity of the melt and shifts the crossover point to lower

frequencies. The inverse of the crossover frequency (fcr), which

is equivalent to a characteristic relaxation time of the material,

is reported in Table III.

It is clear from the Table III that samples elasticity increases

with the TPG content. Longer relaxation times indicate higher

melt elasticity and, indirectly, high molecular entanglement. It is

also true that the enhancement of the elasticity can also be due

to the presence of a broader molecular weight distribution.

However, in our case, the increases in both elastic modulus and

viscosity are a clear confirmation of an extensive molecular

entanglement.

Figure 4. Complex viscosity at strain of c 5 0.1% as a function of the

angular frequency at 1208C. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5. (A) Storage modulus (G 0); (B) loss modulus (G 00) at strain of c 5 0.1% as a function of the frequency at 1208C. [Color figure can be viewed

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

Porosity. Batch-foaming provides a straightforward method to

evaluate the foamability of polymers. As a first indicator of the

foamability of a polymer, the foam porosity was evaluated on

neat polymers and blends for all the test conditions used. In

Figure 6(A–C), the effect of the sorption temperature (Ts), sorp-

tion pressure (Ps), and foaming temperature (Tf), respectively,

on the foam porosity are reported.

As shown in Figure 6, the foam porosity appears to depend on

both the blend composition and the foaming parameters. In

particular, in Figure 6(A) is evident that a solubilization tem-

perature higher than the melt temperature of the PBS favored

the expandability of the blends and led to an increase in foam

porosity. In contrast, only the TPG foams exhibited a lower

porosity at higher Ts. Figure 6(B) shows that an increase of the

solubilization pressure resulted in an increased porosity for all

samples. This is probably due to the higher solubilization of

CO2 induced by the higher pressure at constant temperature.

Finally, the decrease of the foaming temperature, keeping con-

stant the solubilization pressure and temperature, show a strong

porosity reduction for all the blends investigated [Figure 6(C)].

Foam Morphology and Cell Size. Samples of TPG/PBS blends

have been foamed below and above the melting temperature of

PBS to show how the blend composition and the foaming tem-

perature can affect the final cellular morphology. The SEM anal-

ysis confirmed that PBS and TPG polymers are practically

immiscible, since spherical domains as dispersed phase were

detected in all blends. The size of PBS domains in TPG/PBS

(80/20) composition was between 2.5 and 9 lm while the size

of TPG domains in TPG/PBS (20/80) sample was between 3.0

and 13 lm. After foaming, the dispersed phase was still evident

in all foamed blends.

The foam morphology was strongly influenced by both blend

morphology and sorption conditions. TPG has shown a well-

defined cellular structures, with cells between 15 and 40 lm in

size [Figure 7(A)]. Since at 1208C PBS was completely melted,

the absence of crystalline phase and the low viscosity (see Figure

4) allowed the nucleation and growth of cells and the develop-

ment of a microcellular morphology. As a result, PBS developed

a very good foam morphology, with a mean cell size of 13 lm

[Figure 7(D)]. The foamability of PBS was exploited to improve

the cellular morphology of the TPG based blend. In particular,

it is remarkable that albeit the viscosity of the TPG/PBS (80/20)

Table III. Elasticity Parameters of the Neat TPG, PBS, and Their Blends

TPG/PBS (wt %/wt %) 1/fcr (s)

100/0 1.70

80/20 0.50

20/80 0.02

0/100 0.01

Figure 6. Porosity (%) of the TPG/PBS blends as a function of (A) solubilization temperature (tests 5 and 6); (B) solubilization pressure (tests 2 and 5),

and (C) foaming temperature (tests 3, 4, and 5). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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blend was equal to that of TPG (see Figure 4), the presence of

PBS strongly improved the cellular morphology of the blend

with respect to TPG and allowed the development of a good

cellular morphology through the nucleation and growth of

small cells. The TPG/PBS (20/80) blend also showed a good

cellular structure but the mean cell size was slightly higher

(17 lm) than that of PBS foam.

