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Abstract

This study investigates the physical aging process of PMMA-TiO>
nanocomposites with different particle alignments. By using an external electric field
to control the alignment of TiO particles, a uniform distribution of TiO, particles in
PMMA is transformed into a micrometer-level pillar structure. The physical aging
process is measured using DSC, and the particle alignment is confirmed by microscopy.
Comparison of the aging behavior of different samples shows that the addition of
randomly distributed TiO, nanoparticles accelerates the aging rate of the material.
However, when the nanoparticles are realigned into a pillar structure, the aging rate
significantly decreases. Moreover, in our experimental time scale, a dual-relaxation
mechanism of aging is observed in the PMMA/TiO> nanocomposites. This work
highlights the importance of particle alignment and structure on the aging behavior of
polymer nanocomposites, which could have implications for designing materials with

improved stability in applications that require slow aging.
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1 Introduction

Adding inorganic nanoparticles (NPs) into polymer matrix is a way widely used
to tune mechanical, thermal, and electrical properties of the resulting nanocomposites. !~
5> Even a low fraction of NPs can lead to a large summation of interfacial areas. As a
result, segmental dynamics of polymer molecules in vicinity of the interfaces is
substantially perturbed, getting rise to dramatic changes of the glass transition
temperature (7,) and structural relaxation behavior. %7 Physical aging is a phenomenon
that occurs in glassy materials, where they are usually unstable and gradually move
towards their thermodynamic equilibrium states after being cooled below their glass
transition temperature Tp. This process is also referred to as structure relaxation.®!!

Physical aging is of importance for practical applications, for instance, aging of
polymers can lead to deterioration of their mechanical and chemical properties,
reducing their functional lifetime. ® !> '3 The underlying mechanisms of aging involve
complex physical and chemical processes, such as structural relaxation, chain scission,
crosslinking, and oxidation. Understanding these mechanisms and developing effective
strategies to suppress them can significantly enhance the durability and reliability of
polymer materials. Several studies have explored methods to suppress this aging
process in polymer materials. One approach is to incorporate nanoparticles with
attractive interfacial interactions with the polymer. Wetted interfaces between polymer
and nanoparticles are preferred, as shown in studies involving polystyrene (PS), poly
(methyl methacrylate) (PMMA), and poly (2-vinyl pyridine) (P2VP) nanocomposites
containing silica or alumina nanospheres.!*'® Another method utilizes confinement
effect to suppress aging response. For instance, the aging rate of PS layers within
layered films was reduced with decreasing layer thickness, due to the confinement from
interfaces.!”

Polymer nanocomposites are advanced materials that often have improved
mechanical properties or unique functions that respond to stimuli or change of
surrounding conditions. However, some studies have found that these materials can age

fast due to interactions between the polymer and nanoparticles, which leads to



instability.® ° '8 Therefore, it is important to develop methods to slow down the aging
process while maintaining the advanced functions of the composites, yet these
strategies are not well-established or practically implemented. Additionally, there is
still a need for a better understanding of how the morphology of the fillers affects aging
of the material over time and with changes in temperature.

In this study, we investigated the structural relaxation of polymer nanocomposites
with nanoparticles (NPs) of fixed loading but different morphologies. We manipulated
the aggregation of NPs using a direct-current (DC) electric field to form micron-scale
patterns and measured the viscoelastic response during aging of the nanocomposite.'’
Applying electric field is not only an easy and cheap method to align electrical sensitive
fillers,?® and can also facilitate the annihilation of defects.?! This rearrangement of NPs
under electric fields changes the size, type, and distribution of interfaces between the
NPs and polymer matrix, thus altering the confinement conditions of the polymer at the
nano- or micro-length scale. Our goal was to compare the structural relaxation behavior

of the polymer nanocomposites under different morphologies.

