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Abstract

Physical aging of amorphous poly(methyl methacrylate) has been studied by low frequency Raman scattering, broad-band dielectric

spectroscopy, low frequency high resolution mechanical spectroscopy and differential scanning calorimetry. The material was subjected to

different thermal histories by isothermal aging. A consistent relationship between the changes caused by the physical aging in nanostructure and

molecular dynamics has been found. The aging makes the structure more homogeneous at a scale of few nanometers, bringing it to a structural

state of lower energy. These structural changes affect mainly the a-relaxation, however, some increase in the relaxation strength as well as an

increase in the activation energy of the b-relaxation is also observed.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Amorphous polymers below the glass transition temperature

(Tg) are far from their thermodynamic equilibrium. Indeed, fast

cooling from temperature above Tg to temperature lower than

glass transition temperature leads to high viscosity and lower

mobility of the system resulting in a non-equilibrium structure.

In glasses, in a time scale a molecular (and structural)

rearrangements appear, in which the chains tend to reach

thermodynamic equilibrium. This process is called ‘physical

aging’ and was introduced by Struik [1] to distinguish these

effects from other aging processes such as chemical reactions,

i.e. degradations. The aging phenomenon affects thermodyna-

mical parameters [1–4], influences molecular dynamics [5–8]

and changes the structure at nanometric level [9]. Different

thermo-mechanical treatments may induce structural

rearrangements in amorphous polymers. The aging tempera-

ture and the aging time are regarded as main factors in the case

of physical aging phenomenon, but structural changes also may
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be induced by plastic deformation [11] or by low molecular

weight host molecules like methanol in poly(methyl metha-

crylate) [9,12]. The investigations carried out so far have been

performed by many authors and by using different techniques.

Nevertheless, the different aging procedures applied during

these experiments and different material parameters like:

molecular mass or tacticity, make direct comparison between

them difficult. The involvement of molecular relaxations in the

physical aging process is clear, but the choice of the relevant

structural parameters that determine molecular mobility in

polymers is still debated. In the case of poly(methyl

methacrylate) (PMMA) the involvement of the sub-Tg

b-relaxation is especially a contentious matter. An issue

connected with this, it is the relation between structural

relaxation and the disordered polymer structure at the

nanometric level. For these reasons the studies on physical

aging phenomena with the use of different experimental

techniques for one material aged due to some normalized

procedure, are still up to date and purposeful. They allow a

deeper understanding of the relation between the structural

state and dynamics of glass-forming systems.

In the present work, the aging processes were studied for

amorphous PMMA aged for different times and at different

temperatures in glassy state. Aging effects were investigated

by: Low frequency Raman scattering (LFRS), broadband
Polymer 46 (2005) 12523–12531
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dielectric spectroscopy (BDS), low frequency high resolution

mechanical spectroscopy (LFHRMS) and differential scanning

calorimetry (DSC).

The LFRS of amorphous polymers arises from the partial

localization of acoustic vibrational modes which, being non-

propagative in the disordered structures, become Raman active.

Hence they give rise to a broad feature at frequencies lower

than ca. 200 cmK1. The so-called Boson peak located between

10 and 30 cmK1 is a characteristic feature of amorphous

materials. It appears as an excess of vibrational density of

states (VDOS) in comparison to that predicted by the Debye

theory. The Boson peak is, therefore, sensitive to the

nanostructure changes and gives information about the size

of the heterogeneities in glassy matter [9,11,12]. In this work

the obtained results are analysed in frame of the model of non-

homogenous nanostructure of glasses proposed by Duval et al.,

in which it is assumed that the more strongly bonded regions

(more cohesive nanodomains) are separated by weakly bonded

channels (soft zones) [13].

The application of BDS and LFHRMS allows to investigate

the influence of the physical aging on dielectric and dynamic-

mechanical properties of PMMA. The information received

through applying different techniques makes it possible to

understand better the correlations between the thermal history,

structure at different size scale and relaxation phenomena in

glass-forming systems.
2. Experimental

2.1. Materials

The investigated polymer is a PMMA for optical purposes and

has a weight average molecular mass (Mw) equal 120,000 g/mol

with polydispersity-IpZ1.6 as assessed by size exclusion

chromatography (SEC) measurements. The NMR measurements

(1H and 13C) indicate the presence of syndiotactic triads (rr) of

about 0.48, isotactic triads (mm) 0.09 and atactic triads (mr) 0.43.

