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Abstract

The physical modification of polymer structure and properties via polymer blending and reinforcement is a common

practice in the plastics industry and has a large economic advantage over synthesizing new polymeric materials to fulfill

new material needs. In this context, a new class of inorganic glass/organic polymer hybrids with enhanced benefits has been

recently developed by blending low-Tg phosphate glasses with polymeric materials in the liquid state, to afford new hybrid

materials with significant improvements in properties that are impossible to achieve from classical polymer blends and

composites. Because of their facile synthesis and desirable characteristics, these phosphate glass/polymer hybrid materials

may be model systems for exploring feasibility of new routes for driving inorganic glasses and organic polymers to self-

assemble into useful materials. Conceptually, it may even be possible to use block copolymers, with one block being

miscible with Pglass, to perform self-directed assembly of nanostructured hybrids, where the Pglass is confined solely to

one phase. This article reviews some new insights into the structural dynamics, melt rheology, molecular relaxation

processes, and phase behavior of a few representative examples of these unique hybrid materials with prescribed

rheological properties, macromolecular structure and function. The unanswered questions are discussed to guide future

research directions, and facilitate progress in this emerging area.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: Hybrid organic/inorganic polymers; Polyphosphate glass; Structure and properties; Rheology

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1463

2. Survey of current literature on phosphate glass/polymer hybrid materials . . . . . . . . . . . . . . . . . . . . . . . . . . 1466

3. Preparation of TFP glass/polymer hybrids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1467

4. New experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1468

4.1. Pglass/LDPE hybrids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1468

4.2. Pglass/polyamide 12 hybrids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1475

4.3. Pglass/polyamide 6 hybrids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1482

ARTICLE IN PRESS

www.elsevier.com/locate/ppolysci

0079-6700/$ - see front matter r 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.progpolymsci.2007.07.006

�Corresponding author. Tel.: +1 601 266 5596; fax: +1 601 266 5504.

E-mail address: Joshua.Otaigbe@usm.edu (J.U. Otaigbe).



Author's personal copy

5. Unanswered questions and plausible solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1490

6. Concluding remarks and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1492

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1493

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1493

1. Introduction

Conventional multiphase polymeric materials
such as polymer blends and composites play a vital
role in fulfilling the world’s material needs. The
importance of these materials has spawned signifi-
cant industrial and academic interest. The ability to
predict and tailor the properties of polymer blends
gives them a significant economic advantage over
synthesizing a new material to meet the specific
requirements of a desired application, leading to the
large growth of the polymer blend industry over the
past 20 years [1,2]. As an additional benefit,
blending two or more polymers can have synergistic
effects that create a substantially better material
than the pure polymer components. These improved
properties can include reduced viscosities and
enhanced mechanical properties [3–7].

However, classical polymer blends and compo-
sites cannot meet all of the material needs for new
technological advances despite their wide range of
properties. Inorganic/organic hybrid materials are
helping to bridge this gap. Hybrid inorganic/organic
materials are broadly defined as synthetic materials
with organic and inorganic components. Strictly
speaking, an inorganic/organic hybrid is a material
that consists of separate regions dominated by
either the inorganic or organic component and the
resultant hybrid material displays properties that
are not a linear average of these regions [8]. The
high degree of control over the composition and
structure in hybrid materials results in vastly
improved, tunable properties relative to that of the
pure inorganic or organic components [9]. Hybrids
can be further classified into two types: i.e.,
homogeneous and heterogeneous. Homogeneous
hybrid systems are derived from monomers or
miscible inorganic/organic components, while the
heterogeneous systems are phase-separated and
display domains with sizes ranging from angstroms
to micrometers [9].

Traditionally, homogeneous hybrid systems are
prepared through the sol–gel process [10]. The
sol–gel process is basically a series of hydrolysis
and condensation reactions of a metal alkoxide
species in which a network is eventually formed [11].

The general reaction scheme for the sol–gel process
is shown in Fig. 1 [11]. Hybrid inorganic/organic
materials are prepared from the sol–gel reaction by
incorporating functionalized monomers or oligo-
mers that can react with the hydrolysis products of
the metal alkoxide. This process results in a hybrid
with the organic polymer dispersed without aggre-
gation in the hybrid matrix [12]. Additionally, the
inorganic component is often dispersed on the
nanometer length scale due to the covalent bonds
or physical interactions between the polymer and
inorganic phase, which leads to a range of unique
properties [13]. Often, these hybrids display high
flexibility, transparency, versatility in the design of
functional groups, high tensile strength, good gas
barrier, and improved thermal and mechanical
stability [8,10,13,14]. Unfortunately, commercial
applications of sol–gel hybrids are presently limited
because they are difficult to fabricate and have
expensive, toxic precursor chemicals with high
volatile organic compound content. In addition,
hybrid materials from sol–gels are often porous and
crack or severely contract to squeeze out the
incorporated organics when solvents in the gels
are evaporated as reported by Niida et al. [15].

Heterogeneous hybrid systems include polymer/
clay nanocomposites (PNC) and conventional glass/
ceramic polymer composites. Conventional compo-
sites are typically prepared by melt mixing a rigid,
solid inorganic glass with an organic polymer. These
composites offer some improvement in properties
at low cost. However, they are often heavy and
brittle, and at high glass loadings (X30wt%) their
melt viscosity becomes intractable, making their
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Si(OR)4 + H2O    (HO)Si(OR)3 + ROH

(HO)Si(OR)3 + H2O    (HO)2Si(OR)2 + ROH

(HO)2Si(OR)2 + H2O           (HO)3Si(OR) + ROH

(HO)3Si(OR) + H2O   Si(OH)4 + ROH

 + Si OR HO Si Si O Si + ROH

+ HOHSi O SiHO SiSi OH + 

Fig. 1. Reaction scheme for the sol–gel reaction.
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processing difficult. PNCs are typically composed of
layered silicate clay dispersed inside a polymer
matrix. The clay is composed of platelets that are
about 1 nm thick and 100–150 nm in length [16,17].
Each of these layers is separated by an intergallery
distance which is typically less than 10 nm [16]. This
gallery is filled by cations which can be exchanged to
facilitate the separation of the stacks and adhesion
to the polymer matrix as shown in Fig. 2 [18].
Conceptually, these layered silicates are analogous
to a stack of cards. By getting the cards to separate,
i.e. exfoliate, completely, optimal property improve-
ments are achieved. However, this is not always
possible and an intercalated PNC is achieved [18].
Intercalated PNCs are obtained when the polymer
chain inserts itself between the clay platelets, but
does not disrupt the overall stack morphology. The
properties of intercalated PNCs usually are similar
to those of ceramic materials.

PNCs offer extraordinary mechanical property
improvements such as strength and tensile modulus
without sacrificing impact strength [16]. They also
display increased thermal stability, improved flame
resistance, and increased barrier properties. All of
these property improvements are realized at low
clay loadings of p5wt%. Due to their properties,
PNCs have found widespread uses as advanced

structural materials. PNCs do have a disadvantage
in that the inorganic phase has a fixed morphology.
Because the morphology of a material has a huge
impact on the material’s properties, it would be
desirable to have a material with the ability to tailor
the morphology during fabrication. By doing this,
the properties of the material could easily be tuned
to meet any targeted specifications.

An example of a relatively new class of inorganic/
organic hybrid material that is intermediate between
heterogeneous and homogeneous hybrids are phos-
phate glass (Pglass)/polymer hybrids. These unique
hybrid materials are prepared by melt blending a
low-Tg inorganic phosphate glass with an organic
polymer. Unlike the sol–gel hybrids, these materials
do not require expensive, toxic chemical precursors,
and the morphology of the inorganic phase is not
fixed, like PNCs. It is also possible to incorporate
up to 60 vol% (i.e., 90wt%) of the Pglass compo-
nent in the hybrid using conventional polymer
processing methodologies without the intractable
viscosity problem inherent to classical polymer
composites at significantly lower inorganic filler
concentration. Further, the Pglass/polymer hybrids
exhibit all the benefits of traditional filled plastics
but without their disadvantages already discussed.

