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ABSTRACT: Understanding and controlling physical aging below

the glass transition temperature (Tg) is very important for the

long-term performance of plastic parts. In this article, the effect

of grafted silica nanoparticles on the physical aging of polycar-

bonate (PC) below the Tg is studied by using the evolution of the

enthalpy relaxation and the yield stress. The nanocomposites

were found to reach a thermodynamic equilibrium faster than

unfilled PC, implying that physical aging is accelerated in pres-

ence of grafted nanosilica particles. The Tool-Narayanaswamy-

Moynihan model shows that the aging is accelerated by the

grafted silica nanoparticles, but the molecular mechanism

responsible for physical aging remains unaltered. Furthermore,

dynamic mechanical analysis shows that the kinetics of physical

aging can be related to a free volume distribution or a local

attraction-energy distribution as a result of the change in mobili-

ty of the polymer chain. Finally, a qualitative equivalence is

observed in the physical aging followed by both the enthalpy

relaxation and yield stress. VC 2016 Wiley Periodicals, Inc. J.

Polym. Sci., Part B: Polym. Phys. 2016, 54, 2069–2081

KEYWORDS: differential scanning calorimetry; enthalpy relaxa-

tion; free volume; glass transition; mechanical properties;

nanocomposites; physical aging; polycarbonates; structure-

property relations; structural relaxation; yield stress

INTRODUCTION To address the constant need for improved
properties, such as mechanical, electrical, and thermal
conductivity of the resin for various market segments, such as
automotive, electronic, electrical, infrastructure, and construc-
tion, polymers are often reinforced with micron- and nano-sized
fillers. Compared to micron-sized filler, nanoparticles have a
larger surface area and consequently require only a few vol %
(i.e., <5 vol %) achieve the desired property. This results in the
intrinsic properties of the neat polymer be retained. Nanopar-
ticles have shown to improve the stiffness and toughness of the
polymers more dramatically than microfillers.1–8 Additionally,
the mechanical properties of polymer nanocomposites can be
tailored by changing the shape and size of the filler particles, the
volume fraction and concomitantly the interparticle distance.9

Given the wide range of applications, PC and PC-based blends
are good candidates for the use of nanofillers to enhance the
mechanical, optical and rheological properties. Fillers such as
nanoclay, mineral fillers, nanosilica, carbon nanotubes, and gra-
phene have been used to enhance the tensile strength and the

Young’s modulus of PC.10–12 Besides the use of fillers, process-
ing conditions, and aging also affect final properties. For exam-
ple, nonuniform fast cooling during injection molding makes the
material to go out of equilibrium in the glassy state. For a poly-
mer such as PC, physical aging just below its Tg results in the
rapid change of mechanical properties, which can lead to
embrittlement.13,14 Fillers are known to affect the physical aging
behavior of the host polymer. Boucher et al. showed that the
addition of surface-functionalized silica and gold particles accel-
erated physical aging of poly (methyl methacrylate) (PMMA)
and poly(styrene) (PS), respectively.15–18 They showed that
functionalization did not alter the molecular mechanism for
physical aging, but increased the surface-to-volume ratio accel-
erated physical aging. Besides this, other studies showed that
nanofillers can also decelerate physical aging of polymers.19,20

This was attributed to the presence of a layer with reduced
mobility near or at the filler interface, leading to changing time-
dependent properties resulting from the heterogeneities in the
melt and in the glassy state.
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The first attempt to study the role of fillers on the chain
dynamics was made by Lee and Lichtenhan.21 They showed
that the addition of POSS to a cured epoxy increased the Tg
and the relaxation time, thereby slowing down the molecular
dynamics, and in turn the physical aging. Rittigstein and Tor-
kelson showed that the addition of silica or alumina nano-
particles to thin films of PS, PMMA, or PVP decelerated
physical aging as a result of confinement of the polymer
chain by the nanoparticles.22 They showed that at 4 vol % of
alumina particles, the aging can be reduced by a factor of 17.
Priestley et al. and Vlasveld also found similar results in
their study on PMMA-silica and poly(amide-6,6)-sodium fluo-
romica nanocomposites, respectively.23,24 In case of PMMA
the physical aging rate of PMMA was reduced by more than
a factor 20 with the addition of 0.4 vol % nanosilica, which
was attributed to the reduced strength of the b-relaxation
process resulting from hydrogen bonding between the
PMMA ester side groups and the hydroxyl units on the sur-
face of silica nanoparticles. Cheng et al. showed that impact
modifiers can be used to delay the onset of physical aging
by improving the toughness when the matrix loses its inher-
ent ductility.25 Dan et al. added poly(acrylate)/TiO2 compos-
ite particles to PC to slow down the aging rate.26 Physical
aging is studied by following the recovery of a thermody-
namic property below Tg, evolution of yield stress, and the
instantaneous relaxation (or retardation) time after applying
a perturbation.

The most common techniques used to study physical aging
are DSC, Broadband Dielectric Spectroscopy, Mechanical
Testing, Positron Annihilation Lifetime Spectroscopy, and
Fluorescence Spectroscopy.27

This article explores the effect of grafting on the physical
aging and embrittlement of PC nanocomposites using enthal-
py recovery and yield stress evolution experiments to cap-
ture the aging kinetics. The results are analyzed using the
Tool-Narayanaswamy-Moynihan (TNM) model and a diffusion
model. Finally, dynamic mechanical spectroscopy is used to
understand the molecular features leading to the observed
behavior in both PC and PC/silica nanocomposites.

EXPERIMENTAL

The bisphenol A-based polycarbonate (PC) used in this study
was provided by SABIC Innovative Plastics, Bergen op Zoom,
The Netherlands. The silica nanoparticles with an average
particle diameter of 12 nm were purchased from Nissan
Chemical Industries, Japan, as a suspension in methyl ethyl
ketone (MEK) with �30 wt % nanoparticles. All materials
were used as received. The samples are coded as PC30y,
where y stands for the vol % of nanosilica.

