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Abstract This paper describes the elaboration and character-
ization of biodegradable films from thermoplastic starch
(TPS) and poly(e-caprolactone) (PCL) blends. The films were
obtained by a single screw extrusion process. Two PCLs of
different molecular weights (37,000 and 50,000 g.mol ", re-
ferred as PCL37 and PCL50) have been tested. Phase distri-
bution of PCL and thermoplastic starch (TPS) has been char-
acterized by FTIR, DSC and SEM. For the blend with PCL37,
material surface is enriched with PCL, whereas in the blend
with PCL50, TPS and PCL phases are more homogeneously
distributed. Evolution of crystalline structure of the different
formulations has been studied by X-ray diffraction, and me-
chanical properties by tensile tests. Maximal deformation of
TPS/PCL blends is smaller than that of TPS, attesting the lack
of compatibility between both polymers. Blending with PCL
modifies the crystalline structure of TPS. Water resistance of
the blends has been characterized by water sorption and water
contact angle measurements. The decrease in water absorption
for the blends was attributed to the decrease of starch content.
At the surface of the material, water resistance of TPS/PCL50
blends is improved.
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Introduction

Concern for the environment over the past decades has led to
extensive work aimed at replacing petrochemical-based plastic
materials by renewable polymers. In this field, starch has
attracted considerable attention due to its natural abundance,
and its ability to transform into thermoplastic resin-like prod-
ucts under destructuring and plasticizing conditions [1-3].
Starch is a polysaccharide extracted from a variety of plants
such as corn, wheat, rice or potatoes. The two major macro-
molecules composing starch are amylose, a linear polymer
consisting of «-1,4 linked D-glucose units, and amylopectin,
a highly branched structure of short «-1,4 chains linked by -
1,6 bonds. Thermoplastic starch (TPS) has several advantages
such as total compostability and renewability of the resource
[1]. Besides, it can be easily processed with conventional
plastic processing machines [4], and shows a wide range of
properties according to the plasticizer level and the starch
botanical source [5]. One interesting property for packaging
application is that TPS oxygen permeability is found low
compared with most polyesters [6]. The best gas barrier prop-
erties of starch based films are generally obtained for low water
and plasticiser contents [7]. However, TPS is a very hydrophil-
ic material with limited performances for some applications. Its
major drawbacks are its water sensibility and low mechanical
properties: TPS water permeability is high due to its polar
character, mechanical properties decrease and gas permeabil-
ities increase in high humidity environments [8]. To overcome
these issues while maintaining its biodegradability, one strate-
gy consists in associating TPS with another biodegradable
polymer [9]. Blends of TPS with several synthetic biodegrad-
able polymers have been investigated in the literature:
poly(lactic acid) (PLA) [10], poly(vinyl alcohol) (PVOH)
[11, 12], poly(ethylene oxide) (PEO) [13], polybutylene suc-
cinate adipate (PBSA) [14]... Among them, polycaprolactone
(PCL)/TPS blends can be an interesting way of improving
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mechanical and water and oxygen barrier properties of starch
based films [15].

Poly(e-caprolactone) (PCL) is a linear, hydrophobic and
partially crystalline polyester. Its physical properties and com-
mercial availability make it very attractive, not only as a
substitute of non-biodegradable polymers for convenience
products, but also for specific applications in the medical and
agricultural fields [16-18]. For instance, starch/PCL blends
have been studied for biomedical applications such as tissue
engineering [19]. TPS and PCL are usually considered as non-
miscible polymers [20, 21]. During the extrusion of plasticized
starch/polycaprolactone blends, a phase separation phenome-
non occurs. In certain conditions, a pseudo-multilayer structure
can be generated with a polyester rich skin. It was shown that
this phase separation is mainly driven by the molecular weight
of polycaprolactone, linked to its molten state viscosity [21].
On the other hand, according to Li [4], TPS and PCL have
been found to be miscible when TPS contains a high plasticizer
rate and under appropriate extrusion parameters. This author
pointed out a strong tendency of polycaprolactone to encapsu-
late the thermoplastic starch, property which could also lead to
the improvement of TPS water resistance by blending with
PCL.