Phosphate glass plays an important role in these
novel hybrid systems. A brief overview of phosphate
glasses is given here in order to facilitate the
understanding of their importance in Pglass/poly-
mer hybrids. Inorganic phosphate glasses are
generally considered to be polymeric in nature
[19–22]. This is due to the fact that they are
composed of chain-like or crosslinked structures
that are very similar to polymer chain networks [20].
However, these chains are much shorter than
organic polymer chains and often an alkali metal
cation aids in the network formation. The building
blocks of the phosphate glass networks are the
phosphate anion tetrahedra that result from the
formation of sp3 hybrid orbital by the phosphorous
outer electrons [19]. These tetrahedra are named
according to a Qi scheme as shown in Fig. 3, where i
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Fig. 3. Naming scheme of the phosphate anion tetrahedra in phosphate glasses.
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is the number of bridging oxygen present [19]. As
these building blocks can form different types of
networks, they are identified using the oxygen to
phosphorous ratio. For example, vitreous phos-
phate glass has a ratio of exactly 2.5, while
ultraphosphate glasses have a ratio that ranges
from 2.5 to 3.0. It is common practice to use NMR
spectroscopy, high-performance liquid chromato-
graphy, and Raman spectroscopy to identify the
fraction of each phosphate anion tetrahedra present
in a specific glass composition, thereby giving
structural information about the glass [19,23–25].
It is also possible to obtain additional structural
information using X-ray or neutron scattering
techniques [26,27]. Researchers have used these
diffraction techniques to determine the average
bond length of the metal cation–oxygen bond and
the phosphorus–oxygen bond [19]. Surprisingly, the
phosphorus–oxygen bond length is actually affected
by the metal cation present in the glass. The cation
plays a large role in determining both the structure
of the phosphate glass as well as its thermal
properties. For example, lead pyrophosphate glasses
have Tgs around 390 1C, while zinc alkali phosphate
glasses display Tgs that range from 270 to 330 1C, as
well as favorable rheological characteristics in the
liquid state [28–30]. Phosphate glasses also display a
wide range of desirable properties such as low
preparation temperatures, chemical durability, high
thermal expansion, good electrical conductivity,
optical clarity, UV transparency, and biocompat-
ibility [27]. These properties have led to a variety of
uses for phosphate glasses in a number of applica-
tions such as nuclear waste storage media, glass to
metal seals, solid electrolytes, and bioceramics [27].

The glass composition of most interest to the
long-range research program described in this
review article is tin fluorophosphates (TFP) glasses.
(Note that other Pglass compositions are available.)
TFP glass was discovered and patented by Tick and
Sanford in 1982 [31]. This Pglass composition
resulted in an optically clear glass that, unlike other
traditional Pglass compositions, displayed excellent
water resistance. These properties have led to a
range of possible applications for these glasses
including many optical uses [32]. A second patent
was issued 1 year later to Paul Tick, which described
the use of TFP glass as a supporting matrix for
light-responsive polycyclic aromatic hydrocarbons
[33]. One of the claims in the patent just mentioned
was based on the discovery of a family of materials
which contained a significant portion of organic

material. Tick continued his work on TFP and lead-
TFP glasses and determined the properties and a
tentative network repeat unit for these glasses [34].
Tick’s prior work was further supported and refined
by Xu and Day and the repeat unit of the TFP glass
network, which is shown below, was elucidated
[35,36].

O Sn O P O

O

F

F

O

The specific phosphate glass composition of
interest to recent research efforts has a molar
composition of 50% SnF2+20% SnO+30%
P2O5. This results in a Pglass with a Tg of
approximately 125 1C and a density of 3.75 g/cm3.
Adalja and Otaigbe [37] have shown that this glass
behaves essentially like a Newtonian fluid over a
wide range of frequencies and temperatures and its
viscosity is strongly temperature dependent, like
others have reported for zinc alkali phosphate glass
in the liquid state as already mentioned [30]. The
rheological behavior combined with the low Tg of
this TFP glass composition makes it ideal for use in
inorganic/organic hybrid materials.

Due to their low Tg, this phosphate glass
composition is liquid over a range of temperatures
that includes the melt processing temperature of
many different polymers. Therefore, it is possible to
blend these inorganic glasses with organic polymeric
materials in the liquid state, using conventional
polymer processing methodologies, to yield hybrid
materials containing Pglass loadings of up to 60%
by volume or 90% by weight. Because both the
organic polymer and inorganic Pglass are fluid
during processing, the morphologies of these
materials can be controlled, the interactions be-
tween components can be tailored, and the intract-
able viscosity problem inherent to conventional
polymer composites at high solid filler (e.g.,
borosilicate glass) compositions is circumvented
[38–41].

In this review article, we examine the current state
of research into these unique phosphate glass/
polymer hybrids. While prior work on TFP glass/
polymer hybrids has concentrated on non-polar,
non-interacting commodity resins or high-end en-
gineering thermoplastics, extending this field to
include highly interacting commodity resins, such
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as polyamides, new hybrids with very unique and
interesting properties can be generated. A brief litera-
ture survey will be followed by a discussion of new
experimental results on three different representative
Pglass/polymer hybrids (i.e., Pglass/LDPE (low-
density polyethylene) hybrids, Pglass/polyamide 12
hybrids, and Pglass/polyamide 6 hybrids). The goal is
to highlight the effect of interaction between the
inorganic phosphate glass and the organic polymer
on the hybrid’s properties. Although significant
advances in understanding the behavior of these
interesting materials have been realized, many
unanswered questions remain. These questions are
discussed to help guide future research directions. It
is hoped that this article will provide a basis for
understanding the fundamental effects of composi-
tion, processing parameters, and interaction strength
on the structure/property relationships in TFP glass/
polymer hybrids. In turn, this understanding can be
combined with further systematic studies into novel
Pglass/polymer hybrids to generate a better funda-
mental understanding of their behavior, thereby
leading to a new class of industrially useful materials
from already existing materials.

2. Survey of current literature on phosphate glass/

polymer hybrid materials

Because phosphate glass/polymer hybrid materi-
als represent a relatively new and emerging class of
new advanced materials, only a handful of systems
have been investigated and reported in the litera-
ture. Hybrids of various special Pglass compositions
and LDPE, polypropylene (PP), polystyrene (PS),
polyphenylene sulfide (PPS), polyetherimide (PEI),
polyarylsulfone, poly(ether ether ketone), and a
liquid crystalline polymer (LCP) have been reported
[20,42–44]. A large number of the previous studies
just mentioned concentrated on characterizing and
analyzing the hybrid rheology at very high Pglass
concentrations to accelerate efforts to melt process
the hybrid components using conventional polymer
processing methods. Like others have reported for
classical polymer blends, it is worthy to note that
understanding and controlling the rheological prop-
erties of the hybrids are crucial in determining the
final morphology of the material as well as its
processability.

