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Summary

In order to realize complex shapes during processing, viscosity control is an important
parameter. Viscosity control is often achieved by using organic molecules known as flow
promoters. They work by plasticizing the polymer matrix thereby reducing the processing
viscosity. A big disadvantage of using flow promoters is the loss of mechanical properties.
An alternative, as shown recently, is the use of nanoparticles. They reduce the polymer
matrix viscosity at low concentrations without loss of the mechanical properties.
For concentrations below 5 w/w%, polymer nanocomposites show a non-Einstein-like
behavior, i.e. a viscosity decrease as opposed to a viscosity increase (or hydrodynamic
reinforcement) expected in filled polymer systems. However, above a critical concentration,
the nanoparticles increase the viscosity of the matrix and hydrodynamically reinforce it.
While the mechanisms of viscosity increase is understood, the non-Einstein behavior is
not. This thesis explores the universality of such an effect across different polymer/silica
nanocomposites (both amorphous and semi-crystalline) prepared via melt compounding.
In this work poly(carbonate) (PC), poly(butylene terephthalate) (PBT), poly(l-lactic acid)
(PLLA) and poly(styrene) (PS)/silica nanocomposites were studied. It was observed
that the polycondensate polymers, i.e. PC, PBT and PLLA exhibited a viscosity drop
(non-Einstein behavior). In order to explain the non-Einstein behavior, various hypotheses
such as ball bearing effect, chain adsorption, and chemical interactions were evaluated.
Common features seen across various well-dispersed polymer/silica nanocomposite
systems are: (i) the non-Einstein behavior occurred at a nanosilica concentration <1 w/w%,
and (ii) the presence of grafted polymer chains on the nanosilica surface. The grafted
polymer chains on the nanoparticle surface resulted in the speeding up of the relaxation
times (i.e. terminal, segmental and entanglement relaxation time) and a decrease in the
entanglement density following a constraint release like mechanism. This resulted in the
formation of a mobile layer around the particle, and lowering of the overall viscosity. The
influence zone of the mobile layer was found to be approximately 1-1.5 times the radius of
gyration, Rg , of the polymer chain. Furthermore, the silica nanoparticles was found to affect
the physical aging behavior and mechanical properties. Nanosilica were found to act as a
anti-plasticizer, accelerate the physical aging without altering the molecular mechanism
responsible for it, and decrease impact performance when aged below the glass transition
temperature (Tg ). When aged close to the Tg the silica nanoparticles seemed to influence
the mobility of the PC chains thus lowering the yield stress and enthalpy. This allows the
nanocomposite to reach thermodynamic equilibrium earlier compared to unfilled PC.
1
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Summary

In case of the semi-crystalline polymer nanocomposites, i.e. PBT and PLLA, in addition
to the viscosity drop, the increased mobility also affected the rigid amorphous fraction
(RAF), crystallization rate and the crystal growth kinetics. The RAF showed the same
trend as the viscosity drop and the grafted-nanosilica was found to have a high nucleating
efficiency of 70%.
In all the above cases, the lengths of the grafts could not be determined exactly as the
reaction between the nanosilica and the polymer matrix was not controlled. Based on
the observed effects, reaction conditions and available literature, it is postulated that the
lengths of the grafts follow a polydisperse distribution, and the average of the distribution
is of the order of the molecular weight between entanglements or the entanglement molar
mass (Me ) of the resin used. Also, grafting occurs only in polymers containing an ester
linkage, such as PC, PBT and PLLA.
The rheological and crystallization behavior was altered by changing the interaction
between the nanoparticles and polymer matrix. In case of the poly(styrene)(PS)/silica
and PLLA/passivated-nanosilica composites, the nanoparticles formed agglomerates
and no reaction between the polymer and the particle was observed, which resulted
in hydrodynamic reinforcement of the matrix. Therefore, by choosing the right particlepolymer system and by controlling the interaction between the nanoparticle and the
polymer matrix, the bulk properties can be tailored for specific applications.
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1 Introduction
1

1.1

Viscosity control in polymer composites

Today’s technologically advancing world is unimaginable without plastics. Plastics are
used as replacement for metals, ceramics and wood due to advantages such as ease of
processing, comparable strength, light weight, low cost, and above all, the flexibility to
fine-tune the various characteristics of the final product for very specific and advanced
applications. 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 construction, polymers are often
reinforced with micron- and nano-sized fillers.
The key customer demands for any resin initially converge to its color, appearance, and
processability. In general, addition of fillers to any polymer system leads to an increase in
the viscosity thus affecting its processability. This in many cases leads to poor aesthetics
of the final part. For instance, fountain flow instability during injection molding leads to
tiger-stripes [1]. In many cases tiger-stripes are suppressed by improving the flow behavior
(i.e. lowering melt viscosity). Furthermore, processing issues can lead to poor dispersion
of the fillers, thus giving rise to inconsistent performance of the mechanical properties
throughout the injection-molded part. In case of semi-crystalline polymers, the problem
is even more complicated as the fillers in combination with the flow affect crystallization
kinetics. This has a direct bearing on the mechanical properties [2]. This being the case,
various strategies to control the viscosity to facilitate better processability are investigated
in literature. Approaches include:
1. The addition of plasticizers [3, 4],
2. The addition of low molar mass polymer or (hyper)branched polymers [5, 6],
3. Materials containing H-bonding or reversible networks [7, 8, 9, 10, 11, 12],
and are aimed to get an optimum end product.
Each of these strategies has its advantages and disadvantages, and therefore has to
be used selectively depending on the situation at hand. Recent studies suggest that the
melt viscosity can also be reduced by the addition of nanoparticles at low concentrations.
5
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Viscosity control (or any other desired property) of the final product can be achieved by
tuning the interaction between the polymer matrix and the nanoparticle. This approach
has not been fully exploited as the interactions between the polymer matrix and the
nanoparticle and its effect on viscosity (or other properties) are not well understood.

1

This thesis addresses the complex issue of the dynamics at the interface between the
nanoparticle and polymer and its effect on the viscoelastic behavior of a melt-extruded
polymer nanocomposite. The relevance of the research can be seen by recognizing the
fact that unique properties can be imparted to the composite by tuning the interaction.
This opens up a wide window of opportunities for achieving a final product with desired
properties. In the absence of quantitative methods for studying the interface, issues
associated with tuning the interactions for obtaining desired unique properties can be
resolved with the use of a toolkit consisting of numerical as well as experimental tools.

1.2

Strategies for viscosity control

One of the methods commonly used to control viscosity is the addition of a plasticizer.
Plasticizers are small molecules that make the polymer “soft” by increasing the free
volume and thus the chain mobility [13]. This leads to a decrease in the glass transition
temperature and the melt viscosity at the processing temperature. A second method used
to control processing viscosity is blending the host matrix with a low molecular weight
polymer of the same kind or hyper-branched polymers. This results in the decrease of the
average bulk viscosity following the mixing rule. It must be noted that in case of a polymer
blends between a long chain branched and a linear polymer, the shear-thinning behavior
is enhanced which is beneficial during injection molding though the zero-shear viscosity
increases. In both cases, increasing the concentration can have a detrimental effect on the
mechanical and optical properties. Finally, one can also use the concept of H-bonding and
reversible cross-linked networks to control the viscosity. For instance, in case of a class
of materials called vitrimers (which are thermosets possessing a reversible cross-linked
network), the cross-linked polymer can be reshaped at high temperatures due to flow
of the dynamic network [7, 8, 9, 10, 11, 12]. The viscosity can also be controlled using
Diels-Alder products. This is achieved by shifting the polymerization equilibrium as shown
by Brand and Klapper [8]. This concept has been applied in the automotive industry to
prolong the life of automotive oils. Viscosity, mechanical and thermal stress are important
factors in the performance of engine oils, breakdown in these properties can decrease the
efficiency of the oil properties [12, 14]. Furthermore, the glass transition temperature of
these materials can be tuned by controlling the interactions, thereby allowing a control of
the processing temperature.
In addition to the above strategies, inorganic fillers can also be used to control both the
processing viscosity and instabilities. It has been shown that the use of both micron- and
nano-sized fillers like glass beads, calcium carbonate (CaCO3 ), talc, nanosilica, barium
sulfate (BaSO4 ), polyhedral oligomeric silsesquioxane (POSS), cross-linked poly(styrene)
(PS) and poly(ethylene) (PE), in various polymer matrices have resulted in a decrease of
the melt viscosity, thus aiding the processability, see Fig. 1.1. This observation is contrary
to what is expected in accordance with classical Einstein theory, i.e. fillers should increase
the melt viscosity [15]. Studies conducted by Mackay and co-workers [15, 16, 17], Jain et

Filler dispersion and interaction with the host polymer
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al. [18], Sun [19], Nusser et al. [20], Goldansaz et al. [21], and Mangal et al. [22] show
that under certain “conditions” the melt viscosity of the host polymer can drop by more
than 50%. While the viscosity increase caused by fillers is understood, its decrease is not
well understood. Causes for decrease in viscosity can be:
1. Reduced entanglement density due to the nanoparticles. A clear mechanism as to
how the entanglement density reduces is not available,
2. A change in free volume resulting in an increased chain mobility. The nanoparticles
act similar as a plasticizer.

Figure 1.1: The viscosity ratio of nanocomposites data obtained by various groups [16,
18, 19, 21, 23].
It must be noted that the dispersion and the surface interactions play an important role in
controlling the viscoelastic behavior. Therefore, by tuning the interaction between the host
polymer and the nanoparticle, unique and enhanced bulk properties could be achieved.
In addition to lowering the processing viscosity, both polymer and inorganic additives
can be used to suppress flow instabilities, such as shark skin and melt fracture. These
additives work by increasing the slip velocity of the extrudate, thereby reducing the energy
requirements for a particular flow rate. Furthermore, they shift the critical shear rates
for the onset of instabilities. For instance, fluoropolymers, (hyper)branched polymers,
stearates, and boron nitride have been used by the industry for elimination of the sharkskin
and the stick-slip instabilities. [6, 24].

1.3

Filler dispersion and interaction with the host polymer

The state of dispersion and the polymer-filler interaction are the two most important
aspects for designing a polymer composite. The level of dispersion and the kind of
interaction control the desired properties. For instance, mechanical, optical and rheological
properties require a perfect homogeneous dispersion [25], while for other properties, such
as electrical and thermal conductivity or for simultaneously improving the impact toughness

1
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and the elastic modulus, a percolating network is required, which can be achieved by a
controlled aggregation of the particles [26].

1

Brown et al. related the mechanical failure of a nanocomposite to the aggregation of
particles. Aggregation results in a poor dispersion and a concomitant poor interfacial
load transfer, poor alignment, and poor load transfer to the interior of filler bundles [27].
The dispersion of the filler can be controlled by the filler geometry, i.e. one-(rod), two(disk) and three-dimensional (sphere) filler. Examples include one-dimensional CNTs,
two-dimensional layered silicates and three-dimensional Stöber silica spheres [28]. In
general, low-dimensional fillers are more difficult to disperse than three-dimensional fillers
due the increased particle-particle interaction and orientation. Three-dimensional quasispherical particles exhibit only point-to-point contacts, whereas one-dimensional rods or
tubes can have contact along the full length of the cylinder. Two-dimensional sheets have
even a larger contact area. The increased particle contact area and interaction make a
homogeneous dispersion even more difficult. Therefore, spherical particles were chosen
for this research as a better dispersion (resin independent) is expected compared to either
rods or sheets.
Besides the filler geometry, the nanoparticle size relative to the radius of gyration of the
polymer, Rg , also affects the final state of dispersion of the nanoparticles. Mackay et
al. [15] and Nusser et al. [20] showed that if the radius of gyration, Rg , of the linear
polymer is greater than the radius of the nanoparticle, the thermodynamic stability of the
nanocomposite was enhanced resulting in a superior dispersion. On the other hand, if Rg
of the polymer is smaller than the radius of the nanoparticle, the surface energy mismatch
between the polymer chain and the nanoparticle leads to aggregation of the nanoparticles.
Other research groups observed a more complex behavior, i.e., the state of dispersion
can be good or poor with increasing Rg depending on the chain conformation around the
nanoparticle [29, 30]. Nonetheless, it is evident that Rg affects the state of dispersion [31].
The polymer-nanoparticle interaction is another parameter that affects the dispersion
of nanoparticles in a polymeric matrix. An efficient way to suppress aggregation is
by modification of the particle surface with grafts chemically similar to the host matrix
[32, 33]. Besides controlling the functionality, the graft length and density also play a very
important role in dispersion. Akcora et al. [34, 35] and Eriksson [36] showed that adding
grafted nanoparticles to a polymer matrix can either lead to agglomerated, well-dispersed
or to some intermediate states of dispersion. Based on these studies, a generalized
experimental morphology plot can be constructed, see Fig. 1.2. It can be seen that
between the extremes of good and poor dispersion, a wide range of structures, such
as sheets, strings and other interconnected structures, can be formed. The dispersion
can be further improved by making the graft lengths polydisperse. Li et al. [37, 38]
showed that by using bimodal grafts on the nanoparticle surface, the dispersion can be
drastically improved. They used poly(dimethylsiloxane) (PDMS)-grafted silica in PDMS),
which improved the optical and mechanical properties of the composite. The bimodal
grafts on the nanoparticle resulted in decreased particle-particle interaction, leading to
good dispersion. They concluded that increasing the polydispersity and the density of the
grafts on the nanoparticle will further improve the properties.

Filler dispersion and interaction with the host polymer

9

1

Figure 1.2: Experimental morphology diagram of PS-grafted particles in a PS matrix,
adapted from Akcora et al. [34]. Between the extremes of good and poor
dispersion a wide range of structures, such as sheets, strings and other
interconnected structures, can be formed. Monodisperse grafts on the surface
might not be the most efficient way to control the dispersion of nanoparticles
and hence to control its properties. Therefore, polydisperse grafts may be
required.
In addition to controlling the dispersion, the polymer-filler interaction also affects the
properties. The nature of the interaction between the polymer segments and the filler
surface can be divided into two categories: [19]:
1. Interfaces in which the segment-to-surface interactions are weak and dispersive with
the polymers physisorbed at the interface, e.g. isotactic poly(propylene) (iPP) on
graphite.
2. Interfaces with strong and specific segment-to-surface interaction with the polymers
chemisorbed at the interface, e.g. polymer-metal interfaces, such as poly(methyl
methacrylate) (PMMA) on aluminum [39].
In polymer nanocomposites, even a very weak interaction between a single monomeric
unit and the nanoparticle surface can be magnified into powerful attraction or repulsion
forces. That is because high molar mass polymers have many segments, which can
interact with the nanoparticle surface train-loop-tail structure. The number of adsorbed
units along the linear chain anchored to the particle surface depends on both the surfaceto-polymer interaction energy and the molar mass of the linear chain [40, 41]. Furthermore,
individual polymer chains can physically attach to multiple particles even at low particle
concentrations, resulting in bridging networks [42]. In case of a strong chemical or physical
adsorption, the nanoparticles surrounded by the polymer chains or the interfacial chains
form new filler particles with an increased effective filler volume [43]. These filler particles
can be regarded as core-shell particles consisting of a hard core surrounded by a soft
polymer shell. The thickness of the polymer shell is related to the molar mass and will
have an influence zone of at least that of Rg , see Fig. 1.3. The molar mass and the density

10
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of the polymer chains in the layer can affect the wetting and de-wetting from the matrix,
influencing the mechanical, crystallization, optical and rheological properties [44, 45, 46].

1
Figure 1.3: Schematic representation of a nanoparticle with a polymer layer, and the
influence zone of the composite structure. Rg is the radius of gyration and the
Re is the tube diameter.

1.4

Effect of polymer-filler interaction on rheological and
other properties

In the case of polymer nanocomposites, addition of fillers can have a larger effect on
the viscoelastic behavior of the polymer matrix. According to theories postulated by
Einstein and others, addition of fillers strongly increases the viscosity compared to that of
neat polymers, with increasing concentration of the filler [19]. The observed viscoelastic
behavior occurs when the size of filler is comparable to the size of the polymer chains
and to the average interparticle distance between the nanoparticles. This results in the
formation of a secondary network of nanoparticles connected via polymer chains. The
formation of this transient network might explain the observations of the viscoelastic
properties and rubber-like behavior [19, 43, 47]. However, a number of researchers
recently found that the melt viscosity of polymers can be reduced by using nanoparticles,
e.g. Roberts et al. [48] and Nusser et al. [20] with POSS in PDMS, Mackay and
coworkers with cross-linked PS in PS [15, 16, 17], Goldansaz et al. cross-linked PE
in PS [21], Chen et al. [49], Lai et al. [50], Wang et al. [51] and Sun [19] with glassbeads, calcium carbonate, barium sulphate and nanosilica, respectively in poly(carbonate)
(PC), and Jain et al. with nanosilica in iPP [18]. Various hypotheses were proposed
to explain the observations, which include free volume changes, high shear in the gap
between the particles or the ball-bearings effect, selective adsorption, and entanglement
density variation [19]. The dispute on the exact mechanism that explains the decrease in
viscosity continues and it remains a challenge for theoreticians to converge to a universal
viscoelastic explanation for the effect of nanoparticles on viscosity.
Besides rheology, the thermo-mechanical and crystallization properties of polymer
nanocomposites are affected by polymer-particle wetting behavior. One of the thermomechanical properties, which can be profoundly affected by the wetting ability of polymers,
is the glass transition temperature, Tg . Various studies showed that the polymerfiller interactions have a strong influence on the Tg . Depending on the strength of
the interactions, the glass transition can decrease, increase or stay constant. For
instance, silica nanoparticles grafted with dense PS brushes were mixed with PS by
melt compounding. The low molar mass PS was observed to wet the silica particles
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and the Tg of the nanocomposites was unaltered [32, 52]. At higher molar masses, the
matrix did not wet the particles and the Tg decreased. The change is particularly relevant,
because the elastic modulus, hardness, conductivity, and various other physical properties
can be changed by several orders of magnitude if the temperature is in the vicinity of Tg .
For semi-crystalline polymers, nanoparticles can also affect the crystallization behavior
since they may act as nucleating agents. The addition of nucleating agents (e.g.
nanoparticles) provides more nucleation sites, which may result in an increased overall
crystallization rate. For example, it was reported that the addition of calcium carbonate
(CaCO3 ) to iPP improved the mechanical properties, enhanced the crystallization rate,
and reduced the cost of the product [53]. Supaphol et al. [54] studied the non-isothermal
crystallization behavior of CaCO3 filled syndiotactic PP (sPP). This study revealed that the
incorporation of CaCO3 particles shifted the crystallization temperature to a higher value
(upon cooling), indicating that CaCO3 acted as a nucleating agent for sPP. The nucleating
efficiency of CaCO3 in sPP was found to depend strongly on its purity, type of surface
treatment, and average particle size. Besides acting as a nucleating agent, nanoparticles
also affect the rigid amorphous and mobile amorphous fraction. Wurm et al. showed that
polyamide filled with nanoclay exhibited a retarded crystallization due to immobilization
of polyamide chains at the interface. The immobilization results in a change of the rigid
amorphous fraction and Tg [55].

1.5

Existence of an universal viscosity behavior in polymer
nanocomposites

As mentioned in the previous section, despite many attempts to universalize the viscosity
behavior in nanocomposites, the exact mechanism is still very much under debate. Many
numerical studies confirmed that the common factors amongst all these studies that govern
the viscoelastic behavior are the polymer-particle and particle-particle interactions and the
relative size of the filler to the radius of gyration of the polymer chain [56, 57, 58]. It was
shown by Brochard-Wyart and de Gennes that in case of entangled polymer composites
containing fillers assuming good dispersion, the bulk viscosity was dependent on the ratio
of the size of the particle to the tube diameter, Re , the interface thickness, l, and the Rg
of the polymer [59]. Particles smaller than the tube diameter cannot diffuse freely and
are subjected to the Rouse motion of the polymer chain. The reason for this is that the
particle motion is dependent on the rearrangement of the surrounding polymer segments,
that follow Rouse motion at the length scale of the particle, consequently the resistance
experienced by the particle is much lower than the bulk viscosity, thus lowering the average
viscosity of the bulk compared to the unfilled polymer. Increasing the particle size or using
“hairy” particles results in an increase of friction between the particle and bulk. Thus,
the viscosity difference between the unfilled and the filled polymer melt decreases, see
Fig. 1.4. It is important to note is that the concentration and effects of interactions are not
considered. Beyond a critical concentration, the particles form a network dominating the
viscoelastic response at large times.
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Figure 1.4: Viscosity versus particle size for a colloidal sphere in a polymer melt, adapted
from Wyart and de Gennes [59].
An attempt to generalize the viscosity behavior of polymer nanocomposites was first
proposed by Kalathi et al. [57]. They used non-equilibrium molecular dynamics simulations
to show that the shear viscosity of a polymer melt can be significantly reduced when
filled with small energetically neutral nanoparticles, apparently independent of the polymer
chain length, see Fig. 1.5.

(a)

(b)

Figure 1.5: Polymer radius of gyration versus nanoparticle diameter for: a) athermal
nanocomposites and b) thermal nanocomposites. The orange region shows
where η(φ = 0) < η(φ = 0) and the green region shows η(φ = 0) > η(φ = 0).
The squares are experimental data of various research groups where η(φ =
0) < η(φ = 0), circles are experimental data whereη(φ = 0) > η(φ = 0), and
triangles are experimental data where η(φ = 0) = η(φ = 0), adapted from
Kalathi et al. [57].
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By considering polymer nanoparticle mixture as chemically identical (athermal
nanocomposites1 ) or dissimilar (thermal nanocomposites 2 ), they systematically organized
the viscosity data of filled polymer melts from various experimental observations in a plot
of the Rg of the polymer chain versus the size of the nanoparticles.
Fig. 1.5a shows the plot for athermal nanocomposites, “viscosity” line (black line separating
the two regions) from the simulations, separates regions where the nanocomposite
viscosity is lesser than and larger than the pure melt. The slope of the viscosity line
is different for short and long chains. For short chains, the viscosity crossover occurs when
the NP size is comparable to Rg of the polymer chain. In contrast, for large Rg the viscosity
line is nearly vertical. On overlaying the experimental data from various studies (athermal
nanocomposites) the “viscosity” line satisfactorily explains most of the experimental trends.
Similarly, Fig. 1.5b also describes the data for chemically dissimilar nanocomposites (e.g.
polymers filled with inorganic nanoparticles) quite well. Hence, the simulations capture
the physics of the interaction between polymer and filler.

1.6

Scope of this thesis

The research described in this thesis is a continuation of the studies undertaken in
the past by several others (mentioned in the previous sections) and is an attempt to
provide an insight into the viscoelastic properties of the amorphous and semi-crystalline
polycondensation polymer nanocomposites. Specifically, this thesis aims to relate the
viscoelastic behavior to a molecular interaction between the matrix and particle. It also
provides a qualitative and/or quantitative interpretation of the bulk properties such as
crystallization, mechanical and flow properties as a result of that interaction, and establish
its universality. The first part of this thesis deals with the melt blending of nanosilica in
amorphous polymers and its effect on viscoelastic properties and physical aging. The
second part is focused on the melt blending of nanosilica in semi-crystalline polymers and
its effect on the viscoelastic properties and on establishing the universality of non-Einstein
behavior.

1.7

Choice of systems, experimental approaches and outline
of this thesis

The observed Non-Einstein behavior might be attributed to the strong interaction between
the nanoparticle and polymer matrix. Therefore, both the matrix and the nanoparticle were
chosen in such a way so that both a good and poor interaction can be studied. In order
to facilitate good interaction, nanosilica with a polar surface, i.e. with surface hydroxyl
groups and polycondensation polymers, such as poly(carbonate) (PC), poly(butylene
terephthalate) (PBT), poly(l-lactic acid) (PLLA), which have ester linkages and have
both hydroxyl and acid end groups are chosen. While for poor interaction, a non-polar
1 athermal

nanocomposites systems those have chemically identical components e.g. cross-linked PS in
PS, PS grafted gold or silica nanoparticles in PS [56, 60, 61, 62].
2 thermal nanocomposites systems those have chemically dissimilar components.

1
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polymer like poly(styrene) (PS) and nanosilica is considered. In this way it is expected
that the nanosilica would interact either through physical adsorption or chemical means
with the polar polymer, and will not be wetted by PS due to polarity differences. As a
result of these interactions, the key parameters such as the mobility of the polymer chain
around the nanoparticle, the relaxation times and chain dimensions such as entanglement
density and molar mass would be affected. Even though these interactions occur at a
molecular level, they have a macroscopic effect. Therefore, bulk experimental techniques
such as rheometry and differential scanning calorimetry are used to connect the bulk
response to molecular parameters such as relaxation times, mobility, and other chain
dimensions. Furthermore the interactions are studied using spectroscopic techniques such
as 1 H − T2 -relaxometry, X-ray Photoelectron Spectroscopy (XPS), and Fourier-Transform
Infrared spectroscopy (FTIR). The polymer nanocomposites studied are prepared by melt
compounding using a twin-screw extruder to ensure that the components are mixed well
and the silica was used as it is without any surface modification. These experiments along
with the use of a continuum model will shed light into the non-Einstein behavior in polymer
nanocomposites.
Chapter 2 describes the viscoelastic behavior of melt-blended PC/silica and PS/silica
nanocomposites. Attention is paid to the effect of silica nanoparticles on both the viscosity
drop and increase as a function of the nanosilica concentration. The interaction between
the PC and silica is quantified using microscopy, thermal, rheological and spectroscopic
techniques. Various hypotheses to explain the viscosity drop are tested and finally a
mechanism for the viscosity drop is proposed.
Chapter 3 focuses on the physical aging of the PC in the presence of grafted nanosilica
particles. The kinetics of aging, the thermodynamic equilibration, and the mechanical
properties of PC are dependent on the interaction between the silica surface and polymer
chains. This is quantified using both thermal and mechanical testing and finally the
equivalency between enthalpy overshoot and mechanical properties is demonstrated.
In Chapter 4, PBT homopolymer was melt blended with nanosilica particles, and the effect
of silica nanoparticles on its viscoelastic and crystallization properties is discussed. In this
study, the non-Einstein behavior in the melt is shown to correlate with the mobility of the
chains during crystallization, i.e. the rigid amorphous fraction (RAF). The crystallization
kinetics and crystal growth in PBT is affected by the grafting on the nanosilica. These
results strongly indicate that the rigid amorphous fraction (RAF), mobile amorphous
fraction (MAF) and bulk properties are related to each other.
Chapter 5 uses PLLA/silica nanocomposites to establish the universality of the nonEinstein behavior. Both polar silica and passivated silica nanoparticles are used to study
the interaction between the PLLA and nanosilica. The mechanisms elucidated in the
previous chapters are tested and a general mechanism is proposed.
Chapter 6 discusses the technological relevance of the above results and how interactions
play an important role in tailoring macroscopic properties.
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Abstract
Viscosity control is very important in polymer processing. Recent studies suggest that
melt viscosity can be reduced by the addition of nanoparticles without compromising
the mechanical properties. In this chapter, the rheological behavior of poly(carbonate)
(PC) and poly(styrene) (PS) and nanosilica composites prepared via melt compounding
is investigated by means of oscillatory shear rheology, Fourier transform infrared
spectroscopy (FTIR), X-ray Photoelectron Spectroscopy (XPS), and differential scanning
calorimetry (DSC). The melt viscosity behavior of the nanocomposites was found to
depend on the interaction between the polymer matrix and the nanoparticle surface.
The PS nanocomposite exhibited a viscosity increase for all nanosilica concentrations,
while PC nanocomposites exhibit a decrease in viscosity of up to 25% at concentrations
below 0.7 vol% of nanosilica, followed by a increase thereafter. FTIR, XPS and DSC
revealed that the decrease in viscosity could be attributed to the grafted PC chains on the
nanosilica surface that caused disentanglement in the surroundings of the nanoparticle.
The thickness of the grafted layer was found to be approximately equal to the tube diameter.
Furthermore, it is shown that the grafting has a profound effect on the motions of the
PC on all timescales. At shorter timescales the nanoparticles were found to impose
additional constraints on the tube thereby constraining the motion of the PC chain, while
at longer timescales the grafts reduced the entanglement density at the nanosilica-PC
interface resulting in the formation of a low viscous layer which speeds up the relaxation
of PC. The influence zone of these grafts was calculated to be of the order of Rg using the
Wang-Hill model. Finally, the viscosity behavior in the PC nanocomposites was found to
be independent of the molar mass and Rg of PC within the tested range. These results
highlight that by choosing the right polymer-particle system and tuning the interaction
between them, unique and enhanced bulk properties can be achieved.
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Introduction

Advancements in technology have led to the development of new materials for a gamut of
applications. Composites have a special place in this race, as the combination of two or
more materials – often with very different constituent characteristics leads to a product
with unique properties. Therefore, it is not surprising that a lot of research has focused
on this class of materials. In the last two decades, composites with nanofillers have
gained considerable attention. The advantage of using polymer nanocomposites is that
the macroscopic properties can be drastically enhanced with low concentrations of the
nanofiller (<5 wt%) due to its large specific surface area. Changes in the melt rheology, a
higher heat distortion temperature and a low coefficient of thermal expansion (CTE) are
some of the macroscopic features which can be tuned by choosing the appropriate type of
nanofillers [20, 63, 64]. In order to achieve the desired properties in nanocomposites, it is
of utmost importance to control the filler dispersion in the polymer matrix and to understand
the underlying physics that lead to these changes. With this in mind, this chapter focuses
on poly(carbonate)(PC)/silica nanocomposites with the aim of understanding the effect
of nanosilica on the rheological properties. Poly(styrene)(PS)/silica nanocomposites are
used for comparison to pinpoint the exact mechanism of the observed viscosity behavior
in PC nanocomposites.
It is generally accepted that the addition of fillers in polymers results in an increase
in low-shear viscosity thus providing mechanical reinforcement in accordance with the
classical Einstein viscosity law [20, 35, 65, 66, 67, 68, 69]. This might be unfavorable for
processing a base polymer with a high molar mass. However, some studies showed that a
viscosity drop can be achieved with the addition of nanofillers. For instance, Mackay and
co-workers [15, 16, 17, 61, 70, 31] showed that the addition of cross-linked poly(styrene)
(PS) nanoparticles to a matrix of linear PS resulted in a non-Einstein-like viscosity behavior
in the resulting nanocomposites. They attributed this behavior to changes in free volume
and entanglement density and claimed that in order to see this effect, a filler particle size
smaller than the polymer radius of gyration (Rg ) is crucial. A similar observation was made
by Jain et al. [18] for PP/silica nanocomposites, where the viscosity drop was attributed to
the adsorption of high molar mass chains on to the nanoparticle surface.
More relevant to this chapter is the viscosity reduction observed in PC using either micronor nano-sized filler by various research groups. For instance, a decrease in the viscosity at
either high or low shear rates was found on blending PC with inorganic particles, such as
hollow glass beads, barium sulfate (BaSO4 ) [50], calcium carbonate (CaCO3 ) or nanosilica.
Chen et al. [49] showed that the addition of hollow glass beads to PC lowered the melt
viscosity and dynamic modulus, while Wang et al. [51] reported a drop in the apparent
shear viscosity and a concomitant improvement of the tensile modulus by the addition
of 1 wt% CaCO3 to PC. Increasing the concentration of CaCO3 resulted in a continuous
decrease in the viscosity and glass transition temperature,Tg , ( by 6 ◦ C), which was found
to be equivalent to increasing the processing temperature by approximately 10 ◦ C. A
similar observation was also made in case of PC/multiwall carbon nanotubes (MWCNT)
composites by Jin et al. [71], where the decrease in viscosity was attributed to an increase
in the mobility of the PC molecules due to a change in free volume. Their hypothesis was
supported by the decrease in Tg of the nanocomposites compared to the neat PC.

Introduction

17

All the above studies in PC composites attributed the viscosity drop to either polymer chain
disentanglement (ball bearings effect) or excluded free volume at the solid particle-melt
interface, but did not consider other effects such as plasticization or molar mass changes.
The first attempt to give a molecular insight to the viscosity drop in PC nanocomposites
was attempted by Sun [19]. The study showed that melt blending PC with nanosilica
resulted in a viscosity reduction of approximately 26% with only 0.8 vol% nanosilica
particles of 12 nm diameter, and concluded that the reduction was due to fluctuations in
entanglement density (or an increased molar mass between entanglements) and not due
to changes in molar mass, slip or adsorption of polymer chains on the silica surface.
In order to test this hypothesis or to come up with alternative mechanisms, the following
questions are investigated:
1. What is the effect of entanglement molar mass (Me ) and entanglement number (Z)?
2. What is the effect of particle curvature and the effect of the ratio of nanoparticles
diameter-to-polymer coil size (Rg ) on the viscosity reduction in nanocomposites?
3. What is the effect of interaction between the polymer and the nanoparticle?
4. What is the mechanism for the observed rheological behavior?
In this chapter, these open questions are addressed for PC/silica and PS/silica
nanocomposites. PS and PC are chosen, as their interaction with the nanoparticle
is different and have different entanglement molecular weights. In this study, the
polydispersity index (PDI) is kept constant and the weight-average molar mass (Mw )
is chosen such that the ratio of Mw/Me is the same for all systems. The nanocomposites
were characterized using rheological, thermal and chemical techniques as discussed
below.

2
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Experimental Section

The bisphenol A-based poly(carbonate) (PC) and poly(styrene) (PS) used in this study
were provided by SABIC’s Innovative Plastics business, Bergen op Zoom, The Netherlands.
The PCs used are coded as PCx y, where x stands for the weight-average molar mass (Mw )
and y is the vol% of nanosilica. 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 approx. 30 wt% nanoparticles. All materials were used
as received. Table 2.1 summarizes the characteristics of the polymers including molar
mass, PDI (Mw /Mn ), entanglement radius or tube diameter (Re ) and radius of gyration
( Rg ). These were measured by using Size Exclusion Chromatography (SEC) as described
below.
Table 2.1: Overview of the material characteristics. Rg and Re are obtained from [72].