These values are very similar to the theoretical data offully atactic

PMMA.

The glass transition temperature TgZ111 8C was deter-

mined from the DSC measurements (mid point) with a heating

rate of 10 K/min.

The LFRS and DSC measurements were performed for the

extrusion grade pellets, while the BDS and LFHRMS

measurements were performed for the films. Before the

aging, all the pellets were heated above Tg in nitrogen

atmosphere (30 min at 135 8C) in order to erase its earlier

thermal and mechanical history (reference state). The PMMA

films with a thickness of ca. 0.2 mm were compression-

moulded at 150 8C during ca. 10 min under the pressure of ca.

4 bars. To eliminate the internal stresses, the films were

additionally annealed without pressure at 150 8C for about 5–

10 min. The samples prepared according to this procedure were

quenched to room temperature with a rate of about 75 K/min.

Some of them were investigated immediately after the

quenching as the reference (not aged samples). Other samples
were aged by: (a) annealing at 95 and 80 8C (i.e. Tg-16 and Tg-

31 8C, respectively) in nitrogen atmosphere during 3 weeks, or

(b) storage at room temperature (25 8C) for about 9 months.

The pellets and the films were aged simultaneously in the same

conditions.

To rule out any additional effects (like degradation) from the

obtained results, SEC measurements and Raman spectroscopy

in conventional frequency range were applied. SEC measure-

ments performed for PMMA samples after different thermal

treatments have exhibited only negligible changes of the

molecular weight. Raman spectra around 1640 cmK1 (the

location of PMMA monomer’s band, which is ascribed to CaC

vibrations) were also studied to detect possible depolimeriza-

tion, which might appear during thermal treatments [14] and no

such effects were detected.

2.2. Techniques

The physical aging affects the macroscopic properties

(enthalpy and entropy level) [2,3] of amorphous polymers,

but also cause the changes in the polymer structure at

nanoscale. To investigate this effect in PMMA the LFRS was

used since it enables the investigation of the structure (and its

evolution) at nanometric level by observing the Boson peak.

The Raman Boson peak reflects principally the low energy

VDOS excess, comparing with Debye regime. Thus, it is a

source of information on the supermolecular structure of

glasses. Such a relation is expressed by Eq. (1), which gives the

LFRS intensity I(u) for Stokes scattering:

IðuÞ Z CðuÞgðuÞ
nðuÞC1

u
(1)

where: C(u) is the light-vibration coupling coefficient, g(u) is

the VDOS, u is the frequency and n(u) is the Bose factor. The

reduced intensity: IRðuÞZ IðuÞ=½nðuÞC1� is approximately

proportional to the VDOS. The Boson peak in such

representation appears as a shoulder on a low-frequency

wing of bell-shaped curve (acoustic band), which has a

maximum at about 80 cmK1. For easier comparisons the

normalized form was chosen, which is given by Eq. (2):

InðuÞ Z
IðuÞ

½nðuÞC1�u
(2)

In this representation the Boson peak appears as the band

located between 10 and 30 cmK1. In order to compare LFRS

intensities of reference and aged samples, they were

additionally normalized at the maximum of acoustic band

visible in the reduced Raman spectra. This band is believed not

to be affected by physical aging since the high cohesive

domains are not involved in the reorganization of the structure

in nanoscale. As a result, the normalized Raman spectra

presented in Fig. 1 are perfectly matched in higher frequencies,

while the low frequency region reveals changes caused by

physical aging.

The LFRS was analysed with a high-resolution five-grating

monochromator equipped with a photon counting system. The

sample was illuminated with an argon laser beam of



Fig. 1. Comparisons of normalized LFRS spectra: (a) reference sample and

sample annealed 3 weeks at 95 8C; (b) reference sample and sample annealed 3

weeks at 80 8C; (c) reference sample and sample aged at 25 8C during 9 months.