In this work, we describe the elaboration and characteriza-
tion of biodegradable films from thermoplastic starch (TPS).
Our aim was to improve the properties of TPS films by
blending with polycaprolactone (PCL). For this reason, sev-
eral materials were prepared with 2 PCLs differing in molar
mass (37 000 or 50 000 g.mol ') and by processing at varying
extrusion screw speeds. The morphology of the blends was
studied to estimate the phase repartition between TPS and
PCL. Mechanical and water properties were investigated to
evaluate the effect of this phase repartition on the properties of
the material, at different relative humidities.

Experimental
Materials

Unmodified wheat starch and glycerol were obtained from
Sigma Aldrich (France). Wheat starch contains 26 % amylose
Mw ~1,5.10° gmol ™' [22]) and 74 % amylopectin. Mw of
amylopectin was estimated around 1.10° g.mol ' [23].

PCL CAPA 6,400 and 6,500 were purchased from Perstorp
(UK). Their average molecular weights are respectively 37 000
and 50 000 g.mol ' (referred respectively as “PCL37” and
“PCL50”).

Sample preparation

TPS compounds were prepared by extruding native wheat
starch with 20 % glycerol, which has been shown to be the
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maximum rate leading to starch plasticization without phase
separation between starch and glycerol [24, 25]. Components
were previously blended in a thermo-regulated turbo-mixer
and heated in an oven at 170 °C for 1 h, allowing diffusion of
glycerol into the starch granules. Then water was added to
adjust the humidity rate of this blend at 10 % w/w. In a first
step, the obtained powder was extruded and granulated in a
single screw extruder (SCAMEX, France) equipped with
three heating zones regulated at 100 °C, then 110 °C around
the screw and 90 °C for the die.

In a second step, these TPS compounds were blended with
30 % w/w PCL37 or PCLS50, then extruded and granulated in
the same conditions as in the first step. The final step consisted
in extruding these blended compounds through a slit die to
obtain films (about 1 mm thickness). Temperatures used on
the extruder were 110 °C, 120 °C and 100 °C, at various screw
speeds in the range 10—70 rpm.

Pure starch films were produced by extruding plasticized
starch compounds obtained after the first step at 120 °C
through the slit die. Commercial PCL granules were extruded
at 80 °C through the slit die and then calendered to give pure
PCL films. Rheological measurements during extrusion could
be performed using a rheological die (SCAMEX) instead of
the slit die.

Films were stored in controlled chambers at different relative
humidities (RH): 33 %, 53 % and 75 % RH, using saturated salt
solutions with respectively MgCl,, Mg(NOs), and NaCl [26].

Thermal analysis (DSC)

Calorimetric measurements were conducted on a temperature
modulated differential scanning calorimeter (TA Instrument
Q100). Samples of approximately 10 mg (about 50 um thick-
ness) were cut separately on the film surface or on the film
core (500 um from the surface) and placed in a hermetic
aluminium pan. The sealed pans including samples were
weighed before and after the measurement to check the ab-
sence of water evaporation. Two successive scans of each
sample were performed from —90 °C to 120 °C with a heating
rate of 10°/min. The thermal effects were studied on the
thermogram obtained during the second heating run to sup-
press any possible difference in thermal history between the
samples. Calibrations in temperature and energy were done by
measuring the temperature and the enthalpy of melting of
Indium.

Fourier transformed infrared spectroscopy (FTIR)

The FTIR spectra were recorded on a Nicolet iS10 spectro-
photometer (Thermo scientific) equipped with a diamond crys-
tal in attenuated total-reflectance mode (ATR). A series of 64
scans were collected for each measure over the 4,000 to
650 cm ' spectral range with a4 cm™' resolution. Spectra were
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Fig. 1 XRD patterns for native
starch and pure TPS (50 rpm) at
different relative humidities
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analyzed with the Omnic 8.1 software. Measurements are
performed separately on the film surface or on the film core.
Series of six experiments were carried out on each sample.