2.2.1

Material

Mw
[kg/mol]

PDI

Rg
[nm]

Re
[nm]

Tg
◦
[ C]

PC20

21.3

2.3

6.4

3.8

142

PC30

31.5

2.5

7.6

3.8

148

PC40

39.3

3.2

8.5

3.8

149

PS

300

2.6

14.5

8.4

100

Preparation of PC and PS nanocomposites

The PC powder was first dried for 12 hours at 110 ◦ C before mixing with the
nanosilica dispersion at different concentrations (0.5-10 vol%) and 0.1 wt% tris(2,4-di-tertbutylphenyl)phosphite as processing stabilizer. The material was then dried for 24 hours
to remove the solvent. The silica nanoparticles were used without any further surface
modification. The 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 approximately 40 ◦ C for the feeding section and
up to 300 ◦ C in the melting zone. Further, the pellets from the extruder were remixed
using a home-built, recirculating, twin-screw mini-extruder (internal volume of 5 cm3 ) with
a screw speed of 75 rpm for 15 minutes under N2 atmosphere to ensure the particles
are well dispersed. The PS/silica nanocomposites were prepared in a similar manner
with the extrusion carried out at 200 ◦ C with the concentration of nanosilica ranging from
0.5 to 10 wt%. PS was dried at 60 ◦ C for 4 hours before mixing. PC/silica and PS/silica
nanocomposite sheets with a thickness of 1.0 mm and 0.5 mm were prepared by using
compression molding at 250 ◦ C for 10 minutes at a pressure of 50 bars after drying the
pellets at 120 ◦ C for 4 hours. Samples for the rheological characterization (25 and 8 mm
in diameter, 1.0 and 0.5 mm in thickness) were cut from these sheets.
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Sample preparation for FTIR and XPS

The PC and PS nanocomposites were dissolved in dichloromethane at room temperature
and centrifuged at 6000 rpm for 10 minutes. The supernatant solution was removed
and the white precipitate (nanosilica) at the bottom was collected. Before characterizing
the extracted nanosilica, it was important to purify the nanosilica, i.e. removing 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 nanosilica,
neat polymer and the composites were characterized using FTIR and XPS to study the
immobilization of the polymer around the nanoparticle.

2.2.3
2.2.3.1

Characterization techniques
Transmission Electron Microscopy (TEM)

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 and PS.
2.2.3.2

Size Exclusion Chromatography (SEC)

The molar mass and polydispersity index of PC was determined by using SEC on a Polymer
Laboratories PL gel 5 µm MiniMIX-C 250 X 4.6 mm column and a UV detector, operated
at 254 nm. Measurements were performed at room temperature using dichloromethane
as the solvent and toluene as flow marker. SEC calculations were performed against
narrow PS standards. For the PC samples, the molar mass obtained relative to PS data
was converted to PC standards using a transfer function obtained by measuring 6 PC
standards of known Mw .
2.2.3.3

Melt Rheology

The oscillatory rheology of the PC and PS nanocomposites was measured using an
ARES-G2 rheometer at temperatures ranging from 170 to 300 ◦ C using both 8 and 25 mm
parallel plate geometry under a N2 blanket. Prior to measuring all the samples were dried
at 120 ◦ C for 4 hours in a vacuum oven. The samples were loaded at 120 ◦ C and heated
to the desired temperature. The gap between the parallel plates was adjusted to a final
gap of approx. 1.0 mm. Strain sweeps were conducted at several frequencies to identify
the maximum strain for testing in the linear viscoelastic range. Frequency sweeps were
carried out from ω = 0.1 to 500 rad/s and mastercurves were constructed at a reference
temperature of 250 ◦ C using the Time-Temperature Superposition (TTS) principle. The
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horizontal shift factor (aT ) is given by the WLF relationship [73] as:

log aT = log

τ(T )
−C1 (T − T0 )
=
τ(T0 ) C2 + (T − T0 )

(2.1)

where, C1 and C2 are empirical constants and T0 is the reference temperature, while the
vertical shift factor (bT ) is used to correct for density fluctuations.

2

The TTS-shifted curves were used to calculate the Maxwell relaxation spectrum. The
viscosity values reported correspond to the complex viscosity at 1 rad/s for PC and 2
rad/s for PS. No viscosity models were used to calculate the zero-shear viscosity, as all
the composites, both PC and PS nanocomposites did not follow the Cox-Merz relation
[74, 75]. This was also shown by Sun [19] for PC/silica nanocomposites and in other
nanocomposites [18, 76, 77, 78].
2.2.3.4

Differential Scanning Calorimetry (DSC)

The glass transition temperature (Tg ), heat capacity and enthalpy change curves were
determined by a Q2000 DSC (TA Instruments). The instrument was calibrated using Indium
for temperature and enthalpy, and sapphire for heat capacity using procedures specified by
TA Instruments before measurements. The samples used for all measurements were cut
from compression-molded disks of 0.5 mm, the diameter of each disk was 4.0 mm. This
was done to ensure good thermal contact with the sample and the dimensions matched
that of the calibration sample. All DSC tests were performed after the thermal history was
erased. This was done by heating the sample to 200 ◦ C, followed by cooling at 10 ◦ C/min.
Program 1: Measurement of Tg :

The Tg was measured by heating the sample from 30 to 200 ◦ C at 10 ◦ C/min using a
sample mass between 3-5 mg. The Tg was calculated using the mid-point method with the
Universal Analysis software from TA Instruments.
Program 2: Measurement of heat capacity C p :

Heat capacity measurements were performed using temperature-modulated DSC from 30
to 200 ◦ C. The measurements were performed using 10-15 mg of sample with a heating
rate of 2 ◦ C/min with a modulation amplitude of 1 ◦ C and with a period of 120 seconds.
The error in the heat capacity measurements was estimated to be approximately 3%.
Program 3: Enthalpy measurement ∆H :

Enthalpy measurements were performed by annealing the sample at the desired
temperature after erasing the thermal history for 10 hours. To detect the enthalpy change
due to annealing, the sample was cooled down to 30 ◦ C from the annealing temperature
and reheated up to 200 ◦ C. From the difference between both curves, the excess heat
capacity can be obtained. Integration finally gives the specific enthalpy change ∆H during
annealing. To allow for a direct comparison, the specific enthalpy change was normalized
to the polymer fraction of the nanocomposites and plotted versus Tannealing − Tg .
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Fourier Transform Infrared (FTIR) Spectroscopy

A Perkin Elmer Spectrum One FTIR spectrometer equipped with a Perkin Elmer spotlight
300 infrared microscope with a liquid nitrogen cooled HgCdTe (MCT) 16×1 linear array
detector was used to record micro-ATR spectra by employing a germanium hemispherical
internal reflection element (IRE). Spectral acquisitions were performed in the reflection
mode. In order to collect the ATR-FTIR spectrum from a flat surface with the miniature-Ge
IRE, the sample was placed on the microscope XY stage. A sampling spot on the surface
was selected through an objective. The miniature-Ge IRE was then slid into the pre-aligned
position and the microscope stage was elevated until the selected sampling area touched
the tip of 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 μm. The background
spectrum was collected through the IRE when it was not in contact with the sample. All
spectra were collected using 16 scans in the range from 4000 to 600 cm−1 with a 4 cm−1
spectral resolution.
2.2.3.6

X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) studies were carried out on a Kratos Axis Ultra
DLD spectrometer equipped with a monochromatic Al Kα X-ray source with an energy of
1486.6 eV, i.e. hν = 1486.6 eV, operated at 150 W, a multi-channel plate and delay line
detector under 1.0×10-9 Torr vacuum. Survey and high-resolution spectra were collected
at fixed analyzer pass energies of 160 and 20 eV, respectively. The samples were mounted
in floating mode in order to avoid differential charging. Charge neutralization was required
for all samples. The binding energies were referenced to the C1s (C-C) binding energy
and was set at 284.8 eV. Both FTIR and XPS were carried out on the samples and the
extracted silica from the composites.

2.3
2.3.1

Theoretical background
Viscosity of suspensions

It is known that the rheological properties are affected by the addition of (nano)filler.
Considerable experimental and theoretical studies showed that the viscosity of a particulate
suspension increases with the particle volume fraction [79]. Therefore, any property, such
as the complex viscosity (η ∗ ) or the modulus (G), of a (nano)composite is given by
property = property (with no filler) × f (φ ), where f (φ ) is a function dependent on the filler
concentration [80, 81].
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The general form of this equation is given in Eq. 2.2, where η is the viscosity of the system
and φ is the particle volume fraction:


η(φ )
= 1 + [η]φ + a2 φ 2 + a3 φ 3 + .......
η(φ = 0)

(2.2)

where,


[η] = 2.5; a2 , a3 ...an = 0 For dilute solutions (Einstein relation)
[η] = 2.5; a2 = 14.4 For concentrated solutions (Guth − Gold relation) [82, 83, 84, 85, 86]


[η] = 2.5; a2 = 6.2 For concentrated solutions (Batchelor relation)

2

Fig. 2.1 shows a comparison of the Einstein relation and the Guth-Gold relation, it can be
seen that inter-particle interactions leads to higher viscosity ratios.

Figure 2.1: Viscosity increase on the addition of fillers shown with the Guth-Gold and
Einstein relation. The effect of particle interaction is seen around 3 vol% of
filler.
The theory discussed above is limited to perfect hard spheres in a Newtonian medium and
is valid when radius(filler) > radius(solvent molecule) or r particle > rsolvent but cannot be
strictly used for nanocomposites. For a polymer nanocomposite, the polymer chain is not a
small molecule but a macromolecule. Therefore, a strong influence of the ratio of the radii,
i.e. Rg / r particle , could be expected when Rg / r particle > 1 , where Rg is the radius of gyration
of the polymer chain. Additionally, enthalpic interactions between filler and polymer
could exist due to the large ratio of filler area-to-particle volume. Consequently, particle
aggregation, chain adsorption, grafting and slip need to be taken into consideration.
It is important to state here that Eq. 2.2 has been rigorously validated for micron-sized
fillers and not so much for polymer nanocomposites. In that case, these relations failed
at very low particle concentrations. For instance, Roberts et al. [48] dispersed silicate
nanoparticles of less than 1 nm into poly(dimethyl siloxane) (PDMS) melts and found that
the bulk viscosity decreases linearly with the nanoparticle volume fraction, while Nusser
et al. [20] used silsesquioxane nanofillers in poly(isoprene) and PDMS and also found
a viscosity decrease at lower concentrations and a viscosity increase or hydrodynamic
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reinforcement at high concentrations. In both cases the zero shear viscosity was strongly
dependent on the polymer-particle, particle-particle interactions and entanglement number.
Thus, confinement and surface effects provided by the large specific surface area of
nanoparticles could lead to conformational changes of polymer molecules, which affect
the viscosity around the nanoparticles, and concomitantly the viscosity of the bulk.

2.3.2

Rheology definitions

Rheological properties such as dynamic moduli and viscosity are commonly used
to understand the molecular or microstructure of polymer melts, polymer blends or
polymer composites. This is achieved by using small-amplitude oscillatory shear (SAOS)
experiments, where a sinusoidal strain deformation is applied to the material and sinusoidal
stress output is recorded. For solid materials the phase angle(δ )→ 0 between the strain
and stress, whereas for viscous materials δ → 90. The output is plotted as a plot of
the storage (storage of elastic energy), loss modulus (dissipation of energy) or complex
viscosity, i.e. G0 , G00 or η ∗ , versus the angular frequency, ω, as shown in Fig. 2.2. Two of
the most common parameters used in this evaluation are the zero shear viscosity and the
relaxation time spectrum.
In the limit ω → 0, the low frequency response is often viscous and is called the terminal
zone. The viscous regime behavior is characteristic for all materials showing a Maxwellian
behavior, i.e. G0 ~ ω 2 and G00 ~ ω with G00 > G0 . This is also the region where the zero shear
viscosity, η0 is calculated. In practice, it is not possible to attain results for low frequencies
owing to difficulties in measurement. Therefore, η0 is obtained by extrapolating the
viscosities obtained at accessible frequencies using empirical models, such as the Cross,
and the Carreau-Yasuda model assuming the Cox-Merz rule is valid. Moving towards
higher frequencies (rubbery region), the response of the material gets dominantly elastic,
i.e. G0 > G00 . The average relaxation time, τd , is calculated at the cross-over (ωcrossover )
of the dynamic moduli (G0 and G00 ). The G0 shows a plateau and is clearly pronounced for
entangled melts, see Fig. 2.2. This plateau or the plateau modulus (G0N ) is an important
property for understanding the dynamics of the polymers in the melt state.
The plateau modulus G0N is calculated at the tanδ minimum criterion [87] as shown in 2.3
and Fig. 2.2 for polydisperse samples.

G0N =| G0 |tanδ →min

(2.3)

Knowing the plateau modulus, the entanglement molar mass can be calculated using the
relation:

Me =

4ρRT
5G0N

(2.4)

where R is the universal gas constant (8.314 J mol-1 K-1 ), ρ is the density, and T is absolute
temperature.
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For PC the ρ can be expressed by the empirical relation as [88]:

ρ=

1000
3

exp(−0.307 + 1.86 × 10−5 T 2 )

(2.5)

Besides the storage and loss modulus, the compliance is also used as measure of energy
storage and dissipation and is defined as:

J0 =

2

1/G0
1 − tan2 δ

J 00 = (1/G00 ) × (1 − tan2 δ )

(2.6)

(2.7)

Furthermore, the dynamic moduli mastercurves are also used to calculate the relaxation
time spectrum and to determine characteristic relaxation modes, such as the Rouse
relaxation and reptation, i.e. the time taken for the chains to return to equilibrium after any
kind of disturbance imposed on the system. The relaxation essentially takes place from the
chain end towards the center (retraction), followed by reptation. The characteristic times
of different relaxation modes correlate with the entanglement molar mass, Me , through
2
w
the number of entanglements Z (where Z = M
Me ) and can be defined as τR = Z τe and
τd = 3Z 3 τe ; where, τR is the Rouse relaxation time of the chain, τe is the relaxation time of a
segment between entanglements, and τd = 1/ωcrossover is the reptation disengagement time,
uncorrected for contour length fluctuations (CLF), and τ0 is the monomer or segmental
relaxation time, which is seen in the transition region [87], shown in Fig. 2.2.

Figure 2.2: Dynamic moduli of polycarbonate and the different relaxation modes.
Another important function is the relaxation time spectrum. This is essentially a
superposition of infinite Maxwell elements in parallel and is calculated by fitting the
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following model to either the dynamic moduli G0 (ω), G00 (ω) or relaxation modulus (G(t)) as
follows:

ˆ+∞
ω 2τ 2
G0 (ω) = H(lnτ)
dlnτ
1 + ω 2τ 2

(2.8)

−∞

ˆ+∞
G (ω) = H(lnτ)
00

−∞

ωτ
dlnτ
1 + ω 2τ 2

(2.9)

It should be noted that the calculation of the relaxation time spectrum from the experimental
data is an ill-posed problem and, as a consequence, small differences in the data can
result in large differences in the spectra. The spectra were calculated using the TRIOS
software from TA instruments. The relations described above will be used to compare
the PC/silica and PS/silica nanocomposites and to study the effect of silica in lowering
of the viscosity of the nanocomposite. These viscoelastic properties of polymer melts
are deeply understood when the observations from the rheological measurements are
connected to the molecular structure and dynamics using elaborate models, e.g. the DoiEdwards [89], Likhtman-McLeish [90], or the Pom-Pom model [91]. For the case of linear
polymer melts, a very good description is given by the tube model described by Likhtman
and McLeish [90]. Their molecular analysis of the complex shear modulus includes all
elementary processes from the short scale Rouse dynamics to reptation, accounting also
for contour length fluctuations, constraint release and longitudinal modes. The important
material parameters in the model are the entanglement time, τe , entanglement number Z,
apparent disentanglement time, τR , the plateau modulus, G0N , and a parameter, cν , that
characterizes the influence of constraint release.
According to the model, the relaxation modulus is given by:

G(t) = GN
0

4
1
µ(t)R(t) +
5
5Z

Z−1

∑ exp



−p2 t
τR

p=1



+

1
Z

N

∑ exp

p=Z



−2p2 t

!


τR

(2.10)

The first term in the expression captures the chain escaping from the tube, where µ(t) is
the occupation function and is the fraction of the tube ends not visited during time t and is
given by:

8G˜ f
µ(t) = 2
π

p∗

∑
p=1,odd

 2  ˆ∞
1
−p t
0.306
exp
+
exp(−εt)dε
2
p
τd f
Zτe0.25 ε 1.25

(2.11)

ε∗

where G˜ f and τd f are renormalizations of a dimensionless plateau modulus and the
reptation time.
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R(t) is the relaxation function of the Rouse tube and quantifies the constraint release. The
second term in Eq. 2.10 is the contribution to the slow longitudinal modes of relaxation
and the last term accounts for the fast Rouse motions of the chain segments inside the
tube. As the Likhtman-McLeish model was developed for monodisperse polymers, its
use for polydisperse systems is not fully justified. Since the goal of using this model is to
qualitatively calculate the entanglement molecular weight, a polydispersity approximation
is applied to this model. In this approximation the terminal time is calculated using
the concepts developed by Viovy et al. [92] and the constraint release is treated by
assuming double reptation approximation for the constraint release in the above equation,
i.e. R(t) = µ(t)α , where α is the dilution exponent and has a value of 1 [93, 94, 95]. In
this study, as the silica concentration in PC is not very high, this model can still provide a
good insight into the molecular parameters. The model is fit to the data using the Reptate
software and is discussed in the next section.

2.3.3

Thermal characterization definitions

The unique properties of nanocomposites are related to the modification of the structure
and dynamics around and at the particle surface. In order to probe these nanoscale effects,
i.e. changes in molecular dynamics, the Tg is often used as a probe. However, experimental
results on the polymer dynamics and the Tg have not always been conclusive, especially
close to the particle surface. The Tg is found to increase [96, 97, 98], decrease [99, 100],
stay constant [101, 102] or broaden [103, 104]. Experiments showed that the changes
in chain mobility caused by the nanoparticles does not extend throughout the matrix, but
only a few nanometers around the particle [40, 99, 102, 105, 106, 107, 108, 109]. The
existence of such layer was shown for several nanocomposites. This layer was found to
be completely immobilized in some cases and showed up as a second glass transition
[110, 111]. In order to characterize this immobilized layer, we make use of the concept of
the rigid amorphous fraction (RAF) introduced by Menczel and Wunderlich [112] for semicrystalline polymers. The RAF is attributed to the restricted mobility of chain segments
connected to the crystal and is calculated by:

RAF = 1 − crystallinity − (∆Cp/∆Cp pure )

(2.12)

where ∆Cp and ∆Cp, pure are the heat capacity increments at the Tg for semi-crystalline
(associated with mobile amorphous region) and the 100% amorphous polymer,
respectively.
The ratio of both step heights represents the fraction of the polymer contributing to the Tg ,
this is called mobile amorphous fraction (MAF). This is most commonly measured using
calorimetry (DSC, TM-DSC). Most of the studies on nanocomposites only report Tg , but
Privalko et al. [113] recognized the importance of measuring and analyzing the absolute
Cp in order to understand the polymer dynamics. Thus, in order to calculate the RAF for
polymer nanocomposites Eq. 2.12 is rewritten as:

RAF = 1 − f iller content − (∆Cp/∆Cp pure )

(2.13)

where the crystallinity is replaced by the filler content, and ∆Cp and ∆Cp pure are the heat
capacity increments at the Tg for the nanocomposite and the 100% amorphous polymer,
respectively.
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It is important to note that the above relation is valid, provided the ratio between the filler
and the RAF remains constant. For high filler loading the ratio might decrease due to
filler agglomeration. This indicates that not all nanoparticles are covered with the same
amount of RAF. In such cases, in order to have a direct comparison of the Cp of the
polymer fraction of the nanocomposite, the contribution of the filler has to be subtracted.
Approaches to obtain the contribution from the filler were discussed by Sargsyan et al.
[114] and Wurm et al. [55]. For the polymer fraction of the nanocomposites Eq. 2.13 can
be rewritten for the immobilized fraction of the polymer:

RAFpolymer = 1 − (∆Cp polymer/∆Cp pure )

2.4

(2.14)

Results and discussions

In this section, the state of dispersion of the silica particles in both the PC and the PS
nanocomposites is presented followed by the rheological behavior of the nanocomposites.
The possible mechanisms for the observed behavior are then addressed in the last section.

2.4.1

State of dispersion

Fig. 2.3 shows transmission electron microscopy (TEM) micrographs of the dispersion
of nanosilica in the PC30 and PS matrices as a function of its concentration. The TEM
micrographs of PS/silica composites are depicted in Fig. 2.3a and b. It can be seen that
the silica particles are dispersed as agglomerates with an average diameter of 80-200 nm.
At a concentration of 0.5 vol% nanosilica, agglomerates with a size ranging from 80-100
nm are seen along with a few primary nanosilica particles. Increasing the concentration,
i.e. 2.0 vol% nanosilica, the dispersion quality deteriorates further with aggregate sizes
increasing up to ~ 200 nm. The observed agglomeration in PS is due to the difference in
polarity between the hydrophilic silica surface and the apolar PS. As seen in Fig. 2.3c and d,
PC/silica nanocomposites showed a better dispersion. This improvement can be attributed
to the interaction between the polar silica surface and the polar PC. The agglomerate
sizes are smaller with an average diameter of 25-50 nm with more primary particles visible.
This is also depicted in Fig. 2.3e for both PS and PC composites. Similar to the PS/silica
composites, the agglomerate sizes increase with increasing concentration of nanosilica
for the PC nanocomposites. Besides the surface effects, the state of dispersion can also
lead to changes in properties, such as the zero-shear viscosity and elastic modulus. It
has to be noted that there are no significant changes between the directly compounded
material and the material compounded in two steps, i.e. twin-screw extrusion followed by
a second step by using a recirculating twin-screw mini-extruder.
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(a)

(b)

(c)

(d)

2

(e)

Figure 2.3: TEM micrographs of the nanosilica composite: a) PS with 0.5 vol% nanosilica,
b) PS with 2.0 vol% nanosilica, c) PC30 with 0.5 vol% nanosilica d) PC30
with 2.0 vol% nanosilica, and e) particle size and distribution in PS and PC
nanocomposites. The primary particle of nanosilica is ~ 12 nm.

2.4.2
2.4.2.1

Rheology of PS and PC silica nanocomposites
Dynamic melt properties

The rheological properties of the polymer nanocomposite are affected by the dispersion
of nanoparticles. An effective way to study the effect of dispersion on the rheological
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properties is the use of small amplitude oscillatory shear experiments. Fig. 2.4 shows a
plot of the complex viscosity, η ∗ , as a function of frequency, ω, at a temperature of T − Tg
= 100 ◦ C for the PS/silica and PC/silica nanocomposites.

2
(a)

(b)

Figure 2.4: Log-log plot of the complex viscosity η ∗ versus angular frequency (ω) for: a)
PS/silica nanocomposites and b) PC/silica nanocomposites at T − Tg of 100
◦ C.
As can be seen in Fig. 2.4a, unfilled PS reaches a Newtonian plateau at low frequencies
(<1 rad/s). Fig. 2.4a does not show data below 2 rad/s due to poor data quality. On the
addition of nanosilica particles, the PS/silica composites show an increase in viscosity
over the whole frequency range, and don’t reach a Newtonian plateau. This suggests that
the nanosilica particles agglomerate and form a network that hydrodynamically reinforces
the PS matrix [23]. In contrast, the PC/silica composites reach a Newtonian plateau with
the viscosity decreasing at low concentration and increasing at higher concentrations, i.e.
φ >0.005 or 0.5 vol%, compared to unfilled PC, see Fig. 2.4b.
For φ >0.7 vol%, the Newtonian plateau shifts to lower frequencies for the PC/silica
nanocomposites as compared to unfilled PC, but both unfilled and PC nanocomposites
show similar slopes at high frequencies. The percentage change in the viscosity between
the filled and unfilled polymer from Fig. 2.4 is calculated using Eq. 2.15, and plotted in
Fig. 2.5 as a function of nanosilica concentration (uncorrected for molar mass):

∆=

|η ∗ (φ )| − |η ∗ (φ = 0)|
× 100
|η ∗ (φ )|

(2.15)

where η ∗ is the viscosity at 1 rad/s. In the case of PS, as the composites don’t reach a
Newtonian plateau, the viscosity at a frequency of 2 rad/s is used instead of the terminal
viscosity. As shown in appendix A of this chapter, the change in the viscosity drop is
approximately 5% at a concentration of 0.7 vol% silica. As the trend is not affected, the
uncorrected plot is shown here.
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A priori assuming that the addition of a filler to a polymer would lead to hydrodynamic
reinforcement, an increase in viscosity for the PS/silica or PC/silica nanocomposites is
expected. While this is true in case of the PS/silica nanocomposite for all concentrations,
the PC/silica nanocomposite shows a decrease (φ <0.005 or 0.5 vol%) followed by an
increase (φ >0.005 or 0.5 vol%), see Fig. 2.5. While the drop in viscosity is unexpected,
the increase in viscosity for both PS and PC/silica nanocomposites occurs due to strong
particle-particle interaction or particle bridging. This results in a strong deviation from the
Guth-Gold relation as shown in Fig. 2.5a and b [115].

2

(a)

(b)

(c)

Figure 2.5: Viscosity ratio and Guth-Gold predictions as a function of filler loading in: a)
PS/silica nanocomposites b) PC/silica nanocomposites with different molar
masses of PC uncorrected for molar mass, and c) effect of plasticization on
viscosity as a function of nanosilica particle concentration.
The relation shown in Eq. 2.15 estimates a 25% decrease in viscosity for the PC30 /silica
nanocomposite at 0.7 vol% nanosilica. This reduction is similar to one reported by Sun
[19] (~28%) for the same system. Furthermore, as seen in Fig. 2.5b the viscosity drop
is independent of the molar mass (in the range studied) and the viscosity increase is
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dependent on the molar mass of PC. The viscosity increase is the largest for PC40 ,
followed by PC30 and PC20 . This supports the observations made by Sun. These results
suggest that both polymer-particle and particle-particle interactions are important and play
a major role in the observed viscosity behavior. Furthermore, an analysis is performed to
ascertain if regular plasticization caused by the nanosilica results in a viscosity drop. Kim
et al. [116] showed that the addition of grafted nanoparticles to a polymer matrix leads to
a continuous decrease in viscosity. This decrease was ascribed to the plasticization of the
host matrix caused by the nanoparticles. One of the prerequisites for plasticization is the
condition Rg /r particle > 1. For this condition, the drop in viscosity is given by [20]

η
= (1 − φ )n
η0

(2.16)

2
Fig. 2.5c shows the failure of Eq. 2.16 with n = 10 and n = 2.3. Therefore, it is clear that
the viscosity drop is not likely due to the nanosilica acting like a plasticizer.
It is important to note that other potential effects such as wall slip [117, 118, 119],
in-homogeneous flow [120] and molar mass degradation (during preparation and
measurements) [65, 121] were accounted for and are described in the appendix to this
chapter. As shown in appendix 2A, the molar mass change is negligible and therefore
cannot account for the viscosity drop.
2.4.2.2

Relaxation and Time-Temperature-Superposition (TTS) behavior of
PS/silica and PC/silica nanocomposites

It was shown that the addition of nanosilica affects the terminal zone for both the PS
and PC/silica nanocomposites. Additional information on the rheological changes due
to the addition of nanosilica can be obtained by calculating the relaxation time spectrum.
The relaxation time spectra might give insight into the effect of nanosilica on the chain
dynamics of the PC chains around the particle and in the matrix. In order to calculate the
relaxation spectrum, data ranging from the terminal zone to the rubbery plateau region
need to be used. Therefore, mastercurves constructed using the TTS principle are used
(Eq. 2.1), and the validity of the TTS for PS/silica and PC/silica nanocomposites needs to
be established.
In general, the TTS principle has been found to fail in certain miscible/immiscible blends,
(nano)composites, and in systems that chemically change during the measurements
[122, 123]. This failure is mostly attributed to the different temperature dependences of
the relaxation mechanisms [124]. Fig. 2.6a and c shows the TTS performed on PC/silica
and PS/silica nanocomposites at a reference temperature (Tr ).
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.
(a)

(c)

(b)

(d)

Figure 2.6: Mastercurve for a) PC30 and PC30 /silica nanocomposite at Tr = 250 ◦ C, b)
the Van Gurp-Palmen plot for PC30 and PC30 /silica nanocomposite, c) PS
and PS/silica nanocomposites at Tr = 200 ◦ C, and d) the Van Gurp-Palmen
plot for PS and PS/silica nanocomposites.
The curves measured at different temperatures were found to superimpose when shifted
horizontally, while no vertical shift was necessary. In case of PC systems, all mastercurves
showed terminal slopes of -1 & -2 for G0 (ω), and G00 (ω), respectively. The validity of the
TTS principle was verified using the Van Gurp-Palmen plot [124]. The Van Gurp-Palmen
plot is essentially a temperature invariant plot of the phase angle (δ ) and the complex
modulus (G∗ ) or the normalized modulus (G∗ /G0N ). The TTS is valid if all dynamic curves
measured at different temperatures collapse onto one curve. For the PC systems (unfilled
and nanocomposite) all the individual curves show this behavior, confirming that the TTS
principle is valid. Fig. 2.6b shows the Van Gurp-Palmen plot for various concentrations of
nanosilica in PC. The WLF constants of C1 = 2.97 and C2 = 137.93 and a plateau modulus
(G0N ) in the order of 2.0×106 Pa, which are consistent with the values found in literature
[72, 125, 126].
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TEM images of the PS/silica nanocomposite show that the nanosilica particle form
agglomerates and networks. As a result, the storage modulus G0 (ω) does not reach
a terminal slope of -2 at lower frequencies and the TTS principle is expected to fail.
However, surprisingly the TTS principle holds across the concentration range studied with
WLF constants of C1 = 6.72 and C2 = 98.33 and a plateau modulus (G0N ) in the order of
2.0×105 Pa. The corresponding Van Gurp-Palmen plot is shown in Fig. 2.6d. The drop
in phase angle at low frequencies is due to the nanosilica network. These values are
very similar to what is reported in literature for unfilled PS [23]. This suggests that the
physical relaxation mechanism for the unfilled and PC or PS nanocomposite have the
same temperature dependence. The shift factors for both PS/PC and its nanocomposites
is shown in Fig. 2.27 (appendix of Chapter 2).
With the TTS valid for both systems, the relaxation spectra are calculated as described in
Section 2.3.2 (Eq. 2.8 & Eq. 2.9). Fig. 2.7 shows a plot of the weighted-average relaxation
time spectra. In case of the PC/silica nanocomposite, the average relaxation time (peak
relaxation time) decreases first (φ ~ 0.7 vol%) and then increases (at 1.5 vol%) as seen in
Fig. 2.7a. The sample with 1.5 vol% nanosilica shows a long tail in the relaxation spectrum
which is attributed to the nanosilica network.

(a)

(b)

Figure 2.7: Continuous relaxation spectra from the mastercurve for: a) PC/silica
nanocomposites and b) PS/silica nanocomposites.
This becomes more evident for the PS/silica systems, see Fig. 2.7b. The addition of
nanosilica causes agglomeration and this is seen as an upswing for relaxation times
>1 seconds. Therefore, it is clear that for PC/silica nanocomposites, polymer-particle
dynamics play an important role at low concentrations. Furthermore, the characteristic
time scales, i.e. the monomer relaxation, the relaxation time of one entanglement segment
and the reptation time are qualitatively calculated using the relations mentioned in Section
2.3.2 and are plotted in Fig. 2.8. It can be seen that these time scales are affected
by the presence of the nanosilica particles. All the time scales are accelerated at low
concentrations, i.e. concentrations below 1 vol%, followed by a slow down of the chain
dynamics. This trend is seen for all nanocomposites irrespective of the host molar mass
and indicates a strong interaction between the host and the nanoparticle.
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(a)

(b)

Figure 2.8: Effect of nanoparticles on the relaxation times: a) PC20 and b) PC30 .

2.4.3 Possible mechanism of viscosity reduction
The above results show that the rheological properties of PC are affected by the
addition of nanosilica. While it is clear that the viscosity increase can be attributed to
agglomeration and chain bridging of the nanoparticles, the cause of viscosity reduction at
low concentrations of nanosilica is not understood. In order to explain the reduction
in viscosity, three hypotheses are tested and are schematically depicted in Fig. 2.9
[18, 19, 20]. The mechanisms are as follows and are discussed below:
1. Ball-bearing effect,
2. Preferential adsorption of high molar mass chains on the nanosilica particles,
3. Chain grafting on nanosilica surface causing a low viscosity layer surrounding the
nanosilica particle.

Figure 2.9: Hypotheses for the observed viscosity drop in PC/silica nanocomposites.
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“Ball-bearing” effect

The ball-bearing effect is reported in literature as a mechanism that results in a melt
viscosity reduction in polymer composites containing spherical particles [49, 127, 128, 129].
The basic mechanism is as follows: In a well-dispersed polymer composite, polymer
chains are adsorbed or coiled around the particle. When the composite is subjected to a
shear flow, extremely high local shears are developed in the narrow gaps between the
nearby rotating spherical particles. This rotation induces the polymer chains to desorb or
disentangle causing a drop in viscosity, as depicted in Fig. 2.9 (left) . However, the effect of
the matrix elasticity on the rotation of the spherical particle is not taken into account in any
of these studies. D’Avino et al. [130] and Snijkers et al. [131, 132] showed that the rotation
of the sphere can be severely hindered when the matrix is elastic. They also showed that
the extent of the slowing down of the rotation rate depends on the Weissenberg number
(Wi, defined as the product of the shear rate and relaxation time) and not on the details of
the fluid rheology. In the case of the PC/silica nanocomposites, we believe the ball-bearing
mechanism does not contribute to observed viscosity drop as:
1. PC matrix exhibits a large viscosity in the Newtonian plateau, and therefore the silica
particle will not undergo rotation,
2. The observed viscosity drop is in the Newtonian plateau (occurring at low
frequencies). The deformation at these low frequencies in SAOS is small and
cannot induce rotation of the particle.
2.4.3.2

Preferential adsorption of high molar mass species

The second mechanism for explaining a decrease in the viscosity of nanocomposites is
the selective physisorption of polymer chains on the nanoparticle surface postulated by
Jain et al. [18]. According to this concept, the polymer chains with the highest molar mass
are adsorbed on the nanoparticle surface, while the polymer chains with low molar mass
constitute the surrounding matrix. This is schematically shown in Fig. 2.9 (middle). In
order to verify this hypothesis for the PP/silica nanocomposites Jain et al. performed a
time-dependent fractionation and found that the molar mass distribution changed as a
function of fractionation time. A similar procedure was used for PC composites by Sun,
but no conclusive results were found. Therefore, no attempt to follow this procedure was
pursued in this work. However, in line with the thesis of Sun, the steady-state compliance
was used in order to get an insight into the possibility of ‘selective adsorption’. If a fraction
of high molar mass chains is adsorbed on the nanoparticles, a lower compliance should
be observed [19, 133]. Fig. 2.10 shows the storage compliance J 0 and loss compliance
J 00 versus frequency for the PC and PC/silica nanocomposite. The low frequency limiting
value of J 0 is the steady-state compliance. At 0.1 rad/s, both materials have nearly the
same J 0 , but J 00 is clearly different. The fact that both systems have a similar J 0 , suggests
that there is no selective adsorption. The difference in J 00 comes from the decrease in
viscosity for the PC/silica nanocomposite (0.7 vol% silica).
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Figure 2.10: Compliance of the PC30 and PC30 /silica (0.7 vol%) nanocomposites. The
similarities in J 0 indicate that selective adsorption does not explain the
observed viscosity drop in PC nanocomposites.