The full and empty circles correspond to reference and aged samples, respectively.
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wavelength 514.5 nm. The Raman spectra were measured at

room temperature along the direction perpendicular to the

incident light polarization (HV configuration) in a spectral

range: 2–200 cmK1.
BDS measurements were performed in the frequency range

of 0.01 Hz–1 MHz and in the temperature range K125 to

C130 8C (in steps of 5 K) using a Novocontrol broadband

dielectric spectrometer. To provide good contact the circular

gold electrodes with 20 mm diameter were evaporated onto the

polymer films (sandwich-type configuration). The obtained

complex dielectric function (3*):

3� Z 30Ki300 (3)

(where: 3 0 and 3 00 are the real part and the imaginary or loss part,

respectively, while u is a circular frequency and iZ
ffiffiffiffiffiffi

K1
p

) has

been analysed by WinFit program supplied by Novocontol.

The data was fitted using Havriliak–Negami (HN) function

according to:

3� Z 3N C
D3

ð1 C ðiutÞaHN ÞbHN
(4)

where: 3N is the real permittivity for high frequencies, D3 is the

relaxation strength and is proportional to the height of the

maximum peak in 3 00, t is relaxation time and aHN and bHN are

Havriliak–Negami (HN) parameters which correspond,

respectively, to the width and asymmetry of relaxation

function.

In order to confirm the effect of aging on the b relaxation the

dynamic behaviour of PMMA aged 3 weeks at 80 8C (i.e. TgK
31 8C) was assessed by low-frequency high-resolution mech-

anical spectroscopy (LFHRMS). The home-made spectrometer

described elsewhere [15,16] makes it possible to measure the

complex shear modulus G*(j,u)ZG 0(u)CjG 00(u) as a function

of T and angular frequency u. The ratio G 00/G 0 is defined as the

loss coefficient tg f. The complex elastic modulus was

measured at constant frequency (at 1 Hz) by temperature

scanning from K120 to TgC25 8C; next the sample was cooled

at 1 8C/min, leading it to the so-called ‘quenched state’. Such a

protocol allows us to compare data for those aged and

quenched state without any handling of the specimen between

the two sets of results. The relative shear strain does not exceed

10K4. This low level ensures that the measurements are

performed in the linear regime and any structural evolution was

not induced by deformation.

The DSC measurements were made using the DSC 2920-

TA instrument. For each sample two temperature scans were

performed in the temperature range: 20–140 8C at a heating

rate 10 K/min. All samples, with a weight of about 10 mg each,

were sealed in aluminium pans and the measurements were

performed under a high purity helium atmosphere.
3. Results

In Fig. 1(a) the normalized spectrum In(u) for the reference

PMMA sample (full circles) is compared with the spectra for

the PMMA sample after 3 weeks of thermal aging at 95 8C

(empty circles). In Fig. 1(b) and (c) similar comparisons are

presented for the sample aged during 3 weeks at 80 8C and for

the sample after long room temperature aging, respectively.

The maximum of the Boson peak appears in a spectrum at ca.
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20 cmK1. It is seen that the Raman scattering around this

region is weaker for the aged samples. The previous

measurements and the Lorentzian shape of the quasi-elastic

scattering show that the decrease of the Boson peak is due to

the decrease of the harmonic VDOS [9,10,14]. It is worth

noting that for the samples annealed at temperatures close to Tg

the intensity of the Raman scattering decreases also in the

higher frequency part (up to 60 cmK1). The magnitude of the

observed changes is dependent on the aging temperature and

decreases when the annealing temperature becomes lower. In

the case of the sample aged at room temperature for a long time

the changes are very weak and only the Boson peak region (up

to 35 cmK1) is affected.

