
ELSEVIER S0032-3861 (96)00165-6 

Polymer Vol. 37 No. 16, pp. 3543-3552, 1996 
Copyright © 1996 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0032-3861/96/$15.00 + 0.00 

The influence of starch molecular mass on 
the properties of extruded thermoplastic 
starch 

J. J. G. van Soest*, K. Benes and D. de Wi t  
ATO-DLO, PO Box 17, 6700 AA Wageningen, The Netherlands 

and J. F. G. V l iegenthar t  
Department of Bio-organic Chemistry, Bijvoet Center, Utrecht University, PO Box 80.075, 
3508 TB Utrecht, The Netherlands 
(Received 6 September 1995; revised 20 December 1995) 

The mechanical properties of a low and a high molecular mass thermoplastic starch (TPS) were monitored 
at water contents in the range of 5 30% (w/w). The granular starches were plasticized by extrusion 
processing with glycerol and water. The low molecular mass starch was prepared by partial acid hydrolysis 
of potato starch. The extruded TPS materials were stored at 60% relative humidity for 12 months to level 
out differences in starch structure due to retrogradation. The water content was then varied by an additional 
storage period at various humidities. The average molecular masses of the TPS materials, composed of 
native starch or of hydrolysed starch, were 37 000 and 1900 kg mo1-1, respectively. The apparent amylose 
contents of  the high and low molecular mass materials were 25% and 11%, respectively. Differences were 
observed in thermal properties and crystallinity between the two types of materials, as a function of water 
content but not as a function of molecular mass. The stress-strain properties of the materials were 
dependent on the water content. The materials showed a viscoelastic behaviour characteristic of a 
semicrystalline polymer. Materials containing less than 9% water were glassy with an elastic modulus 
between 400 and 1000 MPa. For the materials a transition from brittle to ductile behaviour occurred at a 
water content in the range of 9-10%, which is in accordance with the observed glass transition temperature 
at this water content. The rubbery materials, with a water content of 9-15%, were tough and an optimum in 
ultimate elongation was observed. Above a water content of 15% the materials became weak and soft and 
the strain at break decreased. No significant differences in brittle-to-ductile transition as a function of water 
content were observed between the low and high molecular mass TPS materials. In the rubbery state with 
14% water, the elongations at break of the high and low molecular mass materials were 100-125% and 30- 
50%, respectively. The tearing energy of the materials showed a maximum at a water content of 9-10%. The 
energies at this maximum of the high and low molecular mass materials were 0.15 and 0.1 J mm -2, 
respectively. The lower strain and tearing energy of the low molecular mass materials in the rubbery state 
were attributed to the reduced amylose chain length as well as the molecular mass and the degree of 
branching of the amylopectin molecules. This resulted in a material with a less effective entangled starch 
matrix. The entanglements were described as a complex network of the linear amylose chains and the outer 
chains of the amylopectin molecules in which hydrogen bonding plays an important role. Copyright © 1996 
Elsevier Science Ltd. 
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I N T R O D U C T I O N  

Over  the pas t  decades  several  efforts have been made  to 
conver t  s ta rch  into  a the rmoplas t i c  s ta rch  (TPS) 
mater ia l .  Because o f  the price,  excellent  b iodegrad -  
abi l i ty  and  avai lab i l i ty  f rom renewable  resources  1 s, 
p las t ic  s tarch mate r i a l s  are  being m a d e  sui table  for  
single use b i o d e g r a d a b l e  p las t ic  i tems such as p lan t ing  
pots ,  t rash bags,  shopp ing  bags,  and  d inner  utensils 6 
It  has been d e m o n s t r a t e d  tha t  s ta rch  can  be shaped  
into  m o u l d e d  art icles  using s t a n d a r d  the rmoplas t i c  
process ing  equ ipmen t  9 12. 

* To w h o m  cor respondence  should  be addressed  

Starch consists  o f  two high molecu la r  mass,  poly-  
disperse  polymers .  Both  amylose  and  amylopec t in  are 
c~-(1 -~ 4)-o-glucans ,  but  amyloses  are  a lmos t  l inear  and  
amylopec t ins  are  highly b ranched  th rough  a-(1 ~ 6)- 
l inkages occurr ing  every 18-25 residues 13. P o t a t o  s tarch 

o 14 15 conta ins  2 0 - 3 0 %  amylose  ' . Amylose  molecu la r  
l 2 l masses  range f rom l0 to l0 k g m o l -  , while amylo-  

4 pect in  molecu la r  masses  are  in the range o f  l 0 -  
6 16 17 l0  k g m o l  ' . S tarch  molecu la r  mass  and  amylose /  

amylopec t in  ra t io  in TPS are  no t  only  dependen t  on 
s tarch source but  also influenced by process ing condi -  
t ions,  such as t empera tu re  and shear ,  and  by  type  o f  
processing,  such as ext rus ion,  kneading ,  pressure  and  
inject ion mould ing .  Several  studies have been publ i shed  