The PC powder was first dried for 12 h at 110 8C before
mixing with the nanosilica dispersion at concentrations of
0.7 and 3.0 vol %, and 0.1 wt % tris(2,4-di-tert-butylphenyl)-
phosphite as processing stabilizer. The material was then
dried for 24 h to remove the solvent. The silica nanoparticles
were used without any further surface modification. This

material was compounded by using a ZSK-25 twin-screw
extruder (Krupp Werner and Pfleiderer, GmbH, Germany) at
a screw speed of 300 rpm. The temperature of the extruder
was set at �40 8C for the feeding section and up to 300 8C
in the melting zone. Injection-molded ISO-tensile bars were
used for the characterization. The samples were molded at a
melt temperature of 280 8C with the mold temperature set
at 60 8C.

After the extrusion and injection molding steps the molecu-
lar weights of the samples were analyzed to exclude degra-
dation during processing. The molecular weight and the
polydispersity index was determined by using size exclusion
chromatography (SEC) on a Polymer Laboratories PL gel 5
lm MiniMIX-C 250 3 4.6 mm column and a UV detector,
operated at 254 nm. Measurements were performed at room
temperature using dichloromethane as the solvent and tolu-
ene as flow marker. SEC calculations were performed against
narrow PS standards. For the PC samples, the molecular
weight obtained relative to PS data was converted to PC
standards using a transfer function obtained by measuring
6 PC standards of known Mw.

The nanosilica is expected to react with PC during the extru-
sion step resulting in grafting to occur at the surface of the
nanosilica particles. The evidence of chain grafting is provid-
ed by analyzing the extracted nanosilica particles from the
PC nanocomposite by using Fourier Transform Infrared
(FTIR) spectroscopy. To perform this, the PC nanocomposite
was dissolved in dichloromethane at room temperature and
centrifuged at 6000 rpm for 10 min. The supernatant solu-
tion was removed and the white precipitate (nanosilica) was
collected at the bottom. Before characterizing the extracted
nanosilica, the nanosilica was further purified to remove the
physically bound polymer on the nanosilica. This was done
by thoroughly washing the extracted nanosilica with
dichloromethane followed by sonification and centrifugation
for 10 cycles. The washing operation was repeated until no
dissolved polymer was found in the supernatant solution,
which was confirmed by FTIR spectroscopy. The dried nano-
silica, neat polymer and the composites were characterized
by using FTIR to study if the PC chains were chemically
grafted on to the nanoparticle surface. A similar method was
used by Wang et al.28

FTIR spectroscopy was performed by using a Perkin Elmer
Spectrum One FTIR spectrometer equipped with a Perkin
Elmer spotlight 300 infrared microscope with a liquid nitro-
gen cooled HgCdTe (MCT) 16 3 1 linear array detector that
was used to record micro-ATR spectra by employing a ger-
manium hemispherical internal reflection element (IRE).
Spectral acquisitions were performed in the reflection mode.
To collect the ATR-FTIR spectrum from a flat surface with
the miniature-Ge IRE, the sample was placed on the micro-
scope XY-stage. A sampling spot on the surface was selected
through an objective. The miniature-Ge IRE was then slid
into the prealigned position and the microscope stage was
elevated until the selected sampling area touched the tip of
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the IRE. Particular care was employed in order to achieve
the same degree of contact for all measurements. Once good
contact was established, the ATR-FTIR spectrum of the
selected area on the surface was collected. The micro-ATR
germanium crystal allowed a contact sample area with a
diameter of 100 lm. The background spectrum was collected
through the IRE when it was not in contact with the sample.
All spectra were collected by using 16 scans in the range
from 4000 to 600 cm21 with a 4 cm21 spectral resolution.

The dispersion of the nanosilica in PC after extrusion was
analyzed by using transmission electron microscopy (TEM).
The morphological studies were performed by using a Tecnai
G2 transmission electron microscope, operated at 120 kV in
bright field. Ultra-thin sections of 100 nm were obtained at
room temperature by using a Leica Ultracut E microtome.
Staining of the sections was not required, since the electron
density of silica is much higher than that of PC.

Thermal analysis of the samples was carried out by means
of the differential scanning calorimeter (DSC; Q2000 from TA
Instruments). The heat capacity and the temperature were
calibrated by using sapphire and indium, respectively. All
DSC measurements were performed under a nitrogen atmo-
sphere on samples of �10 mg. Hermetic aluminum pans
were used for all experiments. The physical aging experi-
ments started with erasing the thermal history by heating
the sample up to 200 8C. The samples were subsequently
cooled down to 30 8C at a rate of 20 8C/min and allowed to
equilibrate before being stabilized at the temperature used
for structural recovery (80, 125, and 143 8C). All samples
were aged at the same temperature as the difference in the
glass transition temperature between the unfilled PC and the
PC/silica nanocomposites was �2 8C. The samples were
aged from a few minutes to 30 days before being cooled to
40 8C at a cooling rate of 20 8C/min, prior to reheating at
10 8C/min to the melt. For aging times >24 h, an external
vacuum oven was used, after erasing the thermal history and
quenching the samples in the DSC. After aging, the samples
were cooled down to 30 8C and DSC thermograms were
recorded. The second heating scans were performed immedi-
ately after a new quench (at 20 8C/min), see profile shown
in Figure 1.

The enthalpy recovery for an aging time ta at a given
temperature Ta was evaluated by integration of the differ-
ence between thermograms of aged and unaged samples,
according to the relation:

DH ta;Tað Þ5
ðy

x

Caged
p Tð Þ2Cunaged

p Tð Þ
� �

dT (1)

where H is the enthalpy, Cp is the heat capacity.

Tensile tests were conducted on a Zwick/Roell Z5.0 tensile
tester with a 5 kN load cell at ambient temperature (23 8C).
All experiments were conducted at a constant strain rate of
1023 s21. To study embrittlement, samples were aged at
110, 125, 135, 140, and 145 8C for various times between 0
and 300 h. All tensile yield stresses listed in the results
section are engineering yield stresses and each test was
done in triplo to obtain reliable results.

The thermomechanical properties were characterized by using
an ARES G2 rheometer from TA Instruments using a rectangu-
lar torsion fixture. The samples were tested from 2130–170
8C with a heating rate of 3 8C/min by varying the frequency
from 1 to 10 Hz. The dynamic variables such as the storage
and loss modulus and phase angle were recorded.

