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Abstract

The physical aging characteristics of maltose glasses aged at two temperatures below the
glasa transition temperature, Ty (T 10°C and Tg 20°C) from 5 to 10 000 min were measured
by standard differential scanning calorimetry (SDSC) and modulated differential scanning
calorimetry (MDSC). The experimentally measured instrumental 7, the calculated T,,, and the
exress enthalpy values were abtained for aged glasses using both DSC methods. The develop-
ment of excess enthalpy as a function of aging time, as measured by both SDSC and MDSC,
was fit using the Cowie and Ferguson and Tool-Narayanswamy-Moynihan models. The
changeinthe T, values and the development of the excess enthalpy resulting from physical ag-
ing measured by the two DSC methods are discussed.
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Introduction

A material in the glassy state is regarded as a solidified, supercooled liguid
whose volume, enthalpy, and entropy are greater than they would be in the equi-
librium condition [1]. Some propertics of the material in this noncquilibrium
condition continue to undergo relative slow relaxation over time, attempting to
obtain equilibrium, even at temperatures well below their glass transition tem-
perature (7,) without the influence of any external factors or forces. This gradual
continuation of the glass formation that occurs below 7 is referred to as physical
aging and occurs in a similar manner for all synthetic and natural materials [1].
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Physical aging is also referred to as structural relaxation, volume recovery, vol-
ume relaxation, enthalpic recovery, or enthalpic relaxation. Physical aging re-
sults in changes of material properties such as length, hardness, brittleness, den-
sity, enthalpy, creep- and stress-relaxation rates, dielectric constant and dielec-
tric loss.

The importance of understanding the process of physical aging of food mate-
rials has just begun to be appreciated, as demonstrated by its more recent appear-
ance in the foods, pharmaceutical, and biological literature [2-6]. The impor-
tance of enthalpic relaxation has been recognized for carbohydrates | 7-10], pro-
teins [11] and intact food systems [12, 13]. To date, the physical aging of only a
few food ingredients, such as sucrose [ 1, 14, 15], maltose [16], starch [7, 17-22],
and acetic acid soluble wheat gluten [23] and one intact food system, cheese [ 1},
have been systematically studied.

Schmidt and Lammert [16] examined the physical aging characteristics of
maltose glasses using a SDSC instrument. An amorphous maltose glass was
made by melting crystalline maltose in a hermetically sealed DSC pan and the
molten maltose was then quench cooled to the aging temperature, 30°C (approxi-
mately 12°C below the T). The maltose glass was aged from 5 min to 10 days in
a Mettler DSC instrument. After the material was aged, the maltose was quench
cooled to —20°C, scanned at a rate of 10°C min™' to 140°C (aged scan), quench
cooled to —20°C, and rescanned at a rate of 10°C min~ to 140°C (unaged rescan
— the prior thermal history was erased when the maltose glass was heated above
its 7, in the aged scan). The difference in enthalpy (or excess enthalpy) between
the aged and unaged glass was obtained by subtracting the unaged rescan from
the aged scan. The T, values obtained by the instrument software were found to
increase slightly with aging time, whereas the T, calculated values (the intersec-
tion of the enthalpy-temperature lines for the glass and liquid states obtained us-
ing the method of Richardson and Savill [24] were found to decrease with aging
time, Since the aged maltose glass is relaxing toward equilibrium, it is expected
that the T, calculated would decrease. The amount of excess enthalpy increased
with longer aging times up to approximately 1000 min and then leveled off indi-
cating that the material was nearing equilibrivm.

MDSC 1s a new technique that differs from SDSC by superimposing a
sinusoidal modulation on the linear heating rate, resulting in a sinusoidal heating
rate instead of a linear heating rate [25]. In essence, there are two heating rates, a
constant one (the underlying linear heating rate) and a sinusoidal one (the instan-
taneous heating and cooling rate imposed by the modulation conditions). There
are two advantages of MDSC: |, improved sensitivity and resolution tor the de-
tection of transitions and 2. separation of reversing events, such as the glass tran-
sition, from nonreversing events, such as physical aging. MDSC has been shown
to separate the effects of physical aging from the glass transition of polystyrene
[26, 27]. To date, only a few publications using MDSC are available in the feod
science literature at the time this introduction was written [28-30].

J. Therm. Anal. Cal., 35, 1999



LAMMERT et al.: PHYSICAL AGING 951

The objectives of this research were: 1) to measure the change in the experi-
mentally measured instrumental T, the calculated 75, and the excess enthalpy
values that result from the process of physical aging in maltose glasses using
SDSC and MDSC at aging temperatures of 23°C (approximately 14°C below T
midpoint) and 13°C (approximately 24°C below T, midpoint) for SDSC and 20°C
(approximately 13°C below T, midpoint) and 10°C (approximately 23°C below
T, midpoint) for MDSC as a function of aging time (from 5 to 10 000 min) and
2) to model the development of enthalpic relaxation as a function of aging time
using both the Cowie and Ferguson (CF) and Tool-Narayanaswamy-Moynihan
{TNM) models.

Materials and methods
Materials

Grade I maltose monohydrate (4-O-a-D-glucopyranosyl-D-glucose) was ob-
tained from Sigma Chemical Company (St. Louis, MO) and used without further
purification. The moisture content of the maltose was determined by Karl Fisher
Titration [31] and is 5.174+0.0058% (wet basis), based on duplicate measure-
ments,

Static was prevented from forming during the preparation of the maltose sam-
ples by: 1) using a Kimwipe sprayed with AntiStatic spray (Richland Research
Co., Scottsdale, AZ) to wipe the outside of the maltose container and 2) ground-
ing all of the utensils.

Instrument

A TA Instruments 2920 MDSC, equipped with a refrigerated cooling acces-
sory, and Thermal Selutions Instrument Control and RMX software (for SDSC)
and Universal Analysis software {(for MDSC) was used. For both SDSC and
MDSC measurements, dry He gas was purged through the sample cell at a rate of
25 cm’ min™'. Dry N gas was purged through the refrigerated cooling accessory
during heating and dry He gas was used for cooling; both were at a rate of
150 cm® min ™,

Sample preparation

The maltose samples (6.5010.25 mg) were weighed into acetone washed, un-
modified, coated aluminum DSC pans (900760.901, pan, and 900970.901, lid,
TA Instruments, Inc., New Castle, DE) and hermetically sealed. The DSC pans
were sonicated in acetone for 30 min to remove any residual machine oil that
may have remained on them from the manufacturing precess. The DSC pans
were removed from the acetone, wrapped in paper towels, and allowed to dry at
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room temperature overnight. For maximum temperature control, the amorphous
maltose glasses were made and aged in the instrument.