A number of researchers used zinc alkali phos-
phate glasses (Tgs4272 1C) as the Pglass for hybrid
systems involving engineering thermoplastics with
high melt flow temperatures [42–44]. For example,

it has been shown for a Xydars LCP [poly
(p-hydroxybenzoic acid-co-bisphenol terephthalate)]
hybrid system that the viscosity of the system, as
compared to that of the pure LCP, increased only
slightly at low shear rates and was unchanged at
high shear rates [43]. It was also demonstrated that
a variety of morphologies, such as droplets and
fibrils, could be achieved as shown in Fig. 4 [42,43].
The rheology of Pglass/PEI hybrids was qualita-
tively examined through evaluation of its processing
behavior by Young and co-workers [44]. They
found that the Pglass modified the flow behavior
of the PEI and enhanced the formability of the
hybrid and its resultant properties [44]. Otaigbe and
co-workers examined zinc alkali Pglass/LCP hy-
brids and zinc alkali/poly(ether ether ketone)
hybrids. They found that the thermorheological
stability of the material depended on the polymer
matrix and that the resultant morphologies and
properties depended on the processing history [42].
Table 1 summarizes selected properties (measured
according to standard ASTM methods) of these
novel hybrid materials along with that of existing
materials such as the pure hybrid components,
commodity plastics and polymer/clay nanocompo-
sites. Note that the values shown in Table 1 for the
commodity plastics depend on molecular weight
and processing conditions. It is worthy to note that
the flexural modulus of the hybrid composition
shown increases dramatically with increasing vo-
lume fraction of Pglass (X50%) and with use of
expensive high-temperature polymers such as poly
(ether ether ketone) and poly(ether sulfone) by a
factor of about 10 relative to that of the pure
polymers and polymer/clay nanocomposites [43],
illustrating the potential of the Pglass/polymer
hybrids.
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Fig. 4. Examples of the unique morphologies generated in zinc

Pglass/Xydars LCP hybrids [43]. (Reproduced from Quinn,

Frayer and Beall by permission of CRC Press, New York.)
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The effect of TFP glass on Pglass/LDPE hybrid
rheology has been reported elsewhere [37,38,45–48].
Because TFP glass has a Tg of about 125 1C, they
can be easily mixed in the liquid state with
commodity plastics such as polyethylene. Adalja et
al. [37,38,45] studied TFP/LDPE hybrid rheology
and found that while the time–temperature super-
position principle applied to these materials, the
Pglass induced strong shear thinning behavior and
reduced creep strain in the solid state [37,38,45].
They also successfully treated the Pglass with silane
coupling agents, which resulted in an increase of the
complex viscosity [38,45]. Guschl et al. [46–48]
studied hybrids of TFP glasses and LDPE, PS, and
PP in the liquid state. They used torque rheometry
to reveal a trend towards linear additivity for TFP
glass/PS hybrids, and used small amplitude oscilla-
tory shear measurements to determine the phase
inversion point for this hybrid system [47]. In
addition, Guschl et al. [46] also measured and
reported the interfacial tension between TFP glass
and LDPE, PS, and PP. They compared pendant
drop measurements to the Palierne and Choi and
Schowalter theoretical emulsion models [49,50].
These models fit the TFP glass/PS and TFP glass/
PP hybrids with Pglass loadings up to 10 vol%.
However the models were found to be inadequate
for hybrids containing more than 30 vol% Pglass
and for the LDPE hybrids at all TFP glass
concentrations studied. Further, Guschl et al. [48]
also examined steady shear and transient rheology
of a ternary Pglass/PS/LDPE hybrid system. The
liquid rheological properties of the ternary hybrid
depended strongly on Pglass concentration with
hybrids at moderate Pglass loadings (430 vol%),
displaying a flow behavior similar to that of liquid
crystal polymers [48].

Other researchers have studied the interfacial
tension, crystallization kinetics, and mechanical
properties of these unique hybrid materials. For
example, Carre [51] reported that the addition of tin
oxide to zinc phosphate glasses dramatically re-
duced the interfacial free energy between the glass
and polyethersulfone using a modified drop shape
method. The crystallization behavior of TFP glass/
LDPE and TFP glass/PP hybrids has also been
studied [32,52,53]. It has been found that the
addition of Pglass to any polymeric matrix con-
sistently reduces the overall crystallinity in the
system. However, the effect of Pglass on the
crystallization kinetics of the organic polymer is
dependent on both the polymer matrix and Pglass
concentration. Further studies into the crystalliza-
tion behavior of these materials using NMR
spectroscopy revealed that TFP glass does not
affect the crystalline structure of LDPE, but the
glass itself undergoes significant structural changes
upon hybrid formation [32]. The mechanical prop-
erties of various hybrids have also been reported
[43,44,53,54]. It has been shown that certain Pglass
hybrids exhibit higher Young’s modulus and
flexural strength values than equivalently filled
conventional composites [43,44,54]. These prior
studies reported in the literature highlight the
unique nature of Pglass/polymer hybrids. While
much insight into the behavior of these materials
was gained from these prior studies, more work
needs to be done before Pglass/polymer hybrids can
achieve their full technological potential. It is hoped
that the current article will provide guidelines for
future research studies on these truly intriguing
materials.

3. Preparation of TFP glass/polymer hybrids

The low Tg Pglass used in the studies described in
the next section has a molar composition of 50%
SnF2+20% SnO+30% P2O5. This results in a glass
with a density of 3.75 g/cm3 and a Tg of 125.7 1C.
The glass was synthesized in the author’s laboratory
using procedures reported elsewhere [37]. The tin
fluoride and tin oxide were supplied by Cerac Inc.
and the ammonium phosphate was supplied by
Sigma-Aldrich. The LDPE type 1023 used was
supplied by Huntsman Chemical Corporation, the
polyamide 12 (Vestamids L1700) was supplied by
Creanova Inc., and the polyamide 6 used was
Capron 8270 HS supplied by Allied Signal. The
hybrids were prepared using a Thermo-Haake

ARTICLE IN PRESS

Table 1

Selected material properties of different types of materials

Material Modulus

(GPa)

Density

(g/cm3)

Refs.

Pglass/LDPE hybrid

(50 vol.% Pglass)

�11 2.33 [45a] (this

work)

Polymer/clay

nanocomposites

0.5–1.0 N/A [9]

Phosphate glass (Pglass) �40 3.75 [21]

Low-density

polyethylene (LDPE)

0.14–0.31 0.92 [45b]

Commodity plastics o0.50 0.91–1.05 [45b]
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Polydrives Melt Mixer equipped with roller blades.
LDPE hybrids containing the desired amount of
Pglass were mixed at 200 1C, while the polyamide 12
and the polyamide 6 were mixed at 220 and 250 1C,
respectively. Prior to melt-mixing, the polymer and
the Pglass are dried in a vacuum oven. The
Polydrives mixer was preheated to the desired
mixing temperature for at least 20min before
mixing in order to ensure that the instrument had
reached thermal equilibrium. Before any of the
hybrid components are added to the mixer, the
instrument is calibrated at the appropriate mixing
speed. First, the polymer is added to the Polydrives

mixing bowl and allowed to mix for some time in
order to yield a homogeneous melt. The Pglass is
subsequently added in the required amounts to the
mixer and allowed to mix for additional period of
time. The addition of the hybrid component
materials to the Polydrives can be automatically
monitored in a graph of torque versus time as
shown in Fig. 5. The first spike in torque is the
addition of the polymer, in this case polyamide 6,
and the precipitous drop in the torque around 300 s
corresponds to the addition of the Pglass. The melt-
mixed hybrid materials were collected in ‘‘chunks’’
from the Polydrives. Prior to further processing,
the materials were dried in a vacuum oven. The
‘‘chunks’’ were then formed into a variety of shapes
for testing using either a Tetrahedrons compression
molder or a DACA Microinjectors equipped with
the appropriate mold at the same temperature used
during melt-mixing.

4. New experimental results

4.1. Pglass/LDPE hybrids

LDPE is a non-polar polymer that displays a high
interfacial tension when it is combined with Pglass
[46]. The combination of these two non-interacting
components to form a Pglass/LDPE hybrid yields a
material with interesting morphologies and unique
properties described later. It is important to under-
stand this material’s elongational flow behavior if it
is to become industrially useful. Elongational flow is
an important component of many processing
techniques [55,56]. A deformable particle that
experiences simple shear flow will deform only
slightly and will rotate in the flow field at a rotation
rate equal to half the shear rate. On the other hand,
a deformable particle undergoing extensional flow
will experience no rotation, but a lot of deformation
along the flow axis. Upon the cessation of flow, the
deformed particle will experience compression along
the flow axis as the deformed particle tries to return
to its original shape [57]. Many polymeric materials
that undergo extensional flow exhibit a dramatic
increase in viscosity at high strains which is referred
to as strain hardening. The stain hardening phe-
nomenon is related to the uncoiling of polymer
chains. This coil-stretch transition results in very
long, aligned particles [57]. The strain hardening
behavior of a polymeric material or blend plays a
large role in processing methods like extrusion, blow
molding, and thermoforming. Therefore, it is
important to study the behavior of materials under
elongational flow.

