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18.1 INTRODUCTION

Advanced technology in petrochemical polymers has brought many benefits to
mankind. However, it is becoming increasingly obvious that the ecosystem is con-
siderably disturbed and damaged as a result of the use of nondegradable materials
for disposable items. The environmental impact of persistent plastic wastes is becom-
ing a global concern, and alternative disposal methods are not unlimited. Besides this,
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petroleum resources are finite and approaching depletion. It is becoming important to
find plastic substitutes based on sustainability, especially for short-term packaging
and disposable applications. Starch may offer a substitute for petroleum-based plas-
tics. Starch is a renewable and degradable carbohydrate and can be obtained from
various botanical sources (wheat, maize, potato, and others). Starch, by itself, has
severe limitations due to its water sensitivity (Rouilly and Rigal, 2002). Articles
made from starch swell and deform upon exposure to moisture. In recent decades,
several authors (Tomka, 1991; Swanson, 1993; Avérous, 2004) have shown the possi-
bility of transforming native starch into thermoplastic resinlike products under
destructuring and plasticizing conditions. Unfortunately, plasticized starch, also
called “thermoplastic starch,” is a very hydrophilic material with limited perform-
ance. One way to overcome these difficulties and to maintain its biodegradability con-
sists of associating plasticized starch with another biodegradable polymer (Avérous,
2004). Biodegradable polymers show a large range of properties and they can now
compete with nonbiodegradable thermoplastics in various fields (packaging, textiles,
biomedical, among others) (Van de Velde and Kiekens, 2002; Steinbuchel, 2003).
Avérous has proposed a tentative classification of these biodegradable polymers
in two main groups and four different families (Avérous, 2004). The main groups
are (i) agropolymers (polysaccharides, proteins, etc.) and (ii) biopolyesters (biode-
gradable polyesters) such as poly(ester amide) (PEA), poly(lactic acid) (PLA),
poly(1-caprolactone) (PCL), poly(hydroxyalkanoate) (PHA), and aromatic and
aliphatic copolyesters (Avérous, 2004).

Melt blending is one established method for associating different polymers.
Plasticized starch (PLS) has been blended with various biodegradable polyesters,
such as PCL (Huang et al., 1993; Bastioli et al., 1995; Koenig and Huang, 1995;
Narayan and Krishnan, 1995; Pranamuda et al., 1996; Amass et al., 1998;
Myllymäki et al., 1998; Vikman et al., 1999; Avérous et al., 2000b; Matzinos
et al., 2002; Schwach and Avérous, 2004), PLA (Martin and Avérous, 2001;
Schwach and Avérous, 2004; Huneault and Li, 2007), PHA (Huang et al., 1993;
Ramsay et al., 1993; Koenig and Huang, 1995; Verhoogt et al., 1995), poly(butylene
succinate-co-butylene adipate) (PBSA) (Ratto et al., 1999; Avérous and Fringant,
2001; Schwach and Avérous, 2004), poly(butylene adipate-co-butylene terephthalate)
(PBAT) (Avérous and Fringant, 2001), and PEA (Avérous et al., 2000b; Schwach and
Avérous, 2004). Blending PLS with these biopolyesters resulted in a significant
improvement of the properties of plasticized starch. However, although a “protective”
polyester skin layer was formed at the surface of some blends under certain
conditions, for instance during injection molding or extrusion (Belard et al., 2005),
the moisture sensitivity of PLS was not fully addressed. In an effort to develop
starch-based applications, coating the starchy material with hydrophobic (compared
to PLS) and biodegradable polyester layers would be preferred.

Multilayer coextrusion has been widely used in the past decades to combine the
properties of two or more polymers into a single multilayered structure (Schrenk
and Alfrey, 1978; Han, 1981). Some studies have reported the use of plasticized
starch and biopolyesters in coextrusion (Avérous et al., 1999; Wang et al., 2000;
Martin et al., 2001; Martin and Avérous, 2002; Schwach and Avérous, 2004).
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Other techniques may be used for the preparation of starch-based multilayers, such as
compression molding (Van Soest et al., 1996; Hulleman et al., 1998; Hulleman et al.,
1999; Martin et al., 2001; Schwach and Avérous, 2004). Coating is also mentioned
in the literature; coating has been achieved by spraying (Shogren and Lawton,
1998) or painting (Lawton, 1997) different dilute liquids such as biopolyester sol-
utions onto the starch-based material. Nevertheless, coextrusion appears to be the
best option since it offers the advantages of being a one-step, continuous, and versa-
tile process. Realistic development of moisture-resistant starch-based products is
attempted through multilayer coextrusion, allowing the preparation of sandwich-
type structures with PLS as the central layer and the hydrophobic component as
the surface outer layers.

However, there are some inherent problems with the multiphasic nature of the flow
during coextrusion operations, such as nonuniform layer distribution, encapsulation,
and interfacial instabilities, which are critical since they directly affect the quality and
functionality of the multilayer products. There has been extensive experimental and
theoretical investigation of these phenomena (Dooley, 2005). The layer encapsulation
phenomenon corresponds to the surrounding of the more viscous polymer by the less
viscous one (Lee and White, 1974). Experimental investigations on the shape of the
interface have been reported (Southern and Ballman, 1973; Khan and Han, 1976)
showing that viscosity differentials between respective layers dominate over elasticity
ratios. Conversely, White et al. (1972) reported the influence of normal stress differ-
ences on the shape of the interface. In more recent experimental studies, Dooley and
co-workers (Dooley and Stout, 1991; Dooley et al., 1998) investigated the layer
rearrangement during coextrusion, and the importance of the channel geometry.
They indicated that coextrusion of identical polymers (i.e., with matched viscosities)
can lead to layer rearrangement, due to the die geometry.