Calibration

The instrument was calibrated using indium (900902.901, TA Instruments,
Inc., New Castle, DE), Sapphire (915079.902, TA Instruments, Inc., New Castle,
DE) was used as the heat capacity standard. For MDSC, the sapphire standard
was run using the steady state conditions determined for maltose (described be-
low). An empty, acetone washed, unmodified, sealed coated aluminum DSC pan
was used as the reference pan in all measurements and both the reference and
sample pans were matched in mass to within £0.10 mg.

MDSC steady state conditions

The temperature ampiitude, Ar, and period, p, are two additional parameters
in MDSC, not used in SDSC, that control the height and width, respectively, of
the sinusoidal heating rate. In MDSC, it is important for the sample to achieve
steady state heat capacity because this condition is needed in order for the sample
to follow the imposed modulation conditions [32]. Steady state heat capacity 1s
achieved when the heat capacity of a material does not change with p at a con-
stant Ar,

The steady state conditions of an amorphous maltose glass (the glass was
formed as outlined below, steps a and b) were determined quasi-isothermally
(underlying heating rate=0°C min~') at two temperatures, one below the
T, (—10°C) and one above the T, (90°C) of the material. The modulation condi-
tions used were At of 0.5°C and p of 60, 70, 80, 90, and 99 5. A 100 second period
was not used because it is the upper limit of the instrument and often resualted in
a distoried madulated signal. The sample was held at each modulation conditions
for 20 min. The first 10 min were used to equilibrate the sample to the imposed
modulation conditions and the last 10 min were used for data collection. The
steady state conditions for maltose at —10 and 90°C were obtained at a p of 80 s
and greater. In order to ensure that steady state conditions were obtained, an At
and p of 0.5°C and 99 s, respectively, were used in the MDSC experiments.

A mathcmatical description of the scparation of the reversing (i.e. Ty} and
nonreversing (i.e. enthalpic relaxation) events by MDSC is given by Wunderlich
et al. [33]. For sufficient separation of the reversing and nonreversing events, 4
10 5 modulation cycles per glass transition region (7, onset (o Ty endpoint) are
suggested [32]. Since the T, region of an unaged maltose glass is approximately
6—10°C, these experiments were done at an underlying heating rate of 1°C min™".
The number of modulation cycles per glass transition region of an unaged mal-
tose glass measured by MDSC in this experiment was 3.5. In order to get 4 or
more modulation cycles per glass transition region, the modulation period
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would have to be decreased. Unfortunately, a decreased modulation period re-
sulted in a faster instantaneous heating and cooling rate and the sample was not
be able to follow the modulation conditions imposed causing a loss of steady
state conditions.

Thermal history

The thermal history employed in this study is similar to that used by Montser-
rat [34] for epoxy resins and is outlined below (a through e}. Figure | is the sche-
matic representation of the corresponding changes in enthalpy as experienced by
the samples during the thermal treatment.

a) The maltose sugar crystals were melted m the DSC pan by increasing the
temperature from room temperature to 140°C at a rate of 10°C min™’. The sample
was held at 140°C for four min to ensure complete melting (m.p.=136°C) of the
maltose crystals (molten maltose, Fig. 1, A).

b) The molten sugar sample was then cooled (10°C min™ SDSC; 1°C min™
MDSC) to —20°C for the unaged SDSC and MDSC samples or to the aging tem-
perature (SDSC: 23 or 13°C and MDSC: 20 or 10°C, these aging temperatures
are approximately equal to [T, onset ~20°C] and [T, onset —10°C]). For MDSC,
no modulation was done during cooling. This step forms the amorphous glass
{path AB). For the unaged SDSC and MDSC samples, steps ¢ and d were omit-
ted.

¢) The sample was then held at the aging temperature () for various aging
times (#,.; 5 to 10 000 min). Short aging time measurements (5 to 360 min) were
done in duplicate, whereas single values were obtained for aging times greater
than 360 min. This isothermal aging process is represented by the decrease in en-
thalpy from point B to C in Fig. 1.

d) At the end of the aging time, the sample was cooled (10°C min~' SDSC;
1°C min~" MDSC, without modulation) to =20°C (path CY).

e) For the SDSC, the sample was immediately scanned from --20 to 140°C at
a rate of 10°C min™' (path YCA). This SDSC scan will be referred to as the aged
SDSC curve. For the MDSC, the sample was held isothermally at —-20°C for
10 min while the imposed modulation conditions (A1=0.5°C and p=99 s) were al-
lowed to eqnilihrate. After which, the sample was immediately scanned from =20
to 140°C at a rate of 1°C min~' in the MDSC (path YCA). Unequal heating and
cooling rates are known to affect the 7, and the enthalpic behavior of a material
[35]. Thus, equal heating and cooling rates were used within in both SDSC
(10°C min ") and MDSC (1°C min™') experiments to minimize this effect.

An additional curve for SDSC on the same sample is needed to quantitate the
amount of energy associated with the enthalpic relaxation, The scan was done by
cooling (10°C min~' SDSC) the sample in step (¢), above, to —20°C and rescan-
ning to 140°C at 10°C min™' (path ABXBA in Fig. 1}. This DSC scan will be re-
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ferred to as the unaged rescan SDSC curve. It is important to note that in order to
obtain the unaged rescan SDSC curve using the same sample, the previous ther-
mal history of the ‘aged’ sample was erased by healing the sample (o 140°C in
step (e). An additional MDSC curve was not needed since MDSC separates the
reversing and nonreversing events and the enthalpic relaxation can be deter-
mined directly from the nonreversing MDSC curve (described below); thus, no
rescan was done for the MDSC experiments.

Aging

Enthalpy (H)
g
3

Ty Ta 'Il‘g ‘[:‘.3
Apging Temperature
Fig. 1 Schematic diagram of the enthalpy changes in a maltose glass subjected to the unaged
or aged thermal histories described in the text for SDSC or MDSC. The unaged path is
ABXBA and the aged path ABCYCA

Heat capacity values, as a function of temperature, were measured for
unaged, aged, and unaged rescan maltase glasses in order to obtain the T calcu-
lated values. Heat capacity values for amorphous maltose were obtained in
SDSC between 0 and 90 at 2°C intervals for both the aged and unaged samples,
Unlike $DSC, MDSC can measure the heat capacity of a material during the
measurement; therefore, heat capacity values for amorphous maltose measured
were obtained between —20 and 140°C.