POLYMER Volume 37 Number 16 1996 3543 



Influence of starch molecular masses on properties of extruded thermoplastic starch. J. J. G. van Soest et al. 

on the influence of molecular mass of starch on the 
gelation properties of several starches and on the 
mechanical properties of starch cast films from modified 
starches18 23. However, no data are available concerning 
the relationship between the molecular mass of the starch 
polymers and the mechanical properties of extruded TPS 
materials. Changes in molecular mass and plasticizer 
content have been shown to affect the mechanical 
properties of petrochemical thermoplastics 24. One of 
the most important parameters determining the proper- 
ties of thermoplastic materials is the glass transition 
temperature (Tg). The Tg of starch is determined by 
plasticizer type and leve125 27. Water and glycerol are the 
most commonly used plasticizers in amylose or starch 
casting films and during extrusion, kneading, pressure 
and injection moulding of TPS 28 32. Water is probably 
the most important component giving rise to changes in 
the properties of TPS materials. However, limited 
information exists about the influence of water content 
on the morphology, starch structure, and thermal 
properties in relation with the mechanical properties of 
extruded or moulded TPS materials 33 35 

The purpose of this work is to develop an under- 
standing of the influence of starch structure and amylose 
and amylopectin molecular mass on the mechanical 
properties of TPS. The properties of a low and a high 
molecular mass starch are investigated in relationship 
with water content. The TPS materials are made by 
extrusion processing of granular potato starch and 
partial acid hydrolysed potato starch. The materials are 
stored above Tg for a long period to eliminate differences 
in starch structure due to differences in retrogradation 
kinetics. An additional period of storage at various 
humidities is applied to obtain variations in water 
content. The differences in morphology, starch structure 
and thermal properties, as a result of the variations in 
water content, molecular mass and amylose/amylopectin 
ratio are related to the stress-strain behaviour of the 
TPS materials. 

EXPERIMENTAL 

Materials 
Potato starch (PN, potato starch native) and potato 

starch amylose were obtained from Avebe, Foxhol, The 
Netherlands. Hydrolysed starches were prepared by 
suspending granular potato starch in 0.25M (PH) or 
1 M (Ph) hydrochloric acid (25% w/w). The suspension 
was stirred for 1 h at 23°C, then filtered over a porous 
glass filter (G3, 16-40 #m) and washed several times with 
deionized water until a pH of 6.5-7 was reached, then 
dried for 2 days at 40°C. The water content of the 
starches was 18 %. 

L-c~-lysophosphatidylcholine (LPC) from egg yolk 
(L-4129) was from Sigma Chemical Co., St. Louis, USA. 

Extrusion 
TPS samples were prepared by extruding narrow 

sheets using a Haake Rheocord 90 system equipped with 
a laboratory-scale counter-rotating twin screw extruder 
fitted with a slit die. The die had a width of 25 mm and 
a height of 0.3ram. The starches were premixed 
with glycerol to give the following composition: 
starch: water : glycerol = 100 : 21 : 30. The mixtures were 
manually fed into the extruder. The torque was held 

constant at 55 + 10Nm. The screw rotation speed was 
50rpm. The temperature profile along the extruder 
barrel was 80, 135, 120, 90-100°C (from feed zone to 
die). The melt temperature in zone two was 120°C. The 
die melt temperature was kept below 100°C to prevent 
the melt from boiling and to give a bubble-free extrudate. 

Storage conditions 
Part of the extruded product was stored at -22°C after 

quenching (rapid cooling in liquid nitrogen) of the hot 
polymer melt directly after extrusion below Tg. The rest 
of the extruded ribbons were cut into tensile bars and 
stored above Tg at 60% relative humidity (RH) and 20°C 
for 12 months (aging period). After this initial storage 
period, variations in water content of the materials were 
achieved by conditioning in desiccators at controlled 
humidities of 0 90% RH for a period of 1 week. The 
controlled humidities were obtained by standard salt 
solutions 36. 

Moisture determination 
Because of the tendency of TPS to adsorb or desorb 

water, special care was taken to measure the water 
content at the time of testing. The samples were milled 
under cryogen conditions. The water content of the 
powder ( lg,  size <125#m) was determined gravi- 
metrically either with an infra-red dryer (Sartorius 
MA40) at 95°C or with a Gallenkamp vacuum oven, at 
70°C and a pressure of less than 100 mBar overnight. In 
view of the volatility of glycerol, the measurements with 
the infra-red dryer did not exceed 5 min to minimize the 
loss of glycerol. 