2.4.3.3

Chain grafting on the nanoparticle surface

The third mechanism that could possibly lead to a viscosity drop is grafting of short chains
on the surface of the nanoparticle, schematically shown in Fig. 2.9 (right). It is hypothesized
that at low concentrations, grafting on the surface of the well dispersed nanoparticle can
result in variation in entanglement density around the nanoparticle resulting in a Rouse-like
zone where the viscosity does not follow the 3.4 power law exponent (or the number of
entanglements is far less than the bulk), resulting in a lower viscosity. Beyond this critical
concentration of nanosilica, bridging of chain segments between particles is expected
to take over, resulting in an increase of viscosity [34, 35, 134]. In order to verify this
hypothesis evidence needs to be seen for:
1. Grafting of the polymer chain onto the surface,
2. Grafted layer of the polymer chain around the particle,
3. Entanglement density around the particle.
For the PC and PS silica nanocomposites DSC, XPS, rheology and FTIR spectroscopy
were used as characterization tools to demonstrate these possible effects.
A Grafting of the polymer chain onto the surface
In order to verify if grafting of the polymer chain takes place during melt extrusion, two
proven spectroscopy methods, i.e. FTIR and XPS were 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 grafting reaction.
Therefore, extracted silica particles from the PC and PS nanocomposites were used for
these measurements. The extraction procedure was described in Section 2.2. A similar
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method was used by Wang et al. [135] to investigate the use of SiO2 nanoparticles as
transesterification inhibitors. They found the reactivity of the SiO2 to polyesters such
as PET and PBT was high, thus forming a graft on the nanoparticle surface, playing an
important role in preventing transesterification. It is hypothesized that during the melt
compounding of the PC and pure SiO2 , a reaction of the carbonate group with the surface
hydroxyl groups of the pure SiO2 occurs as shown Fig. 2.11.

Figure 2.11: Scheme and possible structure formed during the reaction between PC and
the nanosilica particle during melt-compounding.
Fig. 2.12 shows a comparison of the FTIR spectra of extracted SiO2 , pure SiO2 and
PC. The spectra reveal that the extracted SiO2 from the PC-matrix has additional peaks
compared to the pure SiO2 . As a result of the reaction depicted in Fig. 2.11, a shift of the
C=O and the C-O peak in the FTIR spectrum is expected. This is seen in Fig. 2.12. In
case of the extracted SiO2 the peak seen at 1775 cm-1 can be assigned to the stretching
vibration of the carbonyl group, while the peaks at 1260 cm-1 , 1190 cm-1 and 1160 cm-1 are
due to the vibration of the C-O bonds to the O-Si stretching. The small peak at 2966
and 1600 cm-1 can be attributed to the stretching vibration of CH2 and the aromatic C=C
bonds, respectively.

(a)

(b)

Figure 2.12: FTIR spectra of: a) extracted SiO2 compared with pure SiO2 and PC30 and
b) PC30 compared with PC30 with 1.5 vol% silica.
These peaks are characteristic peaks of PC, and when compared with the corresponding
peak position 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,
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the peak of hydroxyl group of extracted SiO2 at 3439 cm-1 becomes distinctly weaker.
In Fig. 2.12b the FTIR spectra of the composite and PC in the stretching vibration of the
C=O region are plotted. In contrast to the unfilled PC showing the stretching band at 1775
cm-1 , for the nanocomposite this is found to split into two bands at 1775 cm-1 and 1750
cm-1 . This result reveals that the carbonyl oxygen of the PC chains is bound to the SiO2
particles, which results in the downshift of the C=O stretching. In the case of PS/silica
samples, the extracted silica did not show any additional peak. This was anticipated as no
grafting on the silica surface is expected.

2

In order to strengthen this conclusion, XPS studies were performed on the extracted silica.
Fig. 2.13a shows the XPS spectra and the results of the C1s from the extracted (from PC)
and pure SiO2 . It is interesting to note that in the extracted SiO2 from the PC30 , a new
peak at the binding energy of 285.00 eV is seen. This peak can be attributed to the C1s
from the PC. The peak fitting results of the C1s is shown in Fig. 2.13b. On the basis of the
peak-fitting results of C1s, there are three peaks at around 285.00 eV:
1. peak at the binding energy 284.70 eV assigned to a typical C–C group,
2. peak at 286.00 eV corresponding to the C–O group,
3. peak at 291.00 eV due to the C=O group.

(a)

(b)

Figure 2.13: XPS spectra of: a) pure SiO2 compared with extracted-SiO2 and b) peakfitting results of C1s.
The presence of the peaks of the Si2p and C1s in the spectra of the extracted SiO2 in
Fig. 2.13a, proves that the extracted part has a silicon-part modified with an organic group.
Closer analysis of the C1s peak in Fig. 2.13b, shows that these peaks correspond with the
binding energies of the C-C group. C-O group and the C=O group from the PC resin. This
strongly indicates that the SiO2 surface is grafted as a result of the reaction between the
PC and the surface hydroxyl groups of the SiO2 -particle as depicted in Fig. 2.11. The XPS
spectrum of the Si2p in Fig. 2.14a shows that the Si2p peak of extracted SiO2 at 103.20
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eV is lower than that of pure SiO2 (103.80 eV), and this chemical shift could be ascribed
to the formation of Si–O–C bonds.

2
(a)

(b)

Figure 2.14: XPS spectra of Si2p: a) Pure and extracted silica from a) PC30 and b) PS.
This new bond slightly shifts the binding energy. Analysis of the PS/SiO2 nanocomposite
does not show a shift in binding energy of the Si2p energy, see Fig. 2.14b. In Fig. 2.15 the
peak fitting results for the O1s peak are shown. The O1s peak of extracted SiO2 at 532.55
eV assigned to Si–O bonds is lower than that of pure SiO2 (533.55 eV).

Figure 2.15: XPS comparison of O1s between pure SiO2 and extracted SiO2 .
As the carbonyl groups (–C=O–) assumed to be bonded with Si–O bonds are electron
withdrawing groups, the conjoint oxygen atoms on Si–O bonds become electron deficient
which results in a shift of the peak of O1s towards the high binding energy direction.
All the above results from both the spectroscopic techniques on the extracted-SiO2 indicate
that the PC reacts with surface hydroxyl groups of nano-SiO2 during melt processing.
However, from these analysis it is difficult to determine the number and lengths of grafts
formed on the surface.

40

Understanding the viscosity behavior of poly(carbonate) and poly(styrene)/silica nanocomposites

B Thickness of the grafted layer of the polymer chain around the particle
The properties of the nanocomposites would depend on the thickness of the grafted layer
and grafting density. Fig. 2.16 shows the reversing heat capacity based on the total sample
mass for the PC and PS nanocomposites. The Tg of the nanocomposites was determined
as the half step from the TM-DSC experiments using Fig. 2.16. PC/silica nanocomposites
show a difference in Tg of up to ~ 3 ◦ C compared to unfilled PC as shown in Fig. 2.17a.
This decrease can be attributed to three possible reasons:
1. Chain confinement associated to the length scale,
2. Increasing the free volume,

2

3. Reduction of the chain relaxation dynamics.
The Tg data cannot be reconciled with chain confinement effects, due to the distance
between the nanoparticles. As shown in the TEM micrographs (Fig. 2.3a-d) and Fig. 2.3e,
the minimum inter-particle distance between the nanosilica is ~ 30 nm, which is greater
than 2Rg (14 nm). This suggests that effects associated with inter-particle spacing should
be eliminated as the explanation.
The change in free volume also does not fully explain the decrease in the Tg , as no
degradation has taken place and no low molar mass polymer chains are present. However,
the grafting on the surface could result in changes of free volume at the particle interface.
Furthermore, a decrease of Tg is accompanied by acceleration of the chain relaxation
dynamics, which can be observed from the relaxation time spectrum in Fig. 2.7. The step
in Cp at the Tg was also determined from the curves in Fig. 2.16 in order to calculate RAF
as discussed in Sec 2.3.3 (Eq. 2.13). In this study, the RAF is used as a measure of
thickness of the grafted layer around the nanoparticle. The RAF is shown in Fig. 2.17b for
both the PC and PS/ silica nanocomposites.

(a)

(b)

Figure 2.16: Reversible heat capacity as a function of temperature for: a) PC/silica
nanocomposites and b) PS/silica nanocomposites. The solid line represents
the heat capacity obtained from the ATHAS database [136].
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(a)

(b)

Figure 2.17: a) Change in Tg as a function of nanosilica concentration for PC and PS
silica nanocomposites and b) heat capacity ratio of the nanocomposite with
respect to the unfilled polymer as a function of silica concentration for PC
and PS silica nanocomposites.
The dashed line (red) represents the case when no RAF is present. In other words, a
two-phase system (filler + polymer) can be expected if there is no grafting, i.e. only the
filler. The data for the PS nanocomposite follows the no RAF line closely suggesting
that there is no grafted layer of polymer on the nanoparticle. The polarity gradient
prevents the nanosilica from being wet by the PS chains. However, in the case of the
PC nanocomposites, the decrease of the normalized relaxation strength is much steeper
than the no RAF line and shows two slopes, i.e. up to a concentration of approximately
2.5 vol%, and beyond a concentration of 2.5 vol%. For φ >2.5 vol% the slope of the line
decreases and tends more towards the RAF= 0 line. This change in slope can be a
result of agglomeration of the silica particles, which decreases the surface area, thereby
reducing the amount of polymer chains grafted on the particle surface.

Figure 2.18: Normalized RAF for PC and PS silica nanocomposites with the different
regimes.
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Furthermore, Eq. 2.13 assumes a constant RAF around all particles. This assumption is
not well justified by the data in Fig. 2.17b for the case of the PC nanocomposite as shown
in Fig. 2.18. If all the nanoparticles were covered by the same amount of polymer chains,
one would expect to find a constant ratio between the RAF and the filler content. The
decrease of the ratio indicates a decrease of the RAF per nanoparticle with increasing
filler concentration occurring, which might be due to agglomeration of the nanoparticles.
Since our focus lies at low concentrations, we do not follow the correction as mentioned
in Eq. 2.14. The grafting of the polymer chains should also affect the enthalpy relaxation
below the glass transition [137, 138]. Fig. 2.19a and b shows the enthalpy relaxation as a
function of distance from Tannealing − Tg for both PS and PC nanocomposites. No difference
in the enthalpy relaxation for the pure polymer and the nanocomposite was observed in
the case of the PS nanocomposite. But for the PC nanocomposites, only a fraction of the
expected enthalpy relaxation occurs. These results also support that there is grafting of
the PC chains on the nanosilica.

(a)

(b)

Figure 2.19: Annealing experiments proving the grafting of PC chains on the silica surface.
The enthalpy change as a function of T − Tg : a) PS/silica nanocomposite
and b) PC/silica nanocomposite. The enthalpy loss on annealing, 4H, is
simply the area difference under the DSC heat flow curves for the annealed
and reference scans.
With evidence that RAF is present in the case of the PC nanocomposites, the thickness of
this layer needs to be determined, as this is crucial for explaining the observed viscosity
drop. Using a diameter of 12 nm and a density of 2.4 g/cm3 for the SiO2 filler, a layer
thickness ranging from 3 to 5 nm was calculated using the approach mentioned by Schick
and Donth [139]. The thickness of the RAF as function of silica concentration is plotted in
Fig. 2.20.
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Figure 2.20: Thickness of the RAF layer around the silica nanoparticle.
The thickness of the grafted layer is of the order of Re of PC (4 nm), which could mean
that the grafts are probably the size of Me or less and polydisperse (as the reaction is
uncontrolled and PC is inherently polydisperse). Furthermore, the grafted layer is also
larger than the cooperatively rearranging regions (CRR) for an unfilled polymer (i.e. ~2 nm
using the Donth formula [140]). CRR defined as a subsystem of the sample which, upon
a sufficient fluctuation in energy, can rearrange into another conformation independently
of its environment, thus is responsible for liquid-like motion near Tg [141]. Therefore, the
grafted layer is thicker than the range of van der Waal’s forces and the CRR, and cannot
contribute to the liquid-like motions. The grafting causes the molecules to be bound on
one side of the CRR, i.e. particle surface, and at a distance of about 2-5 nm from the
interface, making the polymer chains behave as a bulk liquid.
C Entanglement density and low viscous layer around the particle
C.1 Effect on entanglement molar mass
The grafting of PC chains on the silica could result in an entanglement density variation
around the particle resulting in the formation of a low-viscosity layer. Various studies
showed that addition of nanoparticles can lead to a higher molar mass between
entanglements (Me ) and therefore the viscosity drop. For instance, Kim et al. [116]
showed that the addition of grafted nanoparticles increased the Me , as did Sun [19] who
concluded that the viscosity drop observed in PC/silica nanocomposites was due to an
increase in Me , while Tuteja et al. [61] showed that PS nanocomposites with a viscosity
drop didn’t show a change in Me . In this study two approaches were used to ascertain if
Me was affected upon the addition of nanosilica. The first approach uses the G0N calculated
using the criterion given by Eq. 2.3 and Me using Eq. 2.4 and Eq. 2.5 on the data shown
in Fig. 2.6a and c. The second approach uses a molecular model (Likhtman-McLeish
model) to calculate Me and G0N as explained in Section 2.3.2. The results are tabulated
in Table 2.2. Using the first approach, the addition of silica nanoparticles affects the G0N
and concomitantly Me and Z for both the PC/silica and PS/silica nanocomposites. The Me
increases with silica content in the case of PC and decreases with silica content in the
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case of PS. As shown in Fig. 2.5, the lowest viscosity is seen at 0.7 vol% silica in PC. At
this concentration, the Me value is higher than the neat PC, this implies a lower number of
entanglements per chain. However, it can be seen in Table 2.2 that the change in Z is one
unit. This difference might not be enough to a 25% in the viscosity. On the other hand,
an increase in the plateau modulus and a decrease the Me suggests that the number of
entanglements per chain in the PS nanocomposite increased. This can be attributed to the
silica network formed. However, qualitative predictions using the Likhtman-McLeish model
taking into account the molar mass distribution shows that there is hardly any change in
the number of entanglements per chain, as shown in Table 2.2.
Table 2.2: Comparison of the G0N and Me obtained by various methods.

2

Z

ZLM

η0∗ @T-Tg =100
◦C
[Pa.s]

30.2

16

25

6500

0.02

30.1

15

24

4000

0.011

1.25

29.0

15

24

5000

0.03

19.4

300

14

15

1600

4

16.9

300

23

18

6200

10

-

300

23

-

25400

-

G0N

Me

G0NLM

MeLM

Mw

[MPa]

[kg/mol]

[MPa]

[kg/mol]

[kg/mol]

PC30 0S

2.05

1.85

2.4

1.21

PC30 0.7S

2.0

1.91

2.4

1.24

PC30 1.5S

1.98

1.98

2.4

PS0S

0.17

16.2

0.19

PS1S

0.2

13.3

-

PS2S

0.22

13.1

-

Material

τd @ T-Tg =100
◦C
[sec]

For the neat PC and PS, the L-M model parameters used to fit the experimental data are
G0N−PC =2.4 MPa; τe−PC =23 μs; Me−PC =1.21 kg/mol and G0N−PS =0.19 MPa; τe−PS =17 ms;
Me−PS =19.4 kg/mol. The comparison between the fit data and the experimental data for
unfilled PC and PS and their nanocomposites are plotted in Fig. 2.21 and Fig. 2.22.

(a)

(b)

Figure 2.21: Fit of the experimental data with the Likhtman-McLeish theory: a) Fit to PC30
at 210 ◦ C and b) Fit to PS at 200 ◦ C.
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(a)

(b)

Figure 2.22: Fit of the experimental data with the Likhtman-McLeish theory: a) Fit to
PC30 + 0.7 vol% nanosilica at 210 ◦ C and b) Fit to PS + 1.0 vol% nanosilica
at 200 ◦ C.
It should be noted that all values presented in Table 2.2 are averaged values. It is important
to note that there is a large spread between the reported values of G0N . While for PC, they
are between 2.1-9 MPa [142], for PS, the reported values of G0N are between 0.17-0.21
MPa [23]. Hence the plateau modulus falls within the expected range, implying that the
changes in Me are not significant, and therefore cannot fully explain the viscosity drop.
C.2 Evidence of a low-viscosity layer
TM-DSC experiments show that the thickness of the grafted layer (l) on the nanosilica is
of the order lgra f tedlayer ≤ Re < r particle . Kalfus et al. [40], Jiang et al. [105], and Picu and
Rakshit [143] showed that the surface interaction is not confined to a surface-bound layer,
and can have a far-field effect on the order of at least Rg . The influence zone of the grafted
layer can be examined by two potential concepts recently published by Ganesan et al.
[144] and Wang and Hill [58]. The Ganesan-Pryamitsyn model focused on unentangled
polymer nanocomposites and therefore is not used in this study, but is explained and
applied to the experimental data (shown in the appendix). As the model proposed by
Wang and Hill was used for entangled nanocomposites it is used to explain the viscosity
data.
The Wang-Hill model is essentially a continuum model that captures the zero-shear
viscosity behavior of nanocomposites. The model uses the concept of a layer at the
nanoparticle-polymer interface which has different density and viscosity from the bulk.
Based on the model’s success in describing the viscosity drop observed by Mackay and
co-workers [16, 31], it was concluded that, when the layer thickness is larger than the
nanoparticle radius, and the viscosity and density of the layer (of thickness δ ) is lower
than the bulk, the overall intrinsic viscosity decreases contrary to the Einstein theory. The
existence of such a layer with changed density (ρ) and viscosity (η) was also found in
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various simulations [145, 146, 147, 148, 149]. The model accounted for finite slip at the
particle surface by means of a reciprocal slipping length, k. Where k → ∞ corresponds
to no slip and k=0 corresponds to complete slip of the polymers along the nanoparticle
surface, showing that the parameter does have big influence on the result. Using a
critical molar mass (Mc ) of 5000 g/mol for PC [150] the viscous layer (δ ) for PC/silica
nanocomposite at 250 ◦ C is shown in Table 2.3 and Fig. 2.23 (the model details are shown
in the appendix). The values of [η] are calculated using Eq. 2.2 with the viscosity values
obtained from the rheology experiments.

2

(a)

(b)

Figure 2.23: a) Wang-Hill model fit to viscosity ratio in PC30 and b) low-viscosity layer
thickness predicted by the Wang-Hill model .

Table 2.3: Low viscosity layer thickness calculated using the Wang-Hill model for PC/silica
nanocomposites.
Sample

[η]

layer
thickness
[nm]

PC30 0S, PC40 0S

0

-

PC20 0.7S

-13

6

PC20 3S

-1.4

1

PC30 0.7S

-13

7

PC30 3S

-1.4

0.8

PC40 0.7S

-16

8

PC40 3S

-2.7

0.9

This model is able to predict the viscosity drop reasonably well. However, as the model
does not account for particle-particle interaction, it does not describe the viscosity increase.
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Thus, for the PC/silica nanocomposite samples, the layer thickness strongly depends on
the actual filler degree and for the smallest silica fractions δ (0.7 vol%) = 7 nm and δ (3.0
vol%) = 1nm. The results indicate that the influence zone in order to achieve the observed
viscosity drop is approximately the Rg irrespective of the molar mass of PC. Therefore,
around the particle at a distance of Rg , a low viscosity layer leads to an overall drop in
the viscosity. This lower viscosity layer most likely is present due to a reduced number
of entanglements around the particle, as a result of diffusion of particle and constraint
release at the nanoparticle-polymer interface occurring due to the grafts. According to the
theory of particle mobility developed by Brochard-Wyart and De Gennes [59] and Cai et
al. [151] , depending on the ratio of the entanglement radius (or tube diameter) and the
particle size, the motion of the particle is affected by the relaxation times of the polymer
chain. When r particle < Re , the particle experiences Rouse dynamics at times τe < t < τd ,
i.e. the nanoparticle motion involves rearrangements of the surrounding polymer chain
segments. This implies that the particle motion occurs fast resulting in a lower the viscosity
of the bulk.
At times t > τd the motion of the particles is diffusive. For particles Re < r particle < Rg ,
at τe > t the particle experience Rouse dynamics and at τe < t, the particle motion is
constrained by entanglements and in order to move, they have to wait for the polymer to
relax by reptation and thus does not contribute to reduction in the viscosity of the melt.
However, if the particles are slightly larger than the tube diameter i.e. as in this case where
the Re = 4 nm and the r particle = 9 nm (from TEM), they do not have to wait for the whole
polymer to relax and can diffuse by hopping between neighboring entanglement cages.
This means that at longer times due to the motion of the particle, the grafts on the surface
participate in reducing the number of entanglements in the surrounding of the particle
and perforate the tube, i.e. constraint release like mechanism, thus resulting in a low
viscosity layer at the nanoparticle-polymer interface of the order of Rg . This low viscosity
layer might explain the observed viscosity drop. This claim is further substantiated by the
fact that the relaxation times, i.e τd , τe , τ0 (as explained in Section 2.3.2), are faster at low
concentrations, as shown in Fig. 2.8. Furthermore, insights on how the polymer chains
relax in the grafted nanosilica environment can be obtained by taking the ratio of:
1. the short characteristic time scales viz. τe & τ0 scales with the tube diameter, i.e.
κ = (τe /τ0 )1/4 = Re /b, where b is the Kuhn length,
2. the long times scales viz. τd & τe scales with the number of entanglements as Z 3 , i.e.
ε = (τd /τe ) = 3Z 3 .
Fig. 2.24a shows that irrespective of the sample κ remains unchanged till concentration of
0.7 vol% nanosilica, beyond this concentration κ decreases. This implies that at shorter
times and larger concentrations of nanosilica particles (>0.7 vol%) the PC effectively has
a smaller tube diameter. This implies that, the nanoparticles, exert additional constrains
on the tube. Correspondingly, Fig. 2.24b shows that for longer time scales irrespective of
the molar mass of the PC, there is a decrease in the number of entanglement or ε at low
concentrations (up to 0.7 vol%) followed by an increase at concentrations of nanosilica.
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(a)

(b)

Figure 2.24: a) Relative tube diameter and b) relative number of entanglements for PC
and PC/silica nanocomposites normalized with respect to unfilled PC.
As shown in Table 2.2, the plateau modulus essentially remains constant over the same
range of nanosilica concentration. This suggests that the observed reduction in Z is not
due an increase in Me , but shows the reduction in effective entanglements experienced
by the host chains at the time of tube escape (occurring due to disentanglement at
the nanoparticle-polymer interface). A similar mechanism was proposed by Tuteja et
al. [17, 61] to explain the viscosity drop in PS nanocomposites. They proposed that
the fast diffusion of nanoparticles in the matrix could effectively reduce the number of
entanglements.
It has to be noted that the reported values are mean values. The relative contribution of
adding more nanoparticles to the viscosity drop becomes less because of the overlap
of the low viscous regions. Counter effects for the viscosity reduction are agglomeration
and chain bridging. Both contribute to a decreasing value of the mean layer thickness.
The Wang-Hill model is only a continuum approximation for the very complex problem of
entangled polymer dynamics in the presence of nanoparticles. Nevertheless, the success
of the description indicates that their assumptions are valid for this case. In particular,
their main claim, i.e. the existence of a layer with reduced viscosity near the particle
surface, seems to be very plausible and the layer thickness can serve as a reasonable
means of quantification. The above results also support the Tg decrease seen, due to
acceleration in the chain relaxation dynamics. However, the decrease in glass transition is
not very drastic, and is only about 2-3 ◦ C. This observation in PC composites was also
seen by other studies, where a decrease in viscosity was observed. Therefore, the above
results clearly indicate that hypothesis 3 is most likely to cause the observed viscosity drop.
The grafts clearly affect the chain dynamics at the interface of the nanoparticle-polymer
interface resulting in a reduced number of entanglements due to particle motion and
the concomitant constraint release. Furthermore, TM-DSC results are in-line with the
assumption that the random nature of the reaction and diffusion limitations prevent the long
chains to react with the nanosilica surface resulting in graft lengths ≤Me and polydisperse.

Conclusions

2.5

49

Conclusions

Interesting dynamic properties that deviate from the classical Einstein-like behavior were
observed for the PC/silica nanocomposites made via melt extrusion. The viscosity of
PC decreased up to 25% on the addition of silica nanoparticles till a concentration of
<0.7 vol%, followed by an increase thereafter. In contrast, a continuous and much
larger increase in viscosity was observed for the PS/silica nanocomposites across all
concentrations. The increase in viscosity for both PS and PC nanocomposites occurred
due to agglomeration and chain bridging, and was found to significantly deviate from
the Guth-Gold prediction. TEM images demonstrate that for all concentrations, the silica
nanoparticles are better dispersed in the PC matrix than in the PS matrix. This is attributed
to the hydrophilic nature of the nanoparticles, which are more compatible with the PC
structure.
In order to explain the viscosity drop, three hypotheses were tested, viz. the ‘ball-bearing’
effect, selective adsorption, and chain grafting. The rheological analysis suggests neither
the ‘ball-bearing effect’ nor ‘selective adsorption’ are likely to be dominant causes. While
the FTIR and XPS analysis showed strong evidence for a reaction between the nanosilica
particles and PC. This resulted in the grafting of the PC chains on the nanosilica surface,
indicating chain grafting could be a plausible mechanism. The results from TM-DSC and
annealing experiments suggest that the thickness of the grafted PC on the silica surface is
larger than the cooperatively rearranging regions, and was the order of Re , i.e. 2-4 nm,
suggesting that the grafts must be of the order of Me or less. At low concentrations, the
nanoparticles were found to be covered with the same amount of RAF. However, at higher
concentrations, the RAF decreased suggesting agglomeration of the nanoparticles.
Furthermore, the grafts were found to speed up the chain dynamics, resulting in a decrease
in Tg . The speeding up of the relaxation was also evidenced in the characteristic relaxation
times, i.e. τ0 , τe , τd at concentrations below 0.7 vol% silica nanoparticles. At short
time scales and high concentrations (>0.7 vol%), the nanoparticles imposed additional
constraint on the tube. At longer times scales and low concentrations, i.e. <0.7 vol%, the
grafts appear to reduce the number of entanglements of the host due to the particle motion
and accelerate tube escape via constraint release. The influence zone of the grafted layer
was calculated using the Wang-Hill model, which shows the presence of a low viscosity
layer of the order of Rg of the PC chain around the particle. Finally, the Me and thus the
entanglement number, Rg and molar mass of the PC within the tested range does not
seem to play a significant role in the observed viscosity drop. This might be because of
the chemical interaction between the silica and PC which depends only on the nature of
the reactive groups. Thus, the formation of a low-viscosity due to the reduced number of
entanglements at the nanoparticle-polymer interface results in the decrease of the overall
viscosity of the PC nanocomposite, while in the case of the PS/silica nanocomposites the
absence of any interaction between the apolar PS and polar nanosilica lead to a viscosity
increase.

2

50

Understanding the viscosity behavior of poly(carbonate) and poly(styrene)/silica nanocomposites

2.A Appendix
Effect of wall slip in-homogeneous flow and molar mass decrease
The following two potential unwanted side effects that could be responsible for the viscosity
drop are discussed:
1. Slip or in-homogeneous flow,
2. Molar mass degradation during fabrication and measurements.

2

Henson et al. [120] showed that a decrease in viscosity of nanocomposites could be due to
in-homogeneous flow or slip at the slit wall caused by the nanoparticles. As all rheological
measurements reported in this chapter were performed by using a parallel-plate geometry,
the possible occurrence of wall slip can be determined by performing measurements for
different gaps. No significant effect was observed when the gap distance was varied from
0.5 to 1.5 mm for both PC and PS nanocomposites. This indicates that the decrease in
viscosity does not originate from wall slip or in-homogeneous flow.
Table 2.4: Molar masses after compounding and measurements.
Material

Mw ±0.5
(after
compounding)

PDI
(after compounding)

Mw ±0.5
(after
rheology)

PDI
(after
rheology)

[kg/mol]

[kg/mol]

[kg/mol]

Change
in Mw

Change in
Mw
(due to
silica, after
rheology)
[kg/mol]

PC20 0S

21.0

2.33

21.2

2.33

0.2

PC20 0.7S

20.7

2.34

20.8

2.34

0.1

-0.3
-0.8

PC20 1.5S

20.6

2.36

20.4

2.36

-0.2

PC30 0S

30.2

2.55

30.1

2.54

-0.1

PC30 0.7S

30.1

2.55

30.6

2.54

0.4

-0.5

PC30 1.5S

30.2

2.57

29.0

2.57

-0.8

-0.9

PC40 0S

40

3.23

39.8

3.21

-0.2

PC40 0.7S

39.3

3.26

38.9

3.25

-0.4

-0.9

PC40 1.5S

39.0

3.23

38.7

3.23

-300

-1100

PS0S

300

2. 6

300 (±1)

2. 61

0

PS1S

300

2.62

300 (±1)

2. 61

0

0

The second possibility is the degradation of the polymer nanocomposite during the
preparation or measurement. It is known from the molar mass dependence of the zeroshear viscosity, η=kMw3.4 , that a slight decrease in molar mass can lead to a significant
decrease in viscosity. To ensure that the decrease in viscosity is not due to the degradation
of the PC or PS, the molar masses of all nanocomposites after the preparation were
characterized by SEC. The results are summarized in Table 2.4, and it can be observed
that a small decrease in the molar mass and a corresponding small increase of the
polydispersity index (PDI) occur during the extrusion process after the addition of silica.
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Other studies also showed that the method of preparation and residual solvent does not
have a significant effect on the viscosity [19].

2
Figure 2.25: Corrected viscosity drop using molar mass for PC30 . There were no changes
seen in case of PS.
After correcting the viscosity for the change in molar mass using the power law equation,
the remaining decrease in the viscosity for the system with the highest viscosity reduction,
i.e. ~ 0.7 vol% silica, accounts to ~ 20 %, as shown in Fig. 2.25 and Table 2.5. To
exclude possible thermo-oxidative degradation reactions, the molar mass of the samples
before and after the rheological measurements were also measured and the molar mass
variations observed were negligible. Therefore, thermal degradation hardly occurs during
rheology measurements.
Table 2.5: Corrected viscosity drop incorporating the change in molar mass.
Material

∆ before
correction [%]
±3%

∆ after
correction [%]
±3%

PC20/30/40 \ PS0S

0

0

PC20 0.7S

-26

-20

PC30 0.7S

-25

-20

PC40 0.7S

-26

-19

PS1S

400

400
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Continuum models
Ganesan model
Ganesan et al. proposed a continuum model for the dynamics of spherical particles in
unentangled polymer melt. They considered the influence of slip at the interface of the
particle and Rg /r particle , where Rg > r particle and the correlation length (=monomer segment)
<Rg . They also extended this model to encompass entangled polymer melts using the
argument that disentanglement occurs on length scales smaller than the reptation tube
diameter Re . The key results from their analysis for unentangled melts with r particle /Rg > 1
is given by:

2

4η
3 − 96λ β 2
= [η] =
φ
η0 (φ = 0)
2(1 + 5λ + 48λ β 2 )

(2.17)

where β is the radius ratio, i. e. Rg /r particle , λ the dimensionless slip at the interface of the
particle; a value of 0 corresponds to no-slip.
For entangled melts Eq. 2.17 is substituted with β = Re /r particle and η(φ ) = η(φ = 0) ×
[1 − φ ]11/3 . Taking into consideration that the addition of particles (neutral or weakly
interacting) can cause a loss of entanglements and assuming that no major changes in the
conformations of the polymer occur, β can be easily calculated from material parameters
and [η] can be estimated from Eq. 2.2 (neglecting higher order terms), leaving only the
slip parameter λ as the free parameter. Using a value of Re = 3.8 nm for PC [150], r particle
= 8 nm we find no convergence of the fit for γ for a given [η]. For a value of γ = 0, the
model predicts an increase in viscosity and for γ>100, the model predicts a decrease in
viscosity at low concentrations of filler. The predicted decrease is much smaller than the
experimentally observed value as shown in Table 2.6. Therefore, we can conclude that the
model proposed by Ganesan et al. cannot be used for entangled melts.
Table 2.6: Predictions using the Ganesan-Pyramitsin model.
4η
@γ =
0[Pa. s]

4η
@γ = 1
[Pa. s]

4ηexperimental

PC30

0

0

0

PC30 0.7S

50

-4

-2500

PC30 3S

200

-50

9100

Sample

[Pa. s]

Wang-Hill model
Wang and Hill postulated a layer of thickness δ on the order of dt surrounding each
nanoparticle, where the viscosity in the layer (ηin ) is equivalent to the Rouse viscosity,
i.e. ηin = ηRouse . The ηRouse is the viscosity calculated by the Rouse model and the bulk
viscosity (ηout ) is given by the reptation model, i.e. ηout = ηrep . They also accounted
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for finite slip at the particle surface by means of a reciprocal slipping length, k. Where
k → ∞ corresponds to no slip, whereas k = 0 corresponds to complete slip of the polymers
along the nanoparticle surface. These conditions are used to solve the Stokes equation
˙ i.e. 0.01 s-1 , for nanoparticle radius r particle ≈ 7.5
focusing on very low shear rates (γ),
nm, and radius of gyration of the polymer Rg ≈ 7 nm. This is in good agreement with
the experimental parameters set in our experiments. It is worth mentioning here that this
model does not account for particle-particle interaction.
The viscosity change given by the model of Wang and Hill is given by:

[η] =

(A0 χ 2 + B0 χ +C0 ) + k.r particle (D0 χ 2 + E 0 χ + F 0 )
(Aχ 2 + Bχ +C) + k.r particle (Dχ 2 + Eχ + F)

(2.18)

where, χ =(ηin /ηout ) / (ρin /ρout ) and in and out correspond to the Rouse layer around
the particle and the bulk, respectively. The definitions for A’-F’ and A-F can be found in
reference [58] and are related to the radius of the nanoparticle (r particle ) and to the layer
thickness δ .
The viscosity change [η] for each filler volume fraction (φ ) is found as a function of δ ,
ηin /ηbulk , and k using the continuous mass flux boundary condition ρin = ρout . However,
molecular dynamic simulations done by various groups show that the density profile close
to the interface is not as homogeneous as the bulk [19, 20, 58, 147]. This leaves us
with four parameters: the thickness (δ ), radius of the nanoparticle, the Rouse viscosity
(ηin ) and the bulk viscosity (ηout ). The radius of the nanoparticle is known from the TEM
measurements, while the Rouse viscosity is calculated using the relation

ηrouse = ηin = ηc (M/Mc )aT

(2.19)

where Mc and ηc are the critical molar mass and viscosity, respectively and aT is the shift
factor as given in equation 1. The Mc = 5000 g/mol for PC30 [150].
The melt viscosity or the bulk viscosity is calculated using relation:

η0 = ηbulk = ηout = ηc (M/Mc )a a13
T

(2.20)

using aT = 1 at 250 ◦ C, the ratio of ηin /ηout is given by

ηin
χ=
=
ηout



M
Mc

1−a
(2.21)

where a = 3.4 for linear PC (PC30 ) and 5.14 for branched PC (PC40 ). For PC30 χ = 0.0136
and PC40 χ = 0.0001824.
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Shift-factors
PC

2
(a)

(b)

(c)

Figure 2.26: Shift factors employed in obtaining TTS master curves for PC: a) PC30 , b)
PC30 0.7S, and c) PC30 1.5S. The solid line is the WLF equation fit.
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PS

2
(a)

(b)

(c)

Figure 2.27: Shift factors employed in obtaining TTS master curves for PS: a) PS0S, b)
PS1S, and c) PS2S. The solid line is the WLF equation fit..
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C HAPTER

3 Physical aging of poly(carbonate)/silica
nanocomposites

Abstract
Understanding and controlling physical aging below the glass transition temperature (Tg )
is very important for the long term performance of plastic parts. Many studies indicate
that nanoparticles influence physical aging. In this chapter, the effect of poly(carbonate)
(PC)-grafted silica nanoparticles on the physical aging of PC below the Tg is studied
using enthalpy relaxation and yield stress measurements. This is done by means of
differential scanning calorimetry (DSC) and tensile testing. The PC nanocomposites were
found to reach a thermodynamic equilibrium faster than bulk PC, implying that physical
aging is accelerated in the presence of grafted nanosilica. The acceleration of physical
aging was found to occur due to the diffusion of free volume holes to the interface of the
nanosilica and the PC matrix. On analyzing the enthalpy relaxation results with the ToolNarayanaswamy-Moynihan (TNM) model, it is seen that though the aging is accelerated
by the grafted silica nanoparticles, they do not alter the molecular mechanism responsible
for physical aging in the PC nanocomposite compared to the bulk PC . Furthermore, TNM
model parameters indicate a stronger structural dependence on the aging when followed
by yield stress evolution than DSC. Dynamic mechanical analysis (DMA) and mechanical
testing show that the grafted nanoparticles behave as an anti-plasticizer. The addition of
grafted nanoparticles also resulted in the faster embrittlement of the PC. The molecular
mechanism related to embrittlement could be related to free volume changes via the
decrease in γ- and β -relaxation intensity in DMA with aging time in both bulk PC and the
PC nanocomposite. Finally, a qualitative equivalence is observed in the physical aging
followed by both the enthalpy relaxation and yield stress.
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Physical aging of poly(carbonate)/silica nanocomposites

Introduction

In the previous chapter, the effect of silica nanoparticles on the viscoelastic properties of
PC was discussed. Melt compounded PC/silica nanocomposites displayed a “non-Einstein”
behavior as a result of grafting occurring on the nanosilica surface. A viscosity drop was
observed at low concentrations, i.e. <1 vol% of nanosilica, while higher nanosilica
concentration resulted in a strong increase in viscosity due to chain bridging. The drop in
viscosity was attributed to the grafts responsible for reducing the number of entanglement
around the particle resulting in a low viscous zone of ~ Rg , which contributes to the lowering
of bulk viscosity. This improved processability caused by the addition of nanoparticles does
not bring any good, if the mechanical properties of the nanocomposites are deteriorated
consequently. To be able to control the rheology/property balance of PC, the effect of
the addition of silica nanoparticles on the time-dependent mechanical properties was
investigated and the results will be discussed in this chapter.