THEORETICAL CONSIDERATIONS

Any system out-of-equilibrium always wants to go to equilibri-
um to minimize its internal energy. Amorphous glass formers
achieve this by means of structural relaxation (i.e., evolution of
thermodynamic variable like volume or enthalpy) when cooled
down from an equilibrium melt and held isothermally at tem-
peratures below Tg.

29 The change in physical properties of
glass-formers as a consequence of structural recovery is
known as physical aging, see Figure 2.

The most commonly used models to describe structural relaxa-
tion are the TNM model and the KAHR (Kovacs-Aklonis-Hutch-
inson-Ramos) model.30,31 Below the glass transition, the
driving force for the relaxation in these models is the distance
from the equilibrium. The TNMmodel uses the fictive tempera-
ture Tf to fully define the thermodynamic state of the material,
whereas the KAHR model uses the distance of the property
under investigation from its equilibrium value as a state
parameter.32,33 Both are multiparameter models and are found
equivalent for all practical applications. Here, we will adopt the
TNM model approach to describe the aging and equilibrium
kinetics, the model parameters are dependent on the material
and are independent of the thermal history used.

The TNM model expresses the dependence on the structure
and the temperature of the relaxation time as:

lnsTNM5lnATNM1
xDh
RT

1
12xð ÞDh
RTf

(2)

where sTNM is the relaxation time associated with physical
aging, ATNM is a constant, Dh/R is the apparent activation

FIGURE 1 DSC program for physical aging.
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energy in the temperature range of the experiment, and x is the
nonlinearity parameter, which partitions the dependence of
sTNM on temperature and structure, the latter of which is quanti-
fied by the fictive temperature Tf. The fictive temperature is cal-
culated as the intersection of the extrapolated liquid (above Tg)
and glass (below Tg) heat capacity (Cp) by the relation

18:

ðT>Tg

Tf

Cp2liquid2Cp2glassdT5

ðT>Tg

T<Tg

Cp2Cp2glassdT (3)

The TNM model parameters were calculated by fitting the
model to the heat capacity data obtained from DSC. These
model parameters are used to calculate the structural relaxa-
tion function, u tað Þ, as given below:

u tað Þ5exp 2
t

sTNM

� �b

(4)

where b is the shape or nonlinearity factor and it describes the
width of time relaxation time distribution. The structural relax-
ation can also be determined experimentally as the ratio of the
enthalpy at aging time ta 5 0 and ta!1 and is given by:

u tað Þ5
DH tað Þ2DHPlateau

DH ta50ð Þ2DHPlateau
(5)

where DHPlateau is defined as the value where the enthalpy
does not change upon further aging.

Similarly, the structural relaxation function from the yield
stress (r) evolution can be calculated by using the following
relation:

u tað Þ5
r tað Þ2rPlateau

r ta50ð Þ2rPlateau
(6)

As mentioned above, the kinetics of physical aging (or struc-
tural relaxation) are intimately related to the molecular
mobility (or the local dynamics in the glassy state). In case
of nanocomposites, the segmental mobility is affected by18:

1. The interaction between the nanoparticle and the polymer
matrix, being active at or close to the nanoparticle surface.

2. The presence of a physical barrier (due to interaction),
which might change the length scale (or size) and temper-
ature dependence of molecular mobility in glass-forming
systems.

Based on this, the aging kinetics can be affected by the diffu-
sion of free volume holes as shown by Boucher and coworkers.
The diffusion of these holes can be described by15,17,18,34:

u tað Þ512
2

p0:5

A

V
D0:5t0:5 (7)

du tað Þ
dt0:5

52
2

p0:5

A

V
D0:5 (8)

where A is the total surface area where free volume holes
disappear, V is the total volume, A/V is area-to-volume ratio

of the nanoparticle, D is the diffusion coefficient at zero
aging time, and t is the aging time.

RESULTS AND DISCUSSION

This section is organized in the following manner. First, the
results from nanoparticle dispersion and grafting will be dis-
cussed. Then the thermal experiments will be presented fol-
lowed by the mechanical analysis. Finally, the thermo-
mechanical properties from DMTA will be shown. All results
will be discussed in the framework of the TNM-model.

Nanoparticle Dispersion
Figure 3(a,b) shows the TEM micrographs of the dispersion
of nanosilica in the PC matrices as a function of its concen-
tration. At a concentration of 0.7 vol %, the agglomerate
sizes are at an average diameter of 25–50 nm.

Increasing the concentration of nanosilica results in slightly
larger agglomerates of the order of 70–100 nm with fewer
primary particles visible. In both cases the particles are con-
sidered to be well dispersed as the interparticle/interag-
glomerate distance are fairly constant across the sample.
This can be attributed to the interaction between the polar
silica surface and the polar PC.

Evidence of Grafting
To verify whether grafting of the polymer chain takes place
during melt extrusion, FTIR spectroscopy was used. Since
the grafting of PC chain segments only occurs at the surface
of the silica, using these techniques on the nanocomposite
(bulk) samples might not give enough evidence for the graft-
ing reaction. Therefore, extracted silica particles from the PC
nanocomposites were used. A similar approach was used by
Wang et al.28 It is hypothesized that during the melt com-
pounding of PC and silica nanoparticles, a reaction of the

FIGURE 2 Schematic representation of the enthalpy and vol-

ume as a function of temperature for an amorphous polymer.

Below the glass transition (Tg), an out-of-equilibrium amor-

phous polymer exhibits excess properties (volume or enthalpy)

with respect to its equilibrium state. During the process of

physical aging, a time-dependent decrease of these excess

properties occurs. Ta, ta are the aging temperature and aging

time, respectively. Reproduced from Ref. 27.
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carbonate group of PC with the surface hydroxyl groups of
the nanosilica occurs. Figure 4 shows a comparison of the
FTIR spectra of extracted SiO2, pure SiO2, and PC. The spec-
tra reveal that the SiO2 extracted from the PC-matrix has
additional peaks compared with the pure SiO2.