Wide angle X-ray diffraction

The structures of the samples were tested with X-ray diffrac-
tion experiments using a Bruker D8 Advance wide angle X-
ray diffractometer. X-ray diffraction patterns were performed
on a sample of the entire film after conditioning in a controlled
humidity atmosphere. Experiments were carried out with Co
Ko radiations (A=1.78897 A), the scattering angle (20) cov-
ered the range from 10° to 35° (O is the Bragg angle) with a
step of 0.05° and a sampling interval of 0.5 s. Measurement
cycles are repeated during 3 to 4 h to obtain a smooth curve.

Fig. 2 X-ray diffractograms of
pure PCL, pure TPS and TPS/
PCL blends processed at different
screw speeds (53 % RH)
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Sorption measurements

Vapour water sorption-isotherms of each sample were de-
duced from the static-gravimetric technique of water vapour-
sorption by using saturated salt-solutions at 23 °C. These
solutions were prepared to generate an environment with
controlled humidity in a closed chamber. Square samples of
2 em? of each material were cut and dried in a desiccator under
vacuum and in presence of P,Os. Then samples were placed in
triplicate in chambers with different relative humidity
obtained with above-saturated salt solutions of LiBr (6 %
RH), LiCl (11 % RH), CH;COOK (23 % RH), MgCl,
(33 % RH), Mg(NOs), (53 % RH), CoCl, (65 % RH), NaCl
(75 % RH), KCI (85 % RH) and KNOj3 (94 % RH) respec-
tively [26]. Samples were weighted until equilibrium for
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Table 1 Extrusion flow rates for TPS and TPS/PCL50 at various screw

speeds

Extrusion screw speed (rpm)

Extrusion flow rate (g.min ")

TPS TPS/PCL50
10 44403 11.7+0.8
30 17+1 35+2
50 31+4 61+2
70 48+4 75+4

1 month. Water sorption isotherms were obtained by plotting
maximal water content of the material as a function of water
activity.

Water sorption isotherms were fitted according to Park’s
model [27], which has been found suitable for the description
of the sorption behaviour of cellulosic [28] and starch-based
materials [29]. This model assumes the association of three
mechanisms: non-specific sorption (Henry’s law), specific
sorption (Langmuir’s mode), and water molecules aggrega-
tion at high water activity [28]. In this model, the equilibrium
moisture content M as a function of water activity ay, is given

by:

o AL-bL~aw

_ kyay, + K yod" 1
l—ﬁ—bL.aw—’— et Rardy M

with Ap the Langmuir capacity constant (concentration of
specific sorption sites), by the Langmuir affinity constant of
water for these sites, ky; the Henry’s solubility coefficient, K,

the equilibrium constant of water aggregation and n the mean
number of water molecules per cluster.

To evaluate the accuracy of Park’s model to describe the
experimental water sorption isotherms of our materials, the
mean relative percentage deviation modulus (E) was used;
with a value below 10 % revealing a good fit [30].

Contact angle measurements

The surface tension of the materials was calculated according
the Owens-Wendt method [31], using contact angle measure-
ments. Three reference liquids were used: ultra pure water
(milli-Q Water System, resistivity 18 Q.cm "), glycerol and
diiodomethane. All measurements were carried out at room
temperature (23 °C). A drop of 3 uL was deposited with a
micro syringe on the surface of a small sample cut in the centre
of each film. The drop was recorded by a video camera and an
image analysis software (Wingoutte) was used to determine
the contact angle. Each presented value is an average of six
droplets on the same sample, that is to say 12 angle values
(angles measured on left and right side of the drop).

To study the absorption of water at the surface of the
materials, the evolution of a water droplet shape was recorded
by a video camera. Contact angle 0; was measured as previ-
ously described, as a function of time. Results are given as the
relative variation of the measured angle 8; compared to the
initial angle (0 ax)-

Surface roughness measurements

The surface roughness of the films were determined using a
Perthometer M1 (Mahr, France) apparatus. The roughness

Fig. 3 Thermograms of the 1
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Fig. 4 PCL enrichment factor 2,5
measured by DSC as a function
of extrusion screw speed o
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representative value measured is the arithmetic mean value R,,.
It corresponds to the arithmetic average on a basis length 1
(5.6 mm) of all the distances y between the average line and
the profile:

li

7 [ bl

0

Rq (2)

The given values were calculated as the average of ten
measurements of Ra on different zones on the surface of each
film.