2 Materials and Methods

2.1 Materials and sample preparation

The polymeric material used in this study was poly(methyl methacrylate) (PMMA)
with a molecular weight Mw of 10,000 g/mol and a polydispersity index (PDI) of 1.677,
which was purchased from Sigma-Aldrich LLC (Shanghai, China) and used without
any further purification. The titanium dioxide (TiO2) nanoparticles with diameters
between 10-20 nm were purchased from Macklin Inc. (Shanghai, China) and used
without further modification. The TiO> NPs used were of the anatase type, with a
dielectric constant of 37,%? while the dielectric constant of PMMA is 3.7.%

To fabricate nanocomposite samples, a mixture of PMMA and NPs in a weight
ratio of 20:1 was first prepared in a beaker. A 10 ml of acetonitrile was then added into
the mixture and stirred for 1 h, followed by ultrasonic treatment for 0.5 h. The obtained
suspension was transferred into an evaporating dish and placed in a fume hood for 24

h to obtain a white flake solid. The solid was subsequently placed in a vacuum oven at
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70 °C overnight to remove residual solvent. Finally, the oven temperature was tuned to
200 °C for 0.5 h to obtain a white lumpy solid composite. The sample was named
PMMA-15, as the volume fraction of TiO2 NPs is ~1.5%.

The electric-field treatment was performed at 200 [, using the electrorheological
accessory of a rheometer (Anton Paar, MCR302). Sample PMMA-15 was placed
between two 25-mm parallel plates, the gap between the fixtures was set to 0.5 mm.
Subsequently, the sample was heated to 200 [ on the rheometer, at which a voltage of
1500 V was applied vertically to the parallel plates for 30 min. The electric field was
then removed after cooling down to room temperature to obtain an E-field treated
sample named PMMA-15-E. For use of control tests, neat PMMA samples were
prepared by isothermal annealing in a vacuum oven at 200 ] for 0.5 h to form solid

chunks. The resultant colorless and transparent sample is denoted as neat PMMA.

2.2 Characterization of structural relaxation

A differential scanning calorimetry (DSC, Shimadzu DSC-60 plus) was used to
measure the enthalpy changes of the samples at various times during isothermal aging.
In aging tests, a sample of 3-5 mg was weighed and sealed in an aluminum crucible.
The sample was then heated to 150 [] with a constant rate of 20 [1/min and held for 10
min to remove residual stress. After that the sample was quenched to an aging
temperature (7,) with a cooling rate of 30 [J/min. The aging temperature for polymer
materials is the temperature at which the polymer undergoes physical aging, which is
typically below its 7. In this work, the samples were annealed at seven chosen
temperatures, the aging temperatures are 7g -35 [, T -30 [, Ty -25 [1, Tg -19 [, Ty -
151, Ty -10 [J and T -5 1.

Subsequently, the sample was annealed at 7, for a certain aging time (¢,) ranging
from 300 s to 19200 s. After annealing, the sample was quenched to 40 °“Cwith a rate
of 30 °C/min and then reheated to 150 °C at 20 °Cin. The aging responsesuch as
specific heat capacity (C,) curve and the associated enthalpy change (AH,), was
obtained from the heat flow in the second heating process. The enthalpy recovery in

reheating process after cooling at different rates was also measured to determine
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activation energy.?*? The difference of this test protocol from the previous aging test
is that before the second heating the sample was quenched to 40 °C under different
cooling rates ranging from 30 °C/min to 0.1 °Cmin.

Heat capacity and enthalpy revolution are the main properties investigated in

thermal analysis.'® 262 The heat capacity can be obtained by the heat flow signal (z—f),

_ 1dg/dt
P mdr/de’ (1)

where m is the sample mass, and d7/dt is the heating rate, which is 20 [//min, during
the thermal analysis.
The evolution of enthalpy during the annealing can be obtained by integrating the

difference in C, between the aged and unaged data in a certain range of temperature.
BHg = [;[Cpa(T) = Cpru(TD]T, )

where C,,(T) and C,,(T) are the values of heat capacity of the sample before and

after aging, T; and T, are reference temperatures below and above T, respectively,

at where the values of the heat capacity before and after aging are equal.