Studies of elongational flow of polymer melts began
in the 1970s and continue today [58]. One of the
earliest methods of measuring elongational viscosity
was the rotary clamp technique. This technique
involves large, homogeneous elongations in the sample
and the force on the clamps is used to get a reliable
stress measurement [58]. The major drawback of this
technique was the need to use a supporting liquid for
the sample, which limited the temperature range of the
instrument. Meissner et al .[58] developed a relatively
new rheometer which eliminated the problem just
mentioned by supporting the sample on a cushion of
nitrogen gas. This rheometer has proven to be both
versatile and accurate [59,60].

It is important to understand the shear rheologi-
cal behavior of a material prior to elongational flow
investigations. Additionally, it is well known that
shear rheological properties are important in under-
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standing the morphology development of the
current hybrids [45a,61]. Therefore, small amplitude
oscillatory shear measurements were performed at
180 1C on the Pglass/LDPE hybrids prior to
elongational viscosity measurements [41]. Note that
both the shear and elongational measurements just
mentioned were performed in the liquid state. A
strain amplitude sweep was performed on the
hybrids to determine the linear viscoelastic region
of the hybrids. For frequency sweeps of the hybrids,
a linear strain of 10% was used for hybrids
containing p20% by volume Pglass. A linear strain
of 1% was used for the pure Pglass and hybrid
compositions containing between 30% and 50% by
volume Pglass. The results of the small amplitude
oscillatory shear measurements are shown in Fig. 6.
As Pglass is added to the system, the viscosity
increases. Additionally, hybrids containing p30%

Pglass display a Newtonian plateau at low frequen-
cies and become shear-thinning at the high frequen-
cies. The hybrids with high Pglass concentrations
show strong shear-thinning behavior over the whole
range of frequencies investigated, which is consis-
tent with results reported by Adalja et al. [45a]. The
pure Pglass liquid is approximately Newtonian over
the 0.1–100 rad/s experimental range of frequencies.
A small increase in the Pglass viscosity at high
frequencies was observed and is attributed to shear-
induced crystallization which has been observed
previously for these types of glasses [37]. The shear-
induced crystallization of the Pglass is also evi-
denced by an increase in storage modulus at a high
frequency. The Pglass also displays a small rise in
complex viscosity at the very low frequencies (i.e.,
oo0.1 rad/s). This rise in complex viscosity was
unaffected by annealing and found to be a
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consistent, reproducible feature of the material. It is
believed that the complex viscosity increase at low
frequencies is most likely due to some structural
rearrangement of the Pglass network structure
[20,62].

Fig. 6b displays logarithmic plots of the fre-
quency dependence of the complex viscosity, Z�(o),
versus the frequency dependence of the complex
modulus, G*(o), for the Pglass/LDPE hybrids and
their pure components. Such plots are useful for
observing yield stress behavior from experimentally
determined viscoelastic material functions. A sharp
upturn in Z*(o) at low G*(o) indicates the existence
of a yield stress. Note that similar plots of Z*(o)
versus G*(o) and of other viscoelastic functions
such as G0(o) and G00(o) have been used by others in
the literature for the same purpose as in this study
or as a criterion for rheological compatibility of
polymer blends [2,63–65]. It is clearly evident from
Fig. 6b that the Pglass concentration has a strong
influence on the hybrid complex viscosity especially
at Pglass concentrations 430 vol%. At these Pglass
concentrations, the hybrids do not show a New-
tonian region within the experimental frequency
range that would have manifested itself by a
constant Z*(o) at low G*(o). The sharp upturn of
Z*(o) on the low G*(o) side (i.e., Z*(o) increases as
G*(o) decreases) exhibited by the hybrids with
Pglass concentrations 430 vol% suggests that these
hybrid compositions have a yield stress for viscous
flow due to the formation of a co-continuous
(interpenetrating network) structure (discussed la-
ter) in the hybrids. In contrast to the hybrid
compositions just mentioned, the hybrids contain-
ing Pglass concentrations o30 vol% tend to ap-
proach constant Z*(o) at low G*(o), implying that
these hybrids approach Newtonian behavior at low
frequencies with no evidence of the possible
existence of a yield stress. A close examination of
Fig. 6 would indicate a hybrid phase inversion point
(or critical Pglass volume content for phase inver-
sion) occurring between 40 and 50 Pglass vol %.
This phase inversion point is consistent with a
change of deformable droplet to co-continuous
morphology in the hybrids and with the previously
reported phase behavior of the hybrid system [47].

It is noteworthy that the hybrid composition-
independent behavior of Z*(o) at low Pglass
concentrations of o30 vol% and the significant
reduction in viscosity at high frequencies (i.e.,
strong shear thinning behavior) observed for all
hybrid compositions studied signifies relative ease of

processing of the hybrids and facile manipulation
of their morphology via conventional processing
methods such as extrusion and injection molding.

The Cross equation (1) could be successfully
applied to hybrid compositions with less than 40%
Pglass by volume with R2 values X0.98 (Fig. 7),
according to the following equation:

Z� ¼
Z0

1þ ðo=ocÞ
b , (1)

where Z* is the complex viscosity, Z0 is the zero
shear viscosity, o is frequency, and oc and b are
fitting parameters. The fit parameters are shown in
Table 2. The higher Pglass compositions (i.e., 40
and 50 vol%) could not be modeled due to the yield
stress behavior at low frequencies already discussed.
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Table 2

Parameters (oc and b) of the Cross model fits to the experimental

complex viscosity data of the Pglass/LDPE hybrids

Pglass

concentration

(vol.%)

Zero shear

viscosity (Pa s)

oc b

0 13,119 0.557 0.613

1 13,901 0.525 0.601

2 14,419 0.493 0.593

5 15,925 0.430 0.581

10 23,452 0.144 0.507

20 31,695 0.241 0.539

30 55,920 0.078 0.500

40 Not applicable Not

applicable

Not

applicable

50 Not applicable Not

applicable

Not

applicable
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The observed increase in viscosity at low frequencies
is attributed to the formation of a co-continuous
interpenetrating network structure. Although the
interfacial interaction between the Pglass and the
LDPE phases is quite low due to the high interfacial
tension between the components, these interac-
tions are playing a large role in the hybrids which
display a co-continuous type morphology, thereby
leading to the increase in complex viscosity at low
frequency [46].