Yih and Hickox (Yih, 1967; Hickox, 1971) pioneered studies on interfacial
instabilities, suggesting that viscosity differences may cause instabilities of stratified
flow. Schrenk and co-workers (Schrenk and Alfrey, 1978; Schrenck et al., 1978)
investigated the factors responsible for the onset of instabilities, and suggested the
existence of a critical shear stress value beyond which interfacial instabilities are
likely to occur. Han and Shetty (1976, 1978) described in detail the factors respon-
sible for the occurrence of instabilities, such as critical shear stress at the interface,
viscosity and elasticity ratio, and layer thickness ratio. In addition, many authors
(Sornberger et al., 1986a,b; Karagiannis et al., 1988; Khomani, 1990a,b; Su and
Khomani, 1992a,b; Wilson and Khomani, 1992; Wilson Khomani, 1993; Gifford,
1997; Tzoganakis and Perdikoulias, 2000; Dooley, 2005) have modeled multilayer
flows by computer simulation, and attempted to elucidate the influence of viscoelas-
ticity, layer thickness, and die geometry on layer rearrangements and onset of instabil-
ities. Karagiannis et al. (1988) modeled encapsulation phenomenon, and Sornberger
and co-workers (Sornberger et al., 1986b) studied the interface position in two-layer
flat film coextrusion. In a later work, Gifford (1997) attempted to account for the
effects of viscoelasticity on the layer deformation. Most numerical investigations
only partly addressed the layer uniformity problem, due to the complexity of the stra-
tified flow systems. Khomani and co-workers (Khomani, 1990a; Su and Khomani,
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1992a,b; Wilson and Khomani, 1992; Wilson and Khomani, 1993) contributed sig-
nificantly to the understanding of the onset and propagation of interfacial instabilities
and of interface deformations, thanks to a specially designed optical interface moni-
toring system allowing visualization, after image reconstruction, of the multilayer
flow in the die. Khomani and Su (Khomani, 1990a; Su and Khomani, 1992a,b) exam-
ined the effects of elasticity and viscosity on the interfacial stability, according to the
die geometry and layer depth ratio. They determined the role of elasticity in the mech-
anism of instabilities. Wilson and Komani (1992, 1993) studied experimentally and
numerically the propagation of periodic flow disturbances, and determined the stable
and unstable flow conditions, with a good agreement with models. In a more recent
study, Tzoganakis and Perdikoulias (2000) studied experimentally the effects of
material properties and flow geometry on the appearance of interfacial instability.

Despite the number and diversity of studies on multilayer flows and stability, only
few articles (Avérous et al., 1999; Martin and Avérous, 2002; Wang et al., 2000;
Martin et al., 2001; Schwach and Avérous, 2004) have reported the use of plasticized
starch and polyester in coextrusion processes. Different stratified structures were pro-
cessed by coextrusion and studied with PCL (Wang et al., 2000; Martin et al., 2001;
Schwach and Avérous, 2004), PBSA (Wang et al., 2000; Martin et al., 2001;
Schwach and Avérous, 2004), PEA (Wang et al., 2000; Martin et al., 2001; Martin
and Avérous, 2002; Schwach and Avérous, 2004), PLA (Wang et al., 2000; Martin
et al., 2001; Schwach and Avérous, 2004), polybutylene adipate-co-butylene tereph-
thalate (PBAT) (Wang et al., 2000; Schwach and Avérous, 2004), or polyhydroxy-
butyrate-co-hydroxyvalerate (PHBV) (Avérous et al., 1999), a biopolyester which
belong to the PHA family.

18.2 MATERIALS AND PROCESS

18.2.1 Materials

Native wheat starch was purchased from Chamtor (France). The starch contains 74%
amylopectin and 26% amylose, with residual protein and lipid contents less than
0.2% and 0.7%, respectively. Glycerol of 99.5 % purity was used as a nonvolatile
plasticizer. Various types of PLS (PLS1, PLS2, and PLS3) were prepared, differing
in the glycerol:starch ratio and the water content. Table 18-1 shows the different PLS
formulations prepared (with starch, water, and glycerol contents before and after
extrusion) and some resulting properties. Both powdery and extruded products
were used in the study for the coextrusion process. Most PLS properties and mech-
anical behavior have been given in previous publications (Avérous, 2004).

The aliphatic poly(ester amide) (PEA) LP BAK 404 was kindly supplied by Bayer
AG (Germany). The poly(1-caprolactone) (PCL) CAPA 680 was purchased from
Solvay (Belgium). The poly(lactic acid) (PLA), 92% L-lactide and 8% meso-
lactide, was obtained from Cargill (USA). The poly(butylene succinate-co-butylene
adipate) (PBSA) Bionolle 3000 was obtained from Showa Highpolymer Co.
(Japan). Finally, PHBV (Biopol D600G, 12% HV) was kindly supplied by
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Monsanto (USA). For some coextrusion experiments, LDPE (Lacqtene 1070MG24,
Arkema, France) was used, as a model.

18.2.2 Processing and Procedures

Plasticized Starch Preparation The first step of the process consists of prepar-
ing plasticized wheat starch (PLS). Native wheat starch was introduced into a turbo-
mixer. Glycerol and water were then added slowly under stirring according to the for-
mulation (Table 18-2). After complete glycerol addition, the mixture was mixed at
high speed to obtain a homogeneous dispersion. The mixture was placed in a
vented oven at 1608C for 20 min and stirred to allow vaporization of water and diffu-
sion of glycerol into the starch granules, and finally this dry blend was placed again in
the oven for 20 min.