As a result of the grafting reaction, a shift of the C@O and the
CAO peak in the FTIR spectrum can be expected. In case of the
extracted SiO2 the peak seen at 1775 cm21 can be assigned to
the stretching vibration of the carbonyl group, while the peaks
at 1222, 1190, and 1162 cm21 are due to the vibration of the
CAO bonds and the peak at 1100 cm21 is due to the OASi
stretching. The small peaks at 2966 and 1600 cm21 can be
attributed to the stretching vibration of CH2 and the aromatic
C@C bonds, respectively. These peaks are characteristic peaks
of PC, and when compared with the corresponding peak posi-
tion of unfilled PC, all peaks shift to higher wavenumbers. This
can be explained by the reaction between PC and the hydroxyl
group on the surface of silica. Furthermore, the peak of hydrox-
yl group of extracted SiO2 at 3439 cm21 becomes distinctly
weaker. This result reveals that the carbonyl group of the PC
chains is bound to the SiO2 particles, which results in the
downshift of the C@O stretching.

The lengths of the grafts could not be determined exactly as
the reaction between the nanosilica and the polymer matrix
(which is polydisperse) was not controlled. Therefore, it is
postulated that the lengths of the grafts follow a polydis-
perse distribution, and the average of the distribution could
be of the order of the molecular weight between entangle-
ments or the entanglement molar mass (Me) of PC. Further-
more, it was difficult to estimate the exact number of
terminal hydroxyl groups on the silica surface and thus diffi-
cult to estimate the number of PC chains that might have
reacted. However, as an estimate the ratio of the intensity of
hydroxyl peaks might be used. Using this approach, we can
say that �35–40% of the OH on the surface have reacted.

Enthalpy Recovery
Physical aging is observed as an enthalpy or heat capacity
overshoot around the glass transition temperature in a DSC
heating experiment.27 In general, the overshoot increases
with aging time. This is shown in Figure 5 for an aging tem-
perature of 125 8C.

Furthermore, the plot also shows an increase in the peak
temperature, Tp, with aging time. These results are in agree-
ment with what can be found in literature for PC as well as
for nanocomposites in general.18,35,36 The PC/silica nano-
composites [Fig. 5(b,c)] also show broader and lower over-
shoot intensities as compared with the neat PC (5a) at aging
time, ta> 1680 min. The amount of enthalpy recovery, that
is, DH(ta) is calculated using eq 1 at an aging temperature of
125 8C for various aging times, see Figure 5(d). Figure 5(d)
shows that for short aging times, the amount of enthalpy
recovery for the nanocomposite is comparable to the bulk
(or unfilled PC). For long aging times, the values of DH(ta)
reach a plateau, which happens earlier in the nanocomposite
compared with the bulk PC and is proportional to the silica
concentration. This implies that the nanocomposites reach a
final equilibrium structural state earlier, which is most prob-
ably caused by increased mobility of PC chains due to the
grafting on the silica.

The difference in the plateau values and the amount of
enthalpy recovery between the unfilled PC and PC/nanosilica
is not negligible. It can be argued that this could arise from
the equilibrium line (as show in Fig. 2) shifting vertically
down (below unfilled PC). However, given that the difference
in glass transition temperatures is �2 8C (between the
unfilled PC and its nanocomposite) this hypothesis is not ful-
ly justified. Therefore, it can be concluded that the grafted
nanoparticles have a real effect on the aging kinetics and the
final structural state of PC.

The structural relaxation isotherms, calculated using eq 6, are
shown in Figure 6. This approach is commonly used to quan-
tify the physical aging and takes into account the thermody-
namics for aging. Figure 6(a) shows that the addition of
nanosilica to PC does not change the slope of the structural
relaxation, implying that the aging behavior is similar, that is,
compared with the unfilled PC the underlying molecular
mechanism does not change for the PC/silica nanocomposites.

FIGURE 3 TEM micrographs of the PC/nanosilica composites: (a)

PC with 0.7 vol % nanosilica and (b) PC with 1.5 vol % nanosilica.

FIGURE 4 FTIR spectra of extracted SiO2 compared with pure

SiO2 and PC. The curves are vertically shifted to make a com-

parison between extracted and pure nanosilica and PC. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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This is also confirmed by a horizontal superposition of the
data as shown in Figure 6(b), taking PC1 1.5 vol % silica as
the reference. The curves superimpose very well and an acti-
vation energy of 1.2 MJ/mol is required for the shift of equi-
librium. This value is in the same range as the one obtained
by Engels (1.6 MJ/mol) in case of PC using the zero viscosity
method.33

Furthermore, Figure 6(a) demonstrates that PC/nanosilica
samples begin to structurally relax faster than the unfilled
PC sample. This indicates that the nanocomposites age faster.
The rate of physical aging or structural relaxation is quanti-
fied by the time it takes for the sample to reach the plateau
rather than its slope. Thus, the results shown in Figure
6(a,b) are consistent with the physical aging observed when
comparing it with Figure 5(d).

To further strengthen this conclusion, the data are analyzed
using the TNM model as described in the previous section.
DH/R, b, x, and ln A are the four parameters used to
describe the glass transition kinetics in the TNM model, see
eqs 2 and 5. An estimate of the apparent activation energy

parameter can be obtained from the cooling rate (u) depen-
dence of Tg or Tf, see eq 9 and Figure 7.

DH
R

52
dln/

d 1=Tfor Tg

� � (9)

Based on the fit, a value of DH/R5 138 kK is obtained, see
Table 1.

The results presented in Figure 7 are in line with the find-
ings of Tao and Simon, where they report a similar cooling
rate dependence on the fictive temperature and no signifi-
cant change in the polymer dynamics associated with Tg.

37,38

The value of x in the TNM model lies between 0 and 1, see
Table 1. Values closer to 0 imply a strong structural depen-
dence and therefore a more nonlinear relaxation process,
and values close to 1 indicate a lesser dependence on struc-
ture. The value of b also lies between 0 and 1; b 5 1 indi-
cates a single exponential relaxation process and the degree
of nonexponentiality or the broadness of the relaxation pro-
cess increases with decreasing values of b.39,40 The values of

FIGURE 5 DSC scans of the heat capacity versus temperatures for (a) PC30, (b) PC30 1 0.7 vol % nanosilica, (c) PC30 1 1.5 vol % nanosil-

ica, and (d) relaxed enthalpy versus log aging time for PC and its nanocomposites. All results are for an aging temperature of 125 8C.

The dashed lines are guide to the eye. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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b and x are determined by fitting the TNM model to the heat
capacity data of PC and PC/silica nanocomposite (see Fig. 5).
The fitting results are shown in Figure 8.