The shear rheological behavior of the Pglass/
LDPE hybrids revealed a strong dependence of
viscosity on morphology. Investigations into the
elongational flow will provide more information
into the relationship between rheology and mor-
phology, as well as flow induced structure. Elonga-
tional viscosity measurements of the Pglass/LDPE
hybrids were performed at 180 1C (liquid state) and
at a constant strain rate of 1.0 s�1. Lower strain
rates were evaluated, but the hybrids containing
more than 5% Pglass would sag onto the metal frit
of the sample supporting system. The results of the
samples tested at 1.0 s�1 are shown in Fig. 8. Each
of these samples had the true strain rate of the test
determined by particle tracking, and the viscosity
curves shown in Fig. 8 reflect the true strain rate.
The results in Fig. 8 were also normalized to permit
valid comparison with the previously discussed
oscillatory shear measurements. The normalization
was performed using an in-house computer pro-
gram written by Schweizer for automatic data
analysis. The program utilizes Trouton’s ratio to
normalize the elongational data with the zero shear

viscosity for accurate comparison of data. This
normalization procedure does not attempt to model
the data, it only aids in the comparison of the data.
It is clearly evident in Fig. 8 that all of the curves
display a shape typical of strain hardening poly-
mers, except for the 50% Pglass/LDPE hybrid (not
shown). The odd shape of the 50% Pglass/LDPE
curve (not shown) is most likely due to the uneven
deformation that characterized all of the tests of the
50% Pglass/LDPE hybrid material. The inhomoge-
neous deformation of the 50% Pglass hybrid results
in unreliable data and, therefore, this composition is
not included in any discussion so as not to lead
to incorrect conclusions. In Fig. 9, the ratio of
maximum viscosity to zero shear viscosity obtained
during the elongational viscosity tests, which is an
indication of the strain hardening character of a
material, is plotted as a function of hybrid compo-
sition. It is easily seen from this figure that small
concentrations of Pglass (p2% Pglass) actually
increase the strain hardening behavior of the LDPE;
the intermediate concentrations of Pglass (i.e.,
5–10%) display a slight reduction of the strain
hardening character, and the high Pglass concentra-
tions (410%) dramatically reduce the strain hard-
ening of the LDPE. The pure Pglass liquid should
show insignificant strain hardening as it has been
previously shown that the Pglass used in this study
is essentially a Newtonian fluid under the reported
test conditions. A pure Newtonian fluid will display
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little strain hardening, as it is typically a viscoelastic
effect. Additionally, when a non-Newtonian fluid,
such as LDPE, is diluted by a Newtonian fluid, the
strain hardening behavior should decrease. It has
been shown in the literature that the addition of
solid, non-deformable glass particles to LDPE
yields a decrease in the strain hardening character
of the pure LDPE [66]. A similar decrease of the
strain hardening character was also observed as
rigid glass fibers were added to polyethylene and PS
melts [67]. Chan and co-workers used Goddard’s
theory [68] to qualitatively explain this behavior and
stated that in elongational flow of oriented glass
fibers, shear motions are created between the fibers.
If the fibers are contained in a non-Newtonian
matrix, the shear viscosity will be much less than the
zero-shear viscosity, resulting in a reduction of the
elongational viscosity [67]. However, this explana-
tion is only valid for non-deformable particles.
Other researchers have shown that deformable,
viscoelastic fibers typically lead to an increase in
elongational viscosity, while deformable spheres
have little impact on the elongational viscosity
[69]. It has also been shown that the addition of a
linear polyethylene (HDPE or LLDPE) to LDPE
causes a decrease in strain hardening because the
linear polyethylene is acting as a non-strain hard-
ening diluent [70,71]. From the preceding discus-
sion, it is reasonable to ascribe the dramatic reduc-
tion in the hybrid elongational viscosity at Pglass
concentrations 410% to disentanglement and/or
scission of the LDPE chains caused by the plausible
physicochemical interaction of the Newtonian
Pglass. This is a matter for further investigation.

While the hybrids with high Pglass concentrations
(410%) display behavior that is consistent with that
reported in the literature, the low Pglass concentra-
tions display relatively anomalous behavior. How-
ever, the observed behavior can be explained by
considering the morphologies of stretched and
unstretched samples (Fig. 10). Column I is the
samples prior to stretching and Column II is the
samples after stretching. Although the Pglass is a
liquid at the test temperature, the Pglass particles in
the 1% and 2% hybrid samples do not deform. It is
only when the Pglass concentration reaches 5% by
volume that the particles begin to undergo deforma-
tion. The mechanism of the observed increase in
elongational viscosity at very low Pglass concentra-
tions is presently unclear, and needs to be further
explored in future studies. This hypothesis needs to
be further tested in future studies.

The observed hybrid morphologies can be further
understood by examining the capillary number of
the hybrid materials. In shear flow fields, the
capillary number is defined according to the
following equation:

Ca ¼
Zm _gdn

2G12
, (2)

where Zm is the shear viscosity of the matrix, _g is the
shear rate, dn is the droplet diameter, and G12 is the
interfacial tension between the matrix and the
dispersed phase. When the capillary number of a
material exceeds some critical value, Cacrit, a droplet
will change its shape and eventually breakup.
However, this breakup is not instantaneous, and
researchers have been able to induce a fine, fibrillar
morphology in some polymer blend systems [56,59].
During deformation, a material that exceeds the
value 2�Cacrit, will undergo a morphological
change, where droplets deform into a fibril mor-
phology [72]. Münstedt et al. [72] defined a capillary
number for materials undergoing elongational flow,
CaE according to the following equation: .

CaE ¼
ZþE;m_�dn

2G12
. (3)

The variables in Eq. (3) are defined similarly to
those in Eq. (2). However, there are some notable
differences. The shear viscosity of the matrix and
shear rate in Eq. (2) has been replaced by the
elongational viscosity of the matrix, ZþE;m, and the
strain rate, _�. The capillary number for Pglass/
LDPE hybrids that displayed droplet type morphol-
ogy in the unstretched state (o40% Pglass by
volume) was calculated. The interfacial tension of
LDPE and Pglass was previously determined at
different temperatures by Guschl and Otaigbe [46].
Since they did not determine the interfacial tension
at the temperature used for testing in the current
work described in this article, a simple weighted
average was taken and a value of 54.92mN/m was
used for the calculations. The average droplet
diameter was measured for each hybrid and the
results are displayed in Table 3. The elongational
viscosity of the matrix was taken as the maximum
elongational viscosity for pure LDPE shown earlier
in Fig. 9. The calculated CaE for the hybrids is
shown in Table 4. An approximation of Cacrit for
the hybrid systems can be found. As the 10% Pglass
hybrid is the first composition to display fibril-like
morphologies, it can be assumed that the elonga-
tional capillary number for this composition is
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Fig. 10. (a, b) SEM micrographs of Pglass/LDPE hybrids before melt elongation (column I) and after melt elongation (column II).
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Fig. 10. (Continued)
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closest to 2�Cacrit. This gives an approximate
value of Cacrit of 0.22. Considering that the
variation in capillary number for the Pglass/LDPE
hybrids is solely due to changes in Pglass droplet
size, these results can provide a guide for morpho-
logical control and rational design of Pglass/LDPE
hybrid systems.

Elongational flow provides a facile route to
creating new and interesting morphologies for
Pglass/polymer hybrids. Investigations into the
elongational viscosity can also generate fundamen-
tal insights into the parameters controlling mor-
phological development for Pglass/polymer hybrids.
Another interesting effect of uniaxial elongation of
a polymeric material is the alignment of polymer
chains during deformation. This alignment causes a
general increase in crystallinity of the stretched
sample as compared to an unstretched sample
[73–76]. The Pglass/polymer hybrids of this study
consistently show a decrease in polymer crystallinity
as the amount of Pglass in the system is increased
[52,53]. The exact mechanism of this phenomenon is
presently unknown, but is considered to be a unique
feature of these interesting hybrid systems. The

possibility of increasing the crystallinity through
carefully controlled processing conditions would
lead to great improvements in overall material
properties. Additionally, it would provide yet
another route to the rational control of the
morphology, and therefore the properties of these
unique systems.

The percent crystallinity of the materials was
estimated using a slightly modified equation with
respect to that used for pure polymers:

X c ¼
ðo�DHobsÞ

DHo
f

. (4)

In this equation, DHobs is the heat of fusion
observed in the DSC experiment, DHf

o is the
standard heat of fusion of a 100% crystalline
LDPE, and o is the weight percent of LDPE that
is in the hybrid. The o term of this equation was
added to account for the fact that LDPE is the only
crystallizable component of the hybrid. The results
of these experiments are shown in Fig. 11. Clearly,
the uniaxial elongation results in dramatic increases
of crystallinity. The stretched 10% Pglass/LDPE
hybrid has a percent crystallinity that is only 5%
less than the unstretched pure LDPE. The difference
in percent crystallinity of stretched and unstretched
samples decreases as the amount of Pglass is
increased. This is most likely due to the small
amount of crystallizable polymer present in the
system. However, the stretched samples consistently
have a higher percent crystallinity than the un-
stretched samples over the Pglass concentration
range studied.