Extrusion screw speed (rpm)

Mechanical properties

Tensile tests were carried out by using a universal testing
machine (Instron model 3365, France). The tests were
performed using a load cell of 1 kN at a speed of 5 mm.min "'
following the international standard ASTMD638. Average
values of ten different standard dumbbell specimens were
reported.

The samples have been taken in the centre of extruded film
and in the extrusion drawn direction. The samples geometry is
a standard traction specimen [32]. Prior to analysis, the sam-
ples were conditioned under controlled humidity, and the tests
were performed at room temperature and humidity, under

Fig. 5 FTIR spectra of TPS film, c-0
PCL37 film and the blend TPS/ of TPS
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Fig. 6 PCL enrichment factor 8
measured by FTIR as a function
of extrusion screw speed 7 4

2 1 TPS/PCL50

PCL surface enrichment factor
S

TPS/PCL37

atmospheric pressure. Data were collected with Instron
BlueHill 2 software.

Scanning electron microscopy (SEM)

Samples were treated in dichloromethane by Soxhlet extrac-
tion experiment during 24 h to solubilise the PCL phase. The
amount of remaining PCL after extraction was measured by
thermogravimetric analysis (TG 209 F1, Netzsch) and repre-
sented 1/3 of the initial amount. After liquid nitrogen freeze-
fracture, the exposed surfaces were gold-coated to avoid charg-
ing under the electron beam. Film cross sections were observed
with a scanning electron microscope (Hitachi, Japan).

20 30 40 50 60 70

Extrusion screw speed (rpm)

Results and discussion
Crystalline structure

Crystalline structures of starch have been described in the
literature [33-36]. Three crystalline structures are observed in
native granular starch: double-helical A-, B-, and C-type.
During processing of TPS single helical structures can form:
Vu-, Va- or Ey-type structures differing in helix packing
[33-36]. Amount and type of crystalline structure is influenced
by processing parameters and composition of the material.
X-ray diffraction patterns for native starch and pure TPS at
different relative humidities (RH) are presented in Fig. 1. For
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Table 2 Parameters of Park model determined from water sorption
isotherms for TPS and TPC/PCL blends

Ap by kg Ka n, E (%)

TPS 0,009 0,42 0,097 0,111 53 6.8
TPS/PCL37 0,011 0,59 0,086 0,077 43 7.8
TPS/PCL50 0,005 0,70 0,072 0,083 3,6 7,0

native starch, the diffraction peaks are obtained for 20 values
equal to 17.6°, 19.9°, 20.3°, 23.3° and 26.8°, implying that
these raw materials present an A-type structure. The absence of
A-type characteristic peaks in TPS confirms the destructuration
of native starch granules after extrusion.

At 75 % RH, the 20 values of diffraction peaks of TPS
(15.3°,23.3°, 26.5°) are characteristic of a Vi crystalline type
structure [33]. At lower RH, V4 (24.4°) and Ey (14.0°, 21.3°)
structures appear. These experiments show that the crystalline
structure of TPS evolves with relative humidity.

Figure 2 displays the XRD patterns of TPS, PCL50 and
TPS/PCL50 blends at different extrusion speeds and at 53 %
RH. Similar results were obtained with PCL37. Peaks for pure
PCL (24.9°, 25.7°, 27.6°) are in agreement with the reported
unit cell parameters of PCL [37] and no evolution was noticed
whatever the screw speed or RH.

The crystalline structure of TPS in TPS/PCL blends is
different from the crystalline structure in pure TPS under the
same RH (53 %). In blends, the characteristic peak of V,
(24.4°) structure is present; as for pure TPS stored at 33 % RH;
while it is not noticeable when pure TPS is stored at 53 % RH.
This suggests that blending with PCL modifies the crystalline
structure of starch, which becomes close to a less hydrated

pure starch. PCL thus seems to affect starch/water interactions
in the TPS crystalline phase.