Mechanical testing 
Dumb-bell specimens according to the ISO 1184-1983 

(E) standard were cut from the extruded ribbons directly 
after extrusion and stored. The sheet thickness varied 
and so sample dimensions were not identical. Correc- 
tions for these differences in thickness were made before 
measurements. A Model 4301 Instron Universal Testing 
Machine was operated at a grip 1 length of 80ram and a 
crosshead speed of 10mmmin . For each variation in 
water content, two to eight tensile bars were tested at 
20°C and 60% RH. The tensile stress at maximal load 
was calculated on the basis of the original cross-sectional 
area of the test specimen by the equation: ~ = F/A,  
wherein a is the tensile stress, F is the force and A is the 
initial cross-sectional area. The percentage strain or 
elongation was calculated on the basis of the length of 
the narrow parallel portion, by the formula: 
(I-I1)/ll x 100%, wherein / is the distance between 
the gauge marks (in ram) and 11 is length of the narrow 
parallel portion (i.e. 33mm), which is related to the 
original gauge length by lo/ll = 25/33. The elastic 
modulus (E-modulus) was calculated from the initial 
slope of the stress-strain curve. The energy to break 
point, i.e. tearing energy (J mm-2), was measured as the 
area under the stress-strain curve divided by the area of 
the transverse section of the samples. 

Molecular mass determination 
Molecular masses were determined with a HPSEC- 

MALLS-RI (high performance size exclusion chroma- 
tography with a multi-angle laser light scattering 
detector and a differential refractometer) 37. The starches 
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were dissolved in 1 M sodium hydroxide (4mgm1-1) by 
stirring for 15-20 h. The sample was filtered over a PTFE 
filter (1 #m) and injected into a sample loop (200#1). 
The sample with eluent, 0.025M sodium hydroxide, 
was pumped (Waters Model 6000A solvent delivery 
system) into a guard column (TSK PWH-PRE prep- 
guard, 7.5 × 7.5mm, Beckman) followed by six main 
columns (Spherogel TM-TSK 1000PW, 2000PW, 3000PW, 
5000PW, 5000PWHR and 6000PW, 30 × 7.2 mm, 
Beckman). The eluate was first examined with a Dawn-F 
multi-angle laser photometer (Wyatt Technology Inc., 
Santa Barbara, USA), with an argon-ion laser operating 
at 488 nm and equipped with 15 detectors in the angular 
range of 15-151 °. Absolute calibration of the photo- 
meter was performed with toluene (Uvasol quality, 
Merck; filtered over a 0.2 #m Acrodisc filter, Gelman) 
with a Raleigh ratio of 3.975 × 10 -5 cm -1. Normali- 
zation of the photodiode detectors was performed with 
Dextran T-500 (Pharmacia) with a radius of gyration of 
17 nm. Subsequently, the eluate was examined (on-line) 
by a RI detector (Waters 410 differential refractometer). 
The total system was held at a constant temperature of 
50°C. The responses from the detectors were transmitted 
to a personal computer for data analysis. 

The results measured by means of the laser light 
scattering were analysed by the ASTRA 2.04 and EASI 6 
Wyatt Technology software. The molecular masses were 
calculated according to the dn/dc method (with a 
refractive index increment, dn/dc, of 0.145mlg -1 38) 
with a fifth order polynomial fit. The molecular mass 
distribution (MWD), the number-average (:~/n), the mass 
average (Mw), and the z-average (Mz) molecular masses 
were calculated from the raw and extrapolated data 
with the EASI 6 software. Extrapolation was done for 
the low molecular mass part of the chromatograms on 
the basis of a calibration curve of dextrans, malto- 
oligosaccharides, maltose and glucose with molecular 
masses in the range of 25000 to 0.18kgmo1-1. 

Differential scanning calorimetry 
Differential scanning calorimetry (d.s.c.) measure- 

ments were performed with a Perkin-Elmer DSC-7. 
Calibration was done with indium (AHfusion ~-- 
28.59Jg -l, melting point (Tonset)=156.60°C) and 
Gallium (AHfus ion  = 79.91 J g- 1, melting point (Tonset) = 
29.78°C). An empty pan was used as a reference. Samples 
were weighed accurately into stainless steel pans and 
sealed hermetically. For obtaining the melting profile, 
samples of 30-40mg were heated from 20 to 230°C at a 
rate of 10°C min -1 . The Tgs were determined by heating 
the samples (30-40mg) from 20 to 150°C at a rate of 
10°C min -~ , followed by cooling down to -50°C at a rate 
of 200°C min-~ and rescanned at a rate of 20°C min-~ to 
200°C. 