TABLE 18-1 Characteristics of Different Biopolyesters

PLA Cargill
Nature
Works

PHBV
Monsanto

Biopol D600G

PBSA
Showa
Bionolle
3000

PEA Bayer
BAK 1095

PCL
Solway

CAPA 680

MW (g/mol) 150,000a 430,000a 234,000b 37,000c 80,000a

Density 125 125 123 107 111
Melting point
(8C DSC)

158 144 114 112 65

Glass transition
(8C DSC)

58 21 245 229 261

Modulus (MPa) 2050 500 249 262 190
Elongation at
break (%)

9 20–30 .500 420 .500

Water permeabilityd

(g/m2/day) at 258C
172 21 330 with

7% HV
680 177

aData obtained from the provider.
bSource: He et al. (2000).
cSource: Krook et al. (2005).
dSource: Shogren (1997).

TABLE 18-2 Plasticized Starch Formulations

Formulation

Starch
Content
(wt%)

Glycerol
Contenta

(wt%) GC

Glycerol/
Starch

Ratioa G/S

Moisture
Contenta

(wt%) MC Density

Glass
Transition
(8C) Tg

PLS1 74 10 (11) 0.14 (0.14) 16 (8.5) 1.39 43
PLS2 70 18 (18) 0.26 (0.25) 12 (8.7) 1.37 8
PLS3 65 35 (30) 0.54 (0.50) 0 (12.6) 1.34 –20

aCompositions are given in wt% total wet basis, and values in parentheses are the glycerol or moisture
contents, or glycerol/starch ratio after extrusion at 1058C and equilibration at 238C, 50% RH.
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For coextrusion process, starch can be introduced as a powder (dry blend) or as
granules. In the latter case, the dry blend is extruded, granulated after air-cooling,
and then equilibrated at a given relative humidity and temperature.

Coextrusion Procedure Figure 18-1 presents a schematic view and photograph
of the experimental set-up for the coextrusion, which consists of two single-screw
extruders, a feedblock attached to a wide, flat die, and a three-roll calendering
system. The PLS extrusion step was based on a single-screw extruder (SCAMIA S
2032, France), equipped with a conical-shaped element to provide high shearing
with a 20 mm screw diameter and an L/D ratio of 11. A 30 mm diameter, 26 : 1
L/D single screw extruder was used for the cap layer. Figure 18-2 presents a

Fig. 18-1 (a) Schematic illustration of the coextrusion system; (b) photograph of the exper-
imental set-up without the three-roll calendaring system on the right side; the mono-extruder
is for biopolyester feed.
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schematic view of a flat coathanger die with the feedblock attachment. The die is
constituted by a rectangular entry channel (L �W � h ¼ 50 mm � 30 mm �
4 mm), a coathanger of decreasing cross-section, a die land area of adjustable
height, a relaxation area of decreasing thickness (from 4.5 to 1 mm), and finally
the die lips (L ¼ 350 mm). Figure 18-3 shows a schematic of the feedblock, allowing

Fig. 18-2 Schematic view of the feedblock and flat coathanger die. The feedblock consists of
three different modules: (i) the manifold module, (ii) the feed-port module, and (iii) the tran-
sition module.

Fig. 18-3 Front view (a) and transverse cross-section (b) of the middle block of the feed-
block. The rectangular flow channel of the feedblock is W � L � h ¼ 30 mm � 120 mm �
4 mm and the side stream inlet tube diameter is 8 mm.
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the polymer melt from each extruder to be combined into a stratified three-layer melt
stream. The feedblock was designed to receive two feed streams, and the slit section
has the dimensions length 120 mm, width 30 mm, and thickness 4 mm. As may be
seen from Fig. 18-2, the three blocks are put together to form the feedblock. The
melt stream forming the outer layers (from the polyester extruder) is split in half
along two flow paths (Fig. 18-3a) and then merges with the main stream (inner
layer, from the PLS extruder) in the slit section, 30 mm before the flat die entry.
From the die inlet, the multilayer melt streams may flow through the die inlet and
spread uniformly across the entire width of the die. The spreading of the three-
layer flow across the die is due to the coathanger geometry, that is, restriction of
the channel section along the flow direction. The die land area (Fig. 18-2), whose
section is determined by a restriction bar, is adjustable in height by changing the
thickness of the movable restriction bar. The die land channel height could be
varied from 1.5 mm to 4 mm. Consequently, the flow path profile along the axial
direction can be modulated from distorted to relatively smooth.

In routine experiments, the coextrusion line was run for at least 30 min to ensure
steady-state operation. Initially, the flow rates of all polymers used were measured
independently for each extruder, at the corresponding screw speeds, so that the
A : B flow ratio could be controlled. In all experiments, the outer layer was always
the minor component. After exiting the die, the coextruded film was cooled with
the chill roll, and collected to analyze the wavy instabilities (magnitude and period-
icity). A cooling air jet was applied to the film exiting the die in some cases,
especially when the higher moisture content PLS was used, to prevent material
expansion by water vaporization at the exit.

The flow rates of the polymers usedweremeasured independently for each extruder,
at the corresponding screw speeds, so that the PLS/polyester flow ratio could be con-
trolled. In all experiments, the outer layers constituted the minor component, for cost
efficiency reasons. PLS was processed within a temperature range of 100–1308C, and
the outer layer polyesters were processed at 1108C, 1208C, 1408C, 1608C, and 1808C
for PCL, PBSA, PEA, PLA, and PHBV, respectively. Because melt temperature differ-
entials between respective layers should not be too great (Mitsoulis, 1988), the PLA
had to be plasticized to lower its processing temperature. The effect of various
plasticizers on the thermal properties of PLA has been reported previously (Martin
and Avérous, 2001). In addition, a low-melting-temperature PHBV grade was
used with Biopol D600G, which has a high HV content. Once the steady-state
conditions were reached, the multilayer films were collected and set apart for
further analyses.