For TPS and TPS-PCL50 processed at the same screw
speed (50 rpm); the flow rate is higher for the blend (Table 1).
Flow rate is inversely proportional to the mean residence time
in the extruder [38]; the mean residence time is thus higher for
TPS than for TPS/PCL. This could explain the absence of Ey
structure in TPS/PCL blends; which was shown to increase
with residence time [36].

The crystalline structure of starch in the blends changes
when screw speeds decreases: Vi decreases and V,, increases.
Lower screw speeds correspond to lower flow rate in the
extruder (Table 1), and then to higher mean residence time
in the extruder. Since V, is a less hydrated structure, the
humidity in the melted blend during extrusion probably be-
comes lower when the residence time is longer. This leads to
different crystalline structures; remaining afterwards when the
materials are equilibrated at 53 % RH.

TPS/PCL phases distribution

DSC analyses were performed at the surface and at the core of
the films to investigate the formation of a PCL-rich surface in
the TPS/PCL films. In the temperature range 30 °C—80 °C, the
melting peak observed corresponds to the fusion of the PCL
crystalline phase. Figure 3 displays the DSC curves obtained
for the TPS/PCL37 blend extruded at 10 rpm, for the surface
and the core of the film. A small decrease in melt temperature
is observed, compared to pure PCL (T,,=57.4 °C). This effect
is more noticeable in the core (54.6 °C) than at the surface of
the material (55.1 °C). This could indicate that a phase sepa-
ration has occurred; but the slight depression in the melt

-2 TPS G

-&-TPS/PCL37

¢ TPS/PCL50 /
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fraction
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Table 3 Surface tension and initial water contact angle of TPS, PCL and
TPS/PCL blends

Sample Surface tension Initial water contact
¥ (mJ/m?) angle 0.«

PCL37 45,6 74.2°

PCL50 449 82.0°

TPS 34,8 53.0°

TPS/PCL37 41,5 67.2°

TPS/PCL50 36,1 83.4°

temperature can also be explained by the formation of hydro-
gen bonds between the hydroxyls of starch and carbonyl of
PCL at the interface region and their effect on PCL crystallites,
and/or interactions between PCL and TPS plasticizer [39].

A PCL surface enrichment factor was calculated from the
ratio of the PCL melting enthalpy at the surface to the PCL
melting enthalpy at the core according to the following equation:

AH,,
surface ( 3 )

PCL surface enrichment factor by DSC = A

Meore

where AH,,, is the surface under the PCL melting peak, and is
proportional to the ratio of crystalline PCL in the sample. This
PCL enrichment factor is thus strictly a crystalline PCL surface
enrichment factor; however it seems reasonable to use it as the
whole PCL enrichment factor. This supposes that PCL crystal-
linity is the same at the core and at the surface, even if the
cooling rate may differ. This assessment is supported by the
work of Wang et al. [39] showing that for PCL and starch/PCL
blends, crystallinity of PCL is insensitive to cooling rate, at
least in their studied range (2.5—40 °C.min""). Moreover, AH,,
was measured during the second DSC heat run to suppress any
discrepancy between the thermal histories of the samples.

Similar experiments were carried out for TPS/PCL37 and
TPS/PCLS50 blends, both extruded at various screw speeds (10,
30, 50 and 70 rpm). The results are presented in Fig. 4. There is
no surface enrichment for PCL 50 whatever the extrusion
screw speed. For TPS/PCL37 blends, a PCL surface enrich-
ment is evidenced; it increases when screw speed decreases.