Determination of the amylose content was performed 
on the basis of the melting enthalpy of the amylose-LPC 
complex 14'15. 50 #1 LPC solution (3% w/v in water) was 
added to the starch samples (10mg) in the d.s.c, pans. 
The samples were heated from 20 to 140°C at a rate of 
10°Cmin-1, then cooled to 20°C at a rate of 
200°C min 1, stabilized for 2min at 20°C and reheated 
to 140°C at a rate of 10°Cmin -1. The amylose content 
was calculated on the basis of dry starch material with 
the following relation: (% amylose) = (AHm)/(AHc)z 
100%, wherein AHm is the measured enthalpy of the 

melting transition of the LPC-amylose complex in 
the second scan and AHc is the enthalpy of the pure 
potato amylose complex with LPC (22.1Jg-1). The 
potato starch amylose was essentially free of amylo- 
pectin (<0.5%) with an average molecular mass of 
400 4- 200 kg mol- 1 as determined with light scattering. 

Morphology 
The amount of residual granular structure was 

determined with polarization microscopy. The sliced 
materials were viewed at a magnification of 40 × with a 
Axioplan Universal Microscope. Photographs were 
taken using the MC100 camera accessory. Density 
measurements were made by suspending about 10g of 
material in paraffin oil (OPG-Farma) with a density of 
0.875kgl -1 and measuring the amount of displaced 
paraffin oil. 

Fourier transform infra-red spectroscopy 
Absorbance spectra were recorded on a BioRad FTS- 

60A spectrometer using the Digilab attenuated total 
reflectance accessory with a ZnSe-crystal at an angle of 
incidence of 45 °. Sieved samples (with a particle size 
below 125 #m) were measured directly. The spectra, 
obtained at a resolution of 4 cm -1, were averages of 400 
scans, and were recorded against an empty cell as 
background. Spectra were baseline corrected at 1200 
and 8 0 0 c m  -1 and deconvoluted using techniques 
described by Cameron and Moffat 39 with a half-width 
of 15 c m  - l  and an enhancement of 1.5 with triangular 
apodization. 

X-ray diffractometry 
Wide-angle X-ray diffraction (WAXD) patterns 

were measured using a Philips powder diffractometer 
(Model PW3710) operated at the CuKa wavelength of 
1.542A and at 2000roW. The scattered radiation was 
detected using a proportional detector. Measurements of 
diffracted intensities were made in the angular range of 
4-40 ° (°20) at ambient temperature. Crystallinity was 
measured according to the methods of Hermans and 
Weidinger 4°. Diffractograms were smoothed (with a six 
point averaging and a band broadening of 1.4) and 
baseline corrected by drawing a straight line at an angle 
of 7 ° . The height of the crystalline diffraction at an angle 
of 17.3 ° (°20), He, was measured relative to the height 
of the total diffraction, Ht, measured from the base- 
line. The ratio R(XB) = He/Ht is related to the relative 
amount of B-type crystallinity, % XB, in comparison with 
granular potato starch (%XB of granular potato starch is 
100%) by the relation: %XB = {R(XB) -- 0.095}/0.0055. 
The crystallinity of granular potato starch is estimated 
as 25%. 

RESULTS AND DISCUSSION 

Structural characterization of the extruded TPS 
materials 

The degree of gelatinization and granular melting, 
the morphology and the starch structure have been 
determined of TPS materials which have been stored 
below Tg by quenching the hot polymer melt directly 
after extrusion processing. The density of materials with 
10-12% water is 1.46gcm -3 for both PN and PH 
materials. The density of dry granular potato starch is 
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1.52gcm -3. The processing of both materials does not 
give rise to a difference in the macroscopic density of  the 
PN and PH TPS materials. Average molecular mass (10 -3 × kgmol n) 

A typical chromatogram of  the starch PH materials is 
shown in Figure 1. For each slice in the chromatogram, Material M n Mw Mz M'n /14w Mz 
the molecular masses determined on the basis of the Astra Easi 
light-scattering measurements are included in Figure la. Native 55 99 172 3.5 88 181 
The combination of  the concentration detection and the 48 96 170 5.4 89 186 
light scattering signals gives the average molecular PN 26 49 159 1.7 39 190 

23 43 148 1.2 35 178 
masses and the molecular mass distribution (Figure lb). PH 0.69 1.9 5.2 0.55 1.9 5.3 
The average molecular masses of the various materials 0.93 1.8 4.9 0.57 1.8 5.0 
are summarized in Table 1, showing that during Ph 0.4 1.2 6.5 0.2 1.1 6.9 
extrusion a breakdown of  the starch has taken place. 0.3 1.0 4.1 0.2 0.9 4.3 
Obviously, the molecular masses of the PH and Ph 
materials are lower than those of  the PN materials due to 
the hydrolysis. The fraction of  molecular masses below 
3 kgmol i is less than 1%. 