Determination of Tg values

The glass transition values were determined using the RMX softwarc for
SDSC and the Universal Analysis software for MDSC. For both SDSC and
MDSC the glass transition values obtained were: T, onset — the intersection of
the regression line from the start with the inflection tangent of the step change;
T, midpoint ~ the point where the transition of the sample is 50% complete; and
T, endpoint — the intersection of the inflection tangent with the regression line af-
ter the transition [37].

In addition, T, was calculated for the unaged and aged curves from SDSC and
the aged curve from MDSC as the intersection of the enthalpy-temperature lines
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for the glass and liquid states, using the method of Richardson and Savill [24].
The enthalpy-temperature lines were obtained by integrating the heat capacity-
temperature lines in the glass and liquid regions.

Enthalpy measurements

The difference in enthalpy (AH, J g ') between the aged and the unaged rescan
maltose samples in SDSC was obtained according to the procedure given by
Montserrat |34 ]. AH can be calculated using Eq. (1) |38]:

T,
AH = J(Cpagcd - Cpmmgm)dT (1)
T

where G, and Cy .., are the specific heats of the aged and unaged samples, re-
spectively, and T and T, are the temperatures shown in Fig. 1. Based on the prin-
ciples of SDSC, the output power P is directly proportional to the C, of the sam-
ple, Cy=P/q"m), where m is the dry mass of the sample and g is the hcatmg rate.
If we assume that the sample is heated at the same rate as the furnace, the relaxa-
tron enthalpy can be calculated by subtracting the unaged rescan SDSC power
curve from the aged SDSC power curve and integrating the difference in arca be-
tween the two curves using Eq. (2):

Ly

1
= ; J.(Paged - Punaged)df (2)

3}

where m is the dry mass of the sample, Pqged and Pyuageq are the output powers for
the aged and unaged rescan SDSC scans, respectively, and ¢, and ¢, are the times
corresponding to temperatures 75 and 7. in Fig. 1. respectively. In practice, due
to noise in the baseline of the DSC curves, temperatures (Eq. (1)) and times
{Eq. (2)) close to the area to be integrated are used.

An example of an MDSC curve for a maltose glass aged for 360 min at 20°C
is shown in Fig. 2. Since MDSC separates the glass transition (reversing heat
flow curve —Fig. 2a) from the enthalpic relaxation (nonreversing heat flow curve

‘Table 1 Integration limits used to obtain the AH{z) values in SDSC and MDSC at the different
aging temperatures

DSC type oo o G Integration limits/’C
SDSC-23 20-55 & 25-50
SDSC-13 18-60 & 20-62
MDSC-20 20-60 & 25-55
MDSC-10 19-45 & 20-44
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Fig, 2 A MDSC curves of a maltose glass aged for 360 min at 20°C. The curves was obtained
with an underlying heating rate of 1°C min™, Ap=0.5°C and p=09 5. a) Reversing Heat
Flow, b) Total Heat Flow, ¢} Nonreversing Heat Flow

—Fig. 2¢), there is no need to subtract the unaged rescan from the aged curve de-
scribed above for SDSC. Excess enthalpy, AH, values were obtained by integrat-
ing the area under the nonreversing curve near the glass transition region.
Cowie and Ferguson [38] found the choice of the two integration limits can
influence the value of AH that is obtained. To minimize this effect, two sets of
reasonable integration limits were selected as determined by inspecting several
carves for both SDSC and MDSC. The integration limits for SDSC and MDSC
are given in Table 1. In addition, three randomly selected pairs of integration lim-

its between these values were selected. Thus, each AH value is the average of five
integration areas.

Results and discussion

Ty values obtained from SDSC and MDSC
Unaged maltose glasses

The T, values were measured using two methods: the instrument software and
by calculation. 7, onset, 7, midpoint, and T, endpoint obtained from the instru-
ment software and Ty calculated for unaged maltose glasses measured by SDSC
and MDSC can be found in Table 2.

The differences in the maltose T, values measured by the SDSC heat flow and
the MDSC total heat flow may be attributed to the different heating and cooling
rates at which they were measured. The heating and cooling rate are known to af-
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Table 2 The glass transition and AC_ values of unaged amorphous maktose prepared from maltose
monohydrate. The T, onset, T, midpoint, and T, endpoint were obtained from SDSC
using the RMX software. The T onset, Tg m]dpomt and T . endpoint were obtained from
the total heat flow and reversing heat flow for MDSC uqmg the Universal Analysis
software. The 7, calculated and AC_ values were obtained using the method of

p
Richardson and Savill [24]

SDSC-heat flow Unaged T, or AC, value
T, onset 33,8040.06°C
T, midpoint 37.3630.08"C
T, endpoim 41.324H0.15°C

SDSC-heat capacity
T, calculated 34.4340.96°C
AC, 0.6010,01 J g 'K

MDSC—total heat flow

T, onset 30.1940.85°C
T, midpoint 33.1643.71°C
T, endpoint 36.0410.71°C

MDSC-reversing heat tlow

T, onser 313 R240.60°C
Tg midpoint 37.5640.51"C
T, endpoint 41.3940.46°C

MDSC-heat capacity
T, calculated 37.2410.40°C
AC 0.6040.01 ] g'K™

P

fect the T, [35, 39]. The solver the cooling rate, the lower the temperature at
which the enthalpy curve departs from the equilibrium liquidus curve and begmh
the non-equilibrium glassy curve. The MDSC cooling rate (1°C min™") was
solver than the SDDSC cooling rate (10°C min "Yand the T, values obtained from
MDSC total heat flow were lower than those obtained from SDSC. The T, values
obtained from the reversing heat flow of MDSC are similar, but slightly higher
than the values obtained from the heat flow of SDSC. Boller e al. [26] found the
T, of polystyrene obtained from the reversing heat flow of MDSC was not af-
fected by the prior thermal history or the heating and cooling rate; however, the
1 value of polystyrene decreased by 2°C when the period of modulation was in-
creased by a de[OI‘ of three at a constant instantaneous heatmg and cooling rate
of 3.8°C min™". Jin et al. {40] found a significant difference in the cold crystai-
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lization temperature of poly(butylene terephthalate) and polycarbonate blends
obtained by SDSC and MDSC indicating that the total heat flow obtained by
MDSC may not be the same as the heat flow obtained by SDSC.

The T, calculated obtained for unaged maitose glasses for SDSC was between
the 7, onset and T, midpoint of the heat flow T, values. The T calculated was also
between the T, onset and T, midpoint for the MDSC reversing heat flow; how-
ever, when compared to the MDSC total heat flow, the MDSC T, calculated was
greater than the T, endpoint.