Fig. 2 shows 3-dimensional plot for the PMMA reference

sample of the frequency-temperature dependences of 3 00. The

three dashed lines indicate an evolution in the temperature and

frequency of the g-b-and a-relaxation processes. At frequency

of 1 Hz they are located at about: K100, 0 and 110 8C,

respectively. The a-relaxation is associated with the glass

transition temperature. The b-relaxation, very well pronounced

in PMMA, is connected with rotation or conformational

changes of the ester moiety (–COOCH3) around the bond

linked with the main chain, while the g-relaxation is due to

rotation of the a-methyl group bonded to the main chain or can

be connected with small amounts of water absorbed from the

environment during the preparation of the samples [17].

However, in the case of the b relaxation the strict

assignment to the only one type of molecular motion cannot

be done. The multidimensional NMR investigations proved,

that the b process consists of a 180G108 flip of the ester unit

accompanied by restricted main chain rearrangements with an

amplitude of about G208 [18,19]. Since complex features of

the behaviour of the b process were proposed, also the

dynamics of this relaxation demonstrates its complex nature.
Fig. 2. 3-D map (frequency–temperature) dependences of 3 00 for PMMA

reference sample. The three dashed lines follow by visible relaxation processes

- a,b,g.
The flipping of the side groups as well as their fluctuations

around the equilibrium positions are equally possible and give

contribution to the b relaxation [18,19].

The evolution of molecular mobility induced by aging in

PMMA samples was investigated using the broadband

dielectric spectroscopy mainly in a temperature range from

K50 to 125 8C. The representation of tg d (Z3 00/3 0) was chosen

since it is not sensitive to changes of samples geometry during

the experiments. Fig. 3 shows the comparison of the tan d

spectra at frequency of 1 Hz for the reference sample and

samples aged at: 95 8C (Fig. 3(a)), 80 8C (Fig. 3(b)) and at

room temperature during 9 months (Fig. 3(c)). The most

pronounced changes in the dielectric spectra occur in the

temperature range of around 80–90 8C, in an intermediate

region between the a and b relaxations (the minimum), which

is called Andrade zone [20]. This effect is not connected with

the aging temperature because it appears not only for the

samples aged at 80 and 95 8C (Fig. 3(a) and (b)) but also for the

sample aged 9 months at 25 8C (Fig. 3(c)). Some correlation

between the position of this minimum and the temperature and/

or time of aging can be found. This minimum becomes deeper

and it shifts towards higher temperature when aging is

performed during longer time or at higher temperature

(Fig. 3(d)). One can say that the overlapping of the a and b

relaxations decreases during the annealing and both relaxation

processes become more separated. It is also visible that the

aging leads to a narrowing of the a-relaxation band. Such result

suggests changes in the distribution of the relaxations times.

For the samples aged at 80 and at 95 8C an increase of the

amplitude of the b-relaxation can also be observed (Fig. 3(a)

and (b)).

It is still not certain whether the b-relaxation in PMMA is

affected by physical aging although it has been debated in the

literature for long time [21–25]. In our studies the values of

activation energy of this process were calculated for the

samples after different thermal treatments. The calculations

were made using the WinFit program (Novocontrol) in

temperature range K15 to 20 8C, in which the b-relaxation is

clearly visible, well separated from other relaxations and

conductivity contribution is negligible. The temperature

dependence for this relaxation can be described by the

Arrhenius equation. The obtained values of the activation

energy for aged samples vary from 76.8 to 79.4 kJ/mol and are

slightly higher comparing with the value for the reference

sample (76.6 kJ/mol). The observed increase is rather small,

nevertheless, for all aged samples this tendency was found. In

order to follow the evolution of the dielectric strength (D3 of

the b relaxation during the physical aging the dielectric spectra

were fitted using the Havriliak–Negami function (Eq. (4)) in

the similar temperature range as mentioned before. The

calculated values of D3 for the samples aged close to Tg are

rather higher comparing with the reference sample. In the case

of the sample aged at 25 8C during 9 months the calculated

value of D3 is a little smaller comparing with the value for the

reference sample. The parameters aHN and bHN of b-relaxation

were also determined. Their values calculated at 10 8C are

presented in Table 1. The significant changes were observed in



Fig. 3. The tg d spectra at frequency 1 Hz for the reference sample and samples aged at: 95 8C (a), 80 8C (b) and 25 8C during 9 months (c), respectively; (d) The

positions of the so-called, ‘minimum’ between aand b relaxation processes as a function of aging temperature and aging time. The lines on the graph are drawn as a

guide for the eye.
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the case of the aHN and the bHN values calculated for the

samples aged at 80 and 95 8C. The aHN decreases with aging,

while the bHN values change in the opposite direction. Such

results correspond to the decrease of the width of the b

relaxation, while its symmetry increases with aging.