Typical d.s.c, thermograms of  the melting of  the 
amylose-LPC complexes are given in Figure 2, illustra- 
ting that the complexation abilities of the PN materials . . 
are larger than those of  the PH and Ph materials. This 
indicates a decrease in amylose content due to acid 
hydrolysis. The change in complexation ability for 
hydrolysed starch is even more pronounced when treated g / 
at higher hydrochloric acid concentrations (Table 2). The o ~ 
breakdown of amylose is confirmed by the decrease in 
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Figure 1 (a) Chromatogram ( ) of the extruded PH TPS material 
with the calculated molecular masses ( . . . .  ). (b) Molecular mass 
distribution of the extruded Ph, PH and PN TPS materials in 
comparison with native potato starch ( P n a t i v e ) ,  respectively from left 
to right 

Table 1 Molecular masses a of granular potato starch and the extruded 
PN, PH and Ph TPS materials 

a All samples were measured in duplicate with an accuracy of 
approximately 10% for Mw and 25% for Mn and hT/z values 
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Figure 2 Therrnograms of the melting of the amylose-LPC complexes. 
From bottom to the top are shown: (a) Ph-TPS; (b) PH-TPS; (c) PN- 
TPS; (d) potato starch amylose 

Table 2 Apparent amylose content calculated on the basis of the LPC 
complexation capacity for native potato starch and the extruded TPS 
materials 

Enthalpy Amylose M w Preparation 
Material (Jgd.s.-l) a (%) (kgmo1-1) method 

Potato starch 6.0 -4- 0.5 27 :t: 3 88 000 native, granular 
PN 5.5 ± 0.7 25 -4- 3 37 000 native, extruded 
PH 2.5 i 1.0 11 -4- 5 1900 hydrolysed 

(0.25 M), extruded 
Ph 1.9 ± 0.4 9 ± 2 1000 hydrolysed 

(l M), extruded 

a d.s., dry starch material 

apparent amylose content observed for hydrolysed 
potato starch (Lintner starch41). No  significant changes 
in complexation abilities have been observed between the 
materials before and after extrusion. The reduction in 
molecular mass during extrusion processing (Table 1) 
does not lead to a drastic reduction in amylose content. 
Although a possible breakdown of amylose can take 
place, the shorter chains are long enough to give a LPC- 
complex. 

With the aid of  polarized light microscopy, it is 
shown that a small amount of granular starch (0-10%) is 
still present, indicating that not all granular starch is 

3546 POLYMER Volume 37 Number 16 1996 



Influence of starch molecular masses on properties of extruded thermoplastic starch: J. J. G. van Soest et al. 

destructurized. However, no differences are observed for 
the PN and PH materials. 

Some typical thermograms of the premix of PN and 
the PN TPS material quenched directly after extrusion 
are shown in Figure 3a. Similar melting profiles of the PH 
premix and the PH TPS materials are observed. The 
onset melting temperature of the starch-water-glycerol 
mixture before extrusion is approximately 100°C. The 
peak temperature is approximately 120°C. The melting 
temperature during extrusion is only 120°C, with a barrel 
temperature of 135°C. From a melting point of view, it 
has to be noted that this can result in some residual, not 
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Figure 3 (a) Thermograms of the melting of the premix of granular 
potato starch (---) and PN TPS stored below glass transition 
temperature ( - - ) .  (b) FTi.r. spectra of native potato starch (---) 
and PN TPS stored below Tg ( ). (c) X-ray diffractograms of native 
potato starch (---) and PN TPS stored below Tg (--)  

completely destructurized, granular starch. The process 
of extrusion is taking place at a high shear stress with a 
high value of the mechanical energy input which has been 
shown to enhance melting 46. Small broad endothermic 
transitions characteristic of granular melting are 
observed in the extruded TPS materials. The thermo- 
grams measured with an excess of water added show a 
gelatinization endotherm of some residual granular 
starch at an onset temperature of 57°C with an enthalpy 
of 0-1 J g-l. This is indicative of an almost amorphous, 
completely destructurized TPS starch material, which is 
in agreement with the low amounts of granular structure 
determined with polarized light microscopy. 

Changes in short-range structure 45 as a result of 
extrusion are shown in Figure 3b for the PN starch 
premix and the PN TPS materials. The PH materials give 
similar spectra. The ordering before extrusion processing 
is high as shown by the high intensity of the band 
at 1047cm -l and the low intensity of the band at 
1022 cm -~ . Extrusion results in a decreased intensity of 
the band at 1047 cm -1 and an increased intensity of the 
band at 1022cm -j . The native granular starch is 
plasticized by extrusion giving a material with low 
amount of short-range ordering. It is difficult to quantify 
the amount of ordered structure accurately, because the 
infra-red (i.r.) spectra are also influenced by slight 
differences in water and glycerol content. 