The factor governing the surface enrichment behaviour is
the molecular weight, and so the viscosity of the dispersed
phase (PCL). Processing conditions can also play a role on the
phase separation phenomenon [21]. For PCL50, the viscosity
is high (1,500 Pa.s at 30 rpm) and PCL chains are not enough
mobile to allow a significant migration towards the surface of
the material. On the contrary for PCL37, displaying a lower
apparent viscosity during extrusion (260 Pa.s at 30 rpm), PCL
mobility is high enough to allow phase separation. The mi-
gration of PCL37 chains towards the surface of the material is
favoured when the residence time in the extruder is longer;
hence at lower screw speeds.

The PCL repartition in the blends was also investigated by
FTIR spectroscopy. Examples of the spectra obtained on our
films are presented on Fig. 5. The peak at 1,730 cm ' corre-
sponds to C=0O bonds characteristic of PCL. The peak at
1,078 cm™ ! is characteristic of TPS phase in the film, corre-
sponding to C-O bonds of starch C-O-H groups.

The enrichment factor in PCL on film surface obtained by
FTIR is estimated according to the equation [21]:

( H pcipeak

Hpspea )smjface ( 4)
H pcrpeak
Hipspeak ) core

where H is the height of the characteristic peaks of TPS or
PCL.

The results are presented in Fig. 6. They confirm that PCL
surface enrichment is very low with PCL50, whereas there is a

PCL surface enrichment factor by FTIR =

Fig.9 Relative variation of water 0,6
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Table 4 Surface rough-

ness of the samples Sample Screw speed R, (pm)
(rpm)
TPS 50 1.4+0.1
PCL / 0.2+0.1
TPS/PCL37 70 10+2
50 10+2
30 13£2
10 20+3
TPS/PCL50 70 2.5+04
50 2.1+£0.3
30 2.9+0.2
10 5.0+0.8

significant PCL surface enrichment with PCL37, which de-
creases when screw speed increases.

Both methods lead to the same conclusions, but the values
of PCL surface enrichment factor are different. One reason is
that surface measurement is approximately 2 um deep for
FTIR and 50 pum for DSC. Higher values of surface enrich-
ment with FTIR suggest that the enrichment is concentrated
on a thin layer close to the surface.

Moisture properties
Sorption

The sorption isotherm curves of TPS, PCL and TPS/PCL
blends are shown in Fig. 7. As expected, no water absorption
is observed for both PCL films. TPS and TPS/PCL blends
display similar curve shapes, corresponding to type II of the
BET classification [40]. This profile is typically obtained for
hydrophilic components, especially for starch based materials

[41, 42]. At low water activities, up to a,,=0.34, the plasticiz-
ing effect of absorbed water is small, and mobility of polymer
chains is limited, water molecules are strongly bound to the
polymer. In that case there is no difference between each
sample, sorption isotherms are linear, they follow Henry’s
law with a constant ky; around 0.09 (calculated from the slope
of the linear part of the curves), corresponding to solubility of
water in the polymer. For higher water activities, the absorbed
water causes a swelling of the polymer and its plasticizing
effect increases. Polar groups of starch are then more available
for water, so the amount of absorbed water increases more
rapidly. Finally some free water molecules appear in the
swelling material by aggregation of water molecules on the
previous bounded water molecules.

Water content is very similar for TPS and TPS/PCL blends
up to a,=0.5. At higher water activities, water content is
higher for pure TPS than for TPS/PCL blends.

Water sorption isotherms were fitted according to Park’s
model [27]. The results are given in Table 2. The deviation
modulus E is below 10 %, indicating that the Park model is
consistent with the experimental data and well describes the
experimental sorption isotherms.

Langmuir’s terms A; and by have a predominant effect in
the low water activity zone (a,, <0.1) [30]. Because of the lack
of experimental points for water activity inferior to 0.1, the
values obtained for those parameters are not discussed.

The ky parameter (Henry’s constant) is defined as the
random absorption of the water molecules in the materials
[29]. The values obtained with Park’s model are consistent
with the mean value deduced from the slope of the linear part
of the curves (0.09); but they allow distinguishing the behav-
iour of each sample from the others, with a slight decrease in
the adsorption of water molecules for the blends, especially
with PCL50.