4.2. Pglass/polyamide 12 hybrids

While Pglass/LDPE hybrids display interesting
properties and unique morphologies, new hybrid
materials with enhanced interactions between the
hybrid components should yield materials with
vastly different properties, thereby opening up
entirely new fields of study and application for
Pglass/polymer hybrids. By combining Pglass with
highly interacting commodity resins, such as poly-
amides, improved interactions between the Pglass
and the polymer matrix can be achieved. This is due
to the expected strong physiochemical interactions
between the hybrid components. For example, it has
been shown that ammonia will adsorb to the surface
of phosphate glasses [77a]. This classical interaction
facilitates a high degree of interaction between
polyamides and TFP glass, thereby facilitating both
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Table 3

Particle size of Pglass/LDPE hybrids

Pglass concentration (vol.%) Size (mm)

1 2.7170.99

2 2.2770.93

5 3.8971.11

10 6.6072.40

20 8.6872.72

30 12.2273.94

40 Not applicable

50 Not applicable

Table 4

Elongational capillary number for Pglass/LDPE hybrids

Pglass concentration

(vol.%)

Elongational capillary

number

0 Not applicable

1 0.182

2 0.153

5 0.262

10 0.444

20 0.584

30 0.822

40 Not applicable

50 Not applicable
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miscibility in the melt and enhanced polymer/glass
adhesion in the solid state [40]. This should lead to a
hybrid material with good compatibility and inter-
esting melt properties that are typical of either an
immiscible or a partially miscible system to an
extent that depends on factors such as the proces-
sing and testing conditions. The first rheological
study of TFP glass/polymer hybrids that display
desirable interactions that are beneficial in a number
of applications was performed on Pglass/polyamide
12 hybrids [77b].

Fig. 12 shows the frequency dependence of the
complex viscosity for the hybrid materials at 190,
220, and 250 1C. Over the whole range of tempera-
tures studied, the pure Pglass behaves like a
Newtonian fluid. Due to rheometer limitations, the
extremely low viscosity of the pure Pglass at 250 1C
causes some scatter in the observed data. At 190 1C,
the pure polyamide 12 and all of the hybrids display
a long Newtonian region with some slight shear-
thinning behavior at high frequency. Additionally,
despite the high viscosity of the pure Pglass, at this
temperature, hybrids containing X2 vol% Pglass
show a dramatic decrease in viscosity, suggesting a
plausible constraint release or disruption of the
polymer chain entanglements caused by the addi-
tion of Pglass. This finding is somewhat similar to
the non-Einstein-like decrease in viscosity of PS

filled with nanoscale particles reported by Mackay
and co-workers [78,79]. This behavior changes as
the testing temperature is increased to 220 1C.
Hybrids containing 45 vol% Pglass begin to show
an increase in complex viscosity at low frequencies
at this temperature. The increase of the complex
viscosity becomes more pronounced as the tem-
perature is further increased. An increase in com-
plex viscosity at low frequencies is often attributed
to interfacial affects and yield stress behavior
[2,3,80]. Above a critical composition of 2 vol%
Pglass, a dramatic change in the interfacial char-
acteristics of the hybrid occurs at elevated tempera-
tures.

The rise in the complex viscosity at low frequen-
cies shown for the 5 and 10 vol% Pglass hybrids has
been related to the appearance of an apparent yield
stress in the material [81]. Early attempts to describe
a yield stress did not allow any elastic behavior
below the yield stress, but this was found to be an
over simplification for many material systems [82].
As already mentioned, it has been shown that
plotting complex viscosity versus complex modulus
indicates an apparent yield stress in a material
system by an upturn in the graph at low complex
modulus values [2,65]. Fig. 13 displays such plots
for the hybrid systems at 190 and 250 1C. At 190 1C,
all of the hybrids tend to approach constant Z*(o)

ARTICLE IN PRESS

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

0 1 2 5 10 20 30 40 50

Percent Pglass

P
e
rc

e
n

t 
C

ry
s
ta

ll
in

it
y

Unstretched LDPE Hybrids

Stretched LDPE Hybrids

Fig. 11. Percent crystallinity of stretched and unstretched Pglass/LDPE hybrids.

K. Urman, J.U. Otaigbe / Prog. Polym. Sci. 32 (2007) 1462–14981476



Author's personal copy

at low G*(o), implying that these hybrids exhibit
Newtonian behavior at low frequencies with no
evidence of the possible existence of a yield stress.
However, as the temperature is increased, a sharp
upturn of the graph is observed for hybrids
containing X5 vol% Pglass, suggesting that these
hybrid compositions have a yield stress for viscous
flow. Apparent yield stresses have been reported in
the literature for some immiscible polymer blends
and are usually attributed to strong interactions
between the components [2,65,83,84].

Yield stresses have been observed for many
different polymer composites and nanocomposite
systems at high concentrations of filler, and is
typically ascribed to the formation of some filler
network or aggregates in the polymer melt [85–87].
Evidence of such a yield stress can be observed by
examining the change in slope of the storage or loss

modulus as a function of frequency. A reduction of
the slope in the terminal region has been observed
for polyamide 12/clay nanocomposites and was
related to the tendency of the silicate platelets to
form a superstructure that displays a yield stress
[88]. Fig. 14 depicts the loss modulus of the current
hybrid materials at 250 1C and Table 5 shows the
slopes of the linear portion of the curves at both 190
and 250 1C. The slopes displayed by the materials at
190 1C are typical for polydisperse polymers and do
not indicate any yield stress behavior [88,89]. As the
temperature is increased to 250 1C, the hybrids
containing X5 vol% Pglass show a dramatic
decrease in the slope, similar to that reported for
the polyamide 12/clay nanocomposite. Unlike the
silicate nanofillers, the Pglass is fluid at these
temperatures. However, it is still likely that the
dispersed Pglass can interact with itself to form
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some kind of superstructure that leads to yield stress
behavior as will be shown later. The yield stress
behavior observed for the hybrids is consistent with
the previously discussed rheological data, indicating
that increasing temperature causes a morphological
change in the high Pglass concentration hybrids and
an associated enhancement of the interactions
between the polyamide 12 and the Pglass.

The effect of temperature on the rheological
behavior of the hybrids can be further probed using
plots of storage modulus (G0) versus loss modulus
(G00). These plots were first developed by Han and
co-workers and have been widely used in the litera-
ture to investigate the compatibility, morphological

development, and temperature dependence (or
independence) of polymer blends [2,63,81,90,91].
The temperature independence of a Han plot is a
necessary condition for time–temperature super-
position to apply to a material. However, materials
that display temperature-independent Han plots do
not necessarily have to superimpose. Fig. 15 dis-
plays the Han plots for pure polyamide 12 and the
hybrids over a range of temperatures. Temperature
independence is observed for the pure polyamide 12
and the hybrid containing 1 vol% Pglass (Fig. 15b)
like others have reported for immiscible blends
[81,90,91]. A small amount of scatter is evident in
Fig. 15b at low moduli values and is attributed to
limitations of the rheometer used. The observed
temperature independence behavior for the 1 vol%
hybrid indicates good compatibility between the
hybrid phases and a microstructure that is un-
affected by temperature. As the volume percent of
Pglass is increased in the system, the temperature
independence of the Han plots breaks down. Upon
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Table 5

Slope of the loss modulus in the terminal region for the Pglass/

LDPE hybrids

Volume percent

Pglass

Slope of G00 at

190 1C

Slope of G00 at

250 1C

0 0.99 1.00

1 0.99 0.97

2 1.00 0.97

5 0.99 0.89

10 1.00 0.68
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closer examination, it can be seen that the break
down occurs at 220 1C and the deviation from
temperature independence increases with increasing
Pglass content. Some microstructural change must
be occurring at this temperature, resulting in a
change in the rheological behavior of hybrids
containing 42 vol% Pglass.