As shown in Figure 3c, the B-type crystallinity observed 
in granular potato starch is completely destroyed 
during extrusion. Both the PN and the PH TPS materials 
are amorphous without any long-range ordering, i.e. 
amorphous, when stored at low temperature. 

Influence of aging and water content on the starch 
structure in the TPS materials 

During storage no changes in birefringence have been 
observed for either PN or PH materials. Over the whole 
range of water contents the morphology of the TPS 
materials shows no differences. Some typical melting 
profiles of the TPS materials after storage for 12 months 
are shown in Figure 4. Broad double melting endotherms 
are observed for materials with a water content in the 
range of 5-30% water. With excess of water added 
before d.s.c, experiments, less broad melting endotherms 
are observed at 57°C (onset temperature). The melting 
above 57°C is due to the melting of some native granular 
starch or recrystallized starch. The melting of native 
starch with glycerol added will occur at an onset 
temperature of 57°C at high water contents. The onset 
temperature is shifted to 100°C at lower water contents 
dependent on glycerol content (unpublished results). 
Another endotherm at 58°C (peak temperature) with an 
onset temperature of 49°C, is observed in materials 
which have been stored at low humidities and water 
contents below 12%. The occurrence of these type of 
endotherms at 58°C has been explained for several 
polysaccharides, plasticized with water and stored below 
or at their Tg, in terms of a dynamic hydration model in 
which specific energetic water-carbohydrate interactions 
are involved 42 and by sub-Tg structural relaxation 
processes involving polymer-polymer interactions 43. 
Similar results are obtained for the PH materials. The 
results are difficult to quantify, because of the low 
enthalpy changes and the complex nature of the melting 
profile. 
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Figure 4 (a) Some typical d.s.c, thermograms of PN TPS materials 
after aging for various periods as indicated in the figure. (b) FTi.r. 
spectra of PN ( ) and PH (---) TPS materials. (c) X-ray 
diffractograms of PN ( ...... ) and PH (- - -) TPS materials. The materials 
have been stored for 12 months above Tg at a RH of 60% and 20°C 
unless stated otherwise 

During storage for 12 months, the amount of crystal- 
linity is increased as shown in Figure 4b. Crystallization 
takes place in materials stored above the Tg of the TPS 
materials (unpublished results). The water content of 
the materials stored at 60% RH is 13.5-14.5%. The 
crystallization process is slow which means that the 
materials with 13.5-14.5% water are only slightly above 
their Tg at 20°C. The crystallinity is mainly of the B-type 
although a small amount of Vh-type structure (unpub- 
lished results) is observed for the PN materials. This type 

of crystal structure is formed solely by amylose and not 
by amylopectin and the relative abundance is dependent 
on amylose content which is lower for the PH materials 
than for the PN materials. The degree of crystallinity of 
the samples used for mechanical testing of  both PN 
and PH materials amounts to approximately 4.3% 
irrespective of  water content. 

The i.r. spectrum of  the PN TPS material stored for 12 
months is given in Figure 4c. The intensities of the bands 
at 1047 and 1022 cm -1 are not changed to a great extent. 
Thus, the short-range ordering is only slightly increased 
in time for both the PN and PH materials. The effect of 
water content on the i.r. spectra of  the PN TPS materials 
is more pronounced. The spectra of the PN TPS 
materials are similar to those of the PH TPS materials 
at identical water content. This means that for the 
materials with the same water content the starch in the 
material has a similar short-range structure. For 
materials with low water content (less than 10%) a 
band broadening is observed in the C - C  and C - O  
stretching region (800-1300cm l) due to a lower 
mobility of the starch chains and ordering of the 
polymers. The band at 1000-994cm -1 is shown to be 
related to the C - O - H  bending vibrations and is very 
sensitive to hydrogen bonding 45. The intensity of the 
band at 1000-994cm 1 is drastically decreased with 
increasing water content, from 15 to 30%. The interac- 
tion between the starch chains is mainly by hydrogen 
bridging. Thus, the starch-starch interactions are 
rapidly decreased at high water content. Also the 
mobility of  glycerol will be increased and the glycerol- 
starch interactions will be lowered by an increase in 
water content 47. 

Glass transition temperature 
A second order phase transition (Figure 5), explained 

as a glass transition, is observed at 30-60°C for brittle 
materials with 5-10% water. For materials with 11% 
water the Tg is 20-30°C and for rubbery materials (14% 
water), it is approximately 0-10°C. For materials with 
more than 14% water, Tg is difficult to detect. As is 
shown in Figure 5, the Tg far above room temperature is 
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easy to observe, becomes less broad and is often 
overlapping with the first order sub-T, transitions 
described above. The transitions at lower temperatures 
are very broad ( Tonset - Tconclusion can be up to 30°C) due 
to the fact that the TPS materials are very complex in 
compositions. The materials are composed of amylose and 
amylopectin with a very broad range of molecular masses. 
As a result Tgs are not detectable for PH materials. No 
major differences in Tgs are expected on the basis of 
molecular rnass”. The results are summarized in Table 3. 