Fig. 4 shows the LFHRMS measurements for the sample

aged 3 weeks at 80 8C and for the quenched sample. It is visible

that amplitude of the mechanical b-relaxation increases with

aging. Similarly to the dielectric spectra one can observe better

separation of the a and b-relaxations after aging. Narrowing of

the low temperature side of the a-relaxation band after aging is

again visible.
Table 1

Havriliak–Negami fit parameters performed for b process at 10 8C for PMMA

after different thermal treatments

Temperature

of aging (8C)

aHN bHN

Reference sample – 0.396 0.501

Aged 9 months 25 0.394 0.507

Aged 3 weeks 80 0.391 0.516

Aged 3 weeks 95 0.387 0.540
In order to follow the changes of enthalpy during the

physical aging the DSC measurements were performed. Fig. 5

shows thermograms for the PMMA samples recorded after

different thermal histories. As a result of the aging, an
Fig. 4. Isochronal (frequency 1 Hz) mechanical tg f spectra for a sample aged 3

weeks at 80 8C (full circles) and the quenched sample (empty circles).



Fig. 5. The DSC thermograms for: (a) sample aged 3 weeks at 95 8C, (b) sample

aged 3 weeks at 80 8C, (c) sample aged 9 months at 25 8C, (d) reference

sample. The solid lines correspond to the first run and the dotted lines to the

second run.
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endothermic peak appears in the DSC thermograms during the

first run (pointed by arrows) but it is absent in the second run

(i.e. the annealing effect was erased during the first scan). This

peak increases in magnitude and it appears at higher

temperature when the aging is performed at temperature closer

to Tg. Such effect of physical aging was reported earlier in

literature [26,27] and was observed also for other thermally

aged amorphous polymers like polystyrene [28] or

poly(ethylene terephthalate) [29]. The calculations of the

fictive temperature -Tf show that the Tf is the highest for

reference sample (111 8C), while for the aged samples Tf

values are smaller and equal: 103 8C (sample aged 3 weeks at
95 8C), 104 8C (sample aged 3 weeks at 80 8C) and 108 8C

(sample aged 9 months at 25 8C).
4. Discussion

The disordered amorphous network, as well as its

heterogeneity at the nanoscale is well known and also sustained

by computer simulations [30,31]. For our results to analyse the

LFRS spectra we use a model of inhomogeneous nano-

elasticity of amorphous polymers, whereby the Boson peak is

interpreted as a VDOS excess corresponding to partially

localised modes in cohesive nanodomains surrounded by softer

zones, i.e. less cohesive channels [13]. This model connects

LFRS spectra with a polymer network at the nanoscale, while

the position of Boson peak - u0 (the lowest energy vibration

mode which is localized in a cohesive domain) is related to the

mean size of these domains (2a) by the following equation:

u0 Z S
y

2a
(6)

where: y is the sound velocity in a domain and S is the shape

factor. There is a size distribution of cohesive domains, which

can be deduced from the width of Boson peak [13,32]. In the

case of PMMA the average size of cohesive domains is found

to be about 3 nm [32]. According to such model the intensity of

the Boson peak (which is related to VDOS) decreases with a

decreasing contrast between the cohesive nanodomains and the

soft surrounding medium. Thus, the observed decrease of

the Boson peak intensity with aging in Fig. 1 indicates that the

nanostructure of atactic PMMA becomes more homogeneous

with aging. Those results are in agreement with the previous

inelastic neutron scattering measurements done for PMMA,

which also exhibit the decrease of VDOS after thermal

annealing [22]. In our results the decrease of intensity in

Boson peak region after aging is observed for all aged samples,

however, the changes are not identical in each case. This can be

explained assuming a correlation between the frequency of the

Boson spectral range and the activation energy of the

relaxation, i.e. from Eq. (6), between the size of cohesive

domains and the activation energy. Since the effect of aging is

the more homogeneous cohesion or elasticity, it is deduced that

the relaxations correspond to the hardening of the interfacial

soft zones between cohesive domains. On the other hand,

because the decrease of Raman intensity in the spectral range

of the Boson peak extends to higher frequency when the

temperature of aging increases, it comes that the activation

energy of relaxation, i.e. of hardening, is the highest in soft

zones between the smallest cohesive domains and vice-versa.