The morphology of TPG/PBS (80/20) sample foamed at 1008C,

thus below the melting temperature of PBS, is pictured in

Figure 8. As evident the presence of PBS did not significantly

improve the cellular morphology with respect to TPG [Figure

6(A)]. This was attributed to the combined effect of the higher

elasticity of the matrix, the lower CO2 uptake and to the pres-

ence of a crystalline phase in the dispersed phase at 1008C with

respect to 1208C. In fact, as reported by Sato et al.38 who inves-

tigated the transport properties of carbon dioxide in PBS, below

the melting temperature of PBS the gas uptake was strongly

reduced by the presence of crystals. In particular, at 908C (a

condition very similar to that used in the present work) the gas

uptake at 6.7 MPa was equal to 4.7% and to 7.1% in the crys-

tallized and in the totally amorphous polymers, respectively

(uptake values extrapolated from data in Sato et al.31 by means

of linear regression). The large difference in the gas uptake can

have a significant effect in hindering the development of a cellu-

lar structure during foaming [Figure 7(D)]. A higher CO2 con-

tent, in fact, can increase the plasticization of the polymer,

reduce its viscosity and increase the thermodynamic instability

for bubble nucleation. Therefore, the contribution of PBS to the

foaming of TPG can be maximized by minimizing the presence

of crystals in the dispersed phase.

Figure 9 shows the melting behavior of samples foamed in the

test 5 conditions. As evident, all samples show a higher degree

of crystallinity with respect to the un-foamed materials. The

range for the degree of crystallinity of PBS is 55–60% depend-

ing on crystallization conditions, whereas samples processed

under CO2 showed values in the region of 70%. The increase in

crystallinity is due to the relative increment of the segmental

mobility of PBS macromolecules allowed by the CO2 plasticisa-

tion.39 The increased crystallinity can help to stabilize the cellu-

lar morphology but also hinder the development of a high

porosity.

Discussion

Polymer materials are used in a wide variety of low cost, throw-

away, applications such as disposable packaging of fast-food and

insulation material. The increased requests for renewable and

agro-based materials in industrial applications is forcing manu-

factures to develop new approaches and processes able to over-

come their intrinsic problems such as high cost, limited

availability, inferior performance and variable source/composi-

tions.40 In particular, the high cost and the poor processability

have suggested the possibility to use these materials for making

Figure 7. SEM micrographs of foams obtained in test 5: (A) TPG; (B)

(TPG/PBS) (80/20); (C) (TPG/PBS) (20/80); and (D) PBS.

Figure 8. SEM micrographs of TPG/PBS (80/20) foams: (A) test 6 and

(B) test 5.

Figure 9. DSC test of the samples after test 5 foaming experiment. [Color

figure can be viewed in the online issue, which is available at wileyonline

library.com.]
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biodegradable foams. Foam processing such as extrusion and

injection molding, in fact, offer unique advantages such as low

material usage, low shear deformation and reduced temperature

and pressure. As showed before, the addition of a commercial

PBS to the thermoplastic gelatin have a positive effect on its

foamability. Unlike more conventional leaching process, foaming

with physical blowing agent, offers several potential advantages:

namely, improved control over material structure and porosity,

and versatility in the resulting material properties. Potentially, it

is possible to obtain foams with specific properties such as

appropriate pore size, sufficient porosity and high interconnec-

tivity, adequate mechanical stability, and tuned biodegradation

rate. Salerno et al.11 have showed that thermoplastic gelatin can

be foamed in the temperature range between 50 and 1408C

obtaining closed pores morphology. In our case, the size and

the number of the pores could be controlled by changing the

process conditions or by changing the PBS concentration.

Foams with highly regular and interconnected pore structure,

possessing relative densities in the range of 0.8–0.5, densities as

low as 500 mg/cc were produced by using this approach.

Undoubtedly, their properties originating from their controlled

structure pave the way to a much broader range of applications,

and open a new dimension for renewable materials. However, a

further optimization of the micro-architecture of the porous

structure requires supplementary investigation of processing/

structure/property relationships with respect to the specific sys-

tem selected.

CONCLUSIONS

PBS was blended with TPG with the aim to improve the foam-

ing properties of these materials without affecting their biode-

gradability. Phase morphology and properties for binary blends

of TPG and PBS were hence studied. It was found from SEM

and thermal analysis, that TPG and PBS form a practically

immiscible blend. The thermal characterization also showed

that the crystallinity of PBS in the blends is almost comparable

with that of pure PBS, thus it is unaffected by the presence of

TPG. The rheological test results revealed that TPG/PBS blends

show a higher viscosity than pure PBS due to the prevalence of

the viscoelastic properties of TPG. This affected the foaming

behavior of the blends. The foaming behavior of neat polymers

and the their blends was investigated by means of the batch

foaming process and supercritical carbon dioxide was used as

physical blowing agent. The very poor miscibility of the poly-

mers was preserved in foams and it helped in governing the cel-

lular structure. Foamed blends showed smaller cell size and

higher cell density compared to neat TPG foams. This means

that small amounts of PBS can be employed to improve the

foamability of TPG. In any case, the foam morphology resulted

function of both blend composition and foam conditions. It

means that the desired porosity of the foams can be obtained

by a correct choosing of the processing conditions.
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