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Abstract

The structural relaxation during the ageing of an amorphous maltose and a starch—sorbitol mixture was examined using a range
of physical techniques. Heat capacity, measured by differential scanning calorimetry, showed an overshoot in the glass-transition
region, the size of which was temperature and time dependent. Volume relaxation measurements were made at different ageing
temperatures in the range 7, — 15 to — 30 K. The volume decreased with increasing ageing time, in an essentially linear fashion
with log time. The mechanical behaviour of the materials showed a progressive embrittlement on ageing. For both materials, the
mechanical relaxation time increased with ageing, and the material became stiffer. Investigation of the effect of physical ageing
on transport properties was also performed using conductivity measurements on a maltose—water—KC1 mixture. A decay in
conductivity, which was almost linear with log time, was observed. The structural relaxation was modelled using the Tool-
Narayanaswamy approach to describe the calorimetric data. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Starch and its hydrolysis products have widespread
industrial use, often in low moisture systems where the
materials are glassy. In the vicinity of the glass transi-
tion, there can be large changes in properties for rela-
tively small changes in temperature. As a polymer in a
rubbery state is cooled to a temperature below the
calorimetric glass-transition temperature, 7,, the local
viscosity of the polymer chain progressively increases,
leading to reduced molecular mobility and vitrification.
T, is commonly determined from the sharp change in
heat capacity occurring at the transition, as a result of
a change from liquid-like to solid-like behaviour over
the experimental timescale. When most polymer liquids
are cooled, their density will increase. Below T, this
structural relaxation occurs very slowly as a result of
reduced mobility, and gives rise to the phenomenon of
physical ageing, which is associated with a change in

* Corresponding author. Tel.: + 33-2-40675147; fax: + 33-
2-40675066.
E-mail address: lourdin@nantes.inra.fr (D. Lourdin).

material properties'? including their mechanical® and
diffusional behaviour.* These changes have important
practical consequences for the stability of glassy materi-
als, and have been extensively studied, particularly for
synthetic polymers.>~%

Structural relaxation can be probed by measurements
of enthalpy or volume change. Fig. 1 shows a schematic
of the dependence of volume and enthalpy on tempera-
ture, as an undercooled liquid is cooled below T,. At T,
there is a sharp change in behaviour as the liquid
structure becomes arrested over the timescale of the
cooling. If the cooling is slower, there is more time
available for the structure to relax, and the appearance
of T, will occur at a lower temperature. The structure
of the glass will slowly evolve with time to that of the
‘equilibrium’ liquid. This relaxation will, in part, be
dependent on temperature and partly on liquid struc-
ture, characterised on a temperature scale through the
notion of a fictive temperature, T¢, the temperature at
which a particular structure would be fully relaxed (Fig.
1).

Although dilatometry is a direct way of measuring
the densification of the liquid, its use is rather re-
stricted. Densification also affects the energetics of in-
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teraction between molecules, and the accessibility of
liquid configurations, both of which can be probed in a
calorimetric experiment where structural relaxation is
observed as a peak in heat capacity preceding T, or an
overshoot at T, There is not necessarily a simple
relationship between the observed time-dependent be-
haviour of enthalpy and volume and their associated
effect on mechanical behaviour.®!'°

There are various phenomenological approaches for
describing the observed time-dependent behaviour, a
widely applied one, which has a potentially useful pre-
dictive capability, is the Tool-Narayanaswamy
method,''~'* which has been applied to polymeric sys-
tems. The dependence of structural relaxation on time,
t, can be described by an empirical relaxation function,
¢, of the form

¢ (1) = exp[ — (t/7))’] (1

where f (0 < f < 1) is a measure of its non-exponential-
ity. 7, is a characteristic time which is dependent on
both temperature, 7, and to an extent, liquid structure
(characterised by T}) and has been successfully obtained
using the expression

o= A exp[xAh*/RT + (1 — x)Ah*/RT] @)

where 4, x (0<x<1) and Ah* are constants.'>!*!?