18.3 CHARACTERIZATION

18.3.1 Peel Test

Peel tests were carried out on a Thwing-Albert peel tester (model 225-100) at a rate of
50 mm/min. The test specimens were conditioned at 238C and 50% RH, and cut from
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the multilayer films into 100 mm � 20 mm strips prior testing. The outer polyester
layer was delaminated manually and gripped onto the load cell, while the film
was secured on a sliding plate, so that a constant 908 angle between the polyester
layer and PLS was maintained during the test. Load data collection started after
3 seconds of pre-peel. A mean value was determined from each test, and each
sample was tested 5 times.

Fig. 18-4 (a) Schematic illustration of the in-line SDV rheometer; (b) photograph of the SDV
system.

18.3 CHARACTERIZATION 445



18.3.2 Surface Tension

A Krüss G23 goniometer (Germany) was used to measure the contact angle and to
capture the kinetics of sorption (slope of the curve contact angle as a function of
time) in relation to the material’s hydrophobic character.

18.3.3 Optical Microscopy

A Leica transmission optical microscope was used to capture the shape of the inter-
face between the respective layers of coextruded structures. Each film was either
freeze-fractured, or cut with a diamond-like precision saw. The PLS phase was
tinted with iodine vapor to better differentiate layers.

18.3.4 Melt Rheology

The viscosity of all products used in coextrusion experiments was measured using a
specially designed slit die viscometer (SDV) as illustrated in Fig. 18-4. The use of
this system was fully described in a previous publication (Martin et al., 2003).
Shear rates in the range of 1–1000 s21 were obtained. PLS materials were tested
in both powdery and pellet forms. To analyze the behavior of the multilayer materials,
the SDV was associated with the feedblock, at the exit.

18.4 RESULTS AND DISCUSSION

18.4.1 Effect of Process Parameters: Melt-State Behavior

This part is more particularly focused on the analysis of the coextrusion of poly(ester
amide) and plasticized starch. Because of the complexity of multilayer flows, atten-
tion will be paid to the rheological behavior of each component, the effects of oper-
ating conditions and viscosity ratios on the layer uniformity, and the mechanisms
giving rise to instabilities at the interface.

Rheological Behavior of Neat Components Table 18-3 presents the phys-
ical characteristics and rheological parameters of the different materials used in

TABLE 18-3 Rheological Parameters

Material E/R (K) Ko Consistencya (Pa s)m

PEA 3360 9,920
LDPE 1960 9,000
PLS1 4500 19,300
PLS2 5860 12,600
PLS3 5860 10,350

am ¼ pseudoplasticity index.
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this section. The viscosities were measured using the specially designed slit die visc-
ometer at the exit of the extruder (see Fig. 18-4). The rheological properties of PEA
and PLS3 products are presented in Fig. 18-5. The viscosity values of all PLS pro-
ducts (both powder and pellet types), determined using the SDV, are fully presented
in a previous article (Martin et al., 2003). Depending on the temperature range, melt
PEA viscosities lay around that of molten PLS. Melt viscosity ratios between PLS and
PEA ranging from 1 to 5 could thus be obtained, by control of the process tempera-
tures of the respective polymers. It should be noted that PEA melt temperature below
1508C could not be obtained; otherwise, some fluctuations of the extruder torque
occur. Unsteady torque at given screw speed is known to cause flow disturbances
due to pressure variations and to promote interfacial instabilities (Khomani, 1990a;
Su and Khomani, 1992a,b; Wilson and Khomani, 1992) (see Fig. 18-6).

Interface Deformation and Encapsulation Experiments were carried out
without any die to check whether the three layers were evenly distributed and were
uniform in thickness at the feedblock exit. Extrusion grade LDPE was used in both
extruders to perform these trials. To distinguish the interface between respective
layers, the central layer and the cap layers were pigmented in black and white, respect-
ively. Uniform layer distribution and flat interfaces are obtained when the LDPE
streams have similar temperatures. However, when a melt differential as low as
208C was imposed, the outer layers started to surround the central layer, along the
30 mm flow length (from the merging point to the feedblock exit). This configuration,
consisting of a higher melt temperature and lower viscosity polymer as the cap layers,
was chosen to closely reflect the conditions of PLS/polyester coextrusion. In effect,
the temperature processing range of PLS is limited and starch melt viscosity is gen-
erally higher than that of PEA. The layer rearrangement observed, where the less
viscous outer layers start to surround the other layer, is called “encapsulation.” The
encapsulation of the more viscous layer by the less viscous one is a well-known
phenomenon, and has been extensively dealt with in the literature (Dooley, 2005).
Other authors (Southern and Ballman, 1973; Lee and White, 1974) have shown
that when the viscosity ratio increases, the degree of encapsulation increases accord-
ingly. The interface shape change is explained by viscous encapsulation, in which
layers rearrange themselves to minimize the total energy. The encapsulation effects
may be decreased by reducing the viscosity difference between the layers.

However, the viscosity difference is not the only factor inducing encapsulation.
The shape and length of the flow channel also have a nonnegligible influence.
When the above three-layer systsem was passed through the feedblock associated
with the SDV, some degree of encapsulation was found at the exit of the SDV
with a viscosity ratio close to unity. The cap layers in contact with the die wall are
exposed to higher shear stresses and greater heat dissipation than the central layer,
resulting in a progressive viscosity evolution. A specific geometric design of the
flow channel should compensate for these effects (Dooley, 2005).