AC, values for unaged maltose glasses measured by SDSC and MDSC arc
given in Table 2. The AC, values obtained were similar to those found by Roos
[41] and Schmidt and Lammert [16] at 0.61 and 0.62 ] g K™, respectively, but
lower than the value of 0.79 J g ' K™ repurted by Orford ef al. [42].

A ‘true’ unaged maltose glass was not able to be measured by MDSC. Sincea
slow heating and cooling rate (1°C min™') was used and the sample was held at
~20°C for 10 min to equilibrale the modulation conditions, the ‘unaged’ sample
was actually aged as it was being cooled, equilibrated (isothermally for 10 min
for the modulation conditions to equilibrate), and reheated during the measure-
ment method, Physical aging was cvident by the enthalpic relaxation present in
the nonreversing and total heat flow MDSC curves of an ‘unaged’ maltose glass.

The ‘unaged’ maltose T, onset, midpoint, and endpoint values obtained from
the MDSC total heat Mow are 3.63, 4.40 and 5.35°C lcss, respectively, than the 7,
onset, midpoint, and endpoint values obtained from the MDSC reversing heat
flow. The difference between the MDSC total heat flow and the MDSC reversing
heat flow is an estimate of the effect of the enthalpic peak on the instrument soft-
ware measurement of 7.

S0SC

Y
g
-
§ -2
=
0 Minutes
-3
60 M'mute%
1%} Minntes
720 Minutes
o -20 [ 20 a0 &0 [1] 100 120 140

Temperature (°C)

Fig. 3 SDSC curves of an unaged and three maltose (60, 180 and 720 min) glasses aged at
23°C preparated and aged as illustrated in Fig. |

1. Therm. Anal. Cal., 35, 1999



LAMMERT et al.: PHYSICAL AGING 959

Aged maltose glasses

Typical SDSC curves for an unaged and three aged maltose glasses are shown
in Fig. 3 and typical MDSC total heat flow curves for an ‘unaged’ and three aged
maltose glasses are shown in Fig. 4. The difference in the heat flow between
Figs 3 and 4 is duc to the difference in the heating rate used. The glass transition
values were also determined for the aged maltose glasses by the two methods dis-
cussed above (the instrument software and by calculation). The T, values ob-
tained were plotted as a function of the log of the aging (ime and are shown in
Figs 5-7 for the heat flow from SDSC, total heat flow from MDSC, and reversing
heat flow from MDSC, respectively.

0.04

MDSC - Tota] Heat Flow

0.024

Total Heat Flow {W/g)

-n n2

0" Minutes =
60 Minutes. - ————
130 Minuies -\“‘a;—_‘\ —_

720 Minutes T

-0 04+

-Q.06 T T T T T T T
-40 -2a ) 2o 40 &0 &0 180 2o 140

Temperature {*°C)

Fig. 4 MDSC curves ({from the total heat flow) of an unaged and three maltose (60, 180 and
720 min} glasses aged at 20°C prepared and aged as illustrated in Fig. |

For maltose glasses aged at 23°C and measured by SDSC (Fig. 5), there was a
slight overall increase in the T, values as a function of aging time and a narrowing
of the glass transition region (T, onset to T, endpoint) from 6.75°C, at an aging
time of 5 min, to 1.57°C, at an aging time of 10 000 min. For maltose glasses
aged at 13°C and measured by SDSC (Fig. 5), a slight decrease in the 7y values
and an overall narrowing of the glass transition region was found for aging times
between 50 to 1000 min. For maltose glasses aged at 20°C and measured by the
MDSC tolal heal [low (Fig. 6), the T; onset and T midpoint values were constant
until an aging time of 1000 min and then began to increase, whereas the 7, end-
point decreased until an aging time of 1000 min and then began to increase. The
T region also narrowed from 5.83°C at an aging time of 5 min to |,50°C at an ag-
ing time of 10 000 min. For maltose glasses aged at 10°C and measured by the
MDSC total heat flow (Fig. 6), the T, onset and T; midpoint values were con-
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Fig. 5 Tg values (;f'g onset, Ib midpoint and ", endpoint) tor maltose glasses measured by
SDSC, plotied as a function of log of aging time at two aging temperatures, 23 and

13°C. The 7, calculated was determined from the heat capacity values measured by
SDSC

stant, but showed some variability, whereas the T, endpoint was constant until an
aging timc of 1000 min and then it started to decrease. In addition, a slight nar
rowing of the T, region was observed. For maltose glasses aged at 20°C and
measured by the MDSC reversing heat flow (Fig. 7), the T; values remained con-
stant until an aging time of 1000 in and then began to increase and the Ty region
narrow slightly. For maltose glasses aged at 10°C and measured by the MDSC re-
versing heat flow (Fig. 7), the T, values did not change, but did show some vari-
ability.

The difference between the T, values for maltose glasses aged at the two dif-
ferent temperatures below T, by both DSC methods is due to the solver relaxa-
tion toward equilibrium that occurs at aging temperatures turther below 7. 1he
increase in the Ty values with aging time is well established [43] and has been ob-
served for synthetic polymers such as polyesters [44], polyetherimide [45], poly-
vinyl chloride [46], and polyethylene terephthalate {47] as well as maltose [16].
However, since the reversing heat flow from MDSC should not be affected by the
prior thermal history of the sample [26], the T}, values measured using the revers-
ing MDSC heat flow curve should remain unchanged with aging time, which is
what was observed for maltose glasses aged at 10°C, but not for maltose glasses
aged at 20°C (Fig 7). Fignre 8 shows a decrease in the number of modulation cy-
cles per glass transition region with an increase in aging time for maltose glasses
aged at 20°C (approximately 10°C below the T, onset) and 10°C (approximately

20°C below the 7 onset). The slight increase and narrowing observed in the 7,
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values obtained from the reversing heat flow of MDSC at longer aging times
(greater than 1000 min for maltose glasses aged at 20°C) may be due to the inade-
quate separation of the glass transition from the effects of physical aging due to
the decreased number of modulation cycles per glass transition region.