These relationships can be used to calculate the time
dependence of 7, following a temperature step. The
cooling and heating of a sample can be considered as a
succession of n such steps in which case

I: ., =To+ i ATj{l — exp|: - <ki AT,\,/Q’L’O’,\,>/}:|}
J (3

j=1

where Q is a heating or cooling rate, and 7, is a
starting temperature where relaxation is sufficiently
rapid that in the initial stages of cooling, equilibration
is obtained. During annealing, the sample is held at a
fixed temperature, 7,, for a certain length of time, this
was divided into ten logarithmically spaced steps with
Eq. (3) being modified as described

Volume, V
Enthalpy, H

equilibrium
liquid

non equilibrium -
,* Glass
L7 transition (Tg)
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.’ temperature (Tf)
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Fig. 1. Schematic of the dependence of volume and enthalpy
on temperature as an undercooled liquid is cooled below Ty,.

Tou=To+ 3 ATi{l —exp[—< > Afe,k/fo,k>q}

j=1 =nNa

4)
where n, + 10 > n > n, and
At, =t k=n,+1 (5
At, k=t()k_"a)/lo—t(k_n"’_l)‘/m k>n,+1 (6)

For a calorimetric experiment, 7% , is then related to a
normalised heat capacity, C, , by

Cpn=Te,—Te, (T, ~T, ) )

These predicted values of C,, can then be compared
with those determined calorimetrically.

There is a need to predict the time-dependent be-
haviour of starchy materials. Although there is an
abundant literature on the effects of starch crystallisa-
tion, physical ageing has received much less attention.
This study aims to characterise the structural relaxation
behaviour of starch and a low molecular-weight ana-
logue of starch—maltose. The study examines the use-
fulness of the Tool-Narayanaswamy approach for
describing the observed time-dependent behaviour.

2. Experimental

Materials.—Maltose monohydrate was purchased
from Sigma and used without further purification. For
dilatometry, maltose cylinders (0.5 x 3 cm) were formed
in plastic syringes after quenching the hot liquid (80 °C)
to rt. Sorbitol-plasticised amorphous starch was pre-
pared by extrusion of native potato starch containing
25% water with sorbitol. For the dilatometric study,
extruded starch rods were granulated. Samples were
conditioned at a relative humidity of 57% and the water
content was determined gravimetrically after drying in
a vacuum oven over P,Os at 80 °C for 12 h.

Dilatometry.—A dilatometer of borosilicate glass
was used. The design of the apparatus consisted of a
capillary with a precision bore (0.2 mm diameter) be-
tween two side arms which act as the sample chamber.
The arms were sealed with Teflon taps. The whole
dilatometer was filled with degassed decane and the
sample introduced into the decane. The solvent had no
effect on the 7, of the sample. The sample mass was
~ 20 g. The dilatometer was initially equilibrated to a
temperature 15°C above the calorimetric T, of the
sample for 10 min. The dilatometer was then immersed
in a water bath maintained at the ageing temperature,
controlled to + 0.001 °C, and measured using a quartz
thermometer (Hewlett—Packard 2804A), -calibrated
from the triple point of water. The measured time for
temperature equilibration was ~ 0.28 h. Time zero for
the physical ageing experiment was taken as the time at
which the dilatometer was quenched to the ageing
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Fig. 2. (A) Plot of experimental normalised heat capacity of
amorphous maltose containing 5% water as a function of
temperature for various ageing times (0, 0.25, 0.5, 1 and 2 h)
at 298 K. (B) Superposition of fitted and experimental data
for an ageing time of 2 h at 298 K, using the following values
of the parameters: Ah* =400,000; In A= —150; x=0.58;
f =0.65.

temperature by placing in the water bath. After initial
thermal equilibration, one tap was closed and the other
limb pressurised to introduce decane into the capillary
and then the other tap closed. The contraction or
expansion of the sample was followed through the
movement of decane in the capillary using a cathetome-
ter to permit the measurement of a volume change of
3x107° m’.

Calorimetry.—Samples (~ 10 mg) were sealed in
pre-weighed aluminium pans in an argon atmosphere.
DSC experiments were performed using a Perkin-—
Elmer DSC 7 fitted with a robotic autosampler. The
DSC was calibrated for temperature, at each heating
rate used, from the melting points of indium (156.6 °C)
and dodecane (—9.65°C). The heat flow was cali-
brated from the heat of melting of indium (28.45 J/g),
and the calibration for heat capacity checked against a

sapphire standard. Ageing was performed in the DSC
at the ageing temperature, the instrument was then
cooled to 0°C at 10°C/min and then measurements
made in the temperature range 0-80 °C, using a scan-
ning rate of 10 °C/min. Data analysis was performed
using Perkin—Elmer thermal analysis software to obtain
the heat capacity data. An estimate of the parameter
Ah*, was obtained by measuring the dependence of the
glass-transition temperature on scanning rate, with
cooling into the glass performed at the same rate.'® The
calorimetric behaviour after ageing and rescanning was
compared to the initial behaviour to confirm that the T,
of the ‘unaged’ material had not changed.