When PLS and PEA were coextruded together, the PEA cap layers almost encap-
sulated the central layer, whatever the flow conditions. The cap component com-
monly encapsulated the central layer at the side wall of the die. The degree of
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encapsulation, referred to the percentage area surrounded by the outer layers, ranged
from partial (0–50%) to total (100%) in the film-forming die. Decreasing the cap
layer flow rate usually resulted in a decrease of the extent of encapsulation on the
edges of film, from 10–15 mm down to 2–4 mm. But the occurrence of encapsula-
tion was not thought to be very critical in this case since it commonly affects the
edges of the coextruded structures only, which are usually discarded.

Fig. 18-5 Rheological properties of (a) PLS3 and (b) PEA at various temperatures. Source:
Martin and Avérous (2002).
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Fig. 18-6 (a) Velocity profile of a three-layer B/A/B through parallel plates; (b) schematic of
a multilayer film exhibiting wavy instabilities at the interfaces; (c) photograph of a coextruded
and delaminated film exhibiting wavelike instabilities.
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Interfacial Instability Unlike encapsulation effects, the occurrence of interfacial
instabilities is very critical because it directly affects the quality and functionality of
the coextruded films (Dooley, 2005). Figure 18-6a is an illustration of the velocity
profile of a three-layer flow through a slit die of gap y ¼ h. Owing to the symmetry,
only one half of the channel height is considered. Under stable flow conditions, the
interfaces of the final multilayer film may be flat and smooth. Conversely, interfacial
instabilities manifest themselves as wavelike distortions of the interface between two
polymers across the width of the film, as shown by the schematic (Fig. 18-6b) and the
photograph (Fig. 18-6c).

In the system studied, consisting of shear-thinning polymers in simple shear flow,
several mechanisms can give rise to interfacial instabilities. According to our exper-
imental results, interfacial instability set in within the die. The variables known to
play a important role in the occurrence of instabilities are the skin-layer viscosity,
the layer thickness ratio, the total extrusion rate, and the die gap. Moreover, interfacial
instabilities are known to result when a certain shear stress value at the interface of
two polymers is exceeded. The onset of interfacial instabilities can thus be character-
ized by the critical interfacial shear stress (CISS). The interfacial shear stress tint can
be calculated from the known coextrusion conditions and the flow characteristics
by equation (18.1) where tw is the shear stress at the die wall (at y ¼ h/2), yint is
the position of the interface, and h is the slit thickness.

tint ¼ tw � yint
(h=2)

(18:1)

The shear stress at the wall is determined by equation (18.2) where (2dp/dz) is the
axial pressure gradient measured by the wall normal stress measurement.

tw ¼ (dp=dz)
(h=2)

(18:2)

According to equation (18.1), determining the interface position for a given flow ratio
allows one to determine the shear stress at the die wall. To measure the interface pos-
itions inside the die, the solidified sprues obtained from different experiments were
cut into slices along the flow direction, as presented in Fig. 18-7. In the absence of
a direct visualization inside the flow channel, the cross-sections of the sprue allow
us to determine the repartition of the layers in the distribution channel, the flow
restriction zone, the relaxation zone, and the die lips, respectively. The exact interface
position was measured with a binocular. The influence of main variables were inves-
tigated, while keeping other conditions constant, and flow conditions from stable to
unstable were obtained. At the point of incipient instabilities, the CISS can be calcu-
lated thanks to the known flow conditions and equations (18.1) and (18.2).

Effect of Viscosity Ratio and Layer Thickness Ratio PLS (dry-blend) and
PEAwere coextruded together through the feedblock and wide, flat film die. The con-
ditions for the coextrusion of the PEA/PLS3/PEA three-layer system are reported in
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Table 18-4. Note that only the total flow rate was measured, and that the individual
flow rates were derived from the total flow rate and those determined from corre-
sponding extruder speeds. The total flow rate was maintained in the same range in
all experiments, to study the effects of viscosity and thickness ratio only. The flat
die temperature was set close to the higher melt temperature layer, so that the

Fig. 18-7 Half-die solidified sprue with incipient instabilities.

TABLE 18-4 Experimental Coextrusion Conditions of “PEA/PLS3/PEA”
3-Layer Systema

Test
No.

PLS3–Melt
Temperature
TPLS (8C)

PEA–Melt
Temperature
TPEA (8C)

Flow-
Rate

QT (g/
min)

Thickness
Ratio hPEA/

hPLS

Interfacial
Shear Stress
t (kPa)

Level of
Stability

1 110 150 880 0.24 65 Unstable
2 110 150 864 0.38 52 Small

instabilities
3 110 150 982 0.58 51 Stable
4 110 150 904 0.79 42 Stable
5 130 150 819 0.26 86 Unstable
6 130 150 870 0.36 90 Unstable
7 130 150 915 0.64 48 Small

instabilities
8 130 150 959 0.84 56 Unstable
9 150 150 873 0.27 73 Unstable
10 150 150 902 0.35 64 Unstable
11 150 150 944 0.55 55 Stable
12 150 150 928 0.81 68 Unstable

aSource: Martin and Avérous (2002).
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combined stream did not solidify at the die wall. The interface positions across the
entire width of the film at the die exit corresponding to experiments are observed.
It may be shown that the interface is not flat, due to some irregular layer distribution.
The encapsulation that begins in the feedblock was enhanced by the flow through the
die since about 10–15 mm of each edge of film was encapsulated by the cap layers.
The coextrusion of the PLS/PEA three-layer system through the wide film die mostly
led to unstable flow conditions, even when the viscosity of the respective layers was
matched (experiments 5 to 8), and whatever the layer thickness ratio. Note that these
trials were carried out with the narrow die gap geometry, that is, a channel height in
the die land area as low as 1.5 mm.