3

Many papers comparing the effect of nanofillers and micron-sized fillers on the mechanical
properties have been published. Nanoparticles have been shown to improve the Young’s
modulus of the polymers more dramatically than micro-fillers [25, 63, 152, 153, 154, 155,
156], and in some cases it helps in improving toughness [157]. These improvements can
be achieved at much lower concentration in comparison to conventional micron-sized fillers,
i.e. <5 vol% for nanofillers vs. 10-40 vol% for micron-sized fillers. This signifies that many
intrinsic merits of neat polymers, such as low weight, ductility, and good processability,
can be retained after the addition of nanoparticles. 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 inter-particle distance [158].
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 graphene have
been used to enhance the tensile strength and the Young’s modulus of PC. However,
one of the main drawbacks as with the use of micron-sized fillers is the loss of impact
strength [159, 160, 161, 162]. Zhao et al. [163] studied the mechanical properties of
PC/POSS composites and observed slight improvements in the tensile modulus with
increased loading of trisilanolphenyl-POSS at the expense of a decreasing ductility. Wang
et al. [51] and Yin et al. [164] reported that approximately 1 wt% CaCO3 enhanced
the tensile and bending modulus, while the tensile strength and elongation at break
were reduced. The slight decrease of the tensile strength was illustrative for the weak
interaction between the CaCO3 nanoparticles and PC. It is worth noting that the viscosity
of the PC/CaCO3 nanocomposites showed a continuous decrease on increasing the
CaCO3 content. Concomitantly, the glass transition temperature (Tg ) was decreased by
approximately 6 ◦ C.
The final properties of a polymer are not only determined by product composition, but also
by the processing steps, the effects of which in many cases, are either underestimated
or even neglected. For instance, during injection molding, polymer melt is subjected to
complex flow fields with large temperature and pressure gradients in a short time, leading to
large variations in properties throughout the entire product. These variations in properties
occur due to the non-uniform cooling during processing, which makes the material to go
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out of equilibrium in the glassy state. Thus, for a polymer such as PC, physical aging
just below its Tg results in the rapid change of mechanical properties, which can lead
to embrittlement [2]. Fillers are known to affect the physical aging behavior of the host
polymer. Boucher et al. [165, 166, 167] showed that the addition of surface-functionalized
silica and gold particles accelerated physical aging of poly(methyl methacrylate) (PMMA)
and PS respectively. They showed that functionalization did not alter the molecular
mechanism for physical aging, but increasing the surface-to-volume ratio accelerated
physical aging. Other studies showed that nanofillers can also decelerate physical aging
of polymers. The deceleration mechanism is hypothesized to work via the adsorption
of polymer chain segments on the nanoparticle surface or confinement. This results in
heterogeneities in the melt and glassy state leading to different time-dependent properties.
The first reported attempt was made by Lee and Lichtenhan [168]. 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
Torkelson [169] showed that the addition of silica or alumina nanoparticles to thin films of
PS, PMMA or PVP decelerated physical aging as a result of confinement of the polymer
chain by the nanoparticle. They showed that at 4 vol% of alumina particles, the aging
can be reduced by a factor of 17. Priestly et al. [170] and Vlasveld [171] also found
similar results in their study of the PMMA-silica and poly(amide-6,6)-sodium fluoromica
nanocomposites respectively. The physical aging rate of PMMA was reduced by more
than a factor 20 by 0.4 vol% nanosilica, which was attributed to the reduced strength
of the β-relaxation process resulting from hydrogen bonding between the PMMA ester
side groups and the hydroxyl units on the surface of silica nanoparticles. Chen et al.
[172] showed that impact modifiers can be used to delay the onset of physical aging by
improving the toughness when the matrix loses its inherent ductility. Dan et al. [173]
added poly(acrylate)/TiO2 composite particles to PC to slow down the aging rate. In order
to study physical aging the following parameters can be monitored over a time:
1. Recovery of thermodynamic property below Tg ,
2. The yield stress,
3. The instantaneous relaxation (or retardation) time by applying a perturbation.
The most common techniques used to study physical aging are DSC, Broadband Dielectric
Spectroscopy, Mechanical Testing, Positron Annihilation Lifetime Spectroscopy (PALS),
and Fluorescence Spectroscopy [174].
In the light of the evidence that the silica nanoparticles in the PC matrix are grafted
with PC chains, this chapter explores the effect of grafting on the physical aging and
embrittlement of the PC nanocomposites. The enthalpy recovery and the yield stress are
studied as a function of time to capture the aging kinetics. DMTA is used to understand
the embrittlement of the PC and PC/silica nanocomposites. The effect of the grafted
nanosilica on PC is analyzed using the Tool-Narayanaswamy-Moynihan (TNM) model and
a diffusion model.
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Experimental section

The bisphenol A-based polycarbonate (PC30 ) used in this study was provided by SABIC’s
Innovative Plastics business, 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 approximately 30
wt% nanoparticles. All materials were used as received. The nomenclature of the samples
was explained in Chapter 2.

3.2.1

3

Preparation of poly(carbonate) nanocomposites

The polycarbonate (PC) powder was first dried for 12 hours at 110 ◦ C before mixing with
the nanosilica dispersion at different concentrations (0.5-10 vol%: based on the total
weight) and 0.1 wt% tris(2,4-di-tert-butylphenyl)phosphite as processing stabilizer. The
material was then dried for 24 hours to remove the solvent. The silica nanoparticles were
used without any further surface modification. This material was compounded 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 approximately 40 ◦ C for
the feeding section and up to 300 ◦ C in the melting zone. Injection molded ISO-tensile
bars samples were used for the characterization. The samples were molded at a melt
temperature of 280 ◦ C with the mold temperature set at 60 ◦ C.

3.2.2
3.2.2.1

Characterization techniques
Differential Scanning Calorimetry (DSC)

Thermal analysis of the samples were carried out by means of the differential scanning
calorimeter (DSC) (Q2000 from TA Instruments). The heat capacity and the temperature
were calibrated using sapphire and indium, respectively. All DSC measurements were
performed under a nitrogen atmosphere on samples of approximately 10 mg. Hermetic
aluminum pans were used for all experiments. The physical aging experiments started
with erasing the thermal history by heating the sample up to 200 ◦ C. The samples were
subsequently cooled down to 30 ◦ C at a rate of 20 ◦ C/min and allowed to equilibrate
before being stabilized at the temperature used for structural recovery (80, 125, 143 ◦ C).
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 approximately
2 ◦ C. The samples were aged from a few minutes to 30 days before being cooled to 40 ◦ C
at a cooling rate of 20 ◦ C/min, prior to reheating at 10 ◦ C/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 ◦ C and DSC
thermograms were recorded. The second heating scans were performed immediately
after a new quench (at 20 ◦ C/ min), see profile shown in Fig. 3.1. The enthalpy recovery
during aging for a period of time ta at a given temperature Ta was evaluated by integration
of the difference between thermograms of aged and unaged samples, according to the
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relation [165]:

ˆTx
∆H(ta , Ta ) = (Cap (T ) −Cup (T ))dT

(3.1)

Ty

where H is the enthalpy, Cp is the heat capacity of the sample, and the suffix a, and u,
denote the annealed and unannealed samples.

3
Figure 3.1: DSC program for physical aging.
3.2.2.2

Mechanical characterization

Tensile tests were conducted on a Zwick/Roell Z5.0 tensile tester with a 5 kN load cell at
ambient temperature (23 ◦ C). All experiments were conducted at a constant strain rate of
10-3 s-1 . In order to study embrittlement, samples were annealed at 110, 125, 135, 140,
and 145 ◦ C for various times between 0 - 300 hrs. All tensile yield stresses listed in the
results section are engineering yield stresses and each test was done in triplets to obtain
reliable results. The notched impact tests were performed on a servo-hydraulic MTS 831
Elastomer Testing System. All impact experiments were performed at room temperature
(23 ◦ C) at a displacement rate of 100 mm/s. The samples were annealed at 120 ◦ C for
various times from 0 - 300 hrs. The impact results are taken as the mean value of five
experiments.
3.2.2.3

Dynamic Mechanical Thermal Analysis (DMTA)

DMTA is a powerful tool to characterize thermo-mechanical properties of a polymer.
Dynamic mechanical analysis was performed on an ARES G2 rheometer from TA
Instruments using a rectangular torsion fixture. The samples were tested from -130
- 170 ◦ C with a heating rate of 3 ◦ C/min by varying the frequency from 1-10 Hz. The
dynamic variables such as the storage and loss modulus and phase angle were recorded.
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Theoretical background

Any system out of equilibrium always wants to go to equilibrium to minimize its internal
energy. In case of amorphous glass formers, this means that when cooled down from
an equilibrium melt, they undergo structural relaxation. Structural relaxation or structural
recovery refers to the process by which thermodynamic variables such as volume or
enthalpy evolve in an attempt to attain equilibrium when held isothermally at temperatures
below Tg [175]. The change in mechanical properties of glass-formers as a consequence
of structural recovery is known as physical aging, see Fig. 3.2.

3

Figure 3.2: Schematic representation of the temperature dependence of enthalpy and
volume for an amorphous glass former. Below the Tg , an out of equilibrium
glass shows excess volume or enthalpy with respect to its equilibrium state
and, during physical aging, a time dependent decrease towards zero of
these excess properties occurs. ta is the aging time and Ta is the annealing
temperature. Adapted from Cangialosi et al. [174].
Many models have been used to describe the above process. Below the glass transition,
the driving force for the relaxation in these models is the distance from the equilibrium.
The most commonly used models are the TNM (Tool-Narayanaswamy-Moynihan) model
[176] and the KAHR (Kovacs-Aklonis-Hutchinson-Ramos) model [177]. Both are multiparameter models and are found equivalent for all practical reasons. The TNM model
uses the fictive temperature T f , as defined by Tool [178], 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 [2]. Here, we will adopt the
TNM model approach to describe the aging and equilibrium kinetics.
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The TNM model expresses the dependence on the structure and the temperature of the
relaxation time as:

lnτT NM = lnAT NM +

x∆h (1 − x)∆h
+
RT
RT f

(3.2)

where τT NM is the relaxation time associated with physical aging, AT NM , is a constant,
∆h/R is the apparent activation energy in the temperature range of the experiment, and
x is the nonlinearity parameter which partitions the dependence of τT NM on temperature
and structure, the latter of which is quantified by the fictive temperature T f . The fictive
temperature is calculated using the method outlined by Moynihan as the intersection of
the extrapolated liquid and glass enthalpy lines through the relation, and is given by:
Tˆ>Tg

Tˆ>Tg

C p−liquid −C p−glass dT =

C p −C p−glass dT

(3.3)

T <Tg

Tf

A key aspect of the TNM model is that, the parameters (AT NM , x, ∆h) are material specific
parameters and can describe all the possible experiments independent of the thermal
history. The fictive temperature stated above can be approximated as the maximum
enthalpy released at a given temperature. Therefore at Ta < Tg , the fictive temperature is
given as:

∆H(T, ∞) = ∆C p (Tg )(Tg − T f ∞ )

(3.4)

where T f ∞ is the fictive temperature corresponding to the maximum recovered enthalpy.
The parameters of the TNM model were calculated by fitting the TNM model parameters
to the heat capacity data obtained from DSC. These parameters obtained from the TNM
model are used to calculate the structural relaxation function as given below:


φ (ta ) = exp −

t

β

τT NM

(3.5)

where β is the shape or non-linearity factor and it describes the width of distribution
relaxation times.
The structural relaxation can also be determined experimentally as the ratio of the enthalpy
at aging time ta = 0 and ta → ∞ and is given by:

φ (ta ) =

ΔH(ta ) − ΔH plateau
ΔH(ta = 0) − ΔH plateau

(3.6)

where ∆Hplateau is defined as value where the enthalpy does change on further aging.
As mentioned above, the kinetics of physical aging (or structural relaxation) are intimately
related to the molecular mobility (or the local dynamics in the glassy state). In the case
of the nanocomposites studied in this chapter, nanoscale effects play an important role
and therefore, the physical aging process can be drastically different in comparison to the
same process in the unfilled polymers. This occurs because the polymer segment mobility
can be affected in the following ways [166]:
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1. the molecular mobility in glass-forming systems is generally associated with a typical
length scale, and the presence of a physical barrier in confined materials may modify
the size and the temperature dependence of this length scale,
2. the mobility at the nanoparticle surface due to the polymer-nanoparticle interaction.
Boucher et al. [166] showed that silica nanoparticles accelerate the physical aging of
PMMA without changing the molecular mechanism of aging. The observations were
explained by using a faster diffusion of free volume holes from the polymer matrix to the
polymer-particle interface. This brings in a second concept to explain the physical aging
based on free volume and/or free volume distribution [174, 179].

3

It must be noted that the concept of free volume was unsuccessful in explaining the
rejuvenation of poly(styrene) (PS) and physical aging under compressive loads [180,
181]. The macroscopic properties upon physical aging can be explained considering
the free volume hole as a potential energy landscape (i.e. distribution of energy minima,
energy maxima and saddle points). According to this concept, during physical aging and
rejuvenation, the application of load changes the distribution of the energy maxima and
minima. During deformation, the material is taken to a higher energy state that enables
mobility of the chain segments, resulting in a lower yield stress when rejuvenated. On
physical aging, the system minimizes its energy which reduces the chain mobility by
increasing its yield stress [180]. This being the case, there are numerous studies that
still show that the “diffusion” of free volume is a viable concept. Specifically for the case
of PC and PS, this concept was validated both via modeling and actual measurements
(using Positron Annihilation Life-time Spectroscopy) [182, 183, 184, 185, 186, 187, 188,
189, 190].
The idea is that the free volume decreases due to physical aging which is driven by free
volume holes diffusion, as first proposed by Alfrey et al. [191] and later refined by Curro et
al. [192] and Perez [193]. This model was successful in explaining the physical aging in
thin films and several glassy polymers. The free volume holes can be modeled using the
classical diffusion equation considering they are redistributed in time (pseudo diffusion )
[194]. The equation is given below:

~
∂ fv (r,t)
∂t

!



~
= ∇ D∇ fv (r,t)

(3.7)

where fv is the fractional free volume and D is the diffusion coefficient of the free volume
holes.
Eq. 3.7 implies that the driving force for physical aging is a free volume gradient. Eq. 3.7
can be solved in two-dimensions exploiting the equivalence between nanocomposites and
thin films as shown by Boucher et al. Thus, a nanocomposite can be approximated as a
thin film when the following conditions are fulfilled [194]:
1. the size of the nanoparticles is significantly larger than that of the free volume hole,
2. for thin films, the diffusion direction is perpendicular to the thickness (surface of the
film) while for nanocomposites the gradient is perpendicular to the surface of the
nanoparticle.
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On expanding Eq. 3.7, a constant of diffusivity, D, is assumed [195], and the total number
of free volume holes ( N(t)) at time t is equal to the integral over the sample volume of the
free volume. Thus, Eq. 3.7 can be rewritten as:

N(t)
2 A
= 1 − 0.5 D0.5t 0.5
N(0)
π V

(3.8)

where A is the total surface 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,
t is the aging time, and N(0) is the number of holes at the initial aging time.
Eq. 3.8 can be rewritten in terms of the structural relaxation function φ (t), considering the
variation of the free volume holes number N(t) is proportionally linked to the variation of
the structural relaxation for aging times close to zero:

φ (ta ) = 1 −

2 A 0.5 0.5
D t
π 0.5 V

(3.9)

and differentiating Eq. 3.9 results in:



dφ (ta )
dt 0.5


=−
t=0

2 A 0.5
D
π 0.5 V

(3.10)

Using Eq. 3.5, 3.6, and 3.9, a plot of structural relaxation function φ (t) versus aging time
is drawn and the slope of this plot gives the diffusivity at the beginning of aging. It is
interesting to note Eq. 3.5 is mathematically equivalent to Eq. 3.9 when expanded via a
Taylor series around zero aging time provided that the stretched exponent, β , equals
0.5. In the light of the findings in Chapter 2, the above analysis will help in determining if
the grafts can also affect bulk properties in the glassy state, especially in relation to the
molecular features, such as molecular mobility and/or free volume.
As shown by Bauwens-Crowent [196] and Adam et al. [197] mechanical tests also give us
a good idea about physical aging and are equivalent to thermodynamic quantities such as
enthalpy. This can be observed by monitoring the yield stress and impact properties with
time. The yield stress evolution can be modeled using the TNM model, where this model
can be used by replacing the enthalpy overshoot by the yield stress increase in Eq. 3.6,
and using Eq. 3.11 in Eq. 3.2 and 3.5, by replacing ∆H with σ .

φ (ta ) =

σy (ta ) − σy plateau
σy (ta = 0) − σy plateau

(3.11)

For instance, Engels [2] was able to predict the evolution of the yield stress using a zero
viscosity approach. The above analysis/methodology will shed light on the mechanism of
aging of PC in the presence of the grafted silica nanoparticles.
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Results

This section will discuss the results of the aging experiments. The section is organized in
the following manner. First, the results from the thermal experiments will be presented
followed 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.

3.4.1

Enthalpy recovery

In a DSC experiment, physical aging is observed as the enthalpy or heat capacity
overshoot. Under isothermal conditions, the overshoot increases, while the fictive
temperature, T f , decreases with the aging time. This is shown in Fig. 3.3 for an aging
temperature of 125 ◦ C. The results are normalized with respect to the amount of silica in
case of the nanocomposites (by using the weight of nanosilica).
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(a)

(c)

(b)

(d)

Figure 3.3: DSC scans of the heat capacity versus temperatures for a) PC30 , b) PC30 +
0.7 vol% nanosilica, c) PC30 + 1.5 vol% nanosilica, and d) relaxed enthalpy
versus log aging time for PC and its nanocomposites. All results are for an
aging temperature of 125 ◦ C. The dashed lines are guide to the eye.
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Furthermore, the plot also shows an increase in the peak temperature, Tp with aging time.
These results are in agreement with what can be found in literature for PC, as well as
for nanocomposites in general [165, 196, 198]. The PC/silica nanocomposites (Fig. 3.3b
and c) also show broader and lower over shoot intensities as compared to the neat PC
(Fig. 3.3a) at aging time, ta > 1680 minutes. The amount of enthalpy recovery i.e. ∆H(ta )
is calculated using Eq. 3.1 at an aging temperature of 125 ◦ C for various aging times and
is shown in Fig. 3.3d.
Fig. 3.3d 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 ∆H(ta ) reach a plateau, this happens earlier in the nanocomposite compared
to the bulk PC and is proportional to the silica concentration. This implies that the
nanocomposites reach a final structural state earlier than the bulk PC sample and that the
grafting on the silica (as shown in Chapter 2) has an influence on the mobility (increased
mobility) of the PC chains. The difference in the plateau values and the amount of enthalpy
recovery between the unfilled PC and PC/nanosilica are not negligible. It could be argued
that this could arise from the equilibrium line (as show in Fig. 3.2) shifting vertically down
(below unfilled PC). However, given that the difference in glass transitions is approximately
2 ◦ C (between the unfilled PC and its nanocomposite) this hypothesis is not fully 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.
Comparing this result to viscosity behavior in Chapter 2, (where there is an optimum
concentration to obtain a lowest viscosity before it increases) the time taken for the
nanocomposite to reach a final equilibrium is inversely proportional to the nanosilica
concentration. This can be explained by considering the length scales responsible for these
effects. The viscosity drop that occurs below a concentration of 0.7 vol% is dominated by
the low viscous zone (or region of high mobility) of the order of Rg . Beyond this critical
concentration, chain-bridging and agglomeration of the order of 50 nm - 200 nm are
dominant. In contrast, physical aging is primarily dominated by mobility on a smaller segmental length scale of the order of 1 nm, which is well within the mobile zone. Thus,
based on these arguments it can be hypothesized that physical aging would be affected
by the presence of the low viscous zone.
The structural relaxation isotherms, calculated using Eq. 3.6, are shown in Fig. 3.4. This
approach is commonly used to quantify the physical aging and takes into account the
thermodynamics for aging (given by the denominator of Eq. 3.6). Thus, in a non-ambiguous
way, it can be used to define the physical aging rate for systems displaying different
thermodynamic driving forces. Fig. 3.4a shows that the addition of nanosilica to PC does
not change the slope of the structural relaxation, implying that the aging behavior is similar,
i.e. the underlying molecular mechanism does not change for both the PC and PC/silica
nanocomposites. This is also confirmed by a horizontal superposition of the data as shown
in Fig. 3.4a. Fig. 3.4b shows the superposed curves taking PC + 1.5 vol% silica as the
reference. The curves superimpose very well and an activation energy of 1.2 MJ/mol is
required for the shift of equilibrium. This value is in the same range as the one obtained by
Engels [2] (1.6 MJ/mol) in case of PC using zero viscosity method. Furthermore, Fig. 3.4a
demonstrates that PC/nanosilica samples begin to structurally relax faster than the unfilled
PC sample. This could indicate that the nanocomposites age faster. The rate of physical
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aging or structural relaxation is quantified by the time it takes for the sample to reach the
plateau rather than its slope. Thus, the results shown in Fig. 3.4a and b are consistent
with the physical aging observed when comparing it with Fig. 3.3d. Other nanocomposites
based on PMMA and PS also were reported to behave in a similar fashion [165, 167].

(a)

3

(b)

Figure 3.4: a) Structural relaxation function of PC and PC/silica nanocomposites at 125
◦ C, 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
composite as the reference.
The above results indicate that grafted silica in the PC does not affect the mechanism
of aging, but drastically affect the rate or kinetics (accelerates) of the process. Thus, the
underlying segmental dynamics with respect to structural relaxation is the same in case
of the PC and PC/silica nanocomposites. Taking hints from Chapter 2 and as explained
above, the aging occurs at a segmental length scale ~1 nm which is well within the
thickness of the mobile layer around the silica nanoparticles of the order Rg . Therefore,
the acceleration in physical aging could be explained by the presence of this mobile layer.
In order to further strengthen this conclusion, the data are analyzed using the TNM model
as described in the previous section. ∆H/R, β , x, and lnA are the four parameters used
to describe the glass transition kinetics in the TNM model, see Eq. 3.2 and 3.5. The
parameters can be obtained from a best fit of the experimental data with the model [175].
An estimate of the apparent activation energy parameter can be obtained from the cooling
rate dependence of Tg or T f , as shown below and in Fig. 3.5. Based on the fit, a value of
∆H/R=138kK is obtained.

∆H
dlnφ
=−
R
d(1/T f or Tg )

(3.12)

The value of x lies between 0 and 1. Values closer to 0 implies a strong structural
dependence and therefore a more nonlinear relaxation process, and values close to 1
indicate a lesser dependence on structure. The value of β also lies between 0 and 1; β =
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1 indicates a single exponential relaxation process and the degree of non-exponentiality or
the broadness of the relaxation process increases with decreasing values of β [199, 200].

Figure 3.5: Variation of T f with cooling rate (φ ) for PC and PC/silica nanocomposites. The
solid lines represent the best fits to the data. Based on the fit a ∆H/R=138kK
was found for all samples.
The values of β and x are determined by fitting the TNM model to the heat capacity data
of PC and PC/silica nanocomposite (see Fig. 3.3). The fit is shown in Fig. 3.6.

Figure 3.6: TNM model fits of 10 K/min heating rate data for PC and PC/silica
nanocomposites using a constant value of ∆H/R=138kK.
The values obtained from these fits were also used to fit the structural relaxation data
shown in Fig. 3.4a. The values obtained from the fit are tabulated in Table 3.1.
The following observations can be made from the fit values. As can be seen both from
Fig. 3.4a and Fig. 3.6, the TNM model can describe the physical aging process for both PC
and PC/silica nanocomposites well. The fitting values for x and β changes slightly from PC
to PC/silica nanocomposites. The values obtained for the pre-exponential factor lnA also
are constant. It is interesting to note that the decrease in β and x from the unfilled PC to
the PC nanocomposites. The decrease indicates that the addition of nanosilica broadens
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the distribution of relaxation times and makes aging more dependent of the structure.
Furthermore, Boucher et al. [165] showed that these parameters were also sensitive to
area-to-volume ratio of the nanoparticles. The above observations along with Fig. 3.4b and
the 2 ◦ C difference in glass transition 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
∆H/R, β , x, and lnA are in good agreement with the values published in literature for PC
[201, 202, 203].
Table 3.1: TNM model parameters from DSC.
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Sample

lnA
[s]

x

β

∆H/R
[kK]

∆Hplateau
[J/g]

PC30

-294.1

0.46

0.65

138.0

3.30

PC30 0.7S

-294.1

0.43

0.60

138.0

2.90

PC30 1.5S

-294.0

0.41

0.57

138.0

2.20

As discussed in the previous sections, 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 Section 3.3. The diffusion coefficient at the
beginning of the aging process can be calculated from the slope of the tangent to the plots
of φ (t) versus t 0.5 at the shortest aging times. As illustrated in Fig. 3.7, by using Eq. 3.10
the diffusivity can be calculated when the area-to-volume ratio is known.

Figure 3.7: Enthalpy relaxation function ϕ(t) with the square root of the aging time for the
different samples.
The area to volume ratio and the diffusivities were calculated and the results are shown in
Table 3.2. The area-to-volume ratio for the unfilled PC was calculated using the procedure
described by Boucher et al 166 and Curro et al. 192. The results given in Table 3.2
clearly indicate an increased rate of distribution of the energy landscape or diffusion to the
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interface. This result is in line with the TNM model and is indicative for the acceleration of
the kinetics of physical aging by the addition of nanosilica.
Table 3.2: Diffusion coefficient values obtained from DSC measurements.

3.4.2

Sample

V /A
[cm]

D
[cm2 s-1 ]

PC30

2.7 × 10-7

9.4 × 10-20

PC30 0.7S

3.3 × 10-7

2.2 × 10-19

PC30 1.5S

3.3 × 10-7

4.6 × 10-19

Mechanical testing

The results from the DSC clearly indicate that the presence of nanosilica particles affect
the aging behavior of PC. The effect of the presence of the nanosilica particles together
and the aging process on the bulk mechanical properties, such as yield stress and impact
strength, are studied. It is known that annealing PC below Tg results in an increase of the
yield stress, which leads at some point in time embrittlement [2, 179]. 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) [204].
For instance, annealing PC at 125 ◦ C makes it brittle within one hour [2]. With the
addition of fillers, the strain localization increases at the interface thus leading to faster
embrittlement. However, this can be controlled by making the interface of the filler
compatible with the bulk [205, 206]. 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 nanocomposites by using the approach used by Engels [2]. The
results obtained from the mechanical testing will be compared with the TNM model and
other results obtained from thermal analysis.
Fig. 3.8a shows the evolution of the yield stress as a function of time and temperature for
PC30 . The yield stress increases as a function of time for all temperatures investigated.
At 140 ◦ C (close to Tg , see Table 2.1), a leveling off is observed indicating that PC has
reached equilibrium. The data shown in Fig. 3.8a can be transformed into a master curve
using Time-Temperature -Superposition (TTS), under the assumption of thermorheological
simplicity. The master curve is constructed using Arrhenius-type temperature dependence,
resulting in shift factor (aT ) given by:



4U
aT = exp
R



1
1
−
T Tre f


(3.13)

where 4U is the activation energy, R is the universal gas constant, T is the annealing
temperature, and Tre f is the reference temperature.
The same procedure is followed for the PC/silica nanocomposites, see Fig. 3.8b . For all
samples a 4U = 205 kJ/mol is used [2].
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(a)

(b)

Figure 3.8: Yield stress versus annealing time a) different annealing temperatures for
PC30 0S and b) TTS curves constructed from a) using Tre f = 125 ◦ C and
4U=205 kJ/mol for all materials. The dashed line is given by Eq. 3.14.
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The yield stress evolution can be described by:



te f f (t, T ) + ta
σy (t, T ) = σy0 (T ) + c.log
t0


(3.14)

where σy0 and c are constants which give the vertical intersection of the curve with the
vertical axis at t =1 sec, and the slope of yield stress with time. ta is the initial age of the
material, which is dependent on the mold temperature, and t0 =1 sec is a scaling constant
and the effective time te f f is defined as:

ˆt
0
0
a−1
T (T (t ))dt

te f f =

(3.15)

0

aT is given by Eq. 3.13 [2].
The relations mentioned in Eq. 3.13, 3.14, and 3.15 were used to describe the data in
Fig. 3.8 and are represented by solid lines. Table 3.3 gives the parameters used.
Table 3.3: Master curve parameters. *parameters used by [2].
Sample

σy0
[MPa]

c
[MPa]

ta
[s]

PC30 0S*

22.0

3.6

7.5×1010

PC30 0.7S

23.5

3.6

7.5×1010

PC30 2S

24.5

3.6

7.5×1010
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The equations given above can describe the yield stress evolution for aging times <105 sec
quite well, i.e. the linear part of the TTS curve (annealed below Tg ). As expected, at
annealing times <105 sec, the nanocomposites show a higher yield stress (proportional
to the silica nanoparticle concentration - due to reinforcement), and after aging time i.e.
> 105 sec, the yield stress reach a plateau value. The plateau value decreases with
increasing nanosilica concentration. This plateau indicates that the samples have reached
their equilibrium, which occurs earlier in the nanocomposites than unfilled PC. Eq. 3.14
cannot capture the yield stress evolution at the equilibrium state. The equilibrium values
are reached faster upon increasing the silica concentration. This increase of yield stress
at shorter times and the decrease at longer times, suggests that the grafted nanosilica
particles are acting as an antiplasticizer and plasticizer, respectively. Furthermore, the
decrease in yield stress occurs close to the glass transition temperature, indicating an
increase in the mobility of the polymer chain. 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 increase mobility due to the presence of the grafts on the nanosilica
particle has to be taken into account (Chapter 2). As shown in Chapter 2, all the
relaxation times are affected by the presence of the grafts and are lower than the unfilled
PC. The results obtained on the evolution of the yield stress on annealing 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
qualitative equivalency between the bulk (such as mechanical properties) and calorimetric
measurements. This equivalency was previously shown for unfilled PC [196, 202, 197].
Furthermore, these master curves are analyzed using the TNM model as shown in Fig. 3.9.
Fig. 3.9a 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.

(a)

(b)

Figure 3.9: a) Master curves of yield stress versus annealing time and b) structural
relaxation at Tre f = 125 ◦ C. The solid lines indicate the fit to the TNM model
using Eq. 3.11, Eq. 3.2 and Eq. 3.5.
The parameter set obtained by fitting the model is given in Table 3.4. The values of ∆H/R
and β are similar to the ones obtained via fitting the TNM model to the DSC experiments,
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while the non-linear parameter, x, is different. The lower value of x suggests that physical
aging has a strong structural dependence. This further supports the argument that the
relaxation close to the glassy region is affected due to the grafts as shown in Chapter 2.
Table 3.4: TNM model parameters from mechanical testing.
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Sample

ln(A)

x

∆H/R
[kK]

β

σ plateau
[MPa]

PC30

-251

0.36

117

0.6

81

PC30 0.7S

-251

0.3

118

0.57

79

PC30 2S

-250

0.25

117

0.55
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Furthermore, the parameters in Table 3.4 are used to plot the structural relaxation
parameter using Eq. 3.5 by replacing ∆H with σ , see Fig. 3.9b. The plot shows that
the addition of nanosilica to PC changes its aging behavior. As with the results from DSC,
the nanocomposites relax earlier than the unfilled PC. The amount relaxed is proportional
to the silica nanoparticle concentration. This indicates that the nanocomposites age
faster than the unfilled PC. This is in line with the results obtained from both the yield
stress evolution and enthalpy recovery experiments. However, unlike the structural
relaxation obtained in Fig. 3.4a, the slope of the relaxation curve is not the same for
the nanocomposites and the unfilled PC, see Fig. 3.9b inset. This further supports 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 experiments.
This difference could arise from the stress-induced relaxation, which could affect the time
scales of relaxation processes for different structural units.
Finally, impact tests were performed to study the influence of aging on the ductility. The
grafts on the silica surface allows for strong interaction between the nanoparticle and
the bulk PC. This could result in delocalization of stress during deformation (due to
compatibility between the bulk and nanoparticle), thus improving the impact properties.
Fig. 3.10 shows embrittlement upon aging at 120 ◦ C. The following can be observed from
the plot:
1. The impact values of PC samples are higher than those of PC/silica nanocomposites
for all aging times, implying that the nanocomposites are brittle compared to the PC.
2. PC/silica nanocomposites embrittle faster than the unfilled PC.
These results are contrary to expectations. The decrease in impact properties and
embrittlement occurs as the silica nanoparticles act as stress concentrators. This occurs
due to the decrease in surface area (because of agglomeration), and a decrease of
free-volume [207]. PC embrittles after 30 hrs, compared to 0.5 hrs for the PC/silica
nanocomposites. An increase in silica concentration decreases the impact energy, but
does not change the time for embrittlement. At longer annealing times, the impact energies
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of the nanocomposites show a plateau and all samples have similar impact energies.
However, at long annealing times (>105 sec) a drop in impact is observed for the PC
nanocomposite with 1.5 vol% silica, which might occur due to degradation of PC.