In consequence, the relaxation in the process of aging takes

place in the soft zones between the largest cohesive domains at

room temperature, and it is spread in soft zones between

cohesive domains from the large to small ones.

Small angle X-ray scattering (SAXS) was performed with

the samples tested by LFRS. By extrapolation of the measured

intensity to the transfer momentum QZ0, it is possible to

estimate the amplitude of the density fluctuations, as it has

recently been done [33,34]. Our measurements at room
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temperature did not show any changes of the amplitude of

density fluctuations after aging, even with the use of

synchrotron sources. This is a confirmation that in case

of PMMA the effect of aging decreases mainly the amplitude

of cohesion or elasticity fluctuations and do not have any

visible effect on the amplitude of electronic density fluctu-

ations. However, it is not excluded that there exists a weak

effect on the amplitude of density fluctuations, which are

certainly concomitant with the cohesion fluctuations. As a

matter of fact, a very weak change of density can induce a

strong change of cohesion and molecular mobility.

Going from structural changes at nanometric level to

molecular motions which allow this reorganization of the

system it was observed by dielectric and mechanical

measurements that aging affects mainly the intermediate

region between a and b relaxations. The primary relaxation

is strongly affected at temperatures below Tg (glassy state) and

due to this fact its width apparently decreases. These changes

suggest that the annealing changes the broad distribution of

relaxation times in case of the involved processes, while for the

a relaxation this effect seems to be the most visible.

Furthermore, as one can conclude from dielectric measure-

ments, the separation of the a and b relaxations is more

pronounced when aging is performed at higher temperature

(Fig. 3). The value of aHN (Table 1) is the smallest for the

sample aged during 3 weeks at 95 8C, while for the sample aged

at 25 8C the aHN value is rather high and similar to reference

state. Such changes reflect gradual narrowing of the brelaxa-

tion width during aging, while the increase in the bHN

parameter indicates an increase of the symmetry of this

relaxation process.

The changes observed through dielectric and mechanical

measurements can also be explained by the potential energy

landscape. During aging the structure is subjected to structural

relaxation by going above diffferent energy barriers U(T).

The probability of the relaxation motions is proportional to

exp[KU(T)/kT], so we can conclude that during aging at higher

temperature the system allows to cross over smaller and higher

energy barriers, while at low temperature only small energetic

barriers are passed through. Going further, we can assume that

the aging rate is faster at higher temperature. The system is

going to reach equilibrium state in a shorter time (in our results

the a relaxation peak is apparently narrower for the sample

aged at 95 8C than for the sample aged at 25 8C). This

explanation is also appropriate for understanding the changes

observed in our LFRS spectra. At this point it is interesting to

make a correlation between the description of the dynamics of

aging by the energy landscape and the model of inhomo-

geneous cohesion used to interpret the LFRS observations. The

low energy barriers in the energy landscape correspond to

the activation energies for the hardening of soft zones at the

interface between larger cohesive domains while the higher

ones correspond to the activation energies for the hardening

of soft zones at the interface between smaller cohesive

domains. The existence of the different relaxations which are

responsible for the reorganization of the structure in the

different size scales corresponds to broad and complex
distributions of the relaxation times which exist and become

less dispersed by aging.