Because changing variables like the viscosity of products and the layer thickness
ratio did not yield satisfactory results, the combined streams were tested under similar
conditions through the SDV instrumented flow channel. We assumed that the
locations of interfaces inside the SDV die were equivalent to those at the wide, flat
die entry channel, measured from the solidified sprue. As stated previously, the
pressure gradient and interface positions allow us to calculate the wall shear stress
and the interfacial shear stress. Figure 18-8 shows a plot of the shear stress as a

Fig. 18-8 Plot of the wall shear stress versus the layer thickness ratio of “PEA/PLS/PEA”
coextruded films: W, *, hB/hA ¼ 1; 4, O hB/hA ¼ 4; S, V hB/hA ¼ 0.3. Filled shapes
denote unstable flow regions, whereas white ones represent stable flow conditions. Source:
Martin and Avérous (2002).
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function of the layer thickness ratio. Despite the scattering of data points, there seems
to be a physical limit between stable and unstable regions. In addition, Fig. 18-8
shows that some extent of flow stability may be obtained when the low-viscosity
component is the cap layer, with layer ratio between 0.5 and 1 and at moderate
wall shear stress. Conversely, low layer thickness ratios or high shear stresses
almost exclusively induced instabilities, whatever the viscosity ratio. From these
results and the known interface position inside the die, the interfacial shear stress
was calculated (Table 18-4). It is clear that higher shear stresses at the interface,
due to higher flow rates or lower cap layer thickness, are responsible for the onset
of instabilities in the multilayer flow. There seems to be a critical interfacial shear
stress (CISS) value above which interfacial instabilities set in, depending on the
layer thickness ratio. However, previous studies (Han and Shetty, 1978;
Karagiannis et al., 1988; Mavradis and Schroff, 1994) on three-layer films demon-
strated that the CISS, for a given polymer system, is independent on the process par-
ameters varied, including layer thickness ratio. For our three-layer system, no such
trend of CISS exist, since values at incipient instabilities ranged from 52 to 64 kPa,
and because instability-free flows were observed beyond 55 kPa. These results are
in apparent contradiction with published ones, probably due to the complexity of
the system studied and specificity of the rheological behavior of PLS. It may be con-
cluded from this section that low layer thickness ratio and viscosity differences with
the cap layer as the more viscous component promote the onset of instabilities.

Effect of the Extrusion Rate and Die Geometry The extrusion rate refers to
the magnitude of the total volumetric flow rate measured at the exit of the die.
Enhancing extrusion rates result in increasing pressure gradients, and thus increasing
shear stress at the die wall. As shown by Han and Shetty (1978) in coextrusion of
films, the shear stress is continuous across the interface. Therefore, higher interfacial
shear stresses may be reached at high extrusion rates. Moreover, the height of the slit
section of the die land may be varied between 1.5 and 4 mm. A change in the slit
section height, before the relaxation zone, is expected to cause a diminution of the
global pressure drop across the die, thus reducing the shear stress level.

Experiments were aimed at reducing the shear rate in the die. The flow rates of
individual melt streams were accordingly varied to increase the extrusion rate
across the flat film die of decreasing slit height. The resulting flow rate QT was
measured at the die exit and the global pressure drop was recorded. The correspond-
ing data are shown in Table 18-5. The most remarkable result is that no flow stability
can be obtained with the narrow die gap geometry (G1 with h ¼ 1.5 mm), whereas
some instability-free three-layer films were obtained through the larger die land slit
section, principally with the G3 geometry. Increasing the die temperature to 1708C
did not seem to help. In fact, increasing the die land slit section induces significant
decrease in the shear stress at the wall and at the interface. For instance, in condition
5, the shear stress ranged from 105 to 8 � 103 between the G1 and the G3 geometries.
However, poor layer distribution resulted from the increase of the slit height. The
elimination of interfacial instabilities was achieved at the expense of the uniformity
of the product. The magnitude of shear stress change through modulation of the
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geometry and extrusion rate is significant. Increasing extrusion rates and reducing the
flow section both favor the onset of instabilities. These results are in good agreement
with previously published ones. One may conclude that the film coextrusion of poly-
mers is a compromise between many factors, and that the influence of each parameter
needs to be fully ascertained.

Control of the Instability Amplitude with the Shear Rate Ranjbaran and
Khomani (1996) showed that a controlled amount of instability can significantly
increase interfacial strength of multilayers, thanks to mechanical interlocking.
Wang et al. (2000) also described the possible advantages of instabilities in terms
of interfacial bonding increase.

We saw that the occurrence of interfacial instabilities is closely related to the shear
stress at the interface. As a result, there may be several ways to increase the instabil-
ities in coextruded film, such as increasing the extrusion rates, lowering the outer layer
thickness, or reducing the gap in the die land area. Figure 18-9a shows that the ampli-
tude of wave-instabilities is closely dependent on the shear rate. Figure 18-9b shows a
micrograph of the cross-sections of PLS-PEA sprues, giving evidence of the pen-
etration of the PEA layer into the PLS phase. In the micrograph, the dark phase is
the PLS (tinted with iodine vapor) and the lighter outer phase is the PEA. The ampli-
tude gradually increased from 10 to 170 mm as the shear rate increased. However, that
clear trend was not observed for all coextrusion experiments, in particular when the
mechanism giving rise to instabilities was not controlled, such as elasticity difference
between layers, die exit phenomenon, or velocity profile difference. Finally, it should
be added that the extent and, to a certain degree, the amplitude of interfacial instabil-
ities could be readily controlled, and that the main conditions likely to generate
instabilities are known. Under control, these instabilities can generate mechanical
interlocking and so increase the interfacial adhesion strength on the coextruded
material (Schwach and Avérous, 2004).