Figure 3.10: Embrittlement after aging of notched PC and PC/silica nanocomposites
annealed at 120 ◦ C
In conclusion, the increase in yield stress after shorter annealing times together with
the decrease of yield stress at longer annealing times points to the fact that the silica
nanoparticles might act as an antiplasticizer (at short times) and plasticizer (at long times).
Furthermore, a decrease in surface area due to agglomeration results in loss of impact
strength and rapid embrittlement.

3.4.3

Dynamic Mechanical Analysis (DMA)

DMA analysis was performed to observe and understand the changes in cooperative
segmental motions in the presence of nanosilica (grafted with PC) and upon aging.
Fig. 3.11a. shows the various relaxations in PC and PC/silica nanocomposites. The
relaxations can be divided into γ1 , γ2 , β and α (or Tg ). The γ transitions are related to
molecular motions, in particular to the phenyl ring rotation (γ1 ) and carbonyl rocking (γ2 ).
The β transition is related to the residual stress in the system due to chain packing in
the glassy state, and is affected by aging. Finally, the α transition is referred to as the
glass-transition. In case of PC the relaxation peaks are observed at -100, -50, 80-120 and
148 ◦ C, respectively [208]. On comparing the effect of grafted silica on the relaxation, i.e.
PC vs. PC/silica nanocomposites, the following is observed:
1. The γ2 relaxation has shifted to a higher temperature, i.e. from -50 to 0 ◦ C for
nanocomposite,
2. A decrease in intensity of the γ1 relaxation in case of the nanocomposite. This is
proportional to the silica concentration, 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 shown
in Chapter 2.
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Furthermore, Fig. 3.12a shows an increase in the storage modulus with increase in
nanosilica concentration. These results confirm that that the nanosilica particles might act
as an antiplasticizer [209, 210].
The shift in γ2 relaxation suggests that the environment around the phenyl ring is altered
[211, 212]. In order to understand this change a comparative example in the form of a
copolymer is used. Fig. 3.11b shows the various relaxation peaks in PC and its copolymer
which has a heavy moiety (dimethyl cyclohexyl bisphenol) in the main chain. The figure
shows the change in the γ-transition due to a hindrance of the rotation of the phenyl ring
and the rocking of the carbonyl bond. The hindrance required more energy for the rotational
motion and thus the peak shifts to higher temperatures. Using the same argument, it
can be concluded that the shift of the γ2 -transition in the PC/silica nanocomposite is
most likely due to the strong chemical interaction between PC and the silica nanoparticle
via the carbonyl bond. Other studies showed the γ2 -transition does shift if there is no
chemical interaction. For instance, Potschke et al. [213] showed that melt blending carbon
nanotubes with PC did not alter the DMA response.
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(a)

(b)

Figure 3.11: Various transitions in a) PC and PC/silica nanocomposites and b) PC and
PC-copolymer
Furthermore, the effect of the strong interaction between PC and silica and its effect on
aging was also analyzed by DMA, see Fig. 3.12. The following can be observed upon
aging the samples at 125 ◦ C:
1. The Tg increases slightly and reaches an constant value.
2. The β 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
nanocomposites occurs faster, indicating that the residual stress decreases faster,
while the embrittlement occurs faster.
3. The intensities of the γ2 -relaxation show an increase followed by a decrease, while
the γ1 -relaxation continuously decreases. The change in the intensity of the γ1 -
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relaxation and the increase in Tg can be considered as a decrease in free volume
[195, 210].

(a)

(b)
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(c)

(d)

Figure 3.12: a) Storage modulus (G0 ) versus temperature, and Tan(δ ) versus temperature
for various aging times at an aging temperature of 125 ◦ C and at 1 Hz for b)
PC30 , c) PC30 + 0.7 vol% silica, and d) PC30 + 1.5 vol% nanosilica.
Wyzgoski and Yeh [210] showed that there is a direct relation between the peak intensity
of the Tan(δ ) and the free volume. In their study, they showed adding either a plasticizer or
antiplasticizer decrease in fractional free volume. Similar results were found by Kierkels in
PC and PS [209, 214]. Therefore, it can be concluded that all samples showed a decrease
in the free volume as a result of a decrease in intensity of γ1 -peak. Fig. 3.13 shows a plot
of the normalized peak intensity of the γ1 transition with reference to 0 hour annealing
versus annealing time. The plot shows that the 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, i.e. the decrease in free-volume
restricts the mobility [207, 215]. Thus, based on Fig. 3.13, 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.
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Figure 3.13: Normalized intensity (γ- transition) versus annealing time for PC and
PC/silica nanocomposites at 1Hz.

3.5

3

Discussion

It is clear from the enthalpy relaxation and the evolution of the yield stress experiments
that grafted nanosilica particles affect the structural recovery of PC. The grafting does not
change the mechanism of physical aging, but accelerates the rate. This result appears to
be in contradiction with most of the studies on the physical aging behavior of glassy polymer
nanocomposites containing inorganic fillers, where nanoparticles suppress physical aging
in glassy polymers. For instance Amauel et al. [216] and Flory et al. [217] showed a
reduced physical aging rate for PMMA/SWCNT and PVAc/silica nanocomposites. This
reduction was quantified by means of the enthalpy relaxation rate. The results were
explained by assuming a layer with reduced mobility, i.e. a reduction in the segmental
mobility near or at the filler interface. In the framework of this study, the change in the
polymer segmental mobility can play a role due to the interaction of the grafts on the
nanosilica particle with the bulk. As shown in Chapter 2, relaxation times near the glassy
region are affected by the grafts and are lower in case of the nanocomposites relative
to unfilled PC. This increased mobility may explain the accelerated aging behavior of
the nanocomposites relative to unfilled PC. Furthermore, the TNM model parameters
provide evidence that the physical aging could depend on the chain dynamics in case
of the nanocomposites. Thus, the acceleration of the physical aging rate of PC could
be linked to a change in the polymer dynamics in the surroundings of the nanoparticle.
Nevertheless, one has to be careful in the interpretation of such data. It is important to
highlight a number of points revealed by this study:
1. The nanocomposites reach the plateau value of the enthalpy recovery and yield
stress faster than unfilled PC,
2. Addition of nanosilica increases the yield stress at short times, but decreases the
yield stress at longer times, suggesting that nanosilica acts like an antiplaticizer,
3. The TNM model indicates the physical aging captured via the yield stress evolution
shows a stronger structural dependence than the aging captured using DSC,
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4. The relaxation function and the diffusion coefficients of the free volume holes provide
strong evidence that the physical aging is accelerated in the nanocomposites.
Similar observations were made with respect to enthalpy relaxation for PS and PMMA
nanocomposites by Boucher and coworkers [166, 218, 167, 194, 174]. Furthermore, the
faster equilibrium reached by nanocomposites could indicate that the initial value of the
enthalpy already corresponds to a partially relaxed structure of the polymer. This could
occur due to the increased chain mobility close to the glass transition because of the
interaction between the grafts and the bulk. Therefore, the suppression of physical aging
reported in some studies for the shortest confinement length scales (in the case of thin
films or for the shortest interparticle distances) for the polymer nanocomposite systems
may only be apparent, but may be the result of accelerated aging. This makes it difficult to
detect in the studied temperature and time range, as the aging has occurred before the
beginning of the measurement. These results are also in line with the mechanical testing
and the TNM model.

3.6

Conclusions

The effect of grafted silica nanoparticles on the physical aging of PC was studied by using
DSC, mechanical testing and DMA. The grafted silica nanoparticles were found to act
as an antiplasticizer, and accelerated the physical aging without affecting the underlying
mechanism of aging. At short aging times the yield stress was found to increase with
nanosilica concentration, while at longer aging times the nanocomposites reached a
plateau value earlier than unfilled PC for both enthalpy recovery and yield stress evolution
experiments. The time taken to reach the plateau in both cases decreased with increasing
the concentration of nanosilica. Both the structural relaxation function and the TNM model
indicate that while the silica nanoparticles accelerate the structural recovery of PC, they
do not affect the molecular mechanism. Furthermore, TNM model parameters indicate a
stronger structural dependence on the aging followed via the yield stress evolution than
the enthalpy recovery implying that the relaxation time scales in thermal and mechanical
experiments are very different. Impact tests revealed that the nanocomposites were found
to be brittle and embrittled faster compared to the unfilled PC. The molecular origins of
embrittlement could be related to the decrease in intensity of the β - and γ1 -relaxation via
a decrease in free volume from DMA analysis. 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. Finally,
comparing the effect of nanosilica on the viscosity behavior and physical aging in PC, it
can be concluded that besides interaction between the PC and nanosilica, length scales
play an important role in determining the properties. The viscosity drop that occurs below a
concentration of 0.7 vol% is dominated by the low viscous zone (or region of high mobility)
of the order of Rg . Beyond this critical concentration, chain-bridging and agglomeration
of the order of 50 nm - 200 nm are dominant. In contrast, physical aging is primarily
dominated by mobility on a smaller - segmental length scale of the order of 1 nm, which is
well within the mobile zone.
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C HAPTER

4 Rheological and crystallization behavior
of semi-crystalline polymer/silica
nanocomposites

Abstract
In this chapter, the rheological and crystallization properties of melt compounded semicrystalline poly(butylene terephthalate) (PBT)/silica nanocomposites are studied using
X-ray Photoelectron Spectroscopy (XPS), Fourier Transform Infrared Spectroscopy (FTIR),
oscillatory shear rheology, and differential scanning calorimetry (DSC). As in the case
of amorphous poly(carbonate)/silica nanocomposite, PBT nanocomposites exhibited a
15% decrease in the Newtonian viscosity at low concentrations of nanosilica, followed
by an increase thereafter. This viscosity increase is attributed to chain bridging and
agglomeration of the nanoparticles. While the FTIR and XPS reveal that PBT chains
were grafted on the nanosilica surface during melt compounding which could result in
the formation of low viscosity zone by disentanglement resulting in viscosity decrease.
The low viscous layer surrounding the nanosilica was calculated to be ~ 9 nm using the
Wang-Hill model. Additionally, specific heat capacity data at the glass transition region
reveals that the filler specific rigid amorphous fraction (RAF) follows a similar trend to that
of the Newtonian viscosity as a function of nanosilica concentration. This further supports
the increase in the chain mobility around the filler. The DSC results indicate that the
grafted nanosilica particles act as a heterogeneous nucleating agent in both isothermal
and non-isothermal crystallization. Furthermore, the nanosilica particles were found to
have an extremely high nucleating efficiency due to grafting, i.e. 73% at 0.25 vol%. Finally,
the Kissinger analysis shows that the activation energy for crystal growth is lower in the
case of the PBT nanocomposites than for the unfilled PBT. These results indicate that
grafting affects the mobility of PBT chains, thus enhancing the crystallization kinetics.
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Introduction

In Chapter 2, it was observed that the addition of silica nanoparticles to an amorphous
polymer, such as poly(carbonate) (PC), caused a change in its rheological behavior. This
was mainly attributed to the grafting of PC chains onto the surface of nanosilica, which
resulted in a reduction of the entanglement density around the particle and chain bridging.
Furthermore, based on scaling arguments, it was shown that the graft lengths were of the
order Me and are most likely polydisperse. In the following chapters, the study is extended
to semicrystalline polymers i.e. poly(butylene terephthalate) (PBT) and poly(l-lactic acid)
(PLLA). PBT and PLLA polymers are more polar than the PC and, therefore, should have
a stronger interaction with the hydrophilic surface of nanosilica. The effect of nanosilica on
the rheology of the PBT and its correlation to the crystallization kinetics are studied, while
the results for PLLA will be discussed in Chapter 5.
PBT is a linear aromatic semi-crystalline polyester with excellent chemical resistance,
dimensional stability and easy processability making it an attractive material for a variety of
applications in automotive, consumer electronics and electrical industries. However,
because of the poor mechanical properties, such as the low notched impact, low
tensile/fatigue strength and the low heat deflection temperature, it has to be frequently
reinforced or blended with polymers such as PC for many applications. Numerous studies
showed that besides blending, the use of nanofillers might also help alleviate problems
due to the poor mechanical properties. Fillers such as carbon black, carbon fibers,
nanoclay, calcium carbonate, carbon nanotubes, nanosilica, metal oxides and graphene
are commonly used to improve the property profile of PBT drastically.

4

The most important factor that leads to these improvements is the polymer-filler interaction.
Addition of unmodified fillers at high concentration leads to improvements in the
crystallization rate and concomitant mechanical properties such as the tensile modulus,
but at the cost of impact properties and dispersion. For instance, Bian et al. [219] found
that the zero-shear viscosity, tensile modulus, electrical conductivity and crystallization rate
increased upon the addition of microwave-exfoliated graphene sheets in PBT. However,
the nanocomposites had a poor impact performance resulting from poor adhesion between
the filler and the polymer matrix. Similar observations with respect to the mechanical
properties were also reported by other research groups [220, 221, 222, 223, 224, 225].
One method commonly employed to improve the adhesion between the filler and the
polymer matrix is surface modification of the nanoparticle with a coupling agent compatible
with the host. This method is effective as it improves the dispersion of the filler in
the polymer matrix. For instance, Che et al. [226] compared the use of modified and
unmodified nanosilica in PBT. Their results indicated that the modified nanosilica improved
mechanical properties, such as the tensile and flexural strengths and the notched impact
strength, while increasing the zero-shear viscosity. This improvement in properties was
attributed to a good compatibility between the nanosilica surface and the PBT and an
improved dispersion compared to the unmodified nanosilica. Similar results were found by
Jiang et al. [227], Baets et al. [228] and Miller [229] using in-situ polymerization of cyclic
PBT in the presence of nanosilica.
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Most studies focused only in explaining the enhancements in terms of macroscopic length
scales rather than on the length scale of the polymer-filler interface [230]. However,
characterizing the interface and inferring its influence on the properties is not trivial. For
this purpose, differential scanning calorimetry (DSC) has proven to be a simple, but a
powerful tool. The thickness of such an interface can be determined by extending the
concept of the rigid amorphous fraction (RAF) to filled amorphous or semicrystalline
nanocomposites [55, 114, 231, 230]. The morphology of semi-crystalline polymers such
as PBT needs to be described by a three-phase model, i.e. a crystalline phase, a mobile
amorphous fraction (MAF) and a rigid amorphous fraction (RAF) [112, 231, 232]. The
RAF was introduced to explain the difference in the mobility of the amorphous phase
due to the constraints exerted by the chain segments connected to the lamellar crystals
and can be described as a nanoscale interfacial region between the crystalline and the
amorphous phase. It can be characterized by an incomplete decoupling between the
chain segments in the crystals and the amorphous phase. RAF and MAF have their own
contribution to the bulk properties. RAF neither participates in the glass transition process
nor does it contribute to the heat of fusion of the crystals [230, 231, 233]. In amorphous
polymer nanocomposites, a similar three-phase model was introduced by Sargsyan et al.
to explain the reinforcement of PMMA due to the presence of nanosilica. They suggested
that the immobilized layer or RAF, present due to the polymer-nanoparticle interaction,
improved the properties. The extent to which the property enhancement was observed
could be related to the thickness of the RAF layer. It has to be noted that this form of
RAF contains chain segments whose mobility is reduced due to the presence of the fillers
rather than by the interconnection of the amorphous regions with the crystalline lamellae.
A similar approach was used in Chapter 2 to explain the anomalous viscosity behavior of
PC-nanosilica composites.
The situation becomes more complex when nanofillers are added to a semi-crystalline
polymer. Wurm et al. [55] showed that, in the case of poly(amide)/layered silicate
nanocomposites the RAF not only exists as an interphase between the crystalline lamellae
and the amorphous regions, but also exists between the filler and polymer matrix. They
found that this causes a decreased crystallinity and a slower crystallization rate. A
similar observation was found by Ma et al. [231] in the case of electrospun nanofiber
composites of poly(ethylene terephthalate) (PET) and poly(trimethylene terephthalate)
(PTT) containing carbon nanotubes (CNT).
In the following sections the various effects of adding silica nanoparticles on the rheology
and thermal properties of PBT are explained in detail. The PBT nanocomposite samples
were prepared through melt compounding and were characterized by using microscopy,
rheology, DSC, FTIR and XPS. The experimental results on the state of dispersion and
the effect of silica nanoparticle concentration on viscoelastic properties are analyzed
to establish if there is any interaction present between the PBT and the nanosilica.
Subsequently, the isothermal and the non-isothermal crystallization kinetics in these
composites are studied in detail to understand its crystallization and melting behavior in
an attempt to correlate the results of the RAF with rheology as a function of nanoparticle
concentration.
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Experimental section

The poly(butylene terephthalate) (PBT) used in this study was provided by SABIC’s
Innovative Plastics business, Bergen op Zoom, the Netherlands. The characteristics of the
PBT used in this study are shown in Table 4.1. 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 approximately 30 wt% nanoparticles. All
materials were used as received. The molar masses were determined by using Size
Exclusion Chromatography (SEC) as described below. The samples are named as PBTxS,
where x is the wt% silica concentration. The entanglement molar mass (Me ) of PBT is
rather high. The only value seen in literature is reported by Miller which is 55 kg/mol as
Mcrit or 25 kg/mol as Me . In comparison the PET and PTT have Me of 1450 and 5000
g/mol respectively [72, 234].

Table 4.1: An overview of the material characteristics. Rg and Re were calculated using
[72].
Material

Mw

PDI

[kg/mol]
PBT

96

2.7

Rg

Re

Me [229]

[nm]

[nm]

[kg/mol]

7.6

13.2

25

Z
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4.2.1

Preparation of poly(butylene terephthalate) nanocomposites

The PBT powder was first dried for 12 hours at 110 ◦ C before mixing with the
nanosilica dispersion at different concentrations (0.5-10 wt%) and 0.1 wt% tris(2,4-ditertbutylphenyl)phosphite as the processing stabilizer. The material was then dried for 24
hours at room temperature to remove the solvent. The silica nanoparticles were used
without further surface modifications. The material was compounded 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 approximately 40 ◦ C for the
feeding section and up to 250 ◦ C for the melting zone. The pellets from this extruder were
remixed by using a home-built, recirculating, twin-screw mini-extruder (internal volume
of 5 cm3 ) with a screw speed of 75 rpm for 15 minutes under N2 atmosphere. PBT/silica
nanocomposite sheets with a thickness of 1.0 mm were prepared by using compression
molding at 240 ◦ C for 5 minutes at a pressure of 50 bars after drying the pellets at 120 ◦ C
for 2 hours. Samples for the rheological characterization (25 mm in diameter, and approx.
1 mm in thickness) were cut from these sheets.

Experimental section
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Sample preparation for DSC, FTIR and XPS

In order to separate the PBT and the silica, we modified the procedure introduced by
Wang et al. [135]. The nanocomposites were dissolved in hexafluoroisopropanol (HFIP) at
room temperature and centrifuged at 6000 rpm for 10 minutes. The supernatant solution
was removed and the white precipitate (nanosilica) at the bottom was collected. Before
characterizing the extracted nanosilica it is important to remove any free (physically bound)
polymer from the nanosilica. This was done by thoroughly washing the extracted nanosilica
with dichloromethane/HFIP followed by sonification and centrifugation for 10 cycles. The
washing operation was repeated until no dissolved polymer was found in the supernatant
solution as characterized by FTIR spectroscopy. The dried nanosilica, neat polymer and
the composites were characterized using by FTIR and XPS.

4.2.3
4.2.3.1

Characterization techniques
Transmission Electron Microscopy (TEM)

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 cut 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 PBT. The silica
nanoparticle size and the particle size distribution were determined by using MATLAB
(image analysis toolbox). The images were analyzed using adaptive thresholding, followed
by edge detection and mapping the pixel to get accurate results [235, 236].
4.2.3.2

Size Exclusion Chromatography (SEC)

The molar mass and polydispersity index of PBT were determined by using SEC on a
Polymer Laboratories PL gel 5 μm MiniMIX-C 250 x 4.6 mm column and a UV detector,
operated at 254 nm. The measurements were performed at room temperature using
hexafluroisopropanol (HFIP) as the solvent. The molar mass was obtained relative to PS
standards.
4.2.3.3

Melt Rheology

The oscillatory rheology of the PBT composites was measured on an ARES-G2 rheometer
at a temperature of 250 ◦ C using a 25 mm parallel-plate geometry under a N2 blanket.
Prior to measuring, all the samples were dried at 120 ◦ C for 2 hours. The samples
were loaded at 120 ◦ C and heated to the desired temperature. The final gap between
the parallel plates was adjusted to 1.0 mm. Strain sweeps were conducted at several
frequencies to identify the maximum strain for testing in the linear viscoelastic ranges and
a strain of 20% was chosen. Frequency sweeps were carried out from ω= 0.1 to 500
rad/s. The viscosity values were reported corresponding to a frequency of 1 rad/s. No
viscosity models were used to calculate the zero-shear viscosity, as all the composites did
not follow the Cox-Merz relation.
4.2.3.4

Differential Scanning Calorimetry (DSC)

The glass transition temperature Tg , the heat capacity and the enthalpy change curves
were measured using a Q2000 DSC (TA Instruments) equipped with a RCS-90 cooling

4

86

Rheological and crystallization behavior of semi-crystalline polymer/silica nanocomposites

unit. The device is able to cool at a maximum rate of 40 ◦ C/minute. The samples used
for all measurements were cut from compression-molded disks of 0.5 mm, the diameter
of each disk was 4.0 mm. This was done to ensure good thermal contact between the
sample and the pan and the sample dimensions matched with that of the calibration
sample. Isothermal and non-isothermal measurements were carried out with a sample
mass of 10 mg from 0 to 250 ◦ C. For Tg measurements, the samples were first heated to
remove the thermal history till 250 ◦ C and then cooled down to 0 ◦ C, and heated again
to 250 ◦ C, all at a scanning rate of 10 ◦ C/minute (other rates from 1 to 50 ◦ C/minute
were also used) in standard DSC T-zero pans. The mid-point of the heat capacity step
of the second heating cycle was taken as the Tg . For isothermal and non-isothermal
experiments, the thermal history was erased as mentioned above. Isothermal experiments
were performed by cooling the sample from the melt to the desired temperatures (205 ◦ C
and 210 ◦ C) for 60 minutes. All graphs are plotted at 210 ◦ C and the data was subjected
to an Avrami analysis. Non-isothermal experiments were performed at cooling rates from
5 to 40 ◦ C/minute.
In order to calculate the MAF, RAF and the degree of crystallinity, precise heat capacity
measurements were done using temperature modulated DSC. The measurements were
performed using 10-15 mg of the sample with an underlying heating rate of 3 ◦ C/minute
with a modulation amplitude of 1 ◦ C with a period of 120 seconds starting from 0 to 250
◦ C. The error in the heat capacity measurements was estimated to be approximately 3%.
The instrument was calibrated by using Indium for temperature and enthalpy, and sapphire
for heat capacity, by using procedures specified by TA Instruments. The crystallinity (Xc )
and MAF were calculated by using a heat of fusion of 140 J/g (100 % crystallinity) and
ΔCp of 43.8 J K-1 mol-1 (100% amorphous), respectively [237, 238].
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4.2.3.5

Fourier Transform Infrared (FTIR) Spectroscopy

A Perkin Elmer Spectrum One FTIR spectrometer equipped with a Perkin Elmer spotlight
300 infrared microscope with a liquid nitrogen cooled HgCdTe (MCT) 16×1 linear array
detector was used to record micro-ATR spectra by employing a germanium hemispherical
internal reflection element (IRE). Spectral acquisitions were performed in the reflection
mode. In order to collect the ATR-FTIR spectrum from a flat surface with the miniature-Ge
IRE, the sample was placed on the microscope XY stage. A sampling spot on the surface
was selected through an objective. The miniature-Ge IRE was then slid into the pre-aligned
position and the microscope stage was elevated until the selected sampling area touched
the tip of the IRE. Particular care was employed in order to achieve the same degree of
contact for all measurements. Once a good contact was achieved, 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 μm. The background spectrum
was collected through the IRE when it was not in contact with the sample. All spectra
were collected using 16 scans in the range from 4000 to 600 cm− 1 with a 4 cm− 1 spectral
resolution.
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4.2.3.6

X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) studies were carried out on a Kratos Axis Ultra
DLD spectrometer equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV)
operated at 150 W, a multi-channel plate and a delay line detector under 1.0×10-9 Torr.
Survey and high-resolution spectra were collected at fixed analyzer pass energies of 160
eV and 20 eV, respectively. The samples were mounted in floating mode in order to avoid
differential charging. Charge neutralization was required for all samples. The binding
energies were referenced to the C1s (C-C) binding energy and was set at 284.8 eV.

4.3
4.3.1

Results and discussion
State of dispersion

Fig. 4.1a-d shows Transmission Electron Microscopy (TEM) images of the dispersion of
PBT/silica nanocomposite with increasing concentration of nanosilica, from 0.5 to 5.0
wt%. As shown in Fig. 4.1c and d, and Fig. 4.2a the silica nanoparticles are dispersed as
agglomerates with an average diameter of 50-150 nm at concentrations of 3.0 wt% and
5.0 wt%.

4
(a)

(b)

(c)

(d)

Figure 4.1: TEM micrographs of PBT/silica nanocomposites prepared by melt
compounding a) 0.5 wt% nanosilica, b) 1 wt% nanosilica, c) 3 wt% nanosilica,
and d) 5 wt% nanosilica. The primary particle of nanosilica is ~ 12 nm.
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(a)

(b)

Figure 4.2: a) Particle size and b) interparticle distance in PBT/silica nanocomposites

4

At concentrations of 0.5 wt% and 1.0 wt% nanosilica, the agglomerates are much smaller
with an average diameter of 25-40 nm, with a very good dispersion of nanosilica, as shown
in Fig. 4.1a and b, and Fig. 4.2a. This also implies that the particles are better dispersed
in 0.5-1.0 wt% nanosilica than the 3 wt% and 5 wt%. Fig. 4.2b shows the interparticle
distance decreases from 125 nm to 75 nm for the case of 0.5 and 5.0 wt% nanosilica
respectively. At higher concentrations (>1.0 wt% nanosilica) the interparticle distance
was calculated as the distance between the agglomerates. The improved dispersion at
lower concentrations (<1.0 wt% nanosilica) offers a higher surface area thereby improving
the interaction between the nanoparticle and the bulk, while at higher concentrations
agglomeration leads to a decrease in surface area.

4.3.2

Effect of processing and experiments on molar mass

The possibility of degradation of the polymer in the nanocomposite during the preparation
or measurement needs to be determined before discussing the results. The molar mass
dependency on the zero-shear viscosity is given by the power law as, η0 = kMw3.4 , which
indicates that a slight decrease in molar mass can lead to a significant decrease in
viscosity. To ensure that the decrease in viscosity is not due to the degradation of the
PBT, the molar masses of all nanocomposites after the preparation and testing were
characterized by SEC. The results are summarized in Fig. 4.3 and Table 4.2. A small
increase in the polydispersity index (PDI) and a decrease in molar mass is observed in
the case of 5.0 wt% silica system. The changes in molar mass observed are far below
Me of PBT. When comparing the values listed in Table 4.2 to initial values in Table 4.1 it
can be seen that there is a slight broadening of the distribution. This indicates that there
could be degradation of the polymer either during compounding or GPC measurements.
However, it is important to bear in mind that performing GPC on nanocomposites is not
straight forward, as even after filtration there could be interaction between the column
and particle. Furthermore, the molar mass of PBT and PBT/silica nanocomposites during
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the extrusion and after the rheology experiments overlap implying that no degradation
occurred during the measurements.

Figure 4.3: Molar mass distribution of PBT and PBT/silica before (br) and after(ar) the
rheology measurements.

Table 4.2: Molar masses after compounding and rheology measurements.
Material

Mw ±0.5
(after
compounding)

PDI
(after
compounding)

Mw ±0.5
(after
rheology)

PDI
(after
rheology)

[kg/mol]

[kg/mol]

[kg/mol]

Change
in Mw

Change in
Mw
(due to
silica, after
rheology)
[kg/mol]

PBT0S

95.1

2.7

94.5

2.7

-0.6

PBT0.5S

94.0

2.8

93.5

2.8

-0.5

-1.0

PBT1S

94.5

2.8

93.5

2.8

-1.0

-1.0

PBT3S

94.5

2.7

93.4

2.7

-1.1

-1.1

PBT5S

93.9

2.8

93.0

2.8

-0.9

-1.5

4
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Effect of silica nanoparticle concentration on viscoelastic properties

Addition of fillers (micron- or nano-sized fillers) may affect the rheology of a polymeric
system. An important aspect related to this change is the dispersion of the filler.

(a)

(b)

4
(c)

Figure 4.4: Dynamic properties of PBT/silica nanocomposites at 250 ◦ C: a) complex
viscosity vs. frequency b) shear moduli vs. frequency (where the open
symbols are G00 ), and c) Cole-Cole plot.
The complex viscosity is most commonly used to characterize polymer melts. Fig. 4.4a
shows a plot of the complex viscosity, η ∗ , as function of angular frequency, ω, at
temperature of 250 ◦ C for the PBT/silica nanocomposites.
The nanocomposites with less than 3 wt% nanosilica reach a Newtonian plateau at low
frequencies (~ 1 rad/s) and have similar shear thinning slopes. At 5.0 wt% of nanosilica,
the onset of the Newtonian plateau is shifted to a lower frequency compared to neat PBT.
This could be attributed to the nanosilica particle agglomerates and network. At nanosilica
concentrations below 1.0 wt%, the viscosity is lower than that of the neat PBT. Above
1wt% silica content, the viscosity is higher than that of the neat PBT. This increase can be
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attributed to the nanosilica agglomerates that form a network, resulting in a hydrodynamic
reinforcement of PBT. The same trend is observed for the dynamic moduli (G0 (ω), G00 (ω))
as a function of nanosilica concentration, see Fig. 4.4b. The moduli do not cross-over in
the experimental range, but reach the terminal slope, i.e. -1 for G00 and -2 for G0 , which is
due to the low entanglement density of PBT. Fig. 4.4c shows the Cole-Cole plot of PBT
nanosilica composites. For unfilled linear polymers, this plot yields a straight line. Upon
the addition of fillers, changes in polymer structure or in the presence of an immiscible
polymer phase, a deviation from linearity is observed at low frequencies. This deviation is
attributed to the additional relaxation process of the network due to agglomeration or the
relaxation of the interface. In this case (Fig. 4.4c), the deviation is related to the dispersion
of nanosilica. At high concentrations (>1.0 wt%), the nanosilica particles agglomerate
forming a network. All the above observations are supported by the TEM results shown in
Fig. 4.1.
Fig. 4.5 summarizes the effect of nanosilica on the viscosity at 1 rad/s of the PBT
nanocomposites with respect to unfilled PBT as a function of silica concentration. From
the Guth-Gold relation (Eq. 2.2), an increase in nanosilica concentration would lead to an
increase of the viscosity.

4

Figure 4.5: Viscosity drop as a function of filler loading in PBT/silica nanocomposites
along with the Guth-Gold relation.
However, in the case of the PBT nanocomposites an initial decrease at silica concentration
<1.0 wt% is followed by an increase in silica concentration >1.0 wt%. A large deviation
seen between the experimental and predicted values at higher concentrations of nanosilica
(>2.0 wt%) occurs as the Guth-Gold relation does not account for chain-bridging
(strong particle-polymer-particle interaction) [115]. The observed drop for PBT/silica
nanocomposites calculated using Eq. 2.15 is ~ 15%. The drop observed in Fig. 4.5 cannot
be ascribed to molar mass drop as the values are almost identical before and after
measurements, see Table 4.2. Other phenomena, such as wall slip, were ruled out as
the possible occurrence of wall slip was determined by doing measurements at different
gaps between the parallel plates. For the sake of completeness, the change in viscosity is
corrected for molar mass degradation and is shown in Table 4.3. Thus, it can be concluded

92

Rheological and crystallization behavior of semi-crystalline polymer/silica nanocomposites

that while particle-particle interaction describes an increase in viscosity, polymer-particle
interactions play an important role in the observed viscosity drop.

Table 4.3: Corrected viscosity drop incorporating the change in molar mass.
Material

∆ before
correction
[%]±3%

∆ after
correction
[%]±3%

PBT0S

0

0

PBT0.5S

-10

-9

PBT1S

-15

-15

PBT2S

0.5

0

PBT3S

9

9

PBT5S

22

20

PBT7S

48

45

PBT10S

70

67

It is important to note that this drop observed upon the addition of nanosilica, is not
significant and does not have any direct implications on high-shear processing operations,
as the starting viscosity of linear PBT is low.

4
4.3.4

Possible mechanisms for viscosity reduction

As shown in Chapter 2, the following mechanisms are considered for explaining the
rheological behavior of PBT nanocomposites:
1. Ball bearing effect, and
2. Grafting of PBT chains on the nanosilica surface and the resulting interaction with
the bulk.
Preferential adsorption of PBT chains was not considered as a hypothesis since
fractionation studies of PBT/nanocomposite were not possible. While it is evident that the
increase in viscosity is due to the particle-particle interaction, it is puzzling to see that
such a small amount of nanosilica can cause a decrease in viscosity of approximately
15%. The following section discusses and provides a strong indication as to which of
these hypotheses can explain the observed viscosity drop for the PBT systems.
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’Ball-bearing’ effect

The ball-bearing effect was described in a number of papers as one of the primary
mechanisms for a viscosity reduction in polymer composites with spherical particles (see
Chapter 2). An easy test to observe the presence of the “ball-bearing effect” is to study the
slope of the complex viscosity η ∗ versus the angular frequency, ω, however as the CoxMerz has not been tested, this approach cannot be used. However, as the deformation in
a SAOS experiment is small and the region where the viscosity drop is observed is at low
frequencies the silica nanoparticles is unlikely to rotate. Hence it can be concluded that
the ball-bearing mechanism is not the probable cause of the viscosity drop.
4.3.4.2

Chain grafting on the nanoparticle surface

As discussed in Chapter 2, at low concentration of silica, the resulting interaction between
the bulk and grafts on the nanosilica could lead to a lower entanglement density around
the particle, resulting in a viscosity drop. However, on increasing the silica concentration,
bridging of nanoparticles occurs resulting in a strong increase in viscosity. Similar
observations have been reported by some research groups that studied grafting of short
and/or long chains on the surface of nanoparticles [20, 68, 226, 134, 227, 239, 240]. In
this section we investigate this possibility.
First, we examine if any reaction has occurred between the PBT and the silica surface by
using the approach used by Wang et al. [135]. They investigated the reaction of PBT and
PET with the functional groups and the surface of the silica nanoparticles and found that
the free hydroxyl groups reacted with the ester groups present in the PET and PBT via a
transesterification reaction. Fourier Transform Infra-Red (FTIR) spectroscopy and X-ray
Photoelectron Spectroscopy (XPS) are used to confirm if there is any reaction between
the surface and PBT. The basic principle involves extraction of the silica particles from
the composite and washing it thoroughly before subjecting it to FTIR and XPS. The basic
reaction scheme is depicted in Fig. 4.6.