Mechanical measurements.— Amorphous maltose—
water mixtures were pressed into blocks 2 x 6 x 30 mm,
and amorphous starch—sorbitol mixtures extruded into
6 mm diameter rods of the same length. The mechani-
cal properties of these materials were examined on an
Instron 1122 in a three-point bend test over a total
sample length of 26 mm, at a temperature of 27.7 °C. In
order to avoid water loss, mechanical measurements
were made on samples immersed in a temperature
controlled bath of silicone oil. Immersion in silicone oil
had no effect on T, for the experimental timescales
used.

Conductivity measurements.— A mixture of maltose
containing 5% w/w water and 0.74% w/w KCI1 was
examined. Conductivity measurements were made using
a two-stainless steel parallel-plate cell with circular
electrodes (diameter 33 mm) (Rheometric Scientific,
Loughborough, UK) with an electrode separation of
0.5 mm. The cell was enclosed in a controlled tempera-
ture chamber. Direct current (DC) measurements were
performed with a sensitivity of 0.1 pA and a response
of 0.36 s. After thermal equilibration, a voltage step
was applied for 1 min (0. 1 V) and the current recorded,
a reversing voltage was then applied in order to min-
imise electrode polarisation. The conductivity experi-
ments were performed isothermally across the
temperature range 70—25 °C, with decreasing tempera-
ture to reduce the time-dependent effects of electrode
polarisation.

3. Results and discussion

Calorimetric behaviour.— A plot of normalised heat
capacity, C, , as a function of temperature is shown in
Fig. 2(A) for the 19:1 maltose—water mixture. There is
a sharp change in heat capacity in the region of 318 K
indicative of a glass transition. The samples were aged
at 298 K for different times for up to 2 h. With
increasing ageing time there is an increasing overshoot
in heat capacity at the glass transition. The observed
behaviour was modelled using Egs. (4)—(7).!® A good
fit to the data was obtained with AiZ* =400,000 (ob-
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Table 1

Ageing dependence of mechanical and calorimetric relaxation
times for a maltose-water mixture at 300.7 and 300 K,
respectively

Mechanical behaviour Calorimetric behaviour

Ageing B Tm(s) X 1072 Ageing To(s) x 1073
time (h) time (h)
0.28 0.50 1.20 0.28 2.80
1.16 0.50 2.80 0.56 3.45
1.76 0.45 3.00 1.00 4.23
4.76 0.45 4.00 1.75 5.27
20.40 0.45 6.00 4.80 8.05
20.40 14.80
1.2
: 24h
104 6.8h
Z sl "
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Fig. 3. (A) Plot of experimental normalised heat capacity of
amorphous starch containing 15% sorbitol and 5% water as a
function of temperature for various ageing times (0.27, 1, 2, 4,
6.8 and 24 h) at 300 K. (B) Superposition of fitted and
experimental data for an ageing time of 24 h at 300 K, using
the parameters: Ai* =400,000; In 4= —143; x=048; f=
0.32.

Table 2

Ageing dependence of mechanical and calorimetric relaxation
times for a starch—sorbitol-water mixture at 300.7 and 300 K,
respectively

Mechanical behaviour Calorimetric behaviour

Ageing B 7.,(s) x 10~% Ageing To(s) x 1073
time (h) time (h)
0.26 0.35 0.13 0.27 0.80
1.00 0.33 0.27 1.00 1.00
2.00 0.31 0.40 2.00 1.35
4.00 0.30 0.73 4.00 1.41
6.80 0.28 1.00 6.80 1.65
24.60 0.26 3.70 24.00 2.55
48.00 0.26  6.90
78.00 0.26  7.50

tained from the dependence of 7, on scanning rate),
In4= —150, x=0.58 and f =0.65. These values are
similar to those obtained on pure maltose'® with a
decrease in the parameter f from 0.86 to 0.65, indicat-
ing a greater spread in the distribution of relaxation
times as water is added. The fit to the experimental data
at the ageing time of 2 h is shown in Fig. 2(B). In
preparation for dilatometric and mechanical measure-
ments, these parameters were then used to predict the
extent of ageing at different temperatures and the effect
of ageing on relaxation time. For example, the calcu-
lated characteristic relaxation time, 7, (Eq. (2)), pro-
gressively increased from 2.8 x 10° to ~ 1.48 x 10* on
ageing from 0.28 to 20.4 h (Table 1).