According to its definition, the fictive temperature (T¢), the hypothetical temperature at

which a glass or amorphous solid would be in thermodynamic equilibrium with its

surroundings, is calculated from the formula below,

L/ (Cou(T) = Cpg(T))AT = [7(Cp = Cpg(T))dT 3)
where T; and T, are the reference temperatures below and above T, Cpr and Cpg are
liquid and glassy heat capacities, respectively.

Activation energy (Ah) can be estimated from the relaxation process with different
cooling rates since a lower cooling rate results in denser glass. Therefore, overshoots

are observable in heat capacity curves.*? The activation energy can be obtained from,

_ _pdn|q.D
A = —R GG, 4)

where q; is the cooling rate.**

Subsequently, the corresponding 1/Tf is plotted as the function of cooling rate,

Ah . . . o .
and P estimated based on the slope of the linear fit under logarithmic coordinates.



3 Results and Discussion

Figure 1 shows the optical images of neat PMMA, PMMA-15, and PMMA-15-E.
Prior to morphological measurements, the samples were cut into small pieces of
rectangular solid and tilted properly to expose planes of the original surface and the
cross section. Neat PMMA is colorless and transparent (Fig. 1a), while the PMMA-15
an opaque black solid, as the TiO2 NPs well dispersed in the composite largely scatter
the incident light (Fig. 1b). In PMMA-15-E, NPs agglomerate to form multiple cone-
shaped clusters which are separated from each other by a distance of 500-1000 um. The
micro strips of NPs were formed under electric field and were retained after cooling to
room temperature. The reason for the unsymmetrical distribution of NPs from one side
to another may be that particles like TiO> have a density of 3.97 g/cm,*! whereas the

PMMA matrix has a density of 1.18 g/cm>.*? Owing to gravity, this density contrast

leads to the asymmetric distribution of the particles and their arrangement in the films.*?

Nr

(b)

Figure 1. Samples used in the structural relaxation experiments. The images were taken by an optical
microscope. (a) Neat PMMA, (b) PMMA-15, (c) PMMA-15-E, the black strips are fibrillated columns
formed by the TiO, NPs.

Due to the high-temperature and high intensity of electric field during the
preparation of the samples, there is possibility for oxidation and chemical aging of
PMMA in the samples. In order to prevent chemical aging from affecting the
experimental results, FTIR tests were conducted to determine whether there were
significant differences in the chemical structure of the three samples. The FTIR analysis

can be found in Figure S9 and Table S1. The results showed that no notable chemical
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aging was observed within the time scale studied in this work.

Figure 2 shows that the Tgs of neat PMMA, PMMA-15, PMMA-15-E are 108.2,
102.2, and 102.1 ], respectively, determined from the C, curves. 7§, a second-order
transition, was characterized by a step change of heat flow in the thermograms from the
second heating process, as defined by Roos.** The midpoint of the change in slope was
identified as the T of the system, by Ribeiro.**> The glass transition temperatures of
PMMA-15 and PMMA-15-E are quite close, while the 7, of neat PMMA is obviously
higher than the others. Adding of nanoparticles reduce the 7 of nanocomposites, similar
phenomena were reported before and was attributed to non-wetting property between
polymer and NPs.*® A strong interfacial interaction between the matrix and filler can

increase the 7, while a non-wetting interaction can decrease the 7.

T[ 1,
0:3 PMMA-15: 102.2 °C
Ll pMMA-I5-E: 1021 °C

Neat PMMA: 108.2 °C

C, (J/gK)

70 80 90 100 110 120 130 140
Temperature (°C)

Figure 2. The heat capacity versus temperatures for neat PMMA, PMMA-15, and PMMA-15-E. T, is
determined from the midpoint of the cross-points of the linear fittings for the C, data in glassy, transition,

and liquid states.