Figure 4.6: Scheme and possible structure formed during the reaction between PBT and
the nanosilica particle during melt-compounding.
Fig. 4.7 shows the FTIR spectra of the extracted silica from the PBT, neat PBT and pure
silica used to make the composite. The extracted silica samples show absorption peaks
related to vibrations that can be assigned to both the silica and PBT component. In the
extracted silica sample, one can observe the peak at 1711 cm-1 that can be assigned
to the stretching vibration of carbonyl group, while the peaks at 1405 cm-1 and 1261
cm-1 are related to in-plane bending vibration of C–H bonds on the benzene ring and the
stretching vibration of ester group, respectively. The peak at 730 cm-1 corresponds to
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the out-of-plane bending vibration of C–H bonds on the benzene ring. The small peak at
2940 cm-1 can be attributed to the stretching vibration of CH2 bonds. These peaks are
characteristic peaks of the PBT and are present in the extracted silica. Since the thorough
washing procedure ensured that no free PBT chains are present in the sample, it can be
concluded that there is a covalent linkage between the two components. This indicates
that grafting of the PBT chains onto the silica surface took place during compounding.
Fig. 4.7 also shows an absorption peak at 1100 cm-1 , which is characteristic of a Si-OH
linkage. The presence of this peak indicates that not all the surface hydroxyl groups
reacted with PBT. In order to strengthen this conclusion, XPS studies were performed on
the extracted silica.

Figure 4.7: FTIR spectra of extracted-SiO2 compared with pure SiO2 and PBT

4

Fig. 4.8a shows the complete XPS and the C1s spectra of the extracted (from PBT) and
pure SiO2 . It is observed that the extracted SiO2 from the PBT contains a peak with
binding energy of 285.00 eV. This peak can be attributed to the C1s from the PBT. The
peak fitting results of the C1s are shown in Fig. 4.8b. On the basis of the peak-fitting
results of C1s, there are three peaks at around 285.0 eV:
1. a peak at the binding energy 284.7 eV assigned to a typical C–C group,
2. a peak at 286.1 eV corresponding to the C–O group,
3. a peak at 288.7 eV due to the C=O group.
These results indicate that the C–C group, C–O (O=C-O-Si) group and C=O group are
present, most likely because of the grafting of PBT onto the surface of SiO2 through
chemical bonding. More importantly, comparing the peaks of Si2p and O1s between pure
SiO2 and extracted SiO2 (from both the mixture and composite), it can be seen that the
energy shift occurs only in the silica extracted from the nanocomposite. This confirms
that the carbonyl end groups of the PBT react with surface hydroxyl group of SiO2 , see
Fig. 4.9 and Fig. 4.10. As shown in Fig. 4.9 the binding energy of the Si2p peak of extracted
SiO2 (103.0 eV) is lower than that of pure SiO2 (103.6 eV). This indicates the formation of
Si–O–C bonds.
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(a)

(b)

Figure 4.8: XPS spectra of: a) pure SiO2 compared with extracted-SiO2 and b) the
peak-fitting results of C1s.

4
Figure 4.9: XPS spectra of Si2p silica and extracted silica from extruded and physically
mixed PBT/silica nanocomposite.
In Fig. 4.10, the peak fitting results for the O1s peak are shown. The O1s peak of extracted
SiO2 at 531.8 eV can be assigned to Si–O bonds and is lower than that of pure-SiO2
(532.9 eV). As the carbonyl groups (–C=O–) assumed to be bonded with Si–O bonds are
electron acceptor groups, the oxygen atoms on Si–O bonds become electron deficient,
which results in a shift of the peak of O1s towards the higher binding energies. All the
results on the extracted SiO2 indicate that the PBT reacts with surface hydroxyl groups
of nano-SiO2 during the melt compounding as shown in Fig. 4.6. However, from these
analysis it is difficult to determine the number and lengths of grafts formed on the surface.
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Figure 4.10: XPS comparison of O1s between pure SiO2 and extracted SiO2 .

4.3.5

The morphology of the PBT nanocomposites

In the previous section, direct evidence of the reaction between the silica surface and PBT
was shown. In this section, the crystallization behavior of the PBT nanocomposites are
examined and compared them with the unfilled PBT. The isothermal and non-isothermal
crystallization kinetics, and the rigid amorphous fraction (RAF) in these composites are
studied. The general expression to calculate RAF is given by:

RAFtotal = 1 − crystallinity − ∆Cp/∆Cp pure

4

(4.1)

where ∆Cp and ∆Cp, pure are the heat capacity increments at the Tg for the semi-crystalline
and the 100% amorphous polymer, respectively.
The ratio of both step heights represents the fraction of the polymer contributing to the Tg ,
i.e. the mobile amorphous fraction (MAF). In the presence of fillers in a semi-crystalline
matrix, Wurm et al. introduced a method to separate the RAF due to crystalline matrix
and the filler assuming a constant between RAF and the crystalline fraction, therefore the
RAF is given as:

RAFf iller = 1 − crystallinity − ∆Cp/∆Cp pure − crystallinity ∗ RAFtotal

(4.2)

Fig. 4.11 shows the DSC thermograms of the PBT/silica nanocomposites. Fig. 4.11a shows
the melting behavior of PBT and the PBT/silica nanocomposites. No major differences in
the melting behavior occur when compared to unfilled PBT. All materials show a double
melting behavior, i.e. Tm1 (low melting) and Tm2 (high melting). The double melting behavior
of PBT was observed by many groups and it was demonstrated to originate from the
melting and re-crystallization process [238, 241, 242, 243, 244]. Both Tm1 and Tm2 stay
almost constant at 215 ◦ C and 224 ◦ C for both the neat PBT and the nanocomposites. The
low melting peak is associated with the fusion of the imperfect crystals grown by normal
primary crystallization, whereas the high melting endotherm is related to more perfect
crystals formed after re-crystallization. In the case of nanocomposites, it is expected
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that the strong interactions between the nanosilica and the PBT affect the mobility of the
PBT chains around the particle. This change in mobility affects the way PBT crystallizes
and reorganizes. This affects the ratio of the melting peaks, which is a function of silica
nanoparticle concentration. However, all nanocomposites show a similar trend with a
double melting peak as with the unfilled PBT. This indicates that even if the mobility is
affected, the reorganization process in PBT occurs very fast [238, 245, 246, 247].

(a)

(b)

4

(c)

(d)

Figure 4.11: DSC thermograms of PBT/silica nanocomposites showing a) heat capacity
changes during melting, b) heat capacity changes during glass transition,
c) crystallization at 10 ◦ C/ minute, and d) calculation of MAF (adapted from
Pyda et al. [238]).
From the melting enthalpy (4Hm ), the degree of crystallinity (Xc ) was also evaluated
according to the relation:

Xc = ∆Hm/∆H 0f

(4.3)

where Xc is the degree of crystallinity and ∆H 0f is the heat of fusion (140 J/g) for 100%
crystalline PBT. Xc is tabulated for the unfilled PBT and its nanocomposites in Table 4.4.
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Fig. 4.11b shows the effect of silica on the glass transition Tg of the PBT/silica
nanocomposites. The addition of silica results in a change of Tg of 2 ◦ C at 5wt% nanosilica.
Fig. 4.11c shows the effect of nanosilica on the crystallization temperature Tc . It is known
that the addition of a filler can lead to nucleation of the matrix material, resulting in
an increase in Tc [220, 222, 248, 249, 250]. A similar result is found upon addition of
nanosilica to PBT. An increase of approx. 10 ◦ C in Tc is observed. However, with different
concentrations of nanosilica, the Tc doesn’t seem to change significantly, which could be
a result of the agglomeration. The nucleation efficiency is quantified using the approach
outlined by Fillon et al. [251]. This method is based on ideally nucleated polymer attainable
via self nucleation. The nucleation efficiency is expressed as:

NE =

Tc − Tc1
× 100%
Tc2max − Tc1

(4.4)

where Tc1 and Tc2max are the crystallization temperatures of the unnucleated and the best
self-nucleated PBT, respectively. Tc is the crystallization temperature obtained in the
presence of the nucleating agent (nanosilica in this case).

4

NE is equal to 0% for un-nucleating materials and 100% for the maximum efficiency. In
order to calculate NE for the PBT, the samples were first heated to 250 ◦ C (Tm + 25 ◦ C) to
remove the thermal history and cooled at a rate of 20 ◦ C/minute to 0◦ C. This was followed
by heating the sample to various seeding temperatures (235, 232, 230 ◦ C) and cooled
down to 0 ◦ C. Based on these experiments Tc1 and Tc2max were determined as 183.5 ◦ C
and 201 ◦ C. Many studies have shown that fillers affect the overall crystallization kinetics
of PBT by influencing both the nucleation and the crystal growth process. For instance,
Mulla et al. [252] showed that the addition of fillers such as nanoclay and nano-carbon
fiber acted as nucleating agents and lowered the activation energy for crystal growth. This
resulted in an acceleration of the overall crystallization kinetics in PBT. Similar results were
obtained by Zhang et al. [253] for elastomer-modified nano-SiO2 , a commercial nucleating
agent (P250) and talc, and Yao et al. [254] for nano-SiO2 in PBT. Oburoglu et al. [255]
and Deshmukh et al. [248] investigated PBT composites with various fillers to analyze
the effects of the filler type on crystallization kinetics. They found that unmodified fillers
accelerate the over all crystallization kinetics, but pointed out that the surface modification
of filler increases the activation energy thereby inhibited the crystal growth process.
As seen in Chapter 2 and shown by Wurm et al. [55] and Sargsyan et al. [114], the
interaction between the matrix polymer and the filler affects the glass transition temperature.
This changes the ratio between the RAF, MAF and degree of crystallinity. The method
outlined by Wurm et al. was used to calculate these fractions based on Eq. 4.1 and 4.2. To
quantitatively analyze the thermal properties of semi-crystalline PBT and its composites, a
separation of the heat capacities of the various phases is necessary. Fig. 4.11c shows the
heat capacity (Cp ) as a function of temperature. In order to calculate the MAF, first the ∆Cp
at the glass transition is determined. Then, the two-phase model for the semi-crystalline
PBT is used for the calculation of the degree of crystallinity as a function of temperature
[237, 238]. This is given by:

C∗p (experimental) = XcC p (solid) + (1 − Xc )C p (liquid) −

dXc
∆H f
dT

(4.5)
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where C∗p (experimental) is the experimental, apparent total Cp , Cp (solid) and Cp (liquid)
are the thermodynamic Cp of the crystal and melt of the PBT from ATHAS Data Bank [237]
and ∆H 0f is the heat of fusion. MAF is then calculated from ∆Cp around the Tg as shown
in Fig. 4.11 divided by the ∆Cp for 100% amorphous, i.e. Cp difference between the liquid
and solid, which is 0.395 J g-1 K-1 [237] is used. The results are tabulated in Table 4.4 and
shown in Fig. 4.12a.

Table 4.4: Crystallization, melting, RAF, MAF and NE of PBT and PBT/silica
nanocomposites.
Material

Tc

Tg

MAF

RAF

NE

[J g-1◦ C-1 ]

Tm
(Tm1, Tm2 )
[◦ C]

[◦ C]

[◦ C]

[%]

[%]

[%]

35

0.13

215, 224

184

43.5

32

33

0

PBT0.5S

33

0.14

214, 224

196

44.7

37

30

72.4

PBT1S

35

0.15

214, 224

195

44.6

38.4

25.6

65.1

PBT3S

34

0.13

214, 224

199

45.3

32

34

88.0

PBT5S

33

0.13

214, 224

198

45.1

32

35

83.0

PBT10S

33

0.12

214, 224

199

46.0

32

38

88.0

Xc

∆Cp

[%]
PBT0S

The following can be deduced from Table 4.4 and Fig. 4.12a

1. Addition of nanosilica hardly affects the Tg of the PBT/silica nanocomposites,
2. Addition of nanosilica does not change the degree of crystallinity,
3. Addition of nanosilica causes significant changes in MAF and concomitantly RAF. At
low concentrations of nanosilica (<1.0wt%) RAF decreases by 23%, with a similar
increase in MAF. At higher concentrations (>1.0 wt%), the RAF and MAF reach
values similar to that of the unfilled PBT,
4. The nucleation efficiency (NE) increases with the addition of nanosilica. However,
at 1.0 wt% silica, it can be observed that the NE decreases by about 10% from the
value at 0.5 wt% and thereafter increases to reach a plateau value at 85%.

4
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(a)

(b)

Figure 4.12: Variation of the a) RAF, MAF and Xc as a function of silica concentration and
b) comparison between the viscosity, RAF, MAF ratio.

4

The values for NE are remarkably high for nanosilica in PBT, considering that the NE
of nanosilica in systems such as iPP is not more than 20% [256]. Such a high NE was
also observed in poly(caprolactone) (PCL)- grafted CNT ’s, nano-cellulose whiskers and
silica [36, 257], and in-Situ polymerized High-Density Polyethylene on CNT’s [258]. The
high values of NE were attributed to the chains having a non-random conformation due
to repulsion resulting in the growing of crystals from the surface of the nanoparticle.
These studies show that the nucleation efficiency was proportional to the graft length and
the energy barrier needed for nucleation and growth. The energy barrier was found to
depend on the interaction of the grafts with the bulk polymer. In another study, Khan et
al. [259] showed that the use of PMMA-grafted nanosilica in poly(ethylene oxide) (PEO)
resulted in smaller lamellar thicknesses due to particle-induced confinement. Therefore,
the graft density, length and polydispersity with respect to the molar mass of the matrix can
affect the dispersion and consequently crystallization, optical and mechanical properties
[34, 35, 36, 37, 38]. Thus, the decrease in RAF and increase in NE indicate that the
grafting reaction of the PBT chains onto the surface of the nanosilica play an important
role in the overall crystallization kinetics.
These studies show that the mobility of the chain segments at the nanoparticle surface
and its interaction with the entangled polymer matrix can affect bulk properties. Using the
above arguments, we anticipate that the grafts formed on the nanosilica are polydisperse
and below the entanglement molar mass of the PBT. The “short” grafts, coupled with a
good dispersion, decreases this constraint and increases the mobility of the amorphous
phase. A higher MAF and constant degree of crystallinity manifests itself as a decrease in
RAF. In parallel with the concurrent viscosity drop as described in the previous section, we
conclude that the mobility of the chain segments result in a decrease of the entanglement
density around the nanoparticle. As shown in Fig. 4.12b, the decrease in RAF and the
viscosity drop show the same trend and the minima in both cases as seen at 1 wt%
nanosilica, indicating that there is a strong coupling between the RAF and viscosity drop.
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Table 4.5: Low viscous layer thickness calculated via the Wang-Hill model.
Material

[η]

layer
thickness
[nm]

PBT0S

0

-

PBT0.5S

-20

8.0

PBT1S

-38

11.1

The Wang-Hill model is used to calculate the influence zone of these grafts, as also done
in Chapter 2. The results are presented in Table 4.5. It is observed that the concentration
where the viscosity drop is seen, i.e. 0.5 and 1.0 wt% silica, the thickness of the low
viscosity layer is approximately 10 nm. The thickness of the layer is ~Rg . Counter effects
for the viscosity reduction are agglomeration and chain bridging as described earlier. Thus,
grafting of the PBT chain on the surface of nanosilica affects the local dynamics at nanoand micrometer length scale, affecting the viscosity behavior. This could also have an
effect on the MAF, RAF and the crystallization kinetics, which is described in detail in the
next sections.

4.3.6

Isothermal and non-isothermal crystallization kinetics

The isothermal and the non-isothermal crystallization kinetics of the PBT nanocomposites
are described in this section. Isothermal crystallization kinetics were analyzed by using
the Avrami model [260], followed by the use of Kissinger-plots [261] to understand the
activation energy needed for this process. The measurements were performed at an
isothermal crystallization temperature of 210 ◦ C. The relative crystallinity Xc (t) can be
obtained from the isothermal crystallization exotherm according to the following equation:

´t
(dH/dt)dt
Xc (t) = ´ 0∞
0 (dH/dt)dt

(4.6)

where t and ∞ are the crystallization time and the total time of the crystallization process,
respectively, and dH is the enthalpy of crystallization during an infinitesimal time interval
dt.
Following this, the Avrami analysis was done using the equation below:

Xc (t) = 1 − e(−kt

n)

(4.7)

where k is the Avrami rate constant and n is the Avrami exponent, which depends on the
nucleation process and the geometry of the growing crystals.
The values of k and n can be calculated from fitting to experimental data using the double
logarithmic form of Eq. 4.7. Furthermore, the half-time of crystallization (t1/2 ), which is

4
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defined as the time required to reach 50% crystallinity (Xc (t)=0.5) is also calculated. The
results for relative crystallinity and the Avrami analysis are shown in Fig. 4.13 for both the
unfilled PBT and the PBT/silica nanocomposites.
Fig. 4.13a, i.e. Xc (t) versus time, shows that the nanosilica accelerates the crystallization
rate (both the onset and time taken to reach maximum crystallization) compared to pure
PBT. This indicates that the silica nanoparticles act as a strong nucleant. Fig. 4.13b shows
the Avrami plots of the PBT/silica nanocomposites with various silica contents over a
range of Xc (t) from 1 to 100%. The linear region of the graphs represent the formation
of the nuclei and their subsequent growth. The occurrence of secondary crystallization,
i.e. the insertion of new lamellar crystals in between the already existing stack of lamellar
crystals is characterized by a deviation from linearity in the Avrami plots.

4

(a)

(b)

Figure 4.13: Isothermal crystallization of PBT and PBT/composites: a) Crystallization
with time and b) Avrami analysis.

Table 4.6: Isothermal crystallization kinetic parameters of PBT/silica nanocomposites at
210 ◦ C.
Sample

n

K(T )

t1/2
[min]

PBT0S

2.9

0.001

29.9

PBT0.5S

2.4

0.002

12.8

PBT1S

2.5

0.003

9.5

PBT3S

2.4

0.008

7.7

PBT5S

2.4

0.02

6.5

Based on the Avrami plots, it is difficult to determine the exact Xc (t) at which secondary
crystallization begins [262]. For a high molar mass PBT, it was shown that this process
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starts from around ~200 seconds and upon the addition of fillers the onset time of the
secondary crystallization decreases [263]. The slope of Avrami plots n, the Avrami rate
constant K(T ) and the half-time of crystallization (t1/2 ) for the PBT and the PBT/silica
nanocomposites are listed in Table 4.6. When n ≈ 3, it signifies a three-dimensional
growth of the crystal and n ≈ 2.5 indicates both 2- and 3-dimensional crystal growth [264].
The value of n given in Table 4.6 indicates that the crystals in the unfilled PBT grows
in 3-dimensions and the crystals in the PBT/silica nanocomposites grow both in 2-and
3-dimensions. These values for the Avrami constant are in line with values from literature
[265, 266, 267]. The values of n for the PBT/silica nanocomposites decrease slightly in
comparison with the unfilled PBT. This may indicate that the addition of silica into the PBT
matrix could affect the geometric dimensionality of the PBT crystal growth. Similar results
were found by Yao et al. [254] and Huang et al. [268] for nanosilica and vulcanized rubbers
in the PBT respectively. The values for K(T ) and t1/2 illustrate the effect of nanofillers on
the crystallization growth rates.
In most practical applications, the crystallization process is non-isothermal. Fig. 4.14
shows the relative crystallinity (Xc (t)) as a function of temperature and time for the PBT
and the PBT nanocomposites when cooled at 10 ◦ C/minute from 250 ◦ C.

4

(a)

(b)

Figure 4.14: Non-isothermal crystallization of PBT and PBT/composites: a) evolution of
crystallization with temperature and b) evolution of crystallization with time.
Both Fig. 4.14a and b show that increasing the nanosilica concentration nucleates the PBT,
i.e. the temperature to reach the maximum crystallinity is higher than that of the unfilled
PBT. This observation is similar to the results found for isothermal crystallization and the
NE. Fig. 4.14b shows that the addition of nanosilica below 1.0 wt% results in an increase
in the t1/2 . The nanocomposite with 1.0 wt% nanosilica takes the longest to crystallize.
Increasing the nanosilica concentration further results in a decrease of t1/2 , see Table 4.7.
This means that the crystal growth kinetics is affected by the presence of the grafts.
To get more insight, the activation energy for non-isothermal crystallization is calculated.
This is done using the Kissinger method [261]. In this analysis, the variation of peak
crystallization temperature, Tp (which is the peak temperature of Tc ), is studied by
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varying the heating rate. Using Eq. 4.8 the activation energy Ea for the non-isothermal
crystallization is calculated as:

d(log(ϕ/Tp2 )
∆Ea
=−
d(1/Tp )
R

(4.8)

where R is the universal gas constant and ϕ is the cooling rate.

Figure 4.15: Kissinger plot for PBT/silica nanocomposite.
Fig. 4.15 shows the plots of ln(ϕ/Tp2 ) versus1/Tp for all materials from which Ea can be
deduced. The results are shown in Table 4.7.

4
Table 4.7: Non-isothermal crystallization kinetic parameters of PBT/silica nanocomposites.
t1/2

−∆Ea

[min]

[kJ/mol]

PBT0S

2

204

PBT0.5S

2.1

344

PBT1S

2.2

314

PBT3S

1.8

342

PBT5S

1.8

353

Material

The activation energies of crystallization for PBT/silica nanocomposites are lower than that
of unfilled PBT. The variation in the activation energy for non-isothermal crystallization of
PBT/silica nanocomposites may be explained by the changes in the nucleation mechanism
and the free energy of nucleation with the degree of supercooling [269]. In the PBT/silica
nanocomposite the grafts on the nanosilica particles seem to perform two functions: (i)
act as nucleating agent (ii) increase mobility around the nanoparticle resulting in very high
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nucleation efficiency. Similar observations were made for the PBT/calcite composites
[248], PBT/nanoclay and carbon fibers [252], PBT/CNT nanocomposites [269, 270, 271],
and the PBT/halloysite composites [255]. Therefore, it can be concluded that the silica
nanoparticles can not only promote crystallization of the PBT by acting as a nucleating
agent and increasing mobility of the chains thereby allowing for faster crystallization.

4.4

Conclusions

This chapter describes the investigation of the rheological and the thermal properties
of PBT/silica nanocomposites prepared via melt-compounding. Results show that PBT
nanocomposites containing less than 0.5 vol% (or 1.0 wt%) nanosilica display a viscosity
drop of ~15%, while a strong viscosity increase was observed at higher nanosilica particle
concentrations. According to thermal analysis, the addition of nanosilica particles to
PBT did not change the glass transition temperature, degree of crystallinity or melting
temperature. However, the rigid amorphous fraction showed the same trend as the
viscosity as function of the nanosilica concentration. These observations indicate that
the mobility of the PBT chain is affected by the nanoparticles. This increased mobility
stems from a strong interaction between the nanosilica particle and the PBT matrix. This
interaction was confirmed by FTIR and XPS. Both techniques revealed that during the
melt compounding phase a covalent linkage was formed between the PBT and nanosilica
surface. The grafted chains are speculated to be below the Me and polydisperse, due to
the random nature of the reaction between the nanosilica surface and the high Me of PBT.
The grafts on the nanosilica particle changes the entanglement density in the surroundings
of the nanoparticle, resulting in a low viscosity layer (high mobility zone). The calculated
thickness of the low viscosity layer using the Wang-Hill model was found to be ~Rg of the
PBT chain, indicating that the grafts disentangle from the PBT matrix.
Besides causing a drop in viscosity, the grafts also have an effect on the crystallization
kinetics. Both isothermal and non-isothermal crystallization kinetics were accelerated in
the presence of nanosilica particles. Nanosilica particles were found to have a very high
nucleation efficiency ~73% at 0.25 vol% (or 0.5 wt%), implying that crystal growth occurs
from the surface of the nanosilica. Non-isothermal crystallization experiments reveal that
the activation energies calculated for the PBT nanocomposites using the Kissinger method
was found to decrease with increasing nanosilica content. This indicates that grafted
nanosilica particles have a dual role in the non-isothermal crystallization kinetics of PBT,
i.e. a nucleation effect and accelerating crystallization. It can be therefore concluded that,
creating a strong interaction between the nanoparticle and the polymer matrix affects the
local dynamics at nano to micrometer length scale changing its viscoelastic and thermal
properties and the crystallization kinetics.

4
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C HAPTER

5 Universal viscosity behavior of polycondensation/silica nanocomposites:
Poly(lactic acid) a case study

Abstract
In this chapter, it is shown that melt-compounded polymer nanocomposites exhibit a
universal viscosity behavior. This behavior can be achieved by altering the interaction
between the polymer matrix and the nanoparticle surface. The universality of this behavior
is tested using melt-compounded poly(l-lactic acid) (PLLA)/silica nanocomposites. The
interaction between the PLLA and nanosilica is tuned by using nanosilica particles that are
both polar and passivated. The rheological properties, chain mobility and crystallization
behavior of the PLLA nanocomposite are studied by using oscillatory shear rheology,
T2 -relaxometry, X-ray Photoelectron Spectroscopy (XPS), Fourier Transform Infrared
Spectroscopy (FTIR) and differential scanning calorimetry (DSC). The viscosity behavior
of PLLA/silica was found to be the same as for poly(carbonate)/silica and poly(butylene
terephthalate) (PBT)/silica nanocomposites (discussed in Chapters 2 and 4), i.e. decrease
at low concentrations followed by an increase. The low viscous layer responsible for the
viscosity decrease was found to be approximately the radius of gyration (Rg ) of the PLLA
chain. DSC studies reveal that the rigid amorphous fraction (RAF) associated with the
filler also follows a similar trend to that of the viscosity with nanosilica concentration. T2
relaxometry shows that this decrease in RAF can be attributed to the increased chain
mobility at the interphase of the polymer and nanosilica. The XPS and FTIR results
confirm that the increased mobility in surroundings of the nanoparticle was due to the
grafts of PLLA chains formed on the nanosilica during compounding. Furthermore, the
grafted nanosilica was found to suppress the α 0 phase, but promote the α phase of PLLA
and act as nucleating agent. Finally, the claim of the universality of the viscosity behavior is
substantiated by using a similar analysis on melt-compounded PLLA with passivated silica.
The results from the passivated silica nanocomposite indicate that a strong interaction
is needed to alter the properties of the nanocomposite. These results highlight that by
choosing the right polymer-particle system and by tuning the interaction between the
polymer and the nanoparticles, unique and enhanced bulk properties can be achieved.
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5.1

Introduction

The preceding chapters showed that the addition of nanosilica to poly(styrene) (PS),
poly(carbonate) (PC) and poly(butylene terephthalate) (PBT) affects the rheological and
mechanical behavior and the crystallization kinetics. PC and PBT nanocomposites
showed a considerable decrease in viscosity at concentrations <1.0 wt% nanosilica
followed by a strong increase thereafter. Furthermore, the PBT nanocomposites showed
a drastic enhancement of the nucleation efficiency and a decrease in activation energy for
crystallization. In contrast, the PS/silica nanocomposites showed an increase in viscosity
irrespective of the nanosilica concentration. These observations demonstrate that a good
interaction between the polymer matrix and silica nanoparticles has to be present to
provoke the peculiar rheological and crystallization behavior.
There is less consensus on the mechanism that can explain such a viscosity drop. In
order to explain this phenomenon, various hypotheses, i.e. ball-bearing effect, selective
adsorption, variation of entanglement density and chemical interaction via grafting between
the silica and the polymer matrix were put forward. Based on the experimental and
modeling evidence [57, 143, 272, 273], the occurrence of grafting of polymer chains onto
the nanosilica surface was the most plausible explanation for the systems discussed in
Chapters 2 to 4. It is proposed that grafting causes a disentanglement around the particle
resulting in the formation of a layer with lower viscosity around the nanosilica particle.
This contributes to a reduction of the bulk viscosity. Apart from this, the grafting was also
found to have a profound effect on the nucleation and growth. Here, we want to investigate
if these parameters also apply to PLLA/silica nanocomposites. More specifically, the
objectives of this chapter are:
1. To study the effect of the interaction between PLLA and silica surfaces in
a PLLA/silica nanocomposite, and its effect on viscoelastic properties and
crystallization behavior using a similar approach outlined in Chapters 2 and 4,
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2. To check the generality of the influence of grafting on the viscoelastic properties of
polycondensation polymer/silica nanocomposites.
Poly(l-lactic acid) (PLLA)/silica nanocomposites are chosen as the test system mainly
due to the polar nature of PLLA, which enables us to control the interaction with the polar
surface of the nanosilica. PLLA is a linear polyester that has caught the attention of the
plastics industry due to its renewable character and biodegradability and is therefore used
in applications such as short-time packaging, biomedical and agricultural applications
[274, 275, 276, 277]. However, several challenges, such as brittleness, poor thermal
stability and slow crystallization rate, have marred the use of PLLA [274, 276]. Thus, in
order to make PLLA more competitive, fillers such as layered silicates, carbon based
nanofillers (CNT and graphene), talc, and nanosilica have been considered for enhancing
the thermo-mechanical properties and to provide additional functionalities like barrier and
flame retardancy (FR) [274]. For instance, Basilissi et al. [278] and Zhang et al. [279]
showed that the crystallization kinetics and nucleation efficiency could be improved by
adding surface-modified silica to PLLA. They also found that the surface modification
prevented degradation of the PLLA matrix. Furthermore, studies done by Basilissi et al.
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[280], Huang et al. [281], Lai et al. [282], Narimissa et al. [283], Zhu et al. [277], and
Zhang et al. [284] showed that the addition of nanosilica and graphene to PLLA led to an
increased melt zero-shear viscosity, modulus and strain at break. But more interestingly
for this chapter, Wen et al. [276] showed that the addition of unmodified silica to PLLA
resulted in grafting of PLLA chains onto the silica surface during extrusion. This resulted
in an improved thermal stability, barrier performance and hydrodynamic reinforcement
of the PLLA melt. All these improvements were observed at concentrations <6 wt%.
However, literature on PLLA nanocomposites also points to the opposite behavior, e.g.
Zhang et al. [285] and Zhu et al. [277] showed that the addition of nanosilica resulted
in a reinforcement of PLLA, but caused a decrease in the zero-shear viscosity. Further,
Cipriano et al. [286] showed that addition of talc resulted in a 50% decrease of the
zero-shear viscosity (ZSV), while the ZSV increased at higher concentrations. These
observations were either attributed to entanglement density variations or to plasticization.
These studies clearly show that drastic improvements in properties are possible because of
a strong polymer-filler interaction, which is either due to chemical or physical modification
of the polymer-nanoparticle interaction.
This leads to the first objective of this chapter, i.e. to study the effect of the interaction
between PLLA and silica surfaces in a PLLA/silica nanocomposite and its effect on the
viscoelastic properties and crystallization behavior. Similar to PBT, the morphology of
PLLA can be described by a three-phase model, i.e. an amorphous phase that can be
subdivided into a mobile amorphous fraction (MAF), a rigid amorphous fraction (RAF) and
a crystalline phase. Each amorphous fraction exhibits a distinct molecular mobility, while
crystalline PLLA below or above 120 ◦ C can have two crystal modifications, i.e. α and
α 0 [287]. The properties of PLLA are dependent on the ratio of these phases, while the
addition of fillers may change the ratio between the fractions and the respective molecular
mobility [288, 289]. For instance, it was shown by Wurm et al. [55] that the addition
of nanoclay to poly(amide-6) changed the crystallinity, RAF and MAF. They found that
crystallinity decreased and the overall RAF (which is a sum of the RAF due to crystals and
RAF due to filler) increased at concentrations of nanoclay >10 wt%, without significant
changes in MAF. Specifically, the RAF due to crystals decreased and the RAF due the
filler increased. This increase was attributed to the immobilization of the polymer chains
on the nanoclay particles. Similar for PBT/silica nanocomposites, an increase in MAF
was observed when small quantities of nanosilica were used (<1 wt%). The increase in
MAF was attributed to the decrease in entanglement density around the particle due to
the disentanglement of the grafts from the polymer chains in the bulk. This resulted in a
drop in the zero-shear viscosity, but also enhanced the crystallization kinetics. Similarly,
the grafting on the silica particles also resulted in altering viscoelastic and aging kinetics
in PC, as shown in Chapter 2. These results strongly indicate that RAF, MAF and bulk
properties are correlated to each other.
This leads to the second objective of this chapter, i.e. is there a generalized
viscoelastic behavior in strongly interacting polycondensate/silica nanocomposites? In
nanocomposites where a strong interaction exist between the bulk and nanoparticle, the
number of the adsorbed units, Na , follows the equation: Na = N n , where N is the number
of monomer units in a chain and n depends on the interaction between the particles and
the polymer chains [41, 105]. It was shown by Dionne et al. [290], Sen et al. [30], and
Crawford et al. [291] that the conformation of the polymer chains for both the unfilled
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material and the nanocomposite remain Gaussian (with a similar radius of gyration Rg )
and are homogeneously distributed around the spherical nanoparticles. Furthermore,
these studies showed that the structure within the polymer melt varied as a function of
the distance from the nanoparticle surface. This is an important result as the surface
interaction is important and is not confined to a surface-bound layer, but has a far-field
effect of at least one radius of gyration of the polymer, Rg , as shown by Kalfus et al.
[40], Jiang et al. [105], and Picu and Rakshit [143]. These results are valid for both
physically adsorbed chains and chemically grafted chains. Furthermore, the graft length,
density, polydispersity and Rg of the host matrix can affect the wetting and dewetting of
the bulk, influencing the properties as shown by Vogiatzis and Theodorou [273], Picu and
Rakshit, and Ndoro et al. [272]. Therefore, irrespective of the chain conformation, the
viscoelastic properties are strongly influenced either by the nanoparticle-polymer matrix
interaction or the strong particle-particle interaction, depending on the concentration
range. The interaction alters the mobility of the polymer chains leading to a change in
bulk properties such as the rheology and crystallization behavior. In this chapter more
evidence is provided as to how the viscoelastic properties of the bulk can be altered by
tuning the interactions between the bulk and the nanoparticle.
The chapter is organized into two parts: the first part deals with the effect of strong
interaction between the PLLA and nanosilica on the state of dispersion, chain mobility,
viscoelastic and thermal properties. Subsequently, the isothermal and the non-isothermal
crystallization kinetics in these composites are studied in detail to understand its
crystallization and melting behavior. The second part deals with the use of passivated silica
nanoparticles in PLLA on the above mentioned properties. In both cases the interaction
strength is characterized using spectroscopic techniques, viz. FTIR and XPS.