The values obtained from these fits were also used to fit the
structural relaxation data shown in Figure 6(a). As can be
seen, both from Figures 6(a) and 8, the TNM model can
describe the physical aging process for both PC and PC/silica
nanocomposites well. The values obtained for the pre-
exponential factor lnA are constant. It is interesting to note
the decrease in b and x from the unfilled PC to the PC
nanocomposites.

This decrease indicates that the addition of nanosilica broad-
ens the distribution of relaxation times and makes aging
more dependent of the structure. Furthermore, Boucher
et al. showed that these parameters are sensitive to surface-
to-volume ratio of the nanoparticles.

The above observations along with Figure 6(b) and the 2 8C
difference in glass transition temperature provide evidence
that the grafted nanosilica does not alter the “molecular
mechanism” or the underlying mechanism for physical aging
of PC. However, their presence accelerates aging. It should
be noted that the values obtained for DH/R, b, x, and ln A
are in good agreement with the values published in litera-
ture for PC.29,41,42

FIGURE 6 (a) Structural relaxation function of PC and PC/silica

nanocomposites at 125 8C, solid lines represent the fit to TNM

model and (b) superposition of structural relaxation function of

PC and PC/silica nanocomposites using 1.5 vol % silica. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 7 Variation of Tf with cooling rate (u) for PC and

PC/silica nanocomposites. The solid lines represent the best

fits to the data. Based on the fit a DH/R 5 138 kK was found for

all samples. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE 1 TNM Model Parameters from DSC

Sample lnA (s) x b DH/R (kK)

DHPlateau

(J/g)

PC30 2294.1 0.46 0.65 138.0 3.30

PC300.7S 2294.1 0.43 0.60 138.0 2.90

PC301.5S 2294.0 0.41 0.57 138.0 2.20

FIGURE 8 TNM model fits of 10 K/min heating rate data for PC

and PC/silica nanocomposites using a constant value of DH/

R 5 138 kK. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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As discussed above, the addition of grafted nanoparticles
accelerates the aging process while the state of equilibrium
is reached faster. It is proposed that the acceleration occurs
due to the “diffusion” of free-volume holes or distribution of
the potential energy landscape, as described in the theoreti-
cal section. The higher the diffusion coefficient faster the
aging rate. The diffusion coefficient at the beginning of the
aging process can be calculated from the slope of the tangent
to the plots of u(t) versus t0.5. As illustrated in Figure 9 the
diffusivity is calculated, by using eqs 7 and 8.

The surface-to-volume ratio and the diffusivities were calcu-
lated and the results are shown in Table 2. The surface-to-
volume ratio for the unfilled PC was calculated by using the
procedure described by Boucher et al. and Curro et al.18,43

The diffusion rates shown in Table 2 indicates accelerated
physical aging of PC in the presence of nanosilica and sup-
ports the observations from the TNM model.

Yield Stress Evolution
In this section, the effect of grafted nanosilica particles on
the mechanical properties of PC upon aging is studied. It is
known that annealing PC below Tg results in an increase of
the yield stress which leads, at some point in time, to
embrittlement.14,44 The embrittlement occurs as a result of
strain localization, which can be accelerated by increasing
the annealing temperature (dependent on the geometry and
testing conditions).45

For instance, annealing PC at 125 8C makes it brittle within
1 h.14,33 With the addition of fillers, the strain localization
increases at the interface of the nanoparticle thus leading to
faster embrittlement. However, this can be controlled by
making the interface of the filler compatible with the
bulk.46,47 Bearing this in mind and recalling that part of the
PC chains are grafted onto the silica surface, this section will
evaluate the mechanical performance of PC/silica nanocom-
posites by using the approach used by Engels et al.14 The

results obtained from the mechanical testing will be com-
pared with the TNM model and other results obtained from
thermal analysis.

Figure 10 shows the evolution of the yield stress as a func-
tion of time and temperature for PC30. At 140 8C (close to
the glass transition, Tg, i.e., 145 8C), a leveling off is observed
indicating that PC has reached equilibrium. The data shown
in Figure 10(a) can be transformed into a master curve by
using Time-Temperature-Superposition (TTS), under the
assumption of thermo-rheological simplicity. The master
curve is constructed by using an Arrhenius-type temperature
dependence, resulting in a shift factor (aT) given by:

aT5exp
DU
R

1

T
2

1

Tref

� �� �
(10)

where DU is the activation energy, R is the universal gas con-
stant, T is the annealing temperature, and Tref is the reference
temperature. The same procedure is followed for the PC/silica
nanocomposites, see Figure 10(b). For all samples a DU5 205
kJ/mol is used.26 The above procedure was used for tempera-
ture below Tg. For temperatures close to Tg, an additional verti-
cal shift was required. The vertical shift for both the
nanocomposites and the neat polymer were the same.

The yield stress evolution can be described by:

ry t;Tð Þ5ry0 Tð Þ1c log
teff t;Tð Þ1ta

t0

� �
(11)

where ry0 and c are constants, which give the vertical inter-
section of the curve with the vertical axis at t5 1 s, and the
slope of yield stress with time, respectively. ta is the initial
age of the material, which is dependent on the mold temper-
ature, and t0 5 1 s is a scaling constant and the effective
time teff is defined as:

teff5
ðt

0

a21
T T �t

� �� �
d�t (12)

aT is given by eq 10.

The relations mentioned in eqs (10–12) were used to
describe the data in Figure 10 and are represented by solid
lines. Table 3 gives the parameters used.

The equations given above can describe the yield stress evo-
lution for aging times <105 sec quite well, that is, the linear
part of the TTS curve (annealed below Tg).