Figure 3 shows isothermal structural relaxation of neat PMMA when 7. ranges
from T,-35 °C toT-5 °C.More aging results at different temperatures can be found in
Figure S1 and S2. In these relaxation experiments, the physical aging response of neat
PMMA is observed as the endothermic overshoot of the heat capacity. As the aging

time increases, the maximum value of the C, overshoot increases and continuously
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shifts to a higher corresponding temperature. When T,= T,-35 °C (Figure 3 (a)),all the
overshoots are wide and low. When the aging time is less than 19200 s, the peaks can
hardly be recognized on the C, curve, but the departure from unaged curve can be
identified. As the aging time increases, Cp increases as well. The C;, curves of all aging
times are very close to each other, and the maximum values of these peaks are relatively
low. This phenomenon may be caused by the large temperature difference between 7T,
and 7. It takes a very long time for the material to gradually aged to a state causing a
large magnitude of enthalpy decrease, since the molecular mobility is low at T..
Therefore, under our experimental condition, the aging effect can be readily recovered

without inducing conspicuous changes in the C, curve.
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Figure 3. Heat capacity versus temperature of neat PMMA at (a) T.= T-35 °C, (b) T, = T,-30 °C, (c) T,
= Te-19 °C, (d) T, = T,-10 °C, (e) T, = T,-5 °C after various aging times.

When the aging temperature is increased by 5 °C, atT.= T,-30 °C (Figure 3 (b)),
the C, overshoots increase significantly, which attributed to the increment of the
mobility. When T,= T,-19 °C (Figure 3 (c)), the C, overshoots are obvious under
multiple aging time. The peak values are greatly improved compared to the previous
temperatures. The result can be explained by the synergy between the driving force and

the enthalpy span. It is noted that the enthalpy recovery depends on two factors.?” One



is the driving force, which increases with the increasing temperature; the other is the
enthalpy span, which decreases with increasing temperature. Therefore, there will be a
maximum in the enthalpy vs. the aging temperature within a fixed experimental time
scale.

When T:= T,-19 °C, theC, overshoots become narrow and reach the highest height
among all aging temperatures. Further increase the aging temperature to Ta= Tg-10 °C
(Figure 3 (d)), the maximum value of the C, curves begin to decline. The curves of
4800 s, 9600 s, and 19200 s are very close to each other. At the same time, there is a
noteworthy phenomenon, the overshoot position is obviously moving towards higher
temperatures with the increasing of the aging temperature. When the aging temperature
reaches Ty= T-5 °C (Figure3 (e)), the C, curves of all aging times overlap practically,
demonstrate that the sample reaches the complete equilibrium state within a short
period. The greatly reduced relaxation time is attributed to the improved molecular
mobility at a temperature very close to 7.

Figure 4 shows the isothermal relaxation of PMMA-15 when T, ranges from 7-
35 [ to Tg-5 [1. More thermograms at different temperatures can be found in Figure S3
and S4. Since the heat capacity of the TiO» NPs does not change during the annealing
process, the observed overshoots of C, are all considered to be caused by the PMMA
matrix. The aging behavior of PMMA-15 is very similar to that of the neat PMMA. The
overshoots of Cp, first gradually increase with increasing temperature. After reaching
the maximum value, the peak height then gradually decreases with increasing aging
temperature. However, there are some different phenomena worth noting. When 7,=
Ty-35 [ (Figure 4 (a)), the heat capacity overshoots of PMMA-15 are weaker than that
of neat PMMA, i.e., the overshoots are wide and low. The highest value of the aging
peaks of PMMA-15 appears at Ta= T-19 [ (Figure 4 (c)), which is higher and thinner
than that of neat PMMA. When 7.=T,-10 [ (Figure 4 (d)), the Cp, curves show an
obvious decline. When T.=T,-5 [] (Figure 4 (e)), the aging behavior of PMMA-15 is
very different from neat PMMA, embodied in C, overshoots of PMMA-15 are
separated from each other at all chosen aging temperatures. This difference

demonstrated that the adding of NPs prolongs the process towards a complete
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equilibrium state.
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Figure 4. Heat capacity versus temperature of PMMA-15 at (a) T,= T¢-35 °C, (b) Ty = T30 °C, (c) T, =
T-19 °C, (d)T,= T-10 °C, (e) T, = T-5 °C after various aging times. The error barrepresents the standard

deviation of three duplicates.