Researchers have also found it useful to compare
different compositions of a blend at a single
temperature using a Han plot [2,90]. Fig. 16 shows
the Han plots of the pure polyamide 12 and the
hybrids at 190, 220, and 250 1C. At 190 1C, all of the
hybrids show Han plots that are independent of
composition, indicating a similar morphological
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state and good compatibility between the phases
[90]. When the temperature is increased to 220 1C,
compositional independence of the Han plots over
the studied range no longer exists except for the
hybrids containing p2 vol% Pglass which shows
some evidence of compositional independence as
Fig. 16b illustrates. When the temperature is further
increased to 250 1C, compositional independence
of the Han plots is completely eliminated. This
observed change in the compositional independence
behavior is believed to be due to a morphological
evolution caused by the increasing temperature. We
conjecture that elevated temperatures increase the
miscibility of the phases, leading to a partially
miscible material in the liquid (melt) state and a
change in the overall morphology of the material.

Fig. 17 displays SEM micrographs of the hybrids
taken before rheological measurements were per-
formed. The figure shows that Pglass is dispersed as
small droplets within the polyamide 12 matrix and
the average diameter of the particles is given
in Table 6. Using the droplet size calculated from
Fig. 17, the applicability of the Palierne emulsion

model to this system can be determined and an
interfacial tension estimated [49,50]. The Palierne
emulsion model has been used extensively in the
literature by researchers on many different systems
to estimate either the size of a dispersed phase or the
interfacial tension between components [49,92–94].
The Palierne model equation (5) expresses the
complex modulus of an emulsion where the dis-
persed phase is spherical in terms of the phases,
interfacial tension, volume fraction, and radius
of the dispersed phase according to the following
equation:

G� ¼ G�c
1þ 3fH

1� 2fH

� �
. (5)

In Eq. (5), G* is the complex modulus of the
emulsion, Gc* is the complex modulus of
the continuous phase, f is the volume fraction of
the dispersed phase, and H is defined as follows:

H ¼
ðG�d � G�c Þð19G�d þ 16G�c Þ þ ð4G12=rd Þð2G�d þ 5G�c Þ

ð2G�d þ 3G�c Þð19G�d þ 16G�c Þ þ ð40G12=rd ÞðG
�
d þ G�c Þ

.

(6)
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In Eq. (6), Gd* is the complex modulus of the
dispersed phase, rd is the radius of the dispersed
droplets, and G12 is the interfacial tension between
the phases. From the small amplitude oscillatory
shear tests that were performed on the current
hybrid samples and from the micrographs, all of the
variables in Eqs. (5) and (6) are experimentally
determined except for the interfacial tension. There-
fore, if the model provides a good fit to the data, an
estimation of the interfacial tension can be made.
Fig. 18 shows attempts to fit the Palierne model to
the storage modulus of the hybrid containing
10 vol% Pglass at 190 and 250 1C. The model does

not provide an adequate fit of the data at 190 1C.
This is most likely due to the strong negative
deviations from the log-additivity rule at this
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Fig. 17. Micrographs of (a) 1 vol.% Pglass, (b) 2 vol.% Pglass, (c) 5 vol.% Pglass, and (d) 10 vol.% Pglass/polyamide 12 hybrids.

Table 6

Average size of Pglass droplets in the polyamide 12 matrix

Volume percent Pglass Average diameter (mm)

1 5.0672.553

2 3.1871.303

5 2.0970.658

10 1.6970.236
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Fig. 18. Fit of the Palierne model to the storage modulus of the

polyamide 12 hybrid containing 10 vol.% Pglass at the

temperatures indicated.
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temperature as already discussed. Since the hybrids
display a much lower complex viscosity than either
of the pure components, the model is unable to
successfully predict the viscoelastic behavior of the
hybrid. However, the model accurately predicts the
storage modulus behavior at 250 1C using a value
of 0.002 for the quantity of G12/rd. Using the
average radius of a Pglass droplet found in the
10 vol% hybrid, an interfacial tension of 1.69 nNm
is calculated. This extraordinarily small interfacial
tension indicates the very favorable interaction
that take place in this material at elevated tempera-
tures. It also gives further support to the argument
that the polyamide 12 and the Pglass phases dis-
play partial or complete miscibility at elevated
temperatures.

4.3. Pglass/polyamide 6 hybrids

The strong interaction between the Pglass and the
polyamide 12 matrix yielded a hybrid with unique
flow properties that have not been previously
observed for any Pglass/polymer hybrid. By chan-
ging the polymer matrix to polyamide 6 from
polyamide 12, the sites for potential interaction
between the Pglass and the polymer are effectively
doubled. The strength of the interactions (i.e.,
degree of miscibility) between the two components
of a hybrid or classical polymer blend will greatly
affect the final properties of the material. While the
effect of interactions and miscibility on morphology
has been studied for many different classical
polymer blends [95–97], there are relatively few
investigations on the miscibility of polyamides with
other polymers, and no reported studies on the
interactions with an inorganic component [98,99].
Using melting point depression techniques, the
miscibility and the chi (w) interaction parameter
for a polyamide 6 and Pglass hybrid were investi-
gated and the resultant properties reported [40].

Melting point depression is a very good indica-
tion of miscibility between two polymers. The drop
in melting point is attributed to thermodynamically
favorable interactions between the polymers. The
melting point depression has been used in the
literature to successfully calculate w between two
components of a polymer blend in a number of
different systems [98,100–102]. One such treatment
of melting point depression was reported by Nishi
and Wang [103]. Nishi and Wang based their work
on that previously reported by Flory and Huggins,
who described the interaction between polymers

under thermodynamic equilibrium, as follows [104]:

1

T0
mb

�
1

T0
m

¼ �
RVc

DH0
f V a

�
ln fc

xc

þ
1

xc

�
1

xa

� �
ð1� fcÞ þ wð1� fcÞ

2

� �
. ð7Þ

In this equation, Tm
0 and Tmb

0 are the equilibrium
melting points of the crystalline polymer and the blend
or hybrid, respectively. The subscripts a and c refer to
the amorphous and crystalline components of the
hybrid, V is the molar volume of the repeat unit of the
polymer, f is the volume fraction of the specified
component, and R is the universal gas constant. DHf

0

is the heat of fusion of the crystalline component, x is
the degree of polymerization and w is the Flory–Hug-
gins w interaction parameter. For a large degree of
polymerization that is typical of polymers, and
neglecting the entropic contributions, Nishi and Wang
showed that Eq. (7) reduces to Eq. (8). It should be
noted, that Eq. (8) suggests that melting point
depression must be due to some level of miscibility
between the components of the material system.

1

T0
mb

�
1

T0
m

¼
�RVc

DH0
f Va

wf2
a. (8)

Plotting the left-hand side of Eq. (8) versus the
volume fraction of the amorphous component
squared should result in a straight line that passes
through the origin. From the slope of this line, Nishi
and Wang were able to determine w for a polymer
blend of an amorphous and a semi-crystalline
polymer.