In a similar way we can explain changes of enthalpy during

physical aging at different temperatures. The endodermic peak

which appears on DSC thermogram is more pronounced and

located closer to Tg when aging is performed at higher

temperature (Fig. 5). The location of this peak close to Tg (the a

relaxation thermal zone) directly indicates that primary

relaxation is involved in physical aging process. Nevertheless,

even aging at 25 8C caused endothermic effect on DSC

thermogram, which again confirms the broad range of

dynamics in PMMA glass. The fictive temperature calculated

from DSC thermograms correspond to an isostructural state of

investigated glass and can be regarded as a parameter which

reflects the departure of investigated state from equilibrium

[2,29]. The reference sample is characterised by high fictive

temperature reflecting its structural disorder. During aging the

polymer reaches a state of lower energy characterised by lower

fictive temperature. The aging is more efficient when

performed at temperature closer to Tg (lower Tf values),

while in case of aging at 25 8C the high Tf value reflects

structural state distant from equilibrium.

In Fig. 3(a) and (b) it is visible that relaxation strength of the

b process is higher for aged samples comparing with reference

state. Such behaviour was also confirmed by calculations of the

D3 performed for samples aged close to Tg using WinFit

program. These results are contrary to the hypothesis of the

existence of ‘islands of mobility’ as suggested by Johari to

explain the behaviour of b relaxation [22]. It is believed that

these ‘islands of mobility’ are like the loosely packed sites in

the polymer structure where the molecules can orientate along

different directions. As proposed by Johari the strength of b

relaxation is decreasing during slow cooling or annealing. In

the case of b relaxation and its involvement in structural

changes caused by physical aging, there still is a debate [21–

22,24–25]. In order to verify the observed difference in the

behaviour of the b relaxation during aging, the in situ

(isothermal) measurement was performed for about 43 h.

Such protocol allows to avoid handling of the specimen

between the two sets of results but can be applied for relatively

short time of aging. During this measurement the temperature

was 80 8C (i.e. 31 8C below Tg) and its variation was !0.2 8C.

The 3 0, 3 00 and tg d spectra in the frequency range 2!10K2 to

106 Hz were recorded every 20 min. A decrease of these

dielectric observables after isothermal aging is clearly seen in

Fig. 6(a)–(c), where plots of 3 0, 3 00 and tg d vs. frequency are

shown for reference state and a sample aged 43 h at 80 8C,

respectively. Indeed, the behaviour of the b relaxation

proposed by Johari, i.e. the decrease of its amplitude with

aging, occurs in the case of annealing during relatively short

time at a temperature close to Tg, (Fig. 6), or during aging at

temperature far from Tg (Fig. 3(c)). This can be explained

taking into account the increase of the cohesion interactions in

polymer at the beginning of aging. However, during further

annealing an increase of the interaction in polymer makes its

structure more homogeneous, as it was evidenced by LFRS

experiments. The distribution of the relaxation times becomes



Fig. 6. The results of in situ aging performed at 80 8C. Representations of 30,3 00

and tg d are shown vs. frequency in log scale, respectively (a), (b), (c). The solid

line corresponds to reference sample (time of aging equal zero), while the

dotted one was recorded for sample after 43 h of annealing.
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less dispersed with aging and their amplitude can increase. In a

Fig. 6 it can also be seen that the b relaxation apparently shifts

to lower frequencies, i.e. to higher temperature in the

temperature representation. Such changes confirm the increase

of Ea for b-process after aging as it was calculated for samples

aged in a longer time scale.
5. Conclusion

Low frequency Raman scattering, broadband dielectric

and low frequency mechanical spectroscopy show that

physical aging affects both nanostructure and molecular

mobility of atactic PMMA. Aging makes the structure more

homogenous by smoothing the elastic-constant contrast at

the nanometric scale. The overlap of the a and b relaxation

diminishes during aging, which was clearly evidenced by

dielectric and mechanical analysis. The mechanism of the

physical aging process occurring at the molecular level is

rather complex, however, an involvement of a and b

molecular relaxations in physical aging process is con-

firmed. The model of inhomogeneous cohesion or elasticity

at the nanometric scale in glasses is able to interpret the

decrease of Boson peak intensity as well as the changes of

a and b relaxations observed after aging, if the structural

state of glass of lower energy corresponds to more

homogenous cohesion at the nanometric scale.
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