The calorimetric behaviour obtained on ageing a
16:3:1 starch—sorbitol-water mixture is shown in Fig.
3(A). A change in heat capacity, indicative of a glass
transition is observed at 323 K. Compared to the
maltose—water mixture the transition is broader. On
ageing at 300 K there was a progressive appearance of
an overshoot in heat capacity, although not nearly as
marked as for the maltose—water mixture. For exam-
ple, after 20 h the overshoot in calculated C, , for the
maltose—water mixture is ~4, while for the starch
mixture it is only ~ 1.1. A fit to the data was obtained
with AZ* =400,000, In 4= — 143, x=048 and f =
0.32 (Fig. 3(B)). The change in the latter two parame-
ters characterises the broadening of the transition in the
ternary starch—sorbitol-water mixture. After 24 h the
calculated relaxation time (Table 2) had increased to
2.55 x 10° s reflecting the effect of ageing at a lower
temperature with respect to 7.

Volume relaxation.—The change in volume, AV/V,
with ageing time is shown in Figs. 4 and 5 for 19:1
maltose—water and 16:3:1 starch—sorbitol-water mix-
tures, respectively. The quantity AV/V was calculated
from
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Fig. 4. Relative volume change as a function of time for
maltose—5% water at 297 K (J), 300 K (O) and 303 K (A).
The data at 300 and 303 K are displaced upwards by 0.5 and
1.0 ordinate units, respectively.
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Fig. 5. Relative volume change as a function of time for
starch—15% sorbitol-5% water at 294.5 K (VV), 298 K (A),
300.5 K (O) and 303 K (). The data at 298, 300.5 and 303
K data are displaced upward at 0.5, 1.0 and 1.5, respectively.

AV = |V(,) - V(0)|/V<0)

where ¥, is the specific volume at time, ¢, and Vg, is
the initial specific volume measured by pycnometry
after quenching and thermal equilibration at the ageing

Table 3

temperature. The calorimetric 7, of the mixtures was
318 and 323 K for maltose and starch, respectively.
Volume relaxation measurements were made at differ-
ent ageing temperatures in the range 7, —21 to —15
K for the maltose—water mixture, and in the range 7,
—29 to —20 K for the starch—sorbitol—water mixture.
The volume decreases with increasing ageing time. For
both materials the initial behaviour, up to ~ 0.3 h, is
dominated by the effects of thermal equilibration. After
this time, the volume change is essentially linear with
log t. The slope of AV/V versus log ¢t does not show a
significant dependence on temperature within the range
examined.

To estimate whether equilibration of liquid structure
was achieved within the experimental timescale of 100
h, the thermal expansion coefficient, «, of an 4:1 mal-
tose—water mixture was measured using densimetry. At
20 °C o was found to be 4.3 x 10~4/°C compared to
3.25 x 10~%/°C for water. If the volumetric properties
of maltose—water mixtures are additive this would give
a value of 4.49 x 10~4/°C for a 19:1 maltose—water
mixture. As a consequence, the predicted relative vol-
ume change on quenching the maltose—water mixture
to 297 K (T,— T of 21 K) is 9.4 x 10~ °, and 8.1 x
1073 and 6.7 x 10~3 at 300 and 303 K, respectively.
For all temperatures, the observed relative volume
change during ageing for ~ 100 h (after thermal equili-
bration) is substantially less, indicating that the equili-
bration of liquid structure was not achieved during this
time. The densification occurring during physical ageing
is comparable to that arising from the non-ideality of
mixing carbohydrates and water suggesting that the
latter effect could also have a significant impact on
material properties in these systems and would be rele-
vant to antiplasticisation phenomena.!’~!°

Mechanical relaxation.—The mechanical behaviour
of the 19: 1 maltose—water and 16:3:1 starch—sorbitol -
water mixtures was examined in a three-point bend test
at a crosshead speed of 2 mm/min. As for the dilato-
metric experiment, samples were initially equilibrated at
a temperature 15 °C above the T, of the sample for 10
min; samples were then rapidly cooled to 300.7 K. The
force at break and the deformation was recorded for
samples aged to different extents at 300.7 K (Table 3).