TPS/ PCL50

TPS/ PCL37 TPS

Fig. 10 Stress—strain curves for 5
PCL, TPS and TPS/PCL blends, 070,
stored at 75 % HR 45 1
3
40 1| 2
354 1
30

100% 150%

Tensile strength (MPa)

-

0%

200%
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Table 5 Values of mechanical characteristics of TPS, PCL37, PCL50
and TPS/PCL blends (standard deviation)

Tensile strength (MPa) Elongation at break (%)
TPS 2.0+0.1 15049
TPS/PCL37 2.340.1 24+2
TPS/PCL50 5.0+0.4 56+5
PCL37 23+3 900+90
PCL50 46+3 1500+90

The equilibrium constant K, is of the same order of mag-
nitude for TPS/PCL37 and TPS/PCL50; and is lower than for
TPS. The mean number of molecules forming an aggregate n,,
is lower for TPS/PCL37 than for TPS; and slightly lower for
TPS/PCLS50 than for TPS/PCL37. These results traduce a
higher ability to form water clusters at high water activities
in TPS than in the blends, with a smaller size of the clusters for
TPS/PCLS50.

Water content was then calculated as the amount of
absorbed water related to the starch content in the blend.
Corresponding isotherms are presented in Fig. 8. It appears
that TPS and TPS/PCL blends display similar behaviours even
at low water activities. The slight decrease of water absorption
at high water activities previously observed for TPS/PCL
blends thus seems to be attributable to the decrease of starch
content rather than to a protective effect of PCL, as it was also
observed by Myllymaéki et al. [15].

Surface properties

Surface tension measurements of TPS, PCL and TPS/PCL films
are presented in Table 3. The results are different for the two

blends; consistently with surface enrichment measurements. A
PCL surface enrichment was evidenced for TPS/PCL37; and the
surface tension is close to the surface tension of PCL. This
confirms the presence of PCL at the surface of this material.
On the contrary for TPS/PCL50 no PCL surface enrichment was
evidenced and the surface tension is closer to the surface tension
of TPS. Nevertheless water contact angle measurements
presented below show that the surface of TPS/PCL50 is not free
from PCL.

Figure 9 represents the evolution of the relative variation of
water contact angle as a function of time for the various
samples. The initial angle 0.« is given in Table 3. The evolu-
tion of contact angle for PCL is due to natural evaporation of
water (leading to a water drop of reduced volume on a wet
surface); whereas for TPS there is also an obvious spreading
and absorption of the drop, due to the hydrophilic nature of the
surface of the material.

TPS/PCL blends have very different behaviours. For TPS/
PCL50 there is a clear effect of PCL on the surface properties
of the blends. The contact angle is closer to pure PCL, which
suggests the presence of PCL at the surface of the blend. Since
no surface enrichment was observed, PCL50 must be homo-
geneously distributed in the material and improves water
resistance at the surface of the blend.

TPS/PCL37, for which a PCL surface enrichment was
evidenced, displays the highest variation of contact angle. To
understand this behaviour, surface roughness of the materials
was measured (Table 4). Roughness of TPS/PCL37 blends is
higher than the other samples, and increases as the screw
speed decreases. This heterogeneous surface must be respon-
sible for the lower contact angle.

It was shown above that surface enrichment increases as
screw speed decreases for TPS/PCL 37; and no surface

TPS-33%RH

TPS/PCL-33%RH

TPS/PCL-53%RH

TPS/PCL-75%RH

TPS-53%RH TPS-75%RH

Fig. 11 Stress—strain curves of 20
TPS and TPS/PCL50 at different
relative humidities
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enrichment was observed with PCL50. Surface roughness
measurements clearly indicate that surface enrichment with
PCL37 leads to a heterogeneous surface topology. This het-
erogeneous surface topology may be related to a heteroge-
neous surface composition, even if surface roughness and
heterogeneity in surface composition are two distinct factors

15 arss Vi Ao '« el " R z

Fig. 12 SEM micrographs of TPS/PCL blends at different screw speeds: TPS/PCL37 processed at 10 rpm (a) and 70 rpm (b) and TPS/PCLS50 at 10 rpm

Fig. 13 SEM micrographs of TPS/PCL50 processed at 10 rpm (a) and 70 rpm (b)

g G ol /

influencing wettability [43]. The surface enrichment is prob-
ably not sufficient to obtain a homogeneous PCL layer at the
surface. Due to immiscibility between PCL and TPS and
different shrinkage factors, the surface may display a topog-
raphy characterized by a raised surface containing one of the
constituent polymers, punctuated by irregular pits containing

@ Springer
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the other, as it was already reported for other polymer blends
[44]. A more detailed characterization of the surface should be
carried out to confirm this assumption.