5.2

5

Experimental section

Poly(l-lactic acid) (PLLA) used in this study was provided by Natureworks LLC and had a
molar mass of 120 kg/mol with a polydispersity index of 2.2. 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 approx. 30 wt% nanoparticles.
All materials were used as received. Table 5.1 summarizes the detailed characteristics of
the polymers including molar mass, polydispersity index (Mw /Mn ), entanglement number
(Z), entanglement radius (Re ) and radius of gyration (Rg ). These were measured by using
Size Exclusion Chromatography (SEC) as described below.

Table 5.1: An overview of the material characteristics. Rg and Re were calculated using
[72, 292].
Material

Mw
[kg/mol]

PDI

Rg
[nm]

Re
[nm]

Me
[kg/mol]

Z

PLLA

216

2.5

10.45

4.77

9.2
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Preparation of PLLA nanocomposites

The PLLA pellets were dried for 12 hours at 60 ◦ C before mixing with the nanosilica
dispersion at different concentrations (0.5-10 wt%). The material was subsequently dried
for 24 hours to remove the solvent at room temperature. The silica nanoparticles were
used without any further surface modification. This material was compounded 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 approximately
40 ◦ C for the feeding section and up to 200 ◦ C in the melting zone. The pellets were
remixed using a home-built, recirculating, twin-screw mini-extruder (internal volume of
5 cm3 ) with a screw speed of 75 rpm for 15 minutes under N2 atmosphere. PLLA/silica
nanocomposite sheets with a thickness of 1.0 mm and 0.5 mm were prepared by using
compression molding at 200 ◦ C for 10 minutes at a pressure of 50 bars. Samples for
the rheological characterization (25 and 8 mm in diameter, 1.0 and 0.5 mm in thickness)
were cut from these sheets. A second set of samples was made by melt compounding
PLLA with silica powder, using the twin-screw extruder as mentioned above. The silica
powder was obtained by evaporating the solvent from the nanosilica/MEK dispersion. The
nanosilica powder was dried to remove all MEK. The extruded material was characterized
as described below. The samples are named as PLLAxS, where x is the wt % of silica.

5.2.2

Sample preparation for FTIR and XPS

A similar procedure as described in Chapter 2 to analyze PC/nanosilica composites
is followed here for the preparation of the samples for FTIR and XPS. The PLLA
nanocomposites were dissolved in dichloromethane at room temperature and centrifuged
at 6000 rpm for 10 minutes. The supernatant solution was removed and the white
precipitate (nanosilica) at the bottom was collected. Before characterizing the extracted
nanosilica, it is important to remove any free polymer. 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, as characterized by FTIR spectroscopy.
The dried nanosilica, neat polymer and the composites were characterized using FTIR
and XPS to study the immobilization of the polymer around the nanoparticle.

5.2.3
5.2.3.1

Characterization techniques
Transmission Electron Microscopy (TEM)

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
PLLA. The image analysis was done using the method described in Chapters 2 and 4.
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5.2.3.2

Size Exclusion Chromatography (SEC)

The molar mass and polydispersity index of PLLA were determined by using SEC
on Polymer Laboratories PL gel 5 µm MiniMIX-C 250×4.6 mm column and a UV
detector, operated at 254 nm. Measurements were performed at room temperature
using dichloromethane as the solvent and toluene as the flow marker. The molar masses
were obtained relative to PS standards.
5.2.3.3

Melt Rheology

The oscillatory rheology of the PLLA nanocomposites was measured on an ARES-G2
rheometer (TA Instruments) in a temperature range from 70 to 200 ◦ C using both an 8 mm
and a 25 mm parallel-plate geometry under a N2 blanket. Prior to the measurements, all
samples were dried at 60 ◦ C for 12 hours in a vacuum oven and then molded into discs.
The samples were loaded at 120 ◦ C and heated to the desired temperature. The gap
between the parallel plates was adjusted to a final value of 1.0 mm. Strain sweeps were
conducted at several frequencies to identify the maximum strain for testing in the linear
viscoelastic (LVE) range. Using the LVE, strain frequency sweeps were carried out from ω
= 0.1 to 500 rad/s. From the frequency sweep measurements at different temperatures,
mastercurves were constructed by using Time-Temperature Superposition (TTS) to a
reference temperature of 180 ◦ C using either the horizontal (aT ) and/or vertical shift (bT )
factor. The horizontal shift factor is given by the WLF relationship [73]

log aT = log

−C1 (T − T0 )
τ(T )
=
τ(T0 ) C2 + (T − T0 )

(5.1)

where C1 and C2 are empirical constants.
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The TTS-shifted curves were used to calculate the Maxwell relaxation spectrum. The
viscosity values reported correspond to the complex viscosity at 1rad/s. No viscosity
models were used to calculate the zero-shear viscosity, as all the composites did not follow
the Cox-Merz relation.
5.2.3.4

Differential Scanning Calorimetry (DSC)

The glass transition temperature T g , heat capacity and enthalpy change curves were
determined by a Q2000 DSC from TA Instruments. The samples used for all measurements
were cut from compression-molded disks of 0.5 mm with the diameter of each disk
being 4.0 mm. This was done to ensure good thermal contact with the sample and the
dimensions matched with that of the calibration sample. For all measurements a sample
of 10 mg was used. Relevant to various aspects of the experiments, different thermal
programs as given below were used:
Program 1: RAF, MAF, degree of crystallinity (Xc ) and Tg :

The sample was heated to 200 ◦ C at 10 ◦ C/min and held for 5 minutes in order to erase the
thermal history. This was followed by cooling at 30 ◦ C/min to crystallization temperature
Tc of 100 ◦ C to 125 ◦ C. At the Tc , the sample was isothermally crystallized for 600 min,
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which was found to be optimum for the complete crystallization (no cold crystallization is
observed). After the isothermal crystallization step, the sample was cooled to 0 ◦ C followed
by heating at a rate of 10 ◦ C/min. From this experiment, the isothermal crystallization
kinetics, the glass transition, crystallinity and rigid and mobile amorphous fractions were
calculated.
Program 2: Nucleation Efficiency (NE):

For unfilled PLLA, the sample was first heated at 10 ◦ C/min to 200 ◦ C and held for 5
minutes. Subsequently, the sample was cooled to 80 ◦ C at 1 ◦ C/min to determine the
crystallization peak temperature, which was defined as Tc1 inherent to PLLA without
pre-existing nuclei. In the next step, the sample was heated again at 10 ◦ C/min to the
partial melting temperature (Tpm ) and held for another 5 minutes to create self-nucleated
sites. Finally, the sample was cooled to 80 ◦ C at 1 ◦ C/min and the crystallization peak
temperature of self-nucleated PLLA was determined. The nucleation efficient (NE) is
expressed as:

NE =

Tp − Tc1
× 100%
Tc2max − Tc1

(5.2)

where Tc1 and Tc2max are the crystallization temperatures of the neat and the best selfnucleated PLLA, respectively. Tp is the crystallization temperature obtained in the presence
of nucleating agent (nanosilica in this case). Based on these experiments, the value of
Tc1 and Tc2max were calculated as 144.5 and 97.5 ◦ C, respectively.
Program 3: Non-isothermal cold crystallization:

The sample was heated to 200 ◦ C at 10 ◦ C/min and held for 5 minutes in order to erase the
thermal history. This was followed by cooling at 30 ◦ C/min to below the Tg , and then the
samples are reheated at different rates (ϕ), from 0.5 to 5 ◦ C/min. The cold crystallization
peak temperature (Tp ) of silica-nucleated PLLA determined at a cooling rate of 1 ◦ C/ min
was used to estimate the NE. Results of all DSC experiments obtained are the average of
three runs.
5.2.3.5

Fourier Transform Infrared (FTIR) Spectroscopy

A Perkin Elmer Spectrum One FTIR spectrometer equipped with a Perkin Elmer spotlight
300 infrared microscope with a liquid nitrogen cooled HgCdTe (MCT) 16×1 linear array
detector was used to record micro-ATR spectra by employing a germanium hemispherical
internal reflection element (IRE). Spectral acquisitions were performed in the reflection
mode. In order to collect the ATR-FTIR spectrum from a flat surface with the miniature-Ge
IRE, the sample was placed on the microscope XY stage. A sampling spot on the surface
was selected through an objective. The miniature-Ge IRE was then slid into the pre-aligned
position and the microscope stage was elevated until the selected sampling area touched
the tip of the internal reflection element (IRE). Particular care was employed in order
to achieve the same degree of contact for all measurements. Once good contact was
achieved, 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 μm.
The background spectrum was collected through the internal reflection element (IRE)
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when it was not in contact with the sample. All spectra were collected using 16 scans in
the range from 4000 to 600 cm− 1 with a 4 cm− 1 spectral resolution.
5.2.3.6

X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) studies were carried out on a Kratos Axis Ultra
DLD spectrometer equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV)
operated at 150 W, with a multi-channel plate and delay line detector under 1.0×10-9
Torr vacuum. Survey and high-resolution spectra were collected at fixed analyzer pass
energies of 160 and 20 eV, respectively. The samples were mounted in floating mode in
order to avoid differential charging. Charge neutralization was required for all samples.
The binding energies were referenced to the C1s (C-C) binding energy and was set at
284.8 eV.
5.2.3.7

5

1H

NMR T2 relaxation experiments

The proton transverse magnetization decays or T2 relaxation decays were measured on a
Bruker Minispec mq20 nuclear magnetic resonance spectroscopy (NMR) analyzer at a
proton resonance of 20 MHz. The Minispec was equipped with a BVT-3000 variable
temperature unit. The temperature gradient and stability were about 1 o C and 0.1
◦ C, respectively. Two different pulse sequences were used to record the decay of the
transverse magnetization (T2 decay) for both the rigid (1) and the mobile (2) fractions of
the samples. For the rigid fraction, a solid-echo pulse 90°- τSE - 90°- τSE - acquisition was
used, followed by a Hahn echo pulse 90°- τHE - 180°- τHE -acquisition for the mobile fraction.
The second pulse in the Hahn echo inverts nuclear spins of mobile molecules only. If the
pulse spacing in the HEPS is varied, the amplitude of the transverse magnetization A(t)
can be measured as a function of time t. Hahn echo renders the possibility to eliminate
magnetic field and chemical shift in-homogeneities and to measure the T2 relaxation time
for mobile materials accurately. All experiments were performed at 180 ◦ C with a spacing
time of 0.02 milliseconds. As a note, this technique was not used for PC or PBT based
nanocomposites, as they relax very fast in the experiment, thereby yielding no results.
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5.3

Results and discussion

In this section, the effect of interaction between PLLA and silica nanoparticles on the
state of dispersion of the PLLA nanocomposites will be presented first, followed by the
effect of processing on molar mass of PLLA and its effect on the rheological properties.
This is followed by quantifying the interaction for both the unmodified nanosilica and the
passivated nanosilica using FTIR and XPS. Finally, the effect of grafted nanosilica particles
on the crystallization behavior will be presented.

5.3.1

State of dispersion

Fig. 5.1 shows the transmission electron microscopy (TEM) images of the nanosilica
particles dispersed in the PLLA matrix at various concentrations.

(a)

(b)

5
(c)

(d)

Figure 5.1: TEM micrographs of PLLA/silica nanocomposites prepared using the twostep mixing method: a) 0.5 wt% nanosilica, b) 1.0 wt% nanosilica, c) 3.0 wt%
nanosilica, and d) 5.0 wt% nanosilica. The primary particle size of nanosilica
is ~ 12 nm.
The TEM images from a through d depict the effect of the concentration of the nanosilica
from 0.5 to 5.0 wt%. As can be seen in the figures, the silica nanoparticles are well
dispersed at concentrations<1 wt%. Fig. 5.1a and b show that the silica nanoparticles are
dispersed almost at primary particle level with hardly any agglomeration. At higher
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concentrations, the silica particles are dispersed as agglomerates with an average
diameter of 50-150 nm, see Fig. 5.1c and d. It has to be noted that there are no significant
differences between the directly compounded material and the material compounded in
two steps, i.e. the twin-screw extrusion combined with the recirculating in the twin-screw
mini-extruder. Fig. 5.2a and b show the average particle size and distance as calculated
from the image using MATLAB image analysis toolbox. The plots clearly show that on
increasing the concentration, the average particle size increases from 22 to 50 nm in case
of 3.0 wt% nanosilica to 150 nm in case of 5.0 wt% nanosilica. The average distance
between particles was found to be 50 nm for concentrations of nanosilica >1.0 wt% and 80
nm at 0.5 wt% silica. Thus, the average distance remains almost constant given that the
agglomerate size is increasing. This indicates that while the particle-particle interaction
occurring via chain bridging dominates, the polymer-particle interaction is strong enough
to maintain good dispersion.

(a)

(b)

Figure 5.2: a) Particle size distribution and b) average particle distance of the PLLA/silica
nanocomposites at different concentration of nanosilica for TEM micrographs
shown in Fig. 5.1.
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5.3.2

Effect of processing and experiments on molar mass

Changes in molar mass during processing or testing lead to changes in properties.
The power law that describes the molar mass dependence of the zero-shear viscosity,
η0 = kMw3.4 , can be used to show that a slight decrease in molar mass can lead to a
significant decrease in viscosity. To ensure that the observed changes in the properties
are not mainly due to the degradation of PLLA, the molar masses of all nanocomposites
after the preparation were characterized by SEC. The results are summarized in Table 5.2
and show a small decrease in the molar mass, which is within the measurement error.
This change is far below the entanglement molar mass of PLLA, 9.2 kg/mol [292]. A
small increase of the polydispersity index (PDI) is observed at 5.0 wt% of silica during
the extrusion and after the rheology experiments. When comparing the values listed in
Table 5.2 to initial values in Table 5.1 it can be seen that there is a slight broadening of
the distribution and a slight increase in Mw . This indicates that there could a possible
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degradation either during compounding or GPC measurements. However, it is important
to bear in mind that performing GPC on nanocomposites is not straight forward, as even
after filtration there could be interaction between the column and particle.

Table 5.2: Molar masses after compounding and measurements.
Material

Mw ±0.5
(after
compounding)

PDI
(after
compounding)

[kg/mol]
PLLA0S

217.0

Mw ±500
(after
rheology)

PDI
(after
rheology)

[kg/mol]
2.6

217.2

2.6

Change in
Mw

[kg/mol]

Change in
Mw
(due to
silica, after
rheology)
[kg/mol]

-0.2

-

PLLA0.5S

217.3

2.6

216.8

2.6

-0.5

-0.4

PLLA1S

217.1

2.6

216.8

2.5

-0.6

-0.40

PLLA3S

217.2

2.7

216.4

2.7

-1.0

-0.6

PLLA5S

217.2

2.7

216.1

2.6

-0.9

-1.10

Figure 5.3: Molar mass distribution of PLLA and PLLA/silica nanocomposites before and
after rheology. (ar) indicates measured after the rheology experiments.
Fig. 5.3 shows the molar mass distribution of PLLA and PLLA/silica nanocomposites
before and after the rheology measurements. The plot nicely overlaps implying that no
degradation occurred during the measurements.
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5.3.3

Effect of dispersion on viscoelastic properties

The effect of the addition of nanosilica particles to PLLA on its viscoelastic behavior (i.e.
η ∗ versus frequency) is shown in Fig. 5.4a at 180 ◦ C. The addition of ~ 1.0 wt% nanosilica
nanoparticles induces the viscosity reduction of ~15%, after which the viscosity increases
again with silica content, see Fig. 5.4b. The results in Fig. 5.4a show that at nanosilica
concentrations up to 5.0 wt%, the melt reaches a Newtonian plateau at low frequencies (~
1 rad/s) and all compositions show similar slopes at higher frequencies. Above 5.0 wt% of
nanosilica, the Newtonian plateau is reached at a lower frequency. This is attributed to the
agglomeration of the nanosilica particles. Similar behavior was observed in PC/silica and
PBT/silica nanocomposites (in Chapters 2 and 4).

(a)

(b)

Figure 5.4: a) Effect on viscosity due to the addition of silica nanoparticle in PLLA at T =
180 ◦ C and b) viscosity ratio as a function of nanosilica concentration.

5

Table 5.3 lists the viscosity reduction percentage ∆ (calculated like in Chapter 2) and the
corresponding silica content for each system. The values of ∆ listed in the table are the
values after taking into account the influence of molar mass variation (established using
the power law equation η0 = kMw3.4 ).
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Table 5.3: Corrected viscosity drop incorporating the change in the molar mass.
Material

∆ before correction
[%]
±3%

∆ after correction
[%]
±3%

PLLA0S

0

0

PLLA0.5S

-17

-11

PLLA1S

-15

-10

PLLA3S

-5

-3

PLLA5S

-4

-1

PLLA10S

40

30

Additionally, the effect of the glass transition temperature, Tg on the viscosity drop was
also ruled out by measuring the viscosity at a certain fixed temperature from Tg . This
was achieved by using mastercurves of the dynamic moduli obtained via TTS. The TTS
principle was evaluated from the Van Gurp-Palmen plot, see Fig. 5.5 [122]. For clarity,
only two curves are plotted in Fig. 5.5. The figure illustrates that the Van Gurp-Palmen
plot of the PLLA/silica nanocomposite overlaps with that of the pure PLLA confirming the
validity of the TTS principle. It is also clear from the Van Gurp-Palmen plot that the plateau
modulus does not change, i.e. both PLLA/silica nanocomposite and the neat PLLA have
a plateau modulus of 1.1×106 Pa. This indicates that there is hardly any change in the
entanglement molar mass and thus the number of entanglements per chain.

5

Figure 5.5: Van Gurp-Palmen plot for PLLA and PLLA/silica nanocomposites.
The change in viscosity at two reference temperatures, 180 ◦ C and 120 ◦ C is shown
in Table 5.4. The results show that a 1.0 ◦ C difference in Tg leads to ~ 2% decrease in
viscosity. Thus, the results shown in Table 5.2 and Fig. 5.4 are not affected by the Tg .
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Table 5.4: Change in viscosity of PLLA/nanocomposite
η∗
at 180 ◦ C
[Pa.s]

η∗
at 120 ◦ C
[Pa.s]

[◦ C]

2495

2.9 × 105

56

PLLA1S

2058

105

55

Reduction
in viscosity

15 %

Material

PLLA0S

2.6 ×

10%

Tg

-

Furthermore, the mastercurves shown in that the average relaxation time (given as
1/ωc ) decreases with the addition of silica nanoparticles to PLLA, see Fig. 5.6. These
observations indicate that interaction between the silica nanoparticles and the matrix
results in changes in the chain mobility which results in the observed viscosity drop.

5

Figure 5.6: Master-curves for PLLA and 1.0 wt% PLLA/silica nanocomposite at a
reference temperature (Tre f ) of 180 ◦ C.
As shown in Chapter 2, the relaxation time spectrum provides valuable information
regarding the interaction between the nanoparticle and the matrix. The relaxation time
spectrum is calculated using the method outlined in Chapter 2, see Fig. 5.7. Comparing the
relaxation time spectra between the PLLA and PLLA/silica nanocomposites the following
can be observed:
1. The relaxation strength, i.e. the peak of the relaxation time spectrum, decreases on
the addition of 1.0 wt% silica nanoparticles. This is followed by an increase at higher
concentrations. This trend is in line with the viscosity drop as observed in Fig. 5.4.
2. At longer relaxation times, a higher concentration of nanosilica particles result in
additional relaxation modes. These additional relaxation modes can be observed as

Results and discussion

121

a result of the percolation of silica particles and/or the strong interaction between
PLLA and nanosilica.
3. The average relaxation time decreases with the addition of 1.0 wt% silica
nanoparticles, and then increases on further addition of silica nanoparticles.

Figure 5.7: Continuous relaxation spectra of PLLA and PLLA/silica nanocomposites.
In conclusion, the nanosilica particles to PLLA causes viscosity reduction. The rheological
results of the PLLA/silica nanocomposites demonstrate that the viscosity reduction is
neither due to the molar mass degradation nor a change in Tg , but can be attributed to
the strong interaction between the polymer matrix and silica nanoparticles. In order to
understand the nature of this interaction and substantiate the observation, further analysis
is carried out by using low-field NMR spectroscopy, thermal analysis and chemical analysis.

5.3.4 T2 relaxation time for PLLA/silica nanocomposites characterized by
low-field NMR spectroscopy
A well-established method to study chain dynamics in polymer systems, including filled
rubbers and nanocomposites, is low-field proton NMR or T2 relaxometry. In several
studies this technique was used to quantify the interactions between the filler and the
matrix [293, 294, 295]. The interactions between filler and the matrix are characterized by
different local chain dynamics in the bulk and the interfacial region. Based on this, two
fractions could be distinguished: (i) a tightly bound, low-mobility, almost rigid fraction that
directly covers the filler surface, and (ii) a loosely bound, highly mobile fraction remote
from this interface.
More recently, magic sandwich echo (MSE) and multiple-quantum (MQ) pulse sequences
have been used for an accurate determination of the different dynamics, compared to the
traditional solid and Hahn echo pulse sequences (SEPS and HEPS) [296]. This study
uses the latter. A solid echo pulse sequence is used to study the rigid polymer fraction (for
short time scales) and the Hahn echo pulse sequence for the mobile fraction (for longer
time scales).
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Figure 5.8: Various relaxation components of the PLLA/silica nanocomposite.
In line with previous studies, Fig. 5.8 shows a schematic picture with the rigid, interphase
and mobile fraction for the PLLA/silica nanocomposites. The T2 time constants,
characteristic of different rates of the magnetization decay curve, were obtained by
performing a least-squares fit of the data with the Weibull function or a linear combination
of the Weibull function and the exponential functions given by Eq. 5.3.

A(t) = A0[ar exp(−t/τr )br + ai exp(−t/τi )bi + am exp(−t/τm )bm ]

5

(5.3)

where τr , τi , and τm are the relaxation times of the rigid, interphase and the mobile phase,
respectively. A0 is a constant to account for the finite line width of the T2 relaxations, ar , ai ,
and am are the pre-exponential factors for each phase when fitted through the normalized
intensity and the br ,bi and bm are the decay shape parameters that are related to the
distribution of the relaxation time. The relaxation component and its relative amplitude
originating from the most rigid material on the silica surface and from the grafted PLLA
were determined by fitting SEPS, whereas the mobile fraction was determined by HEPS.
In this fit, the baseline was fixed to the value that was measured under the same conditions
after the sample was removed from the NMR probe.
To interpret the 1 H-NMR results shown below, it must be realized that the intensity of the 1 Hmagnetization is proportional to the amount of the hydrogen atoms while the T2 -relaxation
time is a measure of the mobility of the phase. Since the silica “by itself” has negligible
amount of protons, it is invisible to the NMR probe. Therefore, the measured intensity
is due to the PLLA. Proton T2 relaxation is the decay of the transverse magnetization
components after an excitation pulse. In polymers, this decay is basically a dephasing
mainly via dipolar proton-proton interactions. Different mobilities of polymer chains result
in different effective dipoles. Thus, phases with a different mobility will relax at different
rates [297].
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Fig. 5.9a shows the T2 decay curves and their corresponding fits to Eq. 5.3 at 180 ◦ C, while
Fig. 5.9b shows the relaxation times of the rigid, mobile and the interphase as a function
of silica concentration. The plots show that the addition of nanosilica to PLLA does not
change the relaxation time of the mobile phase, but does change the rigid and interphase
relaxations. The interphase and rigid phase relaxation times (τr , τi ) increases first followed
by a decrease at high concentrations (>1.0 wt%).

(a)

(b)

Figure 5.9: Low-field NMR of PLLA and PLLA/silica nanocomposite: a) T2 relaxation
curves, with solid lines indicating the fit and b) relaxation times originating
from the rigid, interphase and amorphous phase as a function of silica
concentration.
The increase in τr can be explained by taking into account either a strong chemical
or a strong physical interaction between the silica with the PLLA chains, resulting in
an increased mobility near the polymer-nanosilica interface. The increase in τi can be
explained by the disentanglement of the short chains bound to the surface from the bulk
network. Similar results were reported by ten Brinke et al. [295] for grafted-silica/rubber
nanocomposites. At 1.0 wt% nanosilica T2 shows a maxima. The increase in the T2
relaxation time implies an increase of the chain mobility in the bulk. However, it has to be
remarked that the dispersion of the filler plays an important role while analyzing the data
of such an experiment and thus the quantitative analysis of the relaxation components.
On the time scale of these experiments, the chain entanglements restrict the long spatial
chain dynamics.
The results from the NMR T2 relaxometry confirm the rheological observations. Fig. 5.10
shows the viscosity of the PLLA nanocomposite relative to unfilled PLLA versus silica
content and the variation of the T2 relaxation (all three components) with the addition of
silica nanoparticles. The viscosity drop (~15%) and the increase in the T2 relaxation is
observed in PLLA/silica nanocomposites when the silica content is in the range of 0.5 ~
1.0 wt%. Therefore, a good correlation exists between the viscosity reduction and the
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T2 relaxation time. The changes in mobility also affects the RAF and MAF, which can be
probed by using DSC and the results are discussed in the next section.

Figure 5.10: T2 relaxation times compared to the viscosity ratio as a function of nanosilica
concentration.

5.3.5

5

Crystallization behavior of PLLA/silica nanocomposites

The T2 relaxometry results showed that the mobility of the immobilized and mobile fraction
can be affected by the addition of nanosilica particles, indicative of a strong interaction
between the silica nanoparticles and PLLA. This interaction affects the PLLA mobility in the
direct surrounding of the particle which leads to a viscosity drop at low concentrations <1.0
wt%. This difference in mobility can also have implications for the thermal properties (RAF,
MAF and degree of crystallinity) of PLLA nanocomposites. As PLLA is known to crystallize
slowly, nucleating agents are often used to enhance the crystallization rate. Fig. 5.11a and
b show the heat capacity as a function of temperature for neat PLLA. Fig. 5.11 illustrates
a set of the heat capacities of amorphous PLLA after cooling from the melt at 3 ◦ C/min,
followed heating at 3 ◦ C/min. Upon heating from the glassy state, the PLLA samples go
through the glass transition at 54 ◦ C, followed by recrystallization at 110 ◦ C. On further
heating two endothermic peaks related to the melting of the PLLA crystal are seen. Double
melting peaks are generally attributed to: (i) the melting of two crystal populations with
different lamellar thickness [298, 299], or (ii) melting and recrystallization, i.e. melting of a
metastable or disordered phase that recrystallizes into thicker, and more perfect, lamellae
(that melt at higher temperatures) [289, 298, 299, 300]. In case of PLLA, many studies
using simultaneous wide angle x-ray diffraction and DSC measurement showed that the
double melting occurs due to the melting and recrystallization of α 0 (disordered)- and
α(ordered)- phases of the PLLA [301, 302, 303]. The two processes, the melting of the
α 0 (disordered) form and the recrystallization into the α(ordered) form can be considered as
the α 0 –α phase transition with the kinetics dependent on molar mass [304, 305]. Therefore
in Fig. 5.11b, peak at the lower temperature is related to the melting of the α 0 form and
its recrystallization into the α form, while the second peak corresponds to the melting
of the α form. These results show that quenched PLLA undergoes cold crystallization,
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reorganization by melting and recrystallization between the glass transition and the final
melting, as shown Fig. 5.11a and b.

(a)

(b)

Figure 5.11: DSC trace of unfilled PLLA a) cooling curve after erasing the thermal history
at 3 ◦ C/min and b) 2nd heating curve at 3 ◦ C/min.
The recrystallization and melting process can be affected by the addition of fillers. For
instance, Zhang et al. [279] showed that nanofillers can act as nucleating agents, thereby
decreasing the onset temperature of cold crystallization. Fig. 5.12 illustrates a set of the
heat capacities of neat PLLA and PLLA/silica nanocomposites after cooling from the melt
at 3 ◦ C/min, followed heating at 3 ◦ C/min. It can be seen that PLLA nanocomposites
show a similar behavior as the unfilled PLLA for this non-isothermal process. While
PLLA remains mostly amorphous on cooling, addition of silica nucleates PLLA enhancing
crystallization, as can be observed by the crystallization peaks in Fig. 5.12a. On increasing
the concentration of nanosilica, the onset of crystallization shifts to higher temperatures,
together with an increase of the enthalpy. The nucleation effect of nanosilica was also
observed with the recrystallization of PLLA nanocomposites during the heating step, see
Fig. 5.12b. The nanocomposites still show a cold crystallization peak that is shifted to
lower temperatures, implying that PLLA does not completely crystallize in the presence
of nanosilica. The first indication for changes in mobility between the different phases
is the observed difference in the melting behavior between the unfilled PLLA and PLLA
nanocomposites, see Fig. 5.12b. The silica nanoparticles change the ratio of the double
melting peaks (i.e. α 0 and α melting peaks). With increasing the concentration of
nanosilica, the amount of the α 0 -phase decreases and most of the crystallization seems
to have occurred in the α-phase. This decrease in the α 0 -phase can be attributed to
the increase in mobility of the PLLA chains around the nanoparticle, as the α 0 –α phase
transition involves slight rearrangements of the molecular packing within the unit cell to
the more energy-favorable state, the increased mobility allows the PLLA chain rearrange
to form a more densely packed structure [303, 306, 307]. At higher concentrations of
nanosilica particles, a similar behavior to that of unfilled PLLA is expected. This is due to
agglomeration of nanosilica particles.
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(a)

(b)

Figure 5.12: DSC traces of unfilled PLLA/silica nanocomposite: a) cooling curves after
erasing the thermal history at 3 ◦ C/min and b) 2nd heating curves at 3 ◦ C/min.
As the effect of nanosilica on the cold crystallization is not drastic, only two
concentrations of nanosilica are shown in the cooling cycle.
However, the results obtained are opposite to these expectations. This points to the
strong interaction between the PLLA and the silica surface, in line with the results of T2
relaxometry. Further evidence of this interaction was obtained by studying the melting
behavior after isothermal crystallization, followed by a heating step. However, it is important
to note that because of crystallization during cooling, the nanocomposites have a different
starting point during the heating step. Furthermore, the addition of silica nanoparticles
does not significantly lower the Tg . A drop of about 3 ◦ C is observed at a concentration of
5.0 wt% silica.

5

From the above discussion it is evident that addition of fillers affects the mobility of the
chains. The amount of RAF, MAF and degree of crystallinity are affected as a result of
this. Quantification of all the three phases is difficult, as the materials do not crystallize
completely and therefore recrystallize during the heating step, which is necessary to
obtain these data. Thus, in order to calculate the degree of crystallinity, RAF and MAF, the
samples were isothermally crystallized at 100 ◦ C for 600 min to prevent recrystallization,
followed by heating. In that case only the glass transition and melting process can be
observed, as shown in Fig. 5.13. The heat capacity jump and the melting enthalpy are
used to calculate the MAF and degree of crystallinity, respectively. A heat of fusion, ∆Hm
at 100 % crystallinity of 93.1 J/g is used for this purpose. Fig. 5.13a shows the DSC trace
(Cp vs. temperature) of such an experiment for the PLLA and PLLA nanocomposites. The
change of the heat capacity around 56 ◦ C is related to the mobile amorphous fraction.
This ∆Cp , when divided by the change in Cp for fully amorphous PLLA (from the ATHAS
database) gives the mobile amorphous fraction (MAF).
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(a)

(b)

Figure 5.13: DSC traces of completely crystallized PLLA and PLLA/silica nanocomposites:
a) heating curve after isothermal crystallization at 100 ◦ C, (note the double
melting peak) and b) ratio of melting peaks (α 0 and α).
The change of the heat capacity during heating at higher temperatures, i.e. around 110
◦ C, can be related to the onset of the melting process of small lamellar crystals or with
devitrification of the rigid amorphous fraction (RAF). A completed melting process was
observed as double endothermic peaks at 148 ◦ C and 155 ◦ C. Double melting peaks are
generally seen when the sample is crystallized below 120 ◦ C, as α 0 crystals are formed
[289, 298, 300]. The observations made in Fig. 5.12 indicate that silica nanoparticles
affect the melting behavior, by suppressing the α 0 -phase. This was not observed for
the isothermally crystallized nanocomposites. It can be argued that the isothermal
crystallization time is long enough for chains to crystallize in contrast to the non-isothermal
case. On calculating the ratio between the α 0 -α melting peaks, it can be observed that
up to a concentration of 1.0 wt% nanosilica, the PLLA tends to crystallize more in the
α 0 –phase, while at higher concentrations of nanosilica, no appreciable changes in the
melting behavior between the unfilled PLLA and PLLA nanocomposites can be observed,
see Fig. 5.13b. This suggests that at low concentrations (<1.0 wt%), the change in mobility
due to the interaction between the silica surface and the PLLA matrix could lead to a
small increase in lamellar thickness of the α 0 -phase. While at higher concentrations the
lamellar thickness remains the same. It should be noted that the lamellar thickening and
recrystallization to the α phase overlaps, therefore a subtle change in the onset of Tm
cannot be resolved.
The data shown in Fig. 5.13 is used to calculate degree of crystallinity and the nucleation
efficiency based on the Fillon-Lotz scale [251, 275, 308]. The results for RAF, MAF, degree
of crystallinity and nucleation efficiency (NE) are given in Table 5.5 and Fig. 5.14.
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Table 5.5: Crystallization, melting, RAF, MAF and NE of PLLA and PLLA/silica
nanocomposites.
Material

Xc

∆Cp

Tm

Tg RAF

Tg MAF

MAF

RAF

NE

[%]

[J g-1◦ C-1 ]

[◦ C]

[◦ C]

[◦ C]

[%]

[%]

[%]

PLLA0S

0.44

0.20

148,155

110

56

33

23

0

PLLA0.5S

0.44

0.21

148,155

108

56

36

21

0

PLLA1S

0.45

0.22

148,155

101

57

36

19

1

PLLA3S

0.45

0.21

148,155

97

56

35

21

3

PLLA5S

0.45

0.20

148,155

91

55

34

21

4

PLLA7S

0.45

0.21

148,155

86

55

35

21

6

Figure 5.14: Comparison of RAF, MAF, Xc and viscosity ratio of the PLLA nanocomposite
as a function of nanosilica concentration.
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The following observations can be made based on the results above:
1. Addition of nanosilica hardly affects the Tg of the PLLA nanocomposites and it is
almost similar to that of unfilled PLLA. A maximum drop of 2 ◦ C was found.
2. Addition of nanosilica does not change the degree of crystallinity in comparison to
unfilled PLLA.
3. The nucleation efficiency (NE) of nanosilica increases up to 6%. This increase
is small when compared to the drastic increase in NE obtained in PBT/silica
nanocomposites and in the studies done by Eriksson [36] and Perez et al. [257].
The increase for these cases were attributed to grafted polymer chains which acts as
a nucleating site, thus allowing the crystal to grow from the surface. The lower NE for
the PLLA/silica nanocomposites can be explained by the fact that PLLA inherently
crystallizes slowly and that silica particles might act as obstacles, limiting the growth
rate of the crystallization.
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4. Addition of nanosilica results in changes in MAF and concomitant RAF. At low
concentrations of nanosilica <1.0 wt% RAF decreases by 15 %. At higher
concentrations >1.0 wt%, the RAF and MAF reach values similar to that of unfilled
PLLA.
A decrease in RAF can be directly related to the mobility of the polymer chain segments.
In this regard, the decrease in RAF observed in the PLLA nanocomposites also suggests
that the PLLA chain segments around the nanosilica particle have an increased mobility.
This increased mobility induces the chains to crystallize faster from the surface of the
nanosilica and possibly lower entanglement density surrounding the particle. The increase
in mobility around the particle can be the result of either physical or chemical interaction.
Thus, the change of the RAF as a function of nanosilica concentration implies that the
mobility of the amorphous phase is directly coupled to the particle-polymer interaction.
Therefore, the low entanglement density around the particle could potentially explain the
drop in viscosity and increased relaxation times observed in T2 relaxometry at 1.0 wt %
nanosilica in PLLA.
As shown in Chapter 4, the influence zone due to the increased mobility that leads to
a lower melt viscosity can be calculated using the Wang-Hill model. The results are
presented in Table 5.6. The calculations show that at 0.5 and 1.0 wt% nanosilica, the
thickness of the influence zone is approximately 9 nm. This size is of the order of Rg of
the PLLA chain (approximately 10 nm). This is similar to the theoretical predictions for
such a layer in athermal composites [56]. Similar observations were made in PBT/silica
and PC/silica nanocomposites, where the viscosity drop was attributed to the grafting of
the polymer chains on the surface of the nanoparticle. This points to the hypothesis that
chemical interactions could be a strong possibility to explain the different observed bulk
properties. However, the nature of the interactions is still unknown. This will be analyzed
in detail in the final section of this chapter.