Ageing dependence of mechanical properties for maltose-water and starch sorbitol-water mixtures at 300.7 K

Maltose

Starch

Ageing time Strength at break Deformation at

Ageing time

Strength at break Deformation at break

(h) (Newton) break (mm) (Newton) (mm)
0.08 284 +7.1 0.39 +0.08 0.08 112+9 58+1.2
96.00 40+ 14 0.04 +0.01 24.00 124 +13 3.0+0.9
1440.00 150 + 12 1.9+0.7
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Fig. 8. Plot of the conductivity of maltose—5% water—KCl
mixture as a function of temperature.

Each point was an average of five determinations. With
ageing, the deformation at break decreases, indicating a
progressive embrittlement on ageing and is particularly
marked for the maltose—water mixture. Figs. 6 and 7
show the mechanical relaxation behaviour for maltose—
water and starch—sorbitol—water mixtures as a function
of ageing time. The load was applied at ¢,, and the load
required to maintain the deformation was recorded as a
function of time. The initial load of 15 and 30 N,
determined for the maltose and starch samples respec-
tively, was within the linear region of the stress—strain
behaviour. As recommended by Struik,® the duration of
each mechanical test was less than 10% of the total
ageing time to ensure that the time dependence of
ageing could be obtained. The different curves show the
mechanical relaxation of Young’s modulus (E) on age-
ing at 300.7 K. For both materials the mechanical
relaxation time shows a progressive increase with age-
ing. This behaviour is broadly similar to that obtained
for amorphous synthetic polymers. In order to extract
characteristic mechanical relaxation times (z,,), the ex-
perimental data was fitted to a relaxation function of
the same form as Eq. (1).

(1) =exp[ — (1/7,)"] (1)

The mechanical relaxation data for the maltose—water
mixture and the starch—sorbitol-water mixture are
summarised in Tables 1 and 2. For both materials, with
increased ageing, 7, is shifted to longer times. Although
7, 18 much shorter than that obtained from calorimetry,
the timescale over which the mechanical behaviour
changes is similar to that for both the calorimetric and
volumetric behaviour.

Conductivity.—Fig. 8 is a plot of the conductivity of
a maltose—water—KCl mixture measured as a function
of temperature. On decreasing temperature, the conduc-
tivity decreases although the effect is not as marked as
the corresponding increase in viscosity. Ten degrees
below the calorimetric glass transition of 318 K, the
temperature dependence of conductivity changes and is
an experimental indication of ‘frozen’ liquid structures
which are not fully ‘equilibrated’. The difference in
temperature of the structural arrest observed in calori-
metric and conductometric experiments was attributed
to differences in the thermal history of the two samples.
This arrested structural relaxation was investigated in
more detail through performing an ageing experiment
at 303 K. After heating to 353 K, the sample was
quenched to 303 K and the conductivity measured as a
function of time (Fig. 9). The large change in conduc-
tivity in the first 20 min is influenced by the thermal
equilibration, thereafter the decay in conductivity is
almost linear with log¢. This experiment shows that
translational mobility, as assessed through ionic con-
ductivity, is affected by the slow structural relaxation
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which occurs during ageing below the calorimetric glass
transition temperature.

4. Conclusions

The effects of structural relaxation on the material
properties of amorphous carbohydrates (maltose,
starch) was observed using a range of physical tech-
niques. During ageing of the glassy solids, the materials
became less compliant with the mechanical relaxation
time progressively increasing. A progressive slowing of
transport in the maltose mixture was also observed.
The progressive change in material properties occurred
over a similar timescale to the slow densification of the
amorphous glasses, characteristic of structural relax-
ation in the glassy state. We have shown that the
Tool-Narayanaswamy model gave a good description
of the observed calorimetric behaviour and has predic-
tive potential for describing the time dependence of the
structural relaxation.
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