Figure 5 shows the isothermal relaxation of PMMA-15-E when 7, ranges from 7-
35 °C toT,-5 °C.More thermograms at different temperatures can be found in Figure S5
and S6. At chosen aging temperatures, the heat capacity overshoot first gradually
increases with increasing aging temperature. After reaching the highest value, the peak
height decreases. Nonetheless, the aging behavior of PMMA-15-E exhibits noticeable
differences from PMMA-15 in several aspects. When at T,= T,-35 °C and T,-30 °C
(Figure 5 (a) and (b)), the heat capacity overshoot of PMMA-15-E is significantly lower
than that of PMMA-15. At T.= T,-19 °C (Figure5 (c)), the heat capacity overshoot
reaches the highest value in PMMA-15-E, but the peak height is still lower than that of
PMMA-15. When the aging temperature rises to Tx= Tg-5 °C (Figure5 (¢)), the Cp curves
under all aging times have overlapped, which proves that PMMA-15-E reaches an
equilibrium state within 300 s. Comparing the thermograms shown in Figure 3 to Figure
5, the aging behavior of PMMA-15-E is surprisingly closer to that of the neat PMMA.
After treated by an electric field, NPs in PMMA-15-E aggregated to form micron-scale

columnar structures, so the interfaces between NPs and the polymer are significantly
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reduced. Therefore, the distance for the free volume holes’ migration increases

significantly, making PMMA-15-E relax like the bulk materials.
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Figure 5. Heat capacity versus temperature of PMMA-15-E at (a) T,= T¢-35 °C, (b)T, = T-30 °C, (c) T,
= Te-19 °C, (d) T, = T,-10 °C, (e) T, = T,-5 °C after various aging times. The error bar represents the

standard deviation of three duplicates.

To compare the aging effect, Figure 6 exhibits the recovered enthalpy of neat
PMMA, PMMA-15, and PMMA-15-E as a function of aging time. Recovered enthalpy
at other temperatures can be found in Figure S7 and S8. The enthalpy is calculated using
Equation (2). The solid line in Figure 6 exhibits the linear fit of the data, and £ is the
slope of the fit line representing the aging rate. The largest aging rates of PMMA-15
and PMMA-15-E are captured at 72 = T,-10 [ (Figure 6 (d)), while the largest aging
rate of neat PMMA is found at 7, = T¢-19 [ (Figure 6 (c)). Among all chosen aging
temperatures, the aging rate of PMMA-15 is the largest in all three samples. The aging
rate of neat PMMA is slightly lower than that of PMMA-15-E. This phenomenon
illustrates that adding TiO> NPs increases the surface areas in PMMA-15 greatly, which
accelerates the aging process.'® After treated by an electric field, NPs in PMMA-15-E
are highly aggregated to form a micron-scale columnar structure. Therefore, the
interfaces between NPs and the polymer are significantly reduced from PMMA-15,

resulting in the reduction of the aging rate. In neat PMMA, the aging is relatively lower
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since there is no surface area created by NPs inside the bulk.*
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Figure 6. Relaxed enthalpy of neat PMMA, PMMA-15, and PMMA-15-E. The solid lines are linear fit
of the data, and f is the slope of the fit line, which represents the aging rate. (a) 7o= 7:-35 [1, (b) Tu =
To-30 0, (¢) Ta=T¢-19 I, (d) Ta=T¢-10 [J, (e) Ta= T,-5 [J. The error bar represents the standard deviation

of three duplicates.