FIGURE 9 Enthalpy relaxation function /(t) with the square

root of the aging time for the different samples. Solid line are

the fits. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

TABLE 2 Diffusion Coefficient Values Obtained from DSC

Measurements

Sample V/A (cm) D (cm2s21)

PC30 2.7 3 1027 9.4 3 10220

PC300.7S 3.3 3 1027 2.2 3 10219

PC301.5S 3.3 3 1027 4.6 3 10219
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As expected, at annealing times <105 s, the nanocomposites
show a higher yield stress (proportional to the silica nano-
particle concentration - due to reinforcement). After aging
time > 105 s, the yield stress reaches a plateau value. The
plateau value decreases with increasing nanosilica concentra-
tion. The plateau indicates that the samples have reached
their equilibrium, which occurs earlier in the nanocompo-
sites than unfilled PC. Eq 11 does not capture the yield
stress evolution at the equilibrium state. This higher values
of yield stress at shorter times and the lower values at lon-
ger times suggests that the grafted nanosilica particles are
acting as an antiplasticizer and plasticizer, respectively. Fur-
thermore, the decrease in yield stress occurs close to the
glass transition temperature, indicating an increase in
the mobility of the polymer chains. While the decrease in the
yield stress plateau is in line with observed Tg decrease,
the magnitude cannot be fully explained by that alone, and
the increased mobility due to the presence of the grafts

on the nanosilica particle has to be taken into account. The
results obtained on the evolution of the yield stress on anneal-
ing are very similar to the enthalpy overshoots observed for PC
and PC/silica nanocomposites in the previous section, indicating
that the nanocomposites age faster. This demonstrates the quali-
tative equivalency between the bulk (such as mechanical prop-
erties) and calorimetric measurements. This equivalency was
previously shown for unfilled PC.35,41,48 Furthermore, these
master curves are analyzed using the TNM model as shown in
Figure 11. Figure 11(a) shows the TTS-shifted curves of the
yield stress and their corresponding fit to the TNM model. The
model describes the master curve very well.

The parameter set obtained by fitting the model is given in
Table 4. The values of DH/R and b are similar to the ones
obtained via fitting the TNM model to the DSC experiments,
while the nonlinear parameter, x, is different. The lower val-
ue of x suggests that physical aging has a strong structural
dependence. This supports the argument that the relaxation
close to the glassy region is affected due to the grafts.

The parameters in Table 4 are used to plot the structural
relaxation parameter using eq 6, see Figure 11(b). The
results obtained in Figure 11(b) are similar to the structural
relaxation parameter obtained from the enthalpy relaxation
experiments, and thus the same conclusions that we reached
are valid. However, unlike the structural relaxation obtained
in Figure 6(a), the slope of the relaxation curve is not the
same for the nanocomposites and the unfilled PC, see Figure
11(b) inset. This indicates that the kinetics of aging has a
structural dependence. Furthermore, the relaxation function
decays slower in case of the yield stress and the time to full
structural relaxation differs by approximately a decade
between the enthalpy relaxation and yield stress experi-
ments. This difference could arise from the stress-induced
relaxation, which affects the time scales of relaxation pro-
cesses for different structural units.

Dynamic Mechanical Analysis (DMA)
DMA was performed to observe and understand the changes
in cooperative segmental motions in the presence of nanosil-
ica (grafted with PC) and upon aging. Figure 12 shows the
various relaxations in PC and PC/silica nanocomposites. The
relaxations can be divided into c1, c2, b, and a (or Tg). The c-
transitions are related to molecular motions, in particular to
the phenyl ring rotation (c1) and carbonyl rocking (c2). The
b-transition is related to the residual stress in the system
due to chain packing in the glassy state, which is affected by

FIGURE 10 Yield stress versus annealing time: (a) different

annealing temperatures for PC300S and (b) TTS curves con-

structed from (a) using Tref 5 125 8C and DU5 205 kJ/mol for all

materials. The dashed line is given by eq 12. The error in the

yield stress is 60.2 MPa. The lines indicate fit to the model. [Col-

or figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE 3 Master Curve Parameters

Sample ry0 (MPa) c (MPa) ta (s)

PC300Sa 22.0 3.6 7.5 3 1010

PC300.7S 23.5 3.6 7.5 3 1010

PC301.5S 24.5 3.6 7.5 3 1010

a Parameters used by Engels et al.14
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aging. Finally, the transition is refers to the glass transition
temperature.

In case of PC, the relaxation peaks are observed at 2100,
250, 80–120, and 148 8C, respectively.49 On comparing the
effect of grafted silica on the relaxation, that is, PC vs. PC/sil-
ica nanocomposites, the following points are observed:

1. The c2-relaxation has shifted to a higher temperature, that
is, from 250 to 0 8C for nanocomposite,

2. A decrease in intensity of the c1-relaxation in case of the
nanocomposite. This is proportional to the silica concen-
tration and suggests that the silica nanoparticles affect the
free volume.

3. Tg shows a decrease with increasing silica content in line
with the DSC results.

The shift in c2--relaxation suggests that the PC could be
altered due to reaction with the nanosilica via the carbonyl
bond.49–51 It could be most likely that the grafts on the
nanoparticles resulted in altering the mobility (increase)
around the nanoparticle with an influence zone approximate-
ly equal to the length of the grafts and around the nanoparti-
cle. Other studies showed that the c2-transition does not
shift if there is no chemical interaction. For instance,
P€otschke et al. showed that melt blending carbon nanotubes
with PC did not alter the any of the above transitions.52

Next, the effect of the strong interaction between PC and sili-
ca and its effect on aging was also analyzed by DMA, see Fig-
ure 13. The following can be observed upon aging the
samples at 125 8C:

1. The Tg slightly increases and reaches a constant value.
2. The increase in the storage modulus on the addition of

nanosilica indicates that the nanosilica particles might act
as an antiplasticizer.53,54

3. The b-relaxation is related to both relaxation of stress and
embrittlement and the intensity is proportional to the rate
of change. The decrease in intensity for the nanocompo-
sites occurs faster, indicating that the residual stress
decreases faster, while the embrittlement occurs faster.

4. The intensities of the c2-relaxation show an increase fol-
lowed by a decrease, while the c1-relaxation continuously
decreases.