TABLE 18-5 Effect of Extrusion Rate and Die Geometry on the Stability of
Coextrusion Flows, Die Temperature TDie 515088888Ca

Test No.
Total Flow Rate
QT (g/min)

Global Pressure Drop
(MPa)b Flow Stabilityc

G1 G2 G3 1 2 3

1 48 4.6 3.1 2.5 s s s, bld
2 56 5.1 3.9 3.1 u s s, bld
3 65 5.8 5.2 4.0 u s, bld s, bld
4 78 6.8 5.8 4.5 u s, bld u, bld
5 91 7.8 6.4 4.9 u u, bld u, bld
6 112 8.6 7.1 5.5 u u, bld u, bld

aSource: Martin and Avérous (2002).
bSubscripts 1, 2, and 3 designate the height of the slit section in die land area of 1.5, 2.5 and 3.5 mm,
respectively.
cs designates a stable flow; u designates an unstable flow; and bld means “bad layer distribution.”
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18.4.2 Coextrusion Analysis of the Solid-State Behavior

This section is more particularly focused on the analysis of the coextruded materials
after cooling. The behavior of several polyesters has been tested in association with
different PLS formulations.

Fig. 18-9 (a) Mean wave amplitude as a function of shear stress; (b) illustration of the mech-
anical interlocking and wave amplitude for PEA/PLS2/PEA films. Source: Martin and
Avérous (2002).
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Adhesion Strength Between PLS and Biopolyester Layers Figure 18-10
shows peel strength results of coextruded films, based on PLS3 and different poly-
esters. The polyester amide (PEA) is seen to have the highest peel strength, which
is linked to its polar nature; PBSA and PCL have medium values; and PLA and
PHBV have the lowest ones. Although peel strength does not constitute an absolute
measure of adhesion, it reflects the compatibility or affinity between PLS and the
respective polyesters. This result confirms well some previous findings on the com-
patibility of plasticized starch with polyesters (Avérous, 2004) through the study of
blended systems. These results are in good agreement with those of Biresaw and
Carriere (2000) or, more recently, with those of Schwach and Avérous (2004).

It is well known that plasticizers migrating toward the surface of polymers can sig-
nificantly affect the adhesion. The amount of plasticizer (water, glycerol) added to
starch for processing purposes is likely to affect the adhesion strength between the
layers of plasticized starch–polyester structures. We have previously reported the ten-
dency of highly plasticized starch to exude toward the surface with time (Avérous
et al., 2000a). Table 18-6 presents the peel strength data of PLS/polyester coextruded
structures, with different PLS formulations as the central layer, and with various bio-
polyesters as the outer layers. From Table 18-6 it is obvious that the peel strength
decreases as the glycerol/starch (G/S) ratio increases. For instance, the peel strength
of PLS/PLA laminates ranges from 0.12 to 0.05 N/mm for G/S ratio comprised
between 0.14 and 0.54. These results seem to show that polyol migration to the inter-
face occurs readily, whatever the polyester skin layer. This is in agreement with the
results of Wang et al. (2000). However, the multilayers prepared with PLS pellets
(conditions 7 to 10, Table 18-6) did not show the same trend, in that the peel
strength data lie around 0.2 N/mm while the G/S ratio varied from 0.14 to 0.50.
This result could be interpreted in terms of the diminution of the water content
after extrusion and equilibration of the PLS granules (Table 18-1). We obtained
higher polysaccharide–glycerol interactions which are linked to exchanges of

Fig. 18-10 Effect of the type of biopolyester on the peel strength of PLS3-based films.
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occupation of some strong sites from water to glycerol molecules. This phenomenon
induces a decrease of glycerol migrations.

The aging of films is known to influence the peel strength data (Wang et al., 2000).
All our tests were performed on 1-week equilibrated (at 238C, 50% RH) specimens,
unless specified otherwise. It was noticed that the adhesion strength varied with
time. For instance, the peel strength of PLS/PHBV ranged from slightly adhesive
(0.02 N/mm, Fig. 18-10) to nonadhesive, since the PHBV layers spontaneously
peeled off the starch layer after 50 weeks. In that case, it was not clearly identified
whether the aging, the glycerol migration, or the low compatibility was responsible
for the loss of adhesion.

Strategy to Improve Interfacial Adhesion A strategy was tested to improve
the adhesion strength between plasticized starch and some biopolyesters. The blended
composition was used in the inner starch layer, to enhance the ties between starch and
polyester layers. The opposite strategy, adding PLS into the cap layers, must be
avoided since the skin layers act as water barriers.