45 T T
MDSC - Total Heat Flow
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—&— Tg Onest at 20°C - - @- - Tg Cnaat al §0°C
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- &= - Tg Endpoint at 20°¢ - & . Tg Endpoint at 10°C
- -4--Tg Calc al 20°C —&---Tg Calc at 10°C
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Fig. 6 Tg values (Tg onset, Tg midpoint and Tg endpoint} from the total heat flow for maltosc
glasses measured by MDSC, plotted as a function of log of aging time at two aging

temperatures, 20 and 16°C. The T, calculated is determined from the heat capacity val-
ues measured by MDSC

The T, calculated value [24] is based on the intersection of the extrapolated
liquid and glassy enthalpy curves at temperatures below and above the glass tran-
sition region. Since the maltose glass is relaxing toward equilibrium during the
aging process (Fig. 1), it is expected that the 7, calculated would decrease with
aging time. The T calculated values obtained from SDSC decreased with aging
time for both aging temperatures (Fig, 5). However, the T, calculated values ob-
tained from MDSC did not decrease (Fig. 6 or 7) it remained constant at
37.5940.83°C (the average of all unaged and aged MDSC T, calculated values up
to 720 min at aging temperatures of 20 and 10°C) until approximately 1000 min
then it began to increase. The heat capacity measured by SDSC is the sum of the
heat capacity of the material and the enthalpic relaxation associated with aging,
whereas the heat capacity measured by MDSC is only the heat capacity of the
material and does not include the effect of aging. Thus, the T, calculated values
obtained from MDSC should not decrease with aging time. However, at longer
aging times (greater than 1000 min) there were not enough modulation cycles
per glass transition region to separate the effect of physical aging form the glass
transition and instead of remaining constant, the 7, calculated began to increase.

Tool [48] measured the change in length of aged silicate glasses at different
temperatures and thermal histories and found that the structural state (and en-
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thalpy changes) of an aged glass could be characterized by the fictive tempera-
ture, Ti(r). T«?) is the temperature an aged material would be at if it were instan-
taneously heated to the equilibrium liquidus curve [43] without a change in the
enthalpy (H) of the sample. For an unaged material, the 7 is equal to the 7(7) and
for an aged material at equilibrium, the T#) would equal the aging temperature
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MDSC - Reversing Heat Flow
e
@
3 40 |
<
L
o
=
ar
fig
g
= 35
w
o
@
-
B ¥
L)
8
a0
—&— Tg Onset 4t 20°C -+ ©- - Ta Onset at 10°C
—% - Ty Midpoint a1 20°C - - Tg Midpoint at 10°C
— & -Tg Endpclnt at 20°C - -& - -Tg Endpoint a1 10°C
--a--Tg Cak at20°C —4-+=Tg Cale al 10°C
a5 e L PN Ll
10 100 1000 10000

Aging Time (Minutes}

Fig. 7 T, values (T, onset, T, midpoint and T, endpoint} from the reversing heat flow for mal-
tose glasses measureri hy MDSC, plotted as a function of log of aging time at {two ag-
ing temperatures, 20 and 10°C. The 7, caiculated 1s determined from the heat capacity
values measured by MDSC
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Fig. 8 The number of modulation cycles per glass transition region measured for maltose
glasses aged at 20 and 10°C using MDSC
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(T,). Thus, as amaterial ages, the T:(r) decreases toward the extrapolated equilib-
rium liquidus curve, The Ti(f) can be calculated using Eq. (3) [49, 50]:

[AH(ee) — AH(1)]

Ty =T, +
f() a AC,,

(3)

where T, is the aging temperature (for SDSC 23 and 13°C and for MDSC 20 and
10°C), AH(=<) is the excess enthalpy of an aged glass at structural equilibriom,
AH(8) is the excess enthalpy of a glass aged at a time, ¢, and AC,—Cy—C,,, the
change in heat capacity at the glass transition where /=liquid and g=glass. The
AH(=o) used was calculated using Eq. (5) and the AC, used was 0.60 ] g’1 K
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Fig. 9 T, calculated values for aged maltose glasses compared to calculated Ti(f) values.
a) SDSC at two aging temperatures, 23 and 13°C, b) MDSC at two aging lemperatures,
20 and 10°C

J. Therm. Anal. Cal., 55, {999



964 LAMMERT ¢t al.: PHYSICAL AGING
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Fig. 10 A schematic diagram of the difference between T{0), T(#) Calc determined by SDSC
and T, Cale determined by MDSC. T, is the glass transition temperature, T, is the aging
temperature, T(0) is the fictive temperature at zero time, T,(£) is the fictive temperature
at atime, 1, Tj{=0) is the fictive temperature at f==<, T‘g Calec —SDSC is the TS Calc deter-
mined by SDSC and T, Calc - MDSC is the T, Calc determined by MDSC

The decrease in the Ty(r) compared to the T, calculated with aging time for
maltose glasses measured by SDSC and MDSC at two aging temperatures is
shown in Figs 9a and 9b, respectively. For SDSC, both the Ti(z) and T, calculated
decreased with aging time at aging temperatures of 23°C and 13°C. Thus, the T}
calculated determined from SDSC measurements (finite heating rate) is similar
to the Ti 1) (instantaneous heating rate) as observed inFig. 10. In the MDSC case,
the situation is more complex. The 7i(z) values are calculated using the nonre-
versing heat flow, whereas the T, calculated values are determined using the heat
capacity values. The Ti(t), as measured by MDSC, decreased with aging time for
aging at 20°C and slightly decreased for aging at 10°C (Fig. 9b), but the 7 calcu-
lated values were constant until an aging time of approximately 1000 min. Since
the heat capacity of the material is not affected by aging in MDSC [26], the T,
calculated would not be expected to decrease and would be similar to the 7+(0) or
the fictive temperature of an unaged material as illustrated in Fig, 10. However,
at aging times greater than 1000 min, the T, calculated began to increase. The in-
crease in T, calculated may be caused by the insufficient number of modulation
cycles per glass transition region needed to adequately separate the 7, from the
effects of physical aging (Fig. 8). Another possible explanation for the increase
in the T, (onset, midpoint, endpoint, calculated) is local ordering or recrystalli-
zation of the maltose glasses aged longer than 1000 min. However, no melting of
crystalline regions was observed in the MDSC curves for maltose glasses aged
longer than 1000 min. If recrystallization did occur, it should also occur in the
maltose glasses aged at 23°C measured by SDSC, but no melting or increase in
7T, calculated was observed (Fig. 5). Thus, the T, calculated may be used to indi-
cate the relaxation toward equilibrium in aged glasses, similar to T«(f) when
measured by SDSC, but it cannot be used to indicate the relaxation of aged
glasses measured by MDSC.
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The AC, values were obtained for aged maltose glasses measured by SDSC
and MDSC. No trend in the AC; values with aging time was found. The AC, val-
ues were averaged over all aging times for each aging temperatwre and are given
in Table 3. AC, values for aged maltose glasses obtained from this work were
similar to the range of 0.58 t0 0.6 ] ' K' reported by Schmidt and Lammert
[16] for maltose glasses aged at 30°C. The aged AC, values are similar to the
unaged AC, values for maltose glasses measured by SDSC and MDSC in this
work (Table 2).