Wyzgoski and Yeh showed that there is a direct relation
between the peak intensity of the tan (d) and the free vol-
ume.54 In their study, they showed that adding either a plas-
ticizer or anti-plasticizer decreases the free volume. Similar
results were found by Kierkels et al. in PC and PS.53,55

Therefore, it can be concluded that all samples showed a
decrease in the free volume as a result of a decrease in
intensity of c1-peak. Figure 14 shows a plot of the normal-
ized peak intensity of the c1-transition with reference to 0 h
annealing versus annealing time. The plot shows that the

FIGURE 11 (a) Master curves of yield stress versus annealing

time and (b) structural relaxation at Tref 5 125 8C. The solid lines

indicate the fit to the TNM model. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

TABLE 4 TNM Model Parameters from Mechanical Testing

Sample Ln (A) x DH/R (kK) b rplateau (MPa)

PC30 2251 0.36 117 0.6 81

PC300.7S 2251 0.3 118 0.57 79

PC301.5S 2250 0.25 117 0.55 75

FIGURE 12 Various transitions in PC and PC/silica nanocompo-

sites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FULL PAPER WWW.POLYMERPHYSICS.ORG
JOURNAL OF

POLYMER SCIENCE

2078 JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2016, 54, 2069–2081

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


maximum decrease in free volume is found for 1.5 vol % silica
followed by 0.7 vol % silica and unfilled PC. This decrease in
free volume can also be linked to embrittlement via chain
mobility, that is, the decrease in free volume restricts the
mobility.56,57 Thus, based on Figure 14, it can be expected that
PC/silica nanocomposites are more brittle than PC and that
the samples embrittle on increasing the silica concentration
and aging time. Considering the reduced free volume observed
in the DMA experiments as well as the diffusion experiments
(Fig. 9), it can be argued that the nanosilica has caused PC to
get closer to equilibrium state, that is, the shift in the out-of-
equilibrium thermodynamic parameter closer to the equilibri-
um line as shown in Figure 2. Furthermore, the faster equilibri-
um reached by nanocomposites could indicate that the initial
value of the enthalpy already corresponds to a partially relaxed
structure of the polymer. This can be explained by the
increased chain mobility close to the glass transition caused by
the interaction between the grafts and the bulk.

Therefore, deceleration of physical aging mentioned in the
introduction section may be apparent and could be the
result of accelerated aging.18 This conclusion is also in line
with the mechanical testing and the TNM model.

CONCLUSIONS

The effect of grafted silica nanoparticles on the physical
aging of PC was studied by using calorimetry and mechanical
testing (i.e., yield stress evolution and DMA.). By plotting the
enthalpy recovery measured in DSC and the yield stress
measured in tensile test versus aging time, it was observed
that nanocomposites reach the plateau earlier than unfilled
PC. Thus, the grafted silica nanoparticles were found to
accelerate the physical aging. The time taken to reach the
plateau and the value of the plateau in both cases decreased
with increasing the concentration of nanosilica. The TNM
model was used to model the aging kinetics. According to

FIGURE 13 (a) Storage modulus (G0) versus temperature, and tan(d) versus temperature for various aging times at an aging tem-

perature of 125 8C and at 1 Hz for (b) PC30, (c) PC30 1 0.7 vol % silica, and (d) PC30 1 1.5 vol % nanosilica. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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this model, the silica nanoparticles accelerate the structural
recovery of PC, while they do not affect the molecular mech-
anism. According to this model, the silica nanoparticles accel-
erate the structural recovery of PC, while they do not affect
the molecular mechanism. Furthermore, the TNM model
parameters indicate a stronger structural dependence on the
aging followed via the yield stress evolution than the enthal-
py recovery implying that the relaxation time scales in ther-
mal and mechanical experiments are different.

The DMA analysis revealed that the decrease in free volume
upon aging was more significant in case of the PC/silica
nanocomposites. This further confirms that the aging in
nanocomposites occur faster and could indicate that PC/sili-
ca nanocomposites embrittle faster.

Finally, all the observations can be rationalized considering
that the physical aging process is driven by the distribution
of the energy landscape due to the increased chain mobility
in the surroundings of the particle.

ACKNOWLEDGMENTS

The authors would like to thank Leon Govaert and Tom Engels
for their insights and useful discussions. Jos de Heer, Hagar
Hoogwerf and Dolinda van der Pluijm for their support in per-
forming the experiments.

REFERENCES AND NOTES

1 R. A. Vaia, E. P. Giannelis, MRS Bull. 2001, 26, 394–401.

2 F. Hussain, M. Hojjati, M. Okamoto, R. E. Gorga, J. Compos.

Mater. 2006, 40, 1511–1575.

3 M. R. Bockstaller, R. A. Mickiewicz, E. L. Thomas, Adv. Mater.

2005, 17, 1331–1349.

4 J. H. Koo, Polymer Nanocomposites: Processing, Characteri-

zation, And Applications; McGraw-Hill Professional Publication,

New york 2006.

5 R. Krishnamoorti, R. A. Vaia, Polymer nanocomposites: Syn-

thesis, characterization, and modeling; American Chemical

Society: Washington, DC, 2002.

6 D. R. Paul, L. M. Robeson, Polymer 2008, 49, 3187–3204.

7 K. I. Winey, R. A. Vaia, MRS Bull. 2007, 32, 314–322.

8 S. Mohanty, S. K. Nayak, B. S. Kaith, S. Kalia, Polymer Nano-

composites Based on Inorganic and Organic Nanomaterials;

Wiley, 2015, John Wiley & Sons, Inc. Hoboken, New Jersey,

and Scrivener Publishing LLC, Salem, Massachusetts.

9 Y. Long, R. A. Shanks, J. Appl. Polym. Sci. 1996, 61, 1877–

1885.

10 Z. Wang, G. Xie, X. Wang, G. Li, Z. Zhang, Mater. Lett. 2006,

60, 1035–1038.

11 Y. Zhao, D. A. Schiraldi, Polymer 2005, 46, 11640–11647.

12 C. Sun, PhD-thesis, Eindhoven University of Technology,

2010.

13 T. A. P. Engels, L. E. Govaert, G. W. M. Peters, H. E. H.

Meijer, J. Polym. Sci. Part B: Polym. Phys. 2006, 44, 1212–1225.

14 T. A. P. Engels, L. C. A. van Breemen, L. E. Govaert, H. E. H.

Meijer, Polymer 2011, 52, 1811–1819.

15 V. M. Boucher, D. Cangialosi, A. Alegr�ıa, J. Colmenero, J.

Gonz�alez-Irun, L. M. Liz-Marzan, Soft Matter. 2010, 6, 3306–

3317.

16 V. M. Boucher, D. Cangialosi, A. Alegr�ıa, J. Colmenero, I.

Pastoriza-Santos, L. M. Liz-Marzan, Soft Matter. 2011, 7, 3607–

3620.