Figure 7 depicts the aging rate and the recovered enthalpy (7:=19200 s) of neat
PMMA, PMMA-15, and PMMA-15-E as functions of (7,-7%). In Figure 7 (a), the aging
rate of PMMA-15 is higher than the others at all aging temperatures. The aging rate of
this sample is very low when T.= T,-35 [], however, it gradually rises to a local
maximum as the temperature rises. And then a peak valley appears between 7= T-19 [
and T.= Ty-15 [1. When the temperature reaches 7.= T5-10 [1, the aging rate arrives at
another local maximum and then undergoes a rapid decline. The saddle-shaped aging
rate shows a bimodal characteristic within the experimental aging temperature range.

The trend of the aging rate of PMMA-15-E is very similar to that of PMMA-15,
also exhibiting a bimodal characteristic, but the overall value of the curve is greatly
lower than that of PMMA-15, which is compatible with the previous literature.** When
T:= Tg-35 [J, the aging rate of PMMA-15-E is greater than at Ta= T,-30 [], this
phenomenon may be ascribed to the large error bar range at low temperatures (as shown

in Figure 6 (a)). The Neat PMMA shows a very different aging rate characteristics from
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those of PMMA-15 and PMMA-15-E. The aging rate of neat PMMA rises continuously
with the increasing of 7, to reach a maximum value near 7.= T,-18 [, and then

decreases rapidly. The aging rate as a function of the temperature exhibits a unimodal

feature within the experimental temperature range.
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Figure 7. (a) Aging rate of neat PMMA, PMMA-15, and PMMA-15-E. (b) Enthalpy of neat PMMA,

PMMA-15, and PMMA-15-E after aging for 19200 s. The dash lines are calculated through cubic
interpolation.

From the recovered enthalpy as a function of temperature in Figure 7 (b), a pattern
very similar to the aging rate can be observed. PMMA-15 and PMMA-15-E show
bimodal feature, while neat PMMA exhibits a unimodal feature within the experimental
temperature range. The saddle shapes of the curves in Figure 7 may correspond to the
coexistence of the two mechanisms in the structural relaxation process of polymers
reported by Boucher.?” The two mechanisms toward the equilibrium state not only
appeared in the polymer thin films and nanocomposites but also in some glassy metals.
The mechanisms are of important significance to the studying of the materials’
structural relaxation.’” *° In the previous study of the mechanism of physical aging,
there are two different process been found which follow different mathematical
relationshiops:*"* > one is the fast mechanism, which displays Arrhenius temperature
dependence with low activation energy; while the other is the slow mechanism, which

follows the super-Arrhenius temperature dependence.’

For the neat PMMA, only one peak appears in Figure 7, since the fast recovery
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mechanism is thickness dependent and compatible with the assumption of the diffusion
of the free volume holes towards surfaces.***’ This hypothesis proposes that the
continuous aging of the polymer in the glass state is caused by the free volume holes’
migration over time. Neat PMMA is only affected by a small surface area, since the
sample used in this work is a bulk material. Therefore, the migration distance of the
free volume holes is vast. It is difficult to observe the fast recovery process in our
experimental time scale. In contrast, for PMMA-15, the adding of NPs produces a large
number of interfaces. Compared with neat PMMA, the distance required for the free
volume holes to migrate to the interface is greatly reduced. Consequently, it takes less
time to reach the equilibrium state, described as the time shorten effect.*! The two
mechanisms towards the equilibrium state can be observed within a short time. As such,
the overall aging rate of PMMA-15 becomes higher than that of neat PMMA .*° This
can be explained by that the fast mechanism is related to the distance of the free volume
holes’ migration.

As for PMMA-15-E, the NPs aggregate to form micron-level columnar structures
after been treated by an electric field. A large part of the polymer matrix is no longer
affected by the interfaces. There is a significant reduction of the surface areas.
Therefore, the overall aging rate and the recovered enthalpy of PMMA-15-E are lower
than those of PMMA-15, but still slightly higher than those of neat PMMA. However,
it is worth noting that in PMMA-15-E, the appearance of the two mechanisms at higher
temperatures can still be observed. It can be explained by the interfaces that remain in
PMMA-15-E, which have a remarked impact on the migration of the free volume holes.
Figure 8 shows the thermograms in heating after cooling by a series of speeds. The
samples were heated above 7, under a certain heating rate, and then quenched to 40 [
under different cooling rates ranging from 30 /min to 0.1 /min. The structural relaxation
is manifested by the overshoot in the heat capacity curve, which grows larger as the
cooling rate decreases. Lower cooling rates give the atoms or molecules more time to
rearrange to keep liquid structure and reduce their volume before glass transition,
resulting in a denser glas.*®%