Table 5.6: Low viscosity layer thickness calculated via the Wang-Hill model.

5.3.6
5.3.6.1

Material

[η]

layer thickness
[nm]

PLLA0S

0

-

PLLA0.5S

-20

7.9

PLLA1S

-34

11

Evidence of chain grafting
Non-passivated silica nanoparticles in PLLA

The results so far point to the presence of a strong interaction between the nanosilica
surface and PLLA matrix. However, the nature of this interaction is not clear yet. Grafting
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of polymer chains on to the surface of the nanosilica was the cause for similar observations
in PC and PBT nanocomposites. This resulted in an entanglement density gradient around
the particles. In order to verify if such a mechanism is also active in PLLA nanocomposites,
Fourier Transform Infra-Red spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy
(XPS) was used.
We apply the same approach as discussed in Chapters 2 and 4. Fig. 5.15 shows the FTIR
spectra of the extracted silica from the PLLA, neat PLLA and pure silica. The extracted
silica samples show vibrations that can be assigned to both the silica and PLLA. In the
extracted silica sample, the peak at 1747 cm-1 is assigned to the stretching vibration of
the carbonyl group (C=O), while the peaks observed at 1447 and 1261 cm-1 are related
to the C-H deformation and asymmetric stretching modes, respectively. The peak at 2954
cm-1 corresponds to the C-H stretching vibration. These peaks are characteristic peaks of
PLLA and are present in the spectrum of the extracted silica. Since the thorough washing
procedure ensures that no free PLLA chains are present in the sample, it is concluded that
there is a covalent linkage between the two components. All peaks can be explained by
the reaction between the ester group of the PLLA and the hydroxyl groups on the surface
of silica. Fig. 5.15 also shows a peak at 1100 cm-1 , which is characteristic for the Si-OH
linkage. The presence of this peak indicates that not all the Si-OH has reacted with the
PLLA. Similar results were found by Wen et al. [276].

5
Figure 5.15: FTIR spectra of extracted SiO2 compared with pure SiO2 and PLLA.
Fig. 5.16a shows the XPS spectra with the peaks associated to the C1s linkage of the
extracted (from PLLA) and pure SiO2 . Notice that in the extracted SiO2 , a new peak at the
binding energy of 285.0 eV is seen. This peak can be attributed to the C1s from the PLLA
[309]. Similar observations were made in PC/silica and PBT/silica nanocomposites. The
peak fitting results of the C1s is shown in Fig. 5.16b. There are three peaks:
1. a peak at the binding energy 284.8 eV assigned to a typical C–C group,
2. a peak at 287.1 eV corresponding to the C–O group,
3. a peak at 289.2 eV due to the C=O group.
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(a)

(b)

Figure 5.16: XPS spectra of: a) pure SiO2 compared with extracted-SiO2 and b) peakfitting results of C1s.
The C–C group, C–O (O=C-O-Si) group and C=O group most likely reacted with the
hydroxyl groups on the silica surface. More importantly, comparing the peaks of Si2p and
O1s between pure SiO2 and extracted SiO2 (from both the mixture and composite), it can
be seen that the energy shift occurs only in the silica extracted from the nanocomposite.
This confirms that the carbonyl end groups of PLLA react with surface hydroxyl group of
SiO2 , see Fig. 5.17 and Fig. 5.18.

5

Figure 5.17: XPS spectra of Si2p for pure and extracted silica from PLLA.
As shown in Fig. 5.17 the binding energy of the Si2p peak of extracted SiO2 (103.1 eV) is
lower than that of pure SiO2 (103.6 eV). This indicates the formation of Si–O–C bonds.
Fig. 5.18 shows the peak fit results for the O1s peak. The O1s peak of extracted SiO2 at
532.2 eV can be assigned to Si–O bonds and is lower than that of pure SiO2 (532.8 eV).
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As the carbonyl groups (–C=O–) are connected with Si–O bonds, a shift of the peak of
O1s towards the high binding energy direction is observed.

Figure 5.18: XPS comparison of O1s between pure SiO2 and extracted SiO2 .
All the results on the extracted-SiO2 indicate that the PLLA reacts with surface hydroxyl
groups of nano-SiO2 during melt processing via the reaction scheme as shown in Fig. 5.19.

5

Figure 5.19: Scheme and possible structure formed during the reaction between PLLA
and the nanosilica particle during melt-compounding.
These results give strong evidence for the grafting of the PLLA chains on the surface of
the silica. However, like in the other systems the graft density and length are difficult to
determine.
5.3.6.2

Passivated silica nanoparticles in PLLA

The silica particles were extracted from the passivated composite and subjected to FTIR
and XPS analysis. Fig. 5.20 shows the FTIR spectra of the extracted silica sample. The
extracted (passivated) silica does not show any signature peaks of PLLA, indicating that
no reaction occurred between the silica nanoparticles and the PLLA during preparation
and subsequent analysis.

133

Results and discussion

Figure 5.20: FTIR analysis of extracted silica from PLLA nanocomposites with and without
interactions.
The absence of a reaction between the nanoparticle and the matrix was also confirmed
by using XPS, as no binding energy shift was seen for both the Si2p and the O1s peak
for the extracted silica in the neat and extracted silica particles, as compared to the silica
extracted from the PLLA nanocomposites that showed a strong interaction, see Fig. 5.21.

5
(a)

(b)

Figure 5.21: XPS spectra of extracted silica from PLLA nanocomposites: a) Si2p and b)
O1s.

5.3.7

PLLA/silica nanocomposites with passivated nanosilica particles

In order to test the hypothesis that the interaction between the nanoparticles and the
polymer matrix is critical for the bulk properties, PLLA/silica nanocomposites were
made using passivated nanosilica (obtained by evaporating all the solvent followed by
a drying step). Passivation reduces the interactions between the PLLA and nanosilica.
The differences in bulk properties and chain dynamics between the samples showing
interaction and samples prepared with passivated silica were analyzed by means of
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rheology, T2 -relaxometry and XPS. Fig. 5.22a shows the dynamic viscosity as a function of
frequency for unfilled PLLA and its nanocomposites with 1.0 and 3.0 wt% nanosilica. All
samples reach a Newtonian plateau with similar values and a high frequency slope of 0.8.

(a)

(b)

Figure 5.22: a) Dynamic viscosity versus frequency for PLLA/silica nanocomposites
(passivated surface) and b) viscosity ratio vs. concentration of silica for
PLLA nanocomposites.
This observation is contrary to the results found in Fig. 5.4, where the nanocomposites
show a decrease in viscosity followed by an increase as a function of concentration.

5

Figure 5.23: T2 -relaxometry for silica for PLLA nanocomposites (passivated surface).
Thus, passivated nanosilica systems clearly show no viscosity change in contrast to the
drop observed in the other PLLA/silica nanocomposites, as shown in Fig. 5.22b. The chain
mobility of PLLA/passivated nanosilica composites was studied using T2 -relaxometry,
see Fig. 5.23. Fig. 5.23 shows that the relaxation times of the τm and τr don’t show any
change with respect to the silica concentration. This implies that there is no change of the
mobility of the PLLA chains in the presence of passivated nanosilica. These results imply
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that the interactions between the passivated nanosilica surface and PLLA matrix are not
strong and do not influence the chain mobility (and thus the properties). Fig. 5.24 shows
TEM micrograph of 1.0 wt% nanosilica in PLLA. It is obvious that PLLA nanocomposite
with passivated silica forms large agglomerates. Agglomeration lowers the surface-tovolume ratio available for the interaction between the nanosilica and the PLLA matrix. The
polarity between the polymer and silica surface also changes, which results in stronger
particle-particle interaction than polymer-particle interaction.

(a)

(b)

Figure 5.24: TEM micrograph of PLLA/silica nanocomposites: a) passivated silica surface
and b) non-passivated silica surface.

5.3.8

Implications of the increased mobility on the crystallization kinetics

The existence of a low viscosity layer and the decrease in RAF in the surrounding
of the nanoparticle can have implications on both the isothermal and non-isothermal
crystallization kinetics of the PLLA nanocomposite. In Chapter 4, it was shown that the
addition of silica nanoparticles to PBT increased the MAF, NE and energy required for
crystal growth. First, the results from the isothermal DSC studies are summarized. The
Avrami analysis, described in Chapter 4, was used to analyze the results.
Fig. 5.25a shows the degree of crystallinity (Xc ) as a function of time for PLLA/silica
nanocomposites isothermally crystallized at 100 ◦ C. In comparison to unfilled PLLA, the
nanocomposites show an increased crystallization rate. This increased rate implies that
the silica nanoparticles act as nucleating agents for PLLA. The increase in crystallization
rate is proportional to the nanosilica concentration. All plots in Fig. 5.25a have a similar
sigmoidal trend. An important parameter that can describe the overall kinetics is the
crystallization half-time t1/2 , as this can be directly obtained from the curve of the time
dependence of the relative crystallinity. Generally, the reciprocal of t1/2 , i.e. τ1/2 , is employed
and the results are given in Table 5.7. Avrami plots i.e. of ln[-ln(1-Xc )] versus ln t, are
shown in Fig. 5.25b. Only the linear portion of the curve was used to determine the Avrami
coefficient, n, and K(T ) [262]. Deviations from linearity at the final stages occur due to
secondary crystallization. The results are summarized in Table 5.7.

5
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(a)

(b)

Figure 5.25: Isothermal crystallization kinetics PLLA and PLLA/silica nanocomposites: a)
crystallization as a function of time and b) the resulting Avrami plots.
The value of the Avrami exponent n for unfilled PLLA is 2.9, which is similar to literature
values [275], and within the range of 2.5–2.7 for blends with silica nanoparticles. These
results imply that the crystal growth is three-dimensional. Table 5.7 shows that K(T ) is the
highest for 1.0 wt% silica.

Table 5.7: Avrami parameters for PLLA and PLLA/nanocomposites.
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Sample

n

K(T )

t1/2
[min]

τ1/2
[min]

PLLA0S

2.9

3.16 × 10-7

60.8

0.016

PLLA0.5S

2.5

2.5 × 10-4

25

0.040

2.5

6.5 ×

10-4

29

0.034

10-4

23

0.043

PLLA1S
PLLA3S

2.7

3.2 ×

PLLA5S

2.7

3.1 × 10-4

20

0.050

2.5

10-4

15

0.066

PLLA10S

3.0 ×

Therefore, depending on the concentration, nanoparticles can either enhance the
crystallization rate by providing extra heterogeneous surface or retard crystallization
by suppressing the crystal growth by influencing the chain dynamics. At higher silica
concentration, e.g. 3.0 wt%, the interparticle distance is smaller and leads to the
occurrence of bridging of chains between the particles. Not surprising, the materials
with the highest crystal growth rates have the lowest viscosity, which is a result of the
strong interaction between the PLLA chains and the nanosilica surface. This is in line with
the trend in RAF as discussed before. If the interaction is due to a chemical reaction the
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grafted chain increases the mobility around the particle, promoting PLLA crystals to grow
outward from the surface. Similar results were observed for the PBT/silica nanocomposites
(Chapter 4) and PCL/CNT’s [257]. The chains with a higher mobility diffuse to the crystal
growth front. Once there, they adopt the right configuration adding on to the crystal. This
results in a higher crystallization rate. When the silica content is above a certain threshold
value, the mobility is restricted due to bridging effects, which hinder the diffusion of PLLA
chain segments to the crystal growth front. Therefore, a decreased in crystallization rate
is observed at high silica concentrations. In conclusion, the increase in the crystallization
rate for PLLA/silica at 1.0 wt% silica can be attributed to the fact that the addition of silica
nanoparticles induces a lower entanglement density around the particle.
Finally, the activation energy for crystallization was calculated using the Kissinger method
[261], see Chapter 4. Fig. 5.26 shows the plots of ln(ϕ/Tp2 ) vs. 1/Tp . Activation energy or
Ea can be obtained from the slope of the plots. It is clear from the plot that the values of
Ea increased with the increase of nanosilica content, i.e. more activation energy needed
for PLLA cold-crystallization when the content of nanosilica was increased.

Figure 5.26: Kissinger plot for activation energy.
This implies that the nanosilica affects the crystal growth of PLLA by hindering the chain
motion in the crystallization process. Although the presence of nanosilica resulted in the
increase of Ea , the composites exhibited increased crystallization rate, which implies that
the effect of nanosilica on nucleation for PLLA was stronger than on crystal growth.

5
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5.4

Conclusions

The properties of melt-compounded PLLA/silica nanocomposites were found to be affected
by the strength of the interaction between nanosilica and the PLLA matrix. The nature of
this interaction was controlled by altering the surface of the nanosilica particle. The use
of non-passivated nanosilica particles at a concentration of <0.5 vol% or 1 wt% resulted
in a 15% drop in low frequency viscosity of PLLA. This viscosity drop was attributed to
the increased mobility of the polymer chains around the nanoparticle. T2 -relaxometry
corroborated this increase in mobility and the maximum mobility was found at 1.0 wt%
nanosilica. The thickness of this low viscosity (or high mobility) layer was found to be ~Rg
of the PLLA chain. Furthermore, FTIR and XPS analysis revealed that the PLLA chains
are covalently attached to the nanosilica surface during the melt-compounding phase. The
grafted polymer chains are speculated to be below Me and polydisperse, and create a low
viscosity layer around the nanoparticle primarily via disentanglement from the bulk. In
contrast, the use of passivated nanosilica particles resulted in agglomeration even at low
concentrations with no changes in viscosity or chain mobility. No evidence of a reaction
was found when passivated nanosilica was used.
The grafted nanosilica particles were found to have an impact on the RAF, the melting
behavior, and the crystallization kinetics. The RAF showed the same trend as the viscosity,
while the overall crystallinity remained unchanged. Furthermore, the increased mobility
also changed ratio of the α- and α 0 - phases during recrystallization and melting. On
increasing the nanosilica concentration, the PLLA chains were found to densely pack
into the ordered α form. Both isothermal and non-isothermal crystallization kinetics were
also accelerated by the presence of nanosilica particles. Non-isothermal crystallization
experiments reveal that the activation energies calculated for the PLLA nanocomposites
using the Kissinger method was found to increase with nanosilica content. This indicates
that nanosilica has a dual role on the non-isothermal crystallization kinetics of PLLA, i.e. a
nucleation effect and a retarding effect, however the effect of nanosilica on nucleation for
PLLA was stronger than on the crystal growth rate.

5

In conclusion, an universality viscosity behavior was found in polycondensate
polymer/silica nanocomposites (PC, PBT and PLLA) that are prepared via melt extrusion.
The viscosity behavior depended on the nature of the interaction between the polymer and
nanoparticle, i.e. athermal or repulsive. This framework allows for tailoring the macroscopic
properties by tuning the interaction between the nanoparticle and the polymer matrix.

C HAPTER

6 Conclusions and perspective

6.1

Universal viscosity behavior in polycondensate polymer
nanocomposites

This thesis has validated that the interaction between the nanoparticle and the polymer
chain is crucial in influencing the macroscopic properties of nanocomposites. The
interaction between the nanoparticle and the bulk polymer occurs via the grafted polymer
chains on the nanoparticle surface that form during melt-compounding. The grafting
causes a gradient in the entanglement density in surrounding of the particle and a
concomitant change in the mobility. This increased mobility affects rheological and
crystallization behavior, and the mechanical properties in a non-trivial way. In the
polymer/silica nanocomposites investigated in this thesis i.e. PC/silica, PBT/silica, and
PLLA/silica, the length of the grafts are most likely of the order Me and polydisperse.
The formation of these short and polydisperse grafts that are chemically identical to the
matrix are advantageous as shown by Martin et al. [310, 311] and Xue et al. [312] using
molecular dynamic (MD) simulations. The grafts improve the wettability by the matrix
chains and, as a result improve the miscibility and the dispersion of the particles, which
affects the macroscopic properties [143, 272, 273].
As shown in Chapters 2, 4 and 5 the addition of grafted nanosilica particles at low
concentrations (φ < 0.7) results in an anomalous viscosity behavior in PC, PBT and PLLA.
The grafted chains are chemically identical to the polymer chains in the bulk and help in
compatibilizing the nanoparticle with the polymer matrix. Beyond this critical concentration
of nanosilica the viscosity increases due to chain bridging. In general, this effect was found
to be independent of the entanglement molecular weight, Rg of the polymer chain and the
molar mass across the different polymers i.e. PC, PBT and PLLA within the ranges tested.
PS/silica nanocomposite was the only exception, as the polarity difference between the
polymer and the nanosilica particles did not allow for any interaction.
In order to understand the universality in viscosity behavior of the nanocomposites studied,
the framework proposed by Kalathi et al. [57] is used. They showed using MD simulations
that the shear viscosity of a polymer melt (independent of chain length) can be significantly
reduced when filled with energetically neutral particles. Based on these simulations a
universal viscosity diagram considering the nanocomposite system as chemically identical
(athermal) and chemically dissimilar (thermal) was proposed. The diagram was able to
139
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satisfactorily explain the experimental data for the viscosity of filled polymers from various
studies. The viscosity data obtained from PC, PBT and PLLA/silica nanocomposite are
plotted in this diagram assuming the nanocomposites are athermal and thermal, see
Fig. 6.1. Fig. 6.1a plots the viscosity data for all the nanocomposites considering they are
athermal. The data lies in the region where the viscosity of the nanocomposite is lower
than the unfilled polymer. Similarly, considering the nanocomposites as “thermal” it is seen
that a viscosity increase is expected, see Fig. 6.1b. This indicates that the nanocomposite
system formed during melt-compounding are athermal. This is expected as the silica
particles are grafted with the respective polymer chains.

(a)

(b)

Figure 6.1: Polymer radius of gyration vs. nanoparticle diameter considering: a) the
composite is thermal and b) the composite is athermal. The orange region
shows where η(φ ) < η(φ = 0) and the green region shows η(φ ) > η(φ = 0).
The circle, square and triangle symbols show data from PLLA, PBT and PC,
respectively. Adapted from [57].

6

The influence zone of the grafts for PC, PBT and PLLA/silica nanocomposites was found
to be ~1-1.5 Rg . This value was found to be in line with the simulations performed by
Chen et al. [56] in athermal nanocomposites. They showed using MD simulations that
the dynamic properties of linear chains in the presence of nanoparticles are related to the
interphase structure and dynamics at the nanoparticle polymer interface. The thickness of
such an interface to be ~1.5 Rg . Furthermore, the decrease in entanglement density in
the surrounding of the nanoparticle due to athermal interaction with the bulk is supported
by numerical simulations performed by Riggleman et al. [69]. The simulations showed
that athermal nanoparticles reduce the local friction or entanglement density compared
to unfilled melt, while in case of a repulsive nanoparticle polymer system local friction
increased. Therefore, athermal rather than repulsive interactions are necessary in order
for a viscosity drop to manifest. Finally, the interaction between the silica nanoparticle and
the polymer can be turned off by passivating the surface of the nanoparticle or when the
nanoparticle dispersed in a polymer with a different polarity as shown in Chapters 2 and 5.
This lack of interaction results in the agglomeration of nanoparticles and a concomitant
increase in viscosity.

Perspective: Tuning interactions and controlling properties
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Given the above considerations, a common mechanism for the viscosity behavior between
the different nanocomposites prepared by the same procedure can be outlined. The
viscosity behavior can be controlled by tuning the interaction between the nanoparticle
and polymer system in a suitable manner. Therefore, it can be concluded that meltcompounded polycondensate nanocomposites show a universal behavior in viscoelastic
properties.
Besides the nature of the polymer-particle interaction, the length scale of this interaction
also plays an important role in governing properties. As shown in Chapter 2 and 3,
comparing the effect of nanosilica on the viscosity behavior and physical aging in PC, it
is seen that, while there is an optimum concentration to obtain a lowest viscosity (before
increasing), the time taken for the nanocomposite to reach a final equilibrium is inversely
proportional to the nanosilica concentration. The viscosity drop is dominated by the low
viscous zone (or region of high mobility) of the order of Rg below a concentration of 0.7
vol%. Beyond this critical concentration, chain-bridging and agglomeration of the order of
50 nm - 200 nm are dominant. In contrast, physical aging is primarily dominated by mobility
on a smaller - segmental length scale of the order of 1 nm, which is well within the size of
the low viscous zone. The low viscous zone also affects the crystallization behavior as
shown in Chapter 4 and 5 besides melt properties. The grafted nanosilica particles were
found to have a very high nucleation efficiency and accelerate the isothermal and nonisothermal crystallization. Thus, given the length scale governing a specific macroscopic
property, it can be hypothesized that the mechanical and thermal properties are affected
by the presence of the low viscous zone.

6.2

Perspective: Tuning interactions and controlling properties

The area of synthetic polymers is seemingly mature and new polymeric backbones have
low market potential. As a consequence, the current industrial focus is on exploring and
improving the performance of existing polymers, often referred to as ‘salt and pepper
technology’ [19] and the performance of polymeric products is tailored using various
processing steps in addition to the use of specific additives and fillers.
In this respect, nanoparticles as additives have received a lot of attention. Nanoparticles
are expected to enhance the property of the polymer matrix and/or bring new functionalities
when used in small amounts. Well-known examples of polymeric nanocomposites
(PNC) are polymer matrices containing nanoclay, carbon nanotubes, graphene and silica
nanoparticles. To date, the full potential of PNC has not been realized primarily because:
a) controlling the dispersion of the particles and concomitantly the properties is not easy,
b) scale up of this technology is not straight forward, and c) cost-property balance is hard
to achieve.
In pursuit of the dream to improve processability without sacrificing mechanical properties,
the work described in this thesis has shown that addition of silica nanoparticles at low
levels to polymers such as PP, PE, PBT, PLLA and PC can reduce the viscosity at
low frequencies, i.e. <1 rad/s, more than 50% with a negligible decrease of viscosity
at high frequencies, i.e. >100 rad/s. This observation was also confirmed by other
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groups [16, 19, 313]. While a negligible decrease in viscosity at high frequencies is not
beneficial for high shear processing such as injection molding, the approach outlined in this
thesis can be utilized for the applications which require low shear processing conditions.
Examples of such processes include rotomolding, 3D printing (selective laser sintering
(SLS)), and multilayer extrusion. In the first two cases lowering the viscosity helps the
powder to sinter and fuse, thus helping in making an optimum part [314, 315]. In the case
of semi-crystalline polymers the nanoparticles accelerate crystallization besides aiding in
fusion, thus improving the mechanical properties of the final part. This thesis reveals that
by tuning the interaction between the nanoparticle and polymer, the viscosity, aging, and
crystallization behavior can be controlled. Thereby, providing a molecular framework for
the phenomena that can be exploited to optimize these properties.
It is also well described in literature that tuning the interaction between the nanoparticle
and the polymer matrix has a wider reach, such as biological applications. For instance,
the group of Leibler showed that a strong and rapid adhesion between two hydrogels
can be achieved at room temperature. The method relies on the nanoparticles’ ability to
adsorb onto polymer gels and to act as connectors between polymer chains, and on the
ability of polymer chains to reorganize and dissipate energy under stress when adsorbed
onto nanoparticles [316]. This could be revolutionary for many emerging technological
and medical applications, such as microfluidics, actuation, tissue engineering and surgery.
Finally, this thesis reinforces that the interaction between the nanoparticle is of paramount
importance for the properties. By choosing the right particle-polymer system and by
controlling the interaction between the nanoparticle and the polymer matrix, the bulk
properties can be tailored for specific applications.
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Samenvatting

Bij het realiseren van complexe productvormen is viscositeitscontrole een belangrijke
parameter. Om de juiste viscositeit tijdens verwerking te verkrijgen worden vaak
organische moleculen zoals weekmakers toegevoegd. Een nadeel van het gebruik van
weekmakers is de achteruitgang van mechanische eigenschappen. Recent is aangetoond
dat het gebruik van nanodeeltjes een mogelijk alternatief is; bij lage concentraties verlagen
ze de viscositeit van de polymeermatrix met nauwelijks een verlies van de mechanische
eigenschappen.
In tegenstelling tot de door Einstein voorspelde viscositeitstoename voor gevulde
polymeersystemen neemt, voor concentraties beneden de 5 w/w%, de viscositeit van
nano-composieten af. Boven die concentratie veroorzaken de nanodeeltjes een
viscositeits-verhoging. Het mechanisme van deze verhoging wordt begrepen, het nietEinsteinse gedrag echter niet. Dit proefschrift beschrijft het onderzoek of dergelijke
viscositeitseffecten universeel zijn voor polymeer / silica nanocomposiet systemen. Het
betreft zowel amorfe als semi-kristallijne composieten die bereid zijn middels smelt
compounding.
Dit onderzoek behandeld polycarbonaat (PC), polybuteentereftalaat (PBT), poly (lmelkzuur) (PLLA) en poly (styreen) (PS)/ ilica nanocomposieten. Het blijkt dat composieten
van polycondensatie polymeren, zoals PC, PBT en PLLA, met een silica concentratie
lager dan 1 w/w%. een viscositeitsverlaging vertonen en dus niet aan het door Einstein
voorspelde viscositeitsgedrag voldoen. Om dit niet-Einsteinse gedrag te verklaren, zijn
diverse hypotheses, zoals het “kogellager effect”, ketenadsorptie en chemische interacties,
onderzocht. Het blijkt dat de ketens van het polycondensatie polymeer reageren met het
nanosilica oppervlak en zo een covalente band, een ent, vormen. De aan het nanosilica
oppervlak geënte polymeerketens veroorzaken een verlaging van de relaxatietijden van
het composietsysteem en een afname van verstrengelingen tussen de ketens, de zgn.
“entanglements”. Dit resulteert in de vorming van een mobiele laag rond het nano-deeltje
wat een verlaging van de “overall” viscositeit van het composietsysteem veroorzaakt.
De dikte van deze mobiele laag is ongeveer 1-1.5 maal de gyratiestraal (Rg ), een
karakteristieke dimensie van de polymeren ketens. Ook bleek dat de silica nanodeeltjes het
fysische verouderingsgedrag en mechanische eigenschappen beïnvloeden. Het nanosilica
werkt als een anti-weekmaker en versnelt de fysische veroudering van de nano-composiet.
Het moleculaire mechanisme dat verantwoordelijk is voor deze veroudering verandert niet.
Verder neemt de slagvastheid van de composiet af wanneer deze verouderd word onder
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de glasovergangstemperatuur (Tg ). Wanneer het verouderingsexperiment dicht bij de Tg
plaatsvindt, induceren de silica nanodeeltjes extra mobiliteit van de PC-ketens wat de
vloeispanning verlaagt en er voor zorgt dat het thermodynamisch evenwicht eerder bereikt
wordt in vergelijking met een ongevuld PC systeem.
Behalve een viscositeitsdaling, heeft de veranderde mobiliteit rond het nanodeeltje in semikristallijne polymere nanocomposieten ook gevolgen voor de immobiele amorfe fractie
(RAF, de overgangsfase tussen de kristallijne en de amorfe fase), de kristallisatiesnelheid
en de kristalgroei kinetiek. In nanocomposieten gebaseerd op PBT en PLLA volgt de RAF
dezelfde trend als de viscositeit, eerst een afname waarna de RAF weer toeneemt. Het
geënte-nanosilica heeft een kiemvormend rendement van ~70%.
In alle gevallen is het niet gelukt om de ketenlengte van het polymeer aan het
nanosilicadeeltje te bepalen. Met de veronderstelling dat de reactie tussen de het
polycondensatie polymeer en het nanodeeltje willekeurig over de keten plaatsvindt volgt
dat de lengte van de geënte ketens sterk varieert. Op basis van de waargenomen
effecten, de reactieomstandigheden en gegevens en inzichten uit de literatuur wordt
gepostuleerd dat de lengtes van de verschillende enten een polydisperse verdeling volgen
en dat het gemiddelde van die verdeling overeenkomt met het molecuulgewicht tussen de
verstrengelingen, het entanglement molar gewicht (Me ) van de gebruikte keten. Ook vindt
enkel een reactie tussen het silica-nanodeeltje plaats wanneer het polymeer beschikt over
een esterbinding, zoals bij PC, PBT en PLLA.
Het reologische- en kristallisatiegedrag is afhankelijk van de interactie tussen de
nanodeeltjes en de polymere matrix. Indien er geen reactie tussen de matrix en
het deeltje plaatsvindt zoals in de composiet systemen polystyreen (PS) / nanosilica
of PLLA / gepassiveerd-nanosilica, dan resulteren de gevormde agglomeraten in
een in hydrodynamische versteviging van de matrix, met een corresponderende
viscositeitsverhoging volgens Einstein. Dit onderzoek laat zien dat door de keuze van het
juiste nanodeeltje-polymeer systeem, een gunstige interactie tussen dat nanodeeltje en
de polymere matrix plaatsvindt, waardoor bulkeigenschappen verkregen worden die het
mogelijk maken om deze polymere systemen nu in specifieke toepassingen te gebruiken.

Acknowledgements

“None of us got to where we are alone. Whether the assistance we received
was obvious or subtle, acknowledging someone’s help is a big part of
understanding the importance of saying thank you.”
I would like to express my gratitude to the SABIC management for providing me with the
opportunity to pursue my Ph.D. at the Eindhoven University of Technology. I would like to
thank Rolf Scherrenberg, Jim Scobbo, Gurram Kishan and Ajay Taraiya, who made my
work life a little easier so I could focus on my thesis.
This work would not be where it is today if not for two people; my friend, philosopher and
guide Theo Hoeks and my co-promoter Han Goossens. Theo, you have always been
there for me no matter what, no amount of words can ever express my gratitude. You have
always believed and trusted in my capabilities and given me the confidence to perform
at my best. Your friendship is something I will cherish for a lifetime. Han, thank you
for your patience and trust in my abilities, guiding, correcting, and structuring my thesis
meticulously, I would not have gotten this far without your support. Gerrit, thank you so
much for accepting me in your research group, correcting and structuring my thesis.
I would like to express my gratitude to:
1. Hari Prasad, Satish N, Nagaraj Dhadesugur for their help in the initial stages and
preparing the PBT and PLLA nanocomposites.
2. Jan Goossens for extruding and molding the PS and PC/silica nanocomposites.
3. dr.ir. Leon Govaert and dr.ir. Tom Engels for helping me with the physical aging
chapter. Thanks Tom and Leon for all the discussions, it was a pleasure.
4. Hagar Hoogwerf, for the thermal analysis and always encouraging me to write up
my work asap.
5. Jos de Heer for the FTIR analysis and all the extraction of nanosilica from the
composites.
6. Ihab Odeh, for arranging my XPS measurements. Ihab, this was one of the most
crucial parts that established my hypothesis.
161

162

Acknowledgements

7. Han Vermeulen and Rolf Koevoets for the T2 -relaxometry.
8. Chris Wold for the GPC measurements.
9. Jan-Henk Kamps, for the solid state polymerization of PBT.
10. Finally to prof. Mackay, prof.dr. Bailly, prof.dr. Cor Koning and dr.ir. Tom Engels for
accepting to be a part of my committee.
I thank my friends Sepehr, Bruke, Erik, Chris, Rolf, Ajay, Jacques, Frederico, Arash, Lina,
LindaHavermans, Priya, Haika, Nadia, Kirti, Sugur, Sikder, Kumar, Samik, Chirag, Rohit
and theanalytical technology team who have supported, inspired and been there for me
through
this journey, thanks so much guys. This would have been difficult without you.
To my dad, mom, sister (Ramya) and wife Raji for their love, support, patience,
encouragement and belief in me. Finally, to the almighty who gave me the resilience and
strength, and showed me light when I was lost.
This thesis is dedicated to my son Ishaan, who’s smile has kept me going.
Thank you all for being a part of this journey and for being there for the next one.

Curriculum Vitae

Vaidyanath Ramakrishnan was born on the 20th of December 1979 in Kodungallur, India.
He graduated with a Bachelor of Technology (B.Tech) in Chemical Engineering from
the University of Madras, India, in 2002. Thereafter, he pursued his Master of Science
(M.S) in Chemical engineering at the Illinois Institute of Technology from 2002 to 2004,
specializing in polymer physics and rheology. The master thesis entitled ’Anomalous
diffusion in polymer melts’ was performed at the Center of Excellence in Polymer Science
and Engineering under the supervision of prof. David C. Venerus and prof. Jay D. Schieber.
He then joined General Electric (global research and plastics, now SABIC) in 2004 in
the polymer science and engineering group, where he worked on wide gamut of projects
ranging from product development to polymer physics. SABIC then provided him with an
opportunity to pursue a Ph.D. in Mechanical Engineering at the Eindhoven University of
Technology under the supervision of dr.ir. J.G.P. Goossens and prof.dr.ir. G.W.M. Peters,
which has resulted in this dissertation.

163