Modeling of physical aging
Cowie and Ferguson (CF) mudel
The Cowie and Ferguson Model [51] uses Eq. (4) to model aging by the devel-

opment of excess enthalpy:
AH(D) = AH(=)(1 — (1) 4)

where

J

where AH{z) is the cxcess enthalpy of an aged glass at a time, ¢, AH(==) is the ex-
cess enthalpy of a material at structaral equilibrium, 3 is a parameter used to de-
scribe the width of the relaxation time distribution spectrum (0<$<1), and Tis the
characleristic aging time, also represented as £ [51]. Equation 4a s the Williams
and Watts equation [52] and is a stretched exponential function used to describe
linear (only when B=1) and nonlinear (0<<1) relaxation events, such as physical
aging. Equation 4 relates the Aff(z) with time at a constant © and aging Lempera-
ture. The CF model can be used to obtain information about the long aging time
behavior of aged polymer glasses and can be correlated to aging quantified by
volumetric and mechanical methods [53, 54].
AH(e=) was calculated using Eq. (5) [55]:

g
ol = exp| - [i} 1 (42)
|_ T

AH{#0) = AC(Ty — Ta) ()

The T, value used in Eq. (5) for SDSC was the average of all unaged rescan
SDSC Ty calculated values (35.22£1.31°C). The T} value uscd in Eq. (5} for
MDSC was an average of all unaged and aged MDSC T, calculated values up to
720 min at aging temperatures of 20 and 10°C (37.5910.83°C). MDSC T, calcu-
lated values greater than 720 min were not used because the number of modula-
tion cycles per glass transition would not sufficiently separate reversing from
nonreversing events (Fig. 8). The SDSC and MDSC AC, (0.60J g ' X") for
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unaged maltose glasses listed in Table 1 were used. T and 8 were determined us-

ing a nonlinear least squares fit to Eq. (4) using the solver function in Microsoft
Excel and minimized using Eq. (6).

88 = ¥ (AH(erp — AH(Dearc)’ (6)
I

Since the relaxation toward equilibrium is solver at aging temperatures further
below T, it is difficult to get an accurate estimate of Aff(e0) experimentally in the

time scale of this experiment. However, Eq. (5) has been shown to overestimate
AH{=) [16, 56, 57].

Table 3 Average ACp values for maltose glasses aged at different temperatures measured by

SDSC and MDSC
Technigues Agin%éemp./ i ?I fp\i'l
SDSC 23 0.60+0.03
SDSC 13 0.58+0.13
MDSC 20 0.62+£0.04
MDSC 10 0.5910.03

The MDSC cooled the sample at a relatively slow rate (1°C min™") and was not
cooled at the faster rate (10°C min~') as were the SDSC samples because the
MDSC experiment needed to be done at a slow enough rate to allow for steady
state conditions and sufficicnt separation of the reversing (i.e. Tg) from nonre
versing (i.e. enthalpic relaxation) events. Therefore, before the CF model was
applied to model the enthalpic relaxation of aged maltose glasses measured by
MDSC, the aging time needed to be adjusted for the quanlity of time the material
was below T, but not at the aging temperature, due to the slow cooling and heat-
ing rate used in the measurement method, as well as the equilibration time re-
quired by the MDSC method. L'he effective aging time is the time which the sam-
ple would need to be aged at the specific aging temperature (T,) in order to
achieve the same increase in relaxation enthalpy that occurred due to the finite
heating, equilibration and cooling times. Modeling of the data without this cor-
rection would not have accounted for the aging during cooling, equilibration, and
reheating. A simple addition of the amount of time that the maltose glass was be-
low the T, due to the aging method would not suffice, since the rate of relaxation
is dependent on the distance from equilibrium [14, 34, 38, 58-60].

The calculation of the effective aging time that the ‘unaged’ maltose glasses
were aged because of the measurement method used in MDSC is outlined below
{a through d):
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a) Maltose glasses were aged at different aging temperatures and times, in du-
plicate, until each maltose glass had developed a similar quantity of excess en-
thalpy (Table 4, first three columns}.

b) The aging time data were normalized by dividing the time it took to de-
velop the same relaxation enthalpy at different aging temperature (z;) by the
amount of time it took to develop the same relaxation enthalpy at 10°C (#;0) or
20°C (13n) (Table 4, last two columns).

Table 4 Experimental data for maltose glasses aged at different temperatures used to obtain the
aging time that occurred because of the MDSC measurement method

Agingtemp./  Aging time (1,)/ Enthaipy/ A L
C min lg o Ly
10 20 4.601 1.0 0.13
15 60 1.365 3.0 0.40
20 150 4.505 7.5 1.0
25 480 4558 24 32

¢) The normalized aging time data were fit to an exponential function to ob-
rain:

20°C y=0.016041 £(0:21053x) -

10°C y=0.12434¢029%01% (8)

where v is the cquivalent aging time {min) for an ‘unaged’ maltose glass at a sin
gle temperature, T, onset —x, Thus, x is the temperature ("C) below the T, onset
of an ‘unaged’ maltose glass. T, onset was used because it signifies the initial
change in molecular wobility associated with the glass transition region.

d) Equations (7) and (8) were used to calculate the equivalent aging times
each temperature that the matertal was below T, on cooling and reheating and
summed over this range to obtain the effective aging time.

The effective aging times for the MDSC experiments were found to be 93.5
and 697 min for maltosa glasses aged at 20 and 10°C, raspectively. Tt should be
noted that Figs 6—8 and 9b were plotted using the actual aging time (the time the
sample was held at the actual aging temperature), but could also be plotted using the
adjusted aging time (the actual aging time plus the effective aging time). Since the
rate of relaxation toward equilibrium is dependent on the distance from equilibrium,
the effective aging time that occurred because of the MDSC measurement method
would be longer for maltose glasses aged at 10°C than aged at 20°C.