The polyesters constituting the minor phase of blend (i.e., 5 wt% and 10 wt%)
were blended with PLS. The influence of a blended PLS inner layer was tested
with a selection of three polyesters: PEA, PLA, and PCL. The effects on the peel
strength are presented in Fig. 18-11. The dark bars correspond to the peel strength
results of coextruded starch-polyester films from Fig. 18-10. The gray and white
bars represent the peel strength values of multilayers where the central layers are
starch–polyester blends comprising 5% and 10% of polyester, respectively. An
increase of 19% to 31% was observed for PEA-based films and 37% to 50% for

TABLE 18-6 Effect of PLS Composition on the Peel Strength of
Starch–Biopolyester Multilayersa

Test
No. Polyester

PLS
Type

Film
Thicknessb

(mm)

Polyester Layer
Thicknessb

(mm)

Peel
Strength
(N/mm)

1 PEAc PLS1 920 120 0.22 (0.05)e

2 PEA PLS2 910 130 0.18 (0.04)
3 PEA PLS3 830 120 0.16 (0.03)
4 PLA PLS1 890 140 0.12 (0.02)
5 PLAc PLS2 900 160 0.11 (0.01)
6 PLA PLS3 850 140 0.05 (0.01)
7 PEA PLS1d 900 135 0.22 (0.06)
8 PEAc PLS2d 880 120 0.24 (0.05)
9 PLA PLS2d 860 115 0.12 (0.04)
10 PEAc PLS3d 820 110 0.19 (0.04)

aSource: Martin et al. (2001).
bThe thickness was measured at the center, according to the film width.
cThe multilayer film contained some defects, i.e., instabilities at the interface.
dThe PLS had previously been extruded and pelletized.
eValues between brackets are the standard deviations.
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PCL-based films, and an increase in peel strength of 40% was observed for PLA-
based films. This strategy yielded satisfactory results, although the presence of
some defects on the films, referred to as interfacial instabilities (Wang et al.,
2000), may partially alter the results. Moreover, these improvements were obtained
at the cost of a supplementary operation and use of more polyester, which is not
fully desirable from an economic point of view.

Moisture Resistance Properties Figure 18-12 shows the results of contact
angle measurements performed on starch–polyester systems, as well as on neat poly-
esters and plasticized starch. PLS3-blends based on PEA, PLA, and PCL were
chosen. Low values of the slope (in absolute value) indicate stronger hydrophobic
character of the products. For all blends, it was observed that the hydrophilic character
decreased rapidly from 0% to 10% polyester content and kept decreasing until the
value of neat biopolyester. PLS/PLA blends, whatever the composition, showed
the best characteristics. As expected, better barrier properties can be obtained with
starch products laminated with moisture-resistant polyesters, compared with blends.
Immersion tests of starch–polyester multilayers in water were also undertaken to
check their ability to resist water penetration. Water penetration is known to have det-
rimental effects on the multilayers, such as the swelling of PLS layers, resulting in the
loss of elastic modulus and spontaneous delamination of the cap layers. Over a few
days, no significant product swell or delamination was observed. That result is satis-
factory since it shows that multilayers have good resistance to moisture. This confirms
results of Shogren (1997), who indicated that, although biopolyesters have lower
water barrier properties than polyethylene, they can provide sufficient protection to
starch products for short-terms applications. Finally, it is interesting to note that
the moisture resistance of polyesters (PLA . PCL. PEA) is in inverse order to
that of adhesion.

Fig. 18-11 Effect of blend composition (0 wt%, 5 wt%, or 10 wt%) and the type of biopo-
lyester on the peel strength of PLS3/polyester coextruded films. Source: Martin et al. (2001).
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18.5 CONCLUSION

The development of compostable and low-cost multilayer materials based on plasti-
cized starch and biodegradable polyesters is interesting in more than one sense. One
requisite in the preparation of multilayered products based on starch is to obtain suf-
ficient adhesion between layers, moisture barrier properties, and uniform layer thick-
ness distribution.

Experimental results on melt-state during the process show that the key parameters
are the skin-layer viscosity and thickness, the global extrusion rate, and the die geo-
metry. Under certain conditions, reasonable layer uniformity was obtained across the
wide die width, and encapsulation of the central starch layer at both edges of the die
could not be avoided, even when the cap layers were the highest viscosity component.
However, side wall encapsulation is not thought to be very critical. Closer attention
should be given to the interfacial instabilities since they may be more detrimental
to the coextruded material and final product. The occurrence of instabilities is
strongly related to the shear stress at the interface. Flow conditions ranging from
stable to unstable can be obtained. Investigation of the flow behavior of starch/
PEA multilayers allows us to classify the instabilities according to the dominating
factors, such as shear stress-, viscosity difference-, or melt stream confluence
point-driven instabilities. The interfacial instability amplitude of multilayer films
can be controlled through the wall shear stress. Under control, these instabilities
can generate mechanical interlocking and thus increase the interfacial adhesion
strength of the coextruded material.

Fig. 18-12 Effect of the polyester content (PEA, PLA, and PCL, %w/w) on the hydrophilic
character of the product. Source: Martin et al. (2001).
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Experimental results on coextruded materials show that different levels of peel
strength can be found, depending on the compatibility of plasticized starch with
the respective biopolyesters. In particular, poly(ester amide) (PEA) presents the
highest adhesion with the PLS layer, probably due to its polar amide groups.
PCL and PBSA showed medium adhesion values, and PLA or PHBV were the
less-compatible polyesters. However, it was possible to increase the adhesion prop-
erties of the film by up to 50%, by introducing polyester blends in the central layer.
We show that the different multilayers exhibit satisfactory water resistance
properties.

The use of the coextrusion technique is validated for preparation of compostable
multilayer films based on plasticized starch for such uses as short-term packaging.
Nevertheless, the scope of these investigations is limited on one hand by the
narrow processing range of PLS products and, on the other, by the lack of viscoelastic
data for low-moisture starch melts. In many cases, elastic properties of polymer melts
are equally important in the mechanism of interfacial instabilities.

There are some inherent problems due to the multilayer flow conditions encoun-
tered in coextrusion, such as the phenomena of encapsulation and interfacial instabil-
ities. It is crucial to address these problems because they can be detrimental to the
product, affecting quality and functionality.
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