Finally, PCL surface enrichment does not seem to be the
best way of improving surface properties of TPS materials;
since surface properties of the blends are closer to PCL prop-
erties when no surface enrichment is evidenced.

Mechanicals properties
Effects of blending PCL with TPS

Stress—strain curves for different samples are presented in
Fig. 10, and the values of stress at break and strain at break are
given in Table 5.

Mechanical properties of the blends are closer to pure TPS
than pure PCLs. Compared to pure TPS, the tensile strength is
higher for the blends and the elongation at break decreases.
PCL seems to behave like an incompatible filler dispersed in
the TPS matrix. The mechanical properties of TPS/PCL
blends may be explained by the incompatibility between the
hydrophilic starch and hydrophobic PCL and poor interfacial
adhesion between the two components [20, 45].

Besides, DRX analysis has shown that blending with PCL
modifies the crystalline structure of starch, which becomes
close to less hydrated pure starch. This crystalline effect may
contribute to brittleness of the blend materials. Moreover,
TPS/PCL50 materials display better mechanical properties
than TPS/PCL37. This can be related to the fact that TPS/
PCL37 blends are more heterogeneous materials, as suggested
by surface enrichment and roughness measurements.

Influence of relative humidity

Mechanical properties were studied at different RH (Fig. 11).
For TPS and TPS/PCL blends, tensile strength at break de-
creases and elongation at break increases as RH increases. This
behaviour is known for TPS whose properties are strongly
dependent upon humidity [46]. The influence of RH on me-
chanical properties of TPS/PCL blends seems smaller than for
pure TPS, yet the relative variation is similar (e.g. in both cases,
elongation is divided by 2 between 75 and 53 % RH). For those
samples there is no protective effect of PCL against water;
consistently with the conclusion from sorption measurements.

Blends morphology

TPS/PCL blends were studied by Scanning Electron Micros-
copy after PCL dissolution with dichloromethane (Fig. 12).
Dark zones are holes corresponding to extracted PCL, and
TPS appears in bright grey. Thermogravimetric measurements
indicated that about 2/3 of the initial PCL was removed.
Resolution was adjusted to observe the whole edge of the

@ Springer

materials. SEM micrographs are consistent with the observa-
tions from surface and mechanical properties: even at higher
screw speed, TPS/PCL37 blends appear to be heterogeneous.
TPS/PCL50 blends are more homogeneous, all the more at
70 rpm.

Images with higher magnification are given in Fig. 13 for
TPS/PCL50 processed at 10 and 70 rpm. They confirm that
PCL is more finely dispersed for the blend processed at 70 rpm.
The morphology of the blends is thus dependent upon extru-
sion screw speed, more homogeneous material is obtained at
higher screw speeds.

Conclusion

Two TPS/PCL blends were tested, with varying processing
conditions. PCL of molecular weight 37 000 g.mol™" pro-
duces a rough material with a PCL surface enrichment
evidenced from DSC and FTIR measurements; whereas with
PCL of molecular weight 50 000 g.mol ' and a high extrusion
screw speed, an homogeneous material is obtained. In both
cases the crystalline structure of starch in blends is close to the
structure of a less hydrated thermoplastic starch. The affinity
of the blends surface for water is reduced in the case of TPS/
PCL50 blends; which also displays better mechanical proper-
ties than TPS/PCL37 blends. Blending with PCL could be a
way of improving TPS resistance to water, at least at the
surface of the material; and the best results were obtained with
the most homogeneous blends.
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