The enthalpic relaxation data (AH(?)) for the aged maltose glasses measured
by SDSC and MDSC were plotted as a function of the aging time and adjusted
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aging time, respectively (SDSC — Fig. 11; MDSC - Fig. 12) and were fit to
Eq. (4) for each aging temperature (Selid ling — Figs 11 and 12). The experimen-
tally obtained AH(t) for the 10 000 min (actual aging time) aged maliose glass at
20°C as measured by MDSC was not used in fitting of Eq. (4}. There was an in-
complete separation of the enthalpic relaxation from the 7 observed by the sec-
ondary peak in the nonreversing heat flow that is likely due to the insufficient
number of modulation cycles per glass transition region (Fig. 8). The CF model
parameters obtained for aged maltose glasses measured by SDSC and MDSC are
given in Table 5 and in Figs 11 and 12. These CF parameters are similar to those
found by Schmidt and Lammert [16], also given in Table 5 for aged maltose
elasses. The difference in CF parameters may be due to the cooling raie of
10°C min ' used in this experiment compared to the quench ccoling done by
.Schmidt and Lammert [16] as well as the slightly different aging temperature
used.
Table 5 Comparison ef Cowie and Ferguson [CF] mode! parameters obtained for aged maltosc

from this work and Schmidt and Lammert [16]. AH{e<) was calculated using Eq. (5) and 1
and [ were obtained using a least squares fit of Eq. (6)

Unaged onset/  Aging temp./  AH{so) 7/ B Total sum
T(C) °C gt min of squares
SDSC 33.80 T,-10.8 7.33 661.1 044 0.3035
aged at 23°C
SDSC 33.80 Tg—QO.S 13.33 81039 0.32 0.650%
aged at 13°C
MDSC 30,19 7102 10.55  1254.5 0.28 0.6777
aged at 20°C
MDSC 30.19 T,-20.2 16.55 285573 0.21 0.2482

aged at 10°C

CF Parameters for aged maltose: Obtained by SDSC (u Mettler lustrument), quench cooling,
and heating rate of 10°C min™'

Schmidt and 39.4* Tgf9.4 7.02¢ 1363+ 0.41% 0.9141
Lammnwl f16] 0.122%% 15.21 0.021
aged at 30°C 8 1%

*Obtained using unequal heating (10°C min~") and coaling {guench cool) rates. **Curve fit AH(e0)
and *** calculated AFH{==) valuyes

CF model parameters obtained by SDSC and MDSC in this experiment at
comparable aging temperatures betow 7 are not similar and the difference may
be due to the aging that occurs during the MDSC method. The short aging time
data at the beginning of the stretched exponential is important for curve fitting
the data; however, the first AH(r) data point for the maltose glasses aged by
MDSC is obtained at an adjusted aging time of 98.5 min (93.5 min of effective
aging time +5 min of actual aging time) and 702 min (697 min of effective aging
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Fig. 11 Enthalpic rclaxation data (AH(z), J ¢ ") as a function of aging time for samples aged
5 min to 10 000 min measured by SDSC at two aging temperatures (23 and 13°C).
AH{e<) was calculated using Eq. (5). The solid lines are the Cowie and Ferguson model
fits to the experimentally obtained excess enthalpy data points
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Fig. 12 Enthalpic relaxation data (AH(1),J g_l) as a function of adjusted aging time for samples
aged for 5 to 10 000 min measured by MDSC at two aging temperatures 20 and 10°C.
AH{e=) was calculated using Eq. (5). The solid lines are the Cowie and Ferguson model
fits to the experimentally obtained excess enthalpy data points. The open diamond is
the 10 000 min aging value, without time adjustment, that was not used in the CF model
curve fit because there was an incomplete separation of the enthalpic relaxation from
the T_observed by the secondary peak in the nonreversing heat flow that is likely due to

E

the insufficient number of modulation cycles per glass transition region (Fig. 8)

J. Therm. Anal. Cal,, 35, 1999



970 LAMMERT et al.: PHYSICAL AGING

time +5 min of actual aging time) at aging temperatures of 20 and 10°C, respec-
tively. The modulated heating prefile used in MDSC may also have an effect on
the CF paramcters, Thus modeling of enthalpic relaxation data obtained by
MDSC may give CF modeling parameters that are not a true representation of the
relaxation of the material toward equilibrium. However, enthalpic data obtained
by both SDSC and MDSC have shown that the relaxation of aged maltose glasses
toward equilibrium does take longer at aging temperatures further below T, the
material is aged (Table 5) and this is similar to what occurs with other aged poly-
mers such as fully cured epoxies |34], indomethacin, PVF, and sucrose [14], and
poly(methy]l methacrylate) [56].

Tool-Narayanaswamy-Moynihan (TNM) model

The Tool-Narayanaswamy-Moynihan Model (TNM Model) also uses the
Williams Watts equation (Eq. (1a)) to model the development of excess enthalpy
over time. Unlike the CF Model, which assumes a constant T in @{s), in the
TNM Model 71 is dependent on both temperature and structure. This dependence
is described by [q. (9) [48, 61-63]:

PANAESAIE AR
[RTA]J{ R H*Aexp[ﬁn }XD{ RT{1) J ©)

where T is the relaxation time thal is dependent on temperatare and structure, A
is the relaxation time at an arbitrary reference temperature, A is the activation
energy (or enthalpy; [35]) that expressed the temperature dependence of relaxa-
tion times near equilibrium, R is the ideal gas constant, x (0<x<1} is a parameter
that describes the contribution of temperature and structure 1o 7, T, is (the aging
temperature, and Ti(7) is the fictive temperature. The temperature dependence of
T in Eq. (9) is exp(xAh'/RT,); while the structural dependence is
exp([(1-x)AR VERTH1)]). As the material relaxes, the structural dependence in-
creases with time because Ti(¢) decreases and therefore the Tincreases with time.

The Ti(1) is based on the structure or enthalpy (H) of an aged material at a
time, ¢ (Fig. 13). Ti{#) can be related to enthalpy by Eq. (10} [49]:

TTaTe) = Aexp

THe) — Tu+ oH _ T+ [H{z) - H(=)] fi(m)] (1)
AC, AC,

where H(t) is the enthalpy at a time, f, H(ee) is the enthalpy at t=ce, and

AC,=C,—C,,, the change in heat capacity at the glass transition where /=liquid

and g=glass. Thus, 71} is merely a way to convert temperature data into enthalpy
data.

The Williams and Watts stretched exponential distribution of relaxation times

is assumed during physical aging (Eq. (4a)), the structure and temperature de-
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pendence of that relaxation can be described by the TNM model (Egq. (9)). Equa-
tions 4, 4a, 9 and 10 can be combined to obtain:

B
AH(1) = AH()| 1~ exp| - - ! - (1)
xAh (1 —x)Ah
Aexpl ot [AH (o) — AH(D)
’ Tﬂ +—
AC,

Equation (11) contains 3 measured parameters, AC,, T, and Ak", and one con-
stant, R (the gas constant). AH(it) vs. aging time (f) can be plotted for any aging
temperature, 7, and fit to find the 4 adjustable parameters, A, x, AH(e<), and .
These parameters can be used to describe the enthalpic relaxation of a material at
a given aging temperature and these parameters for synthetic organic and inor-
ganic materials have been recently reviewed by Hodge [64].