Mechanical properties: influence water content 

Some typical load-strain diagrams of the PN and PH 
plastics at various water contents are shown in Figure 6. 
The plots are essentially linear at low strains and curve 
towards the strain axis at higher strains. At water 
contents less than 5% the materials were too brittle to be 

Table 3 Glass transition temperatures 

Water content (%) PN 

T, (“C)” 

PH 

20 n.d. n.d. 
14 5 n.d. 
11 25 n.d. 
8 42 n.d. 
5 59 58 

’ Standard deviation is 5°C 
n.d., not detectable 

a) 
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Figure 6 The load-strain diagrams of (a) PN and (b) PH TPS 
materials at various water contents. The water contents (X w/w) are as 
indicated in the figure 

measured. Brittle fracture is marked by a rapid decrease 
in stress at low water content (5-7%). Yielding is not 
observed because brittle polymer materials break before 
reaching a yield point. The load-strain curves show a 
ductile region, with a yield point after which the stress 
decreases with strain (stress softening) at a water content 
of 7-10%. The yielding materials are tough. Tearing, a 
slow fracturing process, is seen at higher water contents. 
At these water contents no yield point is observed, but 
the load-strain curve is very smooth with a gradual 
decrease in stress with strain. 

The E-moduli, derived from the initial slope of the 
load-strain plots, and the tensile stress at maximal load 
are shown as a function of water content in Figures 7a 
and c and 7b and d, respectively. With increasing water 
content, a decrease in E-modulus and stress is observed. 
The E-modulus reaches a value in the order of 500- 
1000 MPa at low water content (5-7%). The E-modulus 
drops to a value in the range of 0- 100 MPa at a water 
content of 13- 15%. The strain at break vs water content 
is shown in Figures 8b and d for both materials. At a 
water content of 13- 15% the materials have a maximum 
in the elongation at break. Above 15% water the 
materials become weak and the ultimate elongation is 
decreased. The energy to break point as a function of 
water content is shown in Figures 8a and c. In these 
curves a maximum is observed at 9-10% water content. 

The decrease in E-modulus with increasing water 
content is characteristic of a polymer being plasticized 
through its glass-to-rubber transition. At low water 
content with E-moduli above 500MPa the material is 
glassy, and at intermediate water content when the 
E-moduli are in the range of lo-250 MPa the material 
is rubbery. The modulus usually drops steeply in the 
region centred around the glass transition. This change 
in E-modulus is accompanied by a sharp increase in 
elongation and tearing energy. The changes in mechani- 
cal properties due to a glass-to-rubber transition are in 
agreement with d.s.c. experiments. For extruded starch 
materials, with only water added as a plasticizer, a more 
marked change in properties has been observed in the 
range of water content of 18-2O%33-35. This shift of 
glass-to-rubber transition to a lower water content 
means that glycerol has a plasticizing effect on the TPS 
materials, although the effect of glycerol is less than that 
of water. 

Above a water content of 15% the materials are weak 
and soft, with low elongation and low energy to break 
point. The materials are not completely elastic but act 
more like stiff gel-like materials. Permanent deforma- 
tions up to 30% are observed. This region at high water 
content is characterized by a loss in properties, i.e. a 
lower strain, strength and elastic modulus. Water is 
acting as a plasticizer, lowering the Tg. But at high water 
content the interactions between starch molecules are 
weakened to such an extent that the materials become 
very weak in strength with a low elastic modulus. This 
weakening of the interactions, especially H-bridges, 
between the starch molecules is confirmed by i.r. 
spectroscopy as seen by a reduction of the intensity of 
the absorbance at 994- 1000 cm-‘. 

Mechanical properties: comparison of the PN and PH 
materials 

The shape of the curves of the tensile stress and elastic 

POLYMER Volume 37 Number 16 1996 3549 



Influence of starch molecular masses on properties of extruded thermoplastic starch." J. J. G. van Soest et al. 

O. 