17 V. M. Boucher, D. Cangialosi, A. Alegr�ıa, J. Colmenero, J.

Gonz�alez-Irun, L. M. Liz-Marzan, J. Non-Cryst. Solids 2011, 357,

605–609.

18 V. M. Boucher, D. Cangialosi, A. Alegr�ıa, J. Colmenero, Mac-

romolecules 2010, 43, 7594–7603.

19 S. Amanuel, A. N. Gaudette, S. S. Sternstein, J. Polym. Sci.

Part B: Polym. Phys. 2008, 46, 2733–2740.

20 A. L. Flory, T. Ramanathan, C. L. Brinson, Macromolecules

2010, 43, 4247–4252.

21 A. Lee, J. D. Lichtenhan, Macromolecules 1998, 31, 4970–

4974.

22 P. Rittigstein, J. M. Torkelson, J. Polym. Sci. Part B: Polym.

Phys. 2006, 44, 2935–2943.

23 R. D. Priestley, P. Rittigstein, L. J. Broadbelt, K. Fukao, J. M.

Torkelson. J. Phys.: Condens. Matter 2007, 19, 205120.

24 D. P. N. Vlasveld, PhD-thesis, Delft University of Technolo-

gy, 2005.

25 T. W. Cheng, H. Keskkula, D. R. Paul, J. Appl. Polym. Sci.

1992, 45, 531–551.

26 Y. Dan, S. Han, M. Yang, J. Long (Sichuan University) C.N.

Patent 200810044432, 2008.

27 D. Cangialosi, V. M. Boucher, A. Alegr�ıa, J. Colmenero, Soft

Matter 2013, 9, 8619–8630.

28 F. Wang, X. Meng, X. Xu, B. Wen, Z. Qian, X. Gao, Y.

Ding, S. Zhang, M. Yang, Polym. Degrad. Stab. 2008, 93,

1397–1404.

29 P. Badrinarayanan, S. L. Simon, R. J. Lyng, J. M. O’Reilly,

Polymer 2008, 49, 3554–3560.

30 C. T. Moynihan, P. B. Macedo, C. J. Montrose, C. J.

Montrose, P. K. Gupta, M. A. DeBolt, J. F. Dill, B. E. Dom, P. W.

Drake, A. J. Easteal, P. B. Elterman, R. P. Moeller, H. Sasabe, J.

A. Wilder, Ann. N.Y. Acad. Sci. 1976, 279, 15–35.

31 A. J. Kovacs, J. J. Aklonis, J. M. Hutchinson, A. R. Ramos,

J. Polym. Sci. Polym. Phys. Ed. 1979, 17, 1097–1162.

32 A. Q. Tool, J. Am. Ceram. Soc. 1946, 29, 240–253.

FIGURE 14 Normalized intensity (c-transition) versus annealing

time for PC and PC/silica nanocomposites at 1 Hz. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FULL PAPER WWW.POLYMERPHYSICS.ORG
JOURNAL OF

POLYMER SCIENCE

2080 JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2016, 54, 2069–2081

http://wileyonlinelibrary.com


33 T. A. P. Engels, PhD-thesis, Eindhoven University of Tech-

nology, 2008.

34 D. Cangialosi, V. M. Boucher, A. Alegria, J. Colmenero, J.

Chem. Phys. 2011, 135, 014901.

35 C. Bauwens-Crowet, J. C. Bauwens, Polymer 1982, 23, 1599–1604.

36 J. M. Hutchinson, S. Smith, B. Horne, G. M. Gourlay, Macro-

molecules 1999, 32, 5046–5061.

37 R. Tao, S. L. Simon, J. Polym. Sci. Part B: Polym. Phys.

2015, 53, 1131–1138.

38 R. Tao, S. L. Simon, J. Polym. Sci. Part B: Polym. Phys.

2015, 53, 621–632.

39 I. M. Hodge, Macromolecules 1983, 16, 898–902.

40 I. M. Hodge, G. S. Huvard, Macromolecules 1983, 16, 371–

375.

41 J. M. Hutchinson, A. B. Tong, Z. Jiang, Thermochim. Acta

1999, 335, 27–42.

42 P. Lee-Sullivan, M. Bettle, J. Therm. Anal. Calorimetry 2005,

81, 169–177.

43 J. G. Curro, R. R. Lagasse, R. Simha, Macromolecules 1982,

15, 1621–1626.

44 H. E. H. Meijer, L. E. Govaert, Prog. Polym. Sci. 2005, 30,

915–938.

45 D. G. Legrand, J. Appl. Polym. Sci. 1969, 13, 2129–2147.

46 I. Chasiotis, Effect of nanoscale fillers on the local mechani-

cal behavior of polymer nanocomposites, DITC document,

2009.

47 V. Mittal, Optimization of polymer nanocomposite proper-

ties; WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, 2009.

48 G. A. Adam, A. Cross, R. N. Haward, J. Mater. Sci. 1975, 10,

1582–1590.

49 F. Micciche, V. Ramakrishnan, T. L. Hoeks, J. Polym. Sci.

Part B: Polym. Phys. 2106, 54, 1593–1601.

50 A. F. Yee, S. A. Smith, Macromolecules 1981, 14, 54–64.

51 J. Y. Jho, A. F. Yee, Macromolecules 1991, 24, 1905–1913.

52 P. P€otschke, A. R. Bhattacharyya, A. Janke, Carbon 2004, 42,

965–969.

53 J. T. A. Kierkels, PhD-thesis, Eindhoven University of Tech-

nology, 2006.

54 M. G. Wyzgoski, G. S. Y. Yeh, Polym. J. 1973, 4, 29–34.

55 J. T. A. Kierkels, C. L. Dona, T. A. Tervoort, L. E. Govaert, J.

Polym. Sci. Part B: Polym. Phys. 2008, 46, 134–147.

56 V. Bouda, Polym. Bull. 1982, 7, 639–644.

57 A. Garton, P. D. McLean, W. T. K. Stevenson, J. N. Clark, J.

H. Daly, Polym. Eng. Sci. 1987, 27, 1620–1626.

JOURNAL OF
POLYMER SCIENCE WWW.POLYMERPHYSICS.ORG FULL PAPER

WWW.MATERIALSVIEWS.COM JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2016, 54, 2069–2081 2081


	l
	l
	l
	l