Equation (11) was solved for aged maltose glasses measured by SDSC and
MDSC using the actual and adjusted aging time (described above} values for
SDSC and MDSC experiments, respectively. AH(e<) was calculated from Eq. (5)
using the same parameters as described above. The A, x, and § were determined
using a nonlinear least squares fit at each aging temperature for SDSC and
MDSC using the solver function in Microsoft Excel. The Microsoft Excel solrer
function minimized the sum of the difference between experimental and calcu-
lated AH values using Rq. (6). The InA was changed manually to minimize the er-
ror, since the solver had difficulty minimizing this variable with the other vari-
ables simultaneously and solver was then used to optimize for x and [3.

The Ah'/R value was obtained experimentally using the method of Moynihan
et al. [35]. The SDSC and MDSC unaged AC, (0.60J g ' K" for maltose glasses
given in Table 2 were used. The AR'IR value was found to be 78 479 K for mal-
tosc. Similar Ak /R valucs were measured for fructose and sorbitol glasses that
ranged from 72 323-96 630 K and 84 717-87 605 K, respectively [65]. Simatos
et al. [65] determined the Ak'/R parameters for fructose and sorbitol glasses to
examine the effect ol different heating and cooling rates on the {ragility parane-
ter.

The TNM parameters calculated for aged maltose glasses measured by
SDSC and MDSC are given in Table 6. The SDSC TNM parameters were not
similar to the values obtained by MDSC. It is known that the further below T a
material is aged, the longer it takes to reach equilibrium [14, 34, 38, 58-60 ].
Thus, the AH(==) values obtained at aging temperatures further below T, should
be greater than those that were obtained at aging temperatures closer to 7. This
was observed for aged maltose glasses measured by SDSC and MDSC.

TNM model parameters obtained for maltose glasses in this experiment are
similar to parameters obtained for aged synthetic polymers reported by Hodge
[64]. However, the TNM model parameters given by Hodge [64] may not have
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been obtained in the same manner as the TNM model parameters for aged mal-
tose glasses. In this experiment, the AH(eo) value was calculated (using Eq. (5}),
the InA was changed manually, and the x, and } were optimized fora single aging
temperature; whereas, the TNM model can be solved for a single aging tempera-
ture or several different aging temperatures below T, with all 4 parameters (AH(=e),
InA, x and B) optimized at one time.

Table 6 Comparison of Tool-Narayanaswamy-Moynihan (TNM) model parameters obtained for
aged maltose glasses measured by SDSC and MDSC. AH(eo) was calculated using
Eg. (3) and x and  were obtained using the solver lunction in Micrusult Eacel by
minimizing Eq. (6}

L
SpSC 23 257.76 7.33 .78 0.62 0.4441
3DSC 13 261.63 13.32 0.86 0.29 0.6715
MDSC 20 259.77 10.55 0.84 0.36 1.1049
MDSC 10 264.15 16.535 0.96 .22 0.2809

At the time this discussion was written, the TNM model had not been used to
describe the physical aging of food materials. However, Shogren [20] reported
that the DSC curve obtained for cornstarch (13.8% moisture; Tra.=50°C;
T,=82°C) aged for 7 days at 22°C was similar to the DSC curve for polyvinyl-
chloride (PVC) aged 6 days at 40°C by Hodge and Berens [66]. The TNM pa-
rameters obtained for PVC were x=0.25 and $=0.11 indicating the relaxation of
PVC was more dependent on structure than on aging temperature. Shogren [20]
related the TNM parameters obtained for the PVC to aging behavior of starch in-
dicating that some type of local ordering was occurring in the moist starch. How-
ever, it is questionable whether physical aging was the phenomena being ob-
served by Shogren [20]. At 10-20% moisture, the endothermic peak associated
with physical aging was present on the DSC scan [20, 22] but at 2% moisture it
was observed [22]. Yuan and Thompson [22] believe the disruption of water-
starch interactions rather than physical aging is the cause of the endothermic
peak observed at about 50°C.

Comparison of the CF and TNM model parameters

The B values obtained by the CF and TNM model (Tables 5 and 6, respec-
tively) for aged maltose glasses measured by SDSC and MDSC are not similar;
however, both models do show a decreasing trend in P as the aging temperature
is decreased further below T,. The CF model assumes that the T and [ are con-
stant for a single aging temperatures below 7, but T and [} changes with different
aging temperatures below T,; whereas the TNM model assumes the B is constant
and the T changes for different aging times and temperatures below 7, Thus, a
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comparison of the § values may not be the appropriate way to describe differ-
ences between the CF and TNM models.

The CF model can be used (o describe the long time aging behavior of mate-
rials at a specific aging temperature; whereas, the TNM model can describe the
aging behavior of materials at any aging time or aging temperature and can be
used o predict the shape of the heat capacily vs. temperature for aged materials.
However, there is debate in the literature regarding the appropriateness of using
aconstant Tin @(z) to describe the enthalpic relaxation of material [54, 56, 64, 67,
68], but Cowie and Ferguson [54] reported that there was no significant differ-
ence (at the 95% confidence level) between using a constant T in ¢(7) as in the CF
model or a time dependent 1(¢) in @(7) as in the TNM model teo fit enthalpic re-
laxation data. If the physical aging behavior of a material at one aging tempera-
ture is to be examined, the CF model may be a better choice than the TNM model;
whereas, the TNM model may be a better choice than the CF model to describe
the physical aging behavior of materials at several different aging temperatures
below Ty,

Conclusions

SDSC and MDSC have been used to examine the changes in T, (T onset, 7,
midpoint, 7, endpoint, T, calculated) and excess enthalpy that resulted [rom the
physical aging of aged maltose glasses aged at two different temperatures below
the glass transition temperature. The T, onset, midpoint, and endpoint for aged
maltose glasses increased slightly with aging time. The T calculaied decreased
for aged maltose glasses measured by SDSC whereas the T, calculated measured
by MDSC slightly increased. Maltose glasses aged at the temperature further be-
low T, took longer to approach equilibrium. Two mathematical models, CIF and
TNM, were fit to the enthalpic relaxation data of aged maltose glasses measured
by SDSC and MDSC. The parameters from the CF and TNM models decreased
the further betow Ty the muterial was aged. Thus, the further below T, the mate-
rial is aged the longer it takes the material to reach equilibrium. Physical aging is
a process that can occur in the lifetime of solid food materials (i.e. hard candies,
low moiswure foods) altering their physical propetties and decreasing their shelf
life. If food manufacturers had a greater understanding of the mechanism that
causes physical aging, its effects (such as brittleness) could be minimized. Thus,
understanding the process of physical aging has the potential to be a valuable
predictive tool to more accurately assure the quality, safety, and stability of
foods.
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