I l l  
_= 
- i  

' I0 
o 

| 
uJ 

10 3 

10 2 

10 ~ 

a) 3o 
== 20 
.= 

4 
, , , , i . . . .  i , , , , i , b , , i . . . .  , 0 

10 15 20 25 30 

Water content (%) 

:... b) 

5 10 15 20 25 30 

Water content (%) 

O. 

m 

i 

o 

l,', 

10 3 

10 2 

10 1 

• • ~ 0  4 

c) 

W 
W 

m 

_e 
. m  

m 

O 

• • •  • I-- 

, , , , i , , , , I , , , , i , , , , i , , , , i 

10 15 20 25 30 

30 

a. 

v 

2O 

10 

d) 

5 10 15 20 25 30 

Water content (%) 

Figure 7 The elastic modulus  and tensile stress as a function of  water 
E-modulus (c) and tensile stress (d) of  the PH TPS materials 

moduli v e r s u s  water content are similar for the PN and 
PH materials. The changes from glassy to rubbery 
behaviour occur for both PN and PH materials at the 
same water content. The differences in molecular mass 
have no major effect on Tg because the Tg of starch and 
maltodextrins becomes independent of chain length 
above 20 glucose units 44. The change from brittle to 
ductile behaviour is confirmed by the increasing strain 
and energy to break point for the PN and PH materials. 
No differences in E-modulus and glass-to-rubber transi- 
tion are expected on the basis of  the similar morphology, 
crystallinity and physical structure of  the PN and PH 
materials. 

The fracture strength is practically independent of the 
molecular mass for the TPS materials. The molar mass 
dependence of  the fracture strength is predominantly due 
to entanglements 24. Beyond a critical molecular mass for 
entanglements, additional entanglements no longer 
contribute to the strength of  the physical network 
created by the entanglements. 

The maximal values of  the elongation and the energy 
to break point are influenced by starch molecular mass. 
The maximal values of  the strain at break in the rubbery 
state of the PN and PH materials are 100-125% and 
30-50%, respectively. The values of the energy to break 
point at the maximum of  the PN and PH materials are 

Water content (%) 

content. O, E-modulus (a) and tensile stress (b) of  the PN TPS materials; O, 

0.15 + 0.02 and 0.1 + 0 .01Jmm 2, respectively. This 
value is found at the glass-to-rubber transition at a 
water content of 9-10%. The differences in strain at 
break and energy to break point in the rubbery state 
(9-15% water) are explained by the differences in 
molecular mass of amylopectin and amylose of the PN 
and PH materials. In the rubbery state, the entangled 
polymers with a higher molecular mass can be stretched 
much further than polymers with a low molecular mass 24 
and de-entanglement of the polymers is more difficult. 
This will also be reflected in a higher value for the total 
energy needed to break the materials (the tearing energy) 
in the rubbery state. The energy required to extend a 
rubber to its ultimate elongation is related to the length 
of the chain of the starch molecules and thus to 
molecular mass. For  starch there is a complicating 
factor that amylose and amylopectin differ in degree of  
branching. There is no linear relationship between 
average molecular mass of starch and the chain length. 
For amylose and amylopectin the relationships of 
molecular mass with shape and size are dependent on 
the degree of branching. The TPS materials can be 
visualized as a matrix of entangled amylose and 
amylopectin molecules. This type of network formation 
is similar to that described for amylose and starch 
gelation 48. For  amylopectin only the short outer chains 
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Figure 8 The strain at break (elongation) and tearing energy as a function of water content. O, Elongation (a) and energy (b) of the PN TPS materials; 
O, elongation (c) and energy (d) of the PH TPS materials 

of the amylopectin can participate in the formation of 
entangled structures with the outer chains of other 
amylopectin molecules or with amylose. The amount of 
amylose and the amylose chain length is lowered by acid 
hydrolysis. Hydrolysis of amylopectin has been shown 
(unpublished results) to affect the degree of branching of 
the amylopectin. Low molecular mass chains are chipped 
off from the outside thereby lowering the molecular mass 
and the degree of branching. Thus, a lowering of the 
molecular mass of amylose as well as amylopectin and of 
the degree of branching explain the differences in 
measured values of the elongation and tearing energy 
of TPS materials without influencing the glass transition 
temperature and the E-modulus. However, it still has to 
be investigated which of the molecular changes is the 
most dominating factor for explaining the observed 
differences in stress-strain properties. 

function of water content: a glassy region, a rubbery 
region preceded by a glass-to-rubber transition and a gel- 
like region. At high water content the materials are 
viscous, due to the low interaction forces and the reduced 
hydrogen bonding between the starch polymers in the 
amorphous regions. The materials are composed of a 
complex network of completely plasticized starch, 
recrystallized starch, partially destructurized granular 
starch and intact granular starch. Both amylose and 
amylopectin are responsible for the semicrystalline 
nature of the TPS materials. 

Acid hydrolysis of potato starch reduces the chain 
length of amylose and the chain length and the degree of 
branching of amylopectin. These low molecular mass 
starches give TPS materials with a less effectively 
entangled matrix of amylose and amylopectin polymers. 
In the rubbery state, this results in a lowering of the 
elongation at break and tearing energy. 

CONCLUSIONS 

Polymer chemical principles have been successfully 
applied to explain the mechanical behaviour of the TPS 
materials made from a high or from a low molecular 
mass starch. Both materials are viscoelastic with three 
characteristic regions of mechanical behaviour as a 
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