The peak of PMMA-15 in Figure 8(b) is the highest overshoot. The peaks of neat
14



PMMA and PMMA-15-E in panels (a) and (c) are similar. The activation energy can be

obtained from these experiments using Equation (4).%
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Figure 8. Heat capacity versus temperature of (a) neat PMMA, (b) PMMA-15, and (c) PMMA-15-E at
different cooling rates.

Figure 9 illustrates the relationship between the fictive temperature and the cooling
rate, in which the fictive temperature is determined by applying Equation (3) to the data
above. The activation energy is calculated from the slope of the linear fit in Figure 9.
The values of Ah/R are 55741, 56980 and 49236 for necat PMMA, PMMA-15-E, and
PMMA-15, respectively. The values of Ah/R for neat PMMA and PMMA-15 are quite
close, whereas that for PMMA-15 is obviously lower. As the activation energy is
obtained, the fragility index of these samples can be calculated to decide the stability
of the structure and the thermodynamic properties of the glass in the 7 range:

m = Ah/(2.302RT)), (5)

where m represents the fragility index. The results listed in Table 1 show that neat
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PMMA and PMMA-15-E have similar fragility index, suggesting that aggregated NPs
in micron scale has no effect on the temperature dependence of the physical and
mechanical properties near 7y. Simultaneously, PMMA-15 has the lowest fragility
index among the three samples. The result indicates that PMMA-15 has weaker

temperature dependence compared with the others.

2881 0 PMMA-15 Linear fit
O PMMA-15-E Linear fit
2841 O Neat PMMA Linear fit
Ah/R =49236 K
U 2.80f
=
3
g 276}
2721
2.68

-3 -2 -1 0 1 2 3 4
Inq (°C/min)
Figure 9. Relationship between fictive temperature and cooling rate of neat PMMA, PMMA-15, and

PMMA-15-E. Values of Ah/R are calculated by the slope of the fit lines. The error bars represent the

standard deviation of three duplicates.

Table 1. Fragility index and related parameters of neat PMMA, PMMA-15, and PMMA-15-E.

Ah/R (K) T; (K) m
Neat PMMA 55741 381 64
PMMA-15 49236 375 57
PMMA-15-E 56980 375 66

4 Conclusions

This article explored the influence of different internal structures on the structural
relaxation behavior of polymer nanocomposites. The distribution of NPs in PMMA-
TiO2 nanocomposites was adjusted via a DC electric field. Through the DSC
experiments, the 7 and physical aging have been observed. Adding TiO2 NPs (volume

fraction of NPs = 1.5%) reduces T, by 6°C, while changing the interface distribution in

16



the material does not apparently affect 7. During isothermal aging, the nanocomposites
display two mechanisms toward equilibrium in a short time scale, differing from bulk
PMMA. The introduction of NPs greatly increases the aging rate of PMMA, enabling
the material to display two mechanisms within a shorter time scale. After the formation
of NP pillars induced by the electric field, the aging rate and enthalpy recovery
demonstrate a significant reduction from the nanocomposites with NPs uniformly
distributed, while the aging mechanism does not fundamentally change. The hypothesis
of the free volume holes’ migration can be adapted to explain these findings. Reduced
aging speed of polymer nanocomposites with NP alignments improves stability of such
materials in their applications, further endeavor may be focused on materials selection
and design to optimize the effect with consideration of specific conditions in

applications.
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The physical aging of electric field-treated PMMA-Ti10, nanocomposites is substantially reduced
from its counterpart with nanoparticles randomly dispersed in the polymer host.
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