In the case of the Pglass/polyamide 6 hybrids, the
Pglass was taken as the amorphous polymer [40].
Phosphate glasses are well known to be completely
amorphous and have distributions of chain lengths
and are considered to be inorganic polymers
[20,22,34–36]. The heat of fusion value of the
polyamide 6 used in the present calculations was
190 kJ/kg [105]. It is also necessary to determine the
equilibrium melting points of the pure polyamide 6
and the hybrids. The equilibrium melting points
were determined using the Hoffman–Weeks ap-
proach [106]. In this method, the equilibrium
melting point is derived by plotting the observed
melting point (Tm) versus the crystallization tem-
perature (Tc). This should result in a linear plot
[106]. The intersection of this plot with the line
Tc ¼ Tm is taken to be the equilibrium melting point
of the material. Although the Hoffman–Weeks
approach does not account for lamellar thickening,
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it is widely used to determine the equilibrium
melting temperatures for many polymer systems
[107]. Fig. 19 illustrates typical Hoffman–Weeks
plots that were obtained for the hybrid materials.
For the purpose of clarity, the observed equilibrium
melting points for the Pglass/polyamide 6 hybrids
are reported in Table 7. The equilibrium melting
point value for the pure polyamide 6 agrees with
values reported in the literature [108]. By plotting
the melting point depression as a function of the
volume fraction of Pglass, a straight line with an
intercept close to zero is obtained (Fig. 20). The fit
of the linear line gives an R2 value greater than 0.98.
Using the slope of the line from Fig. 20, and Eq. (8),
w was calculated to be �0.067. This value satisfies
the condition for polymer miscibility and indicates
that the Pglass and the polyamide 6 are indeed
miscible in the melt. To our knowledge, this is the
first reported evidence of miscibility of inorganic
glass and organic polymer, and is considered to
be an important finding that may stimulate future

research studies, leading to a better understanding
of the structure and properties of these remarkable
hybrid inorganic and organic polymeric materials.

Both the dynamic and tensile mechanical proper-
ties of this new hybrid material were also studied. A
graph of the loss modulus versus temperature data
is shown in Fig. 21. It is clearly evident from this
figure that as Pglass is added to the polyamide 6
matrix, the Tg of the polyamide 6 decreases.
Additionally, no glass transition peak is observed
for the pure Pglass component in the hybrid, which
should appear around 125 1C. Attempts to model
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Table 7

Equilibrium melting points (Tm
0) of pure polyamide 6 and its

hybrids determined from DSC measurements

Volume percent

polyamide 6

Volume percent

Pglass

Tm
0 (C)

100 0 236

99 1 232

98 2 232

95 5 228

90 10 222
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the glass transition temperature of the hybrids with
empirical equations in the literature such as the Fox
[109] or the Gordon-Taylor [110] equations failed
because these equations predict a glass transition
value that is between the glass transition tempera-
tures of the individual components. From these
results, it appears that the Pglass is acting as a
macromolecular plasticizer for the polyamide 6. It is
worthy to note that phosphates are used as
plasticizers for various polymers; however, they
(phosphates) are typically small molecules, unlike
the Pglass used in this study [111]. It is important to
note that there are other previously reported cases
of organic macromolecular plasticizers [100,111],
but no prior reported case of inorganic Pglasses as
described in this article.

The tensile mechanical properties of the hybrids
are shown in Fig. 22, which depicts typical stress/
strain curves for these hybrid materials. Clearly, this
figure shows that the addition of Pglass affects the
failure mechanism of the hybrid in an intriguing
manner as shown by the varying shapes of the
curves with varying Pglass volume content. The
yield point becomes more obvious as more Pglass is
added (X5 vol%) to the polyamide 6. The stress/
strain curves for the pure polyamide 6 and the
hybrids with Pglass volume percent (p2%) are
typical of viscoelastic materials, being concave to
the strain axis and showing no clear evidence of
a yield stress. At higher Pglass volume percents

(X5%), the curves are consistent with that of a
pseudo-ductile material showing a clear evidence of
a yield stress, followed by a monotonic increase in
stress with increasing strain as the material ap-
proaches failure. This behavior is akin to that of
typical plasticized polymers reported in the litera-
ture [112].

As can be seen from Table 8, the Young’s
Modulus of the hybrid material is significantly less
than that of the pure polyamide 6. The addition of
the Pglass causes the polyamide to be less stiff. This
behavior is also reflected in the strain at break
values for the hybrid materials. The hybrids
typically break at larger strains than that of the
pure polyamide. It is reasonable to expect this trend
to begin to reverse at some composition much
greater than 10% Pglass where the increase in
elongation would be offset by the brittle nature of
the Pglass component, thereby causing failure at a
relatively low strain. Work is in progress in the
author’s laboratory to confirm this hypothesis.
Table 8 also displays the energy to break as a
function of composition. Energy to break is related
to the area underneath a stress–strain curve.
Although energy to break is dimensionally depen-
dent, it gives a qualitative indication of the
toughness of the material. While the addition of
up to 5% by volume of Pglass generally preserves
the toughness of the pure polymer material, the
10% Pglass composition does show a marked
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decrease. This is most likely due to the brittle nature
of the Pglass component.

The mechanical properties of the hybrid materials
are both interesting and counterintuitive. Typically,
as conventional solid glass filler is added to a
polymer system, an increase in Young’s modulus
and a decrease in the strain at break is observed
[112]. However, the observed mechanical properties
of the hybrids are remarkably similar to that
obtained when a plasticizer is added to a pure
polymer [113,114]. This is further evidence indicat-
ing that the Pglass is acting as a macromolecular
plasticizer for the pure polyamide 6.

While it has been established that polyamide 6
and Pglass form a single phase in the liquid state,
the origin of the solid-state properties and the
plasticization behavior cannot be explained by melt
miscibility. This is a matter for further studies. Note
however that similar reductions of the Tg have been
observed for several nanocomposite systems
[115–117]. Ash et al. [115,116] found that the
addition of o1wt% of spherical alumina nanopa-
ticles to poly(methyl methacrylate) caused a Tg

reduction of 25 1C[111,156]. This behavior was
conjectured to be the result of the formation of an
interaction zone, which is a highly mobile liquid-like
area. This region of mobility disrupts the percola-
tion of the slower moving regions and results in a
decrease of the Tg [116]. Similar Tg reductions were
observed for polymers containing polyhedral oligo-
meric silsesquioxane (POSS). While the observation
of accelerated glass transition relaxations in Pglass/
polyamide 6 hybrids was studied via dynamic
mechanical analysis (DMA), it is also possible to
use broadband dielectric relaxation spectroscopy to
study the relaxation behavior of these materials.

Two areas of polymer science and technology that
have greatly benefited from the use of DRS are

miscible polymer blends and polymer composites.
Several researchers have used DRS to examine the
degree of miscibility in polymer blends and peak
shifts and peak broadening that are commonly
observed for miscible or partially miscible polymer
blends [118–122]. However, strong interaction
between two organic polymers is not the only factor
that can influence the relaxation behavior of
polymers. The addition of inorganic fillers to a
polymer matrix also greatly influences the relaxa-
tions of the polymer. It has been shown by Perrin
et al. [123] that the formation of a nanoscale
inorganic sol–gel network causes a broadening of
the isochronal dielectric loss curve as well as regions
of restricted polymer mobility. Traditional clay/
polymer nanocomposites have also been studied
via DRS [124,125]. Lee et al. [125] found that
exfoliated clay/polyamide 11 nanocomposites
greatly accelerated the Tg (a�relaxation) of the
polymeric component. It was suggested that the
clay greatly diminished intermolecular cooperativ-
ity, which resulted in an accelerated a relaxation.

Fig. 23 is an isochronal graph of the temperature
dependence of dielectric loss of the pure hybrid
components and of a typical Pglass/polyamide 6
hybrid containing 10 vol.% Pglass. Three relaxa-
tions can be identified in both the hybrid and the
pure polyamide 6. These relaxations have been
previously reported for pure polyamide 6 [126–129].
The low temperature g-relaxation involves the
motion of very short –CH2 segments and an amide
group which provides the dielectric activity. Assign-
ment of the molecular motions associated with the
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Table 8

Summary of properties from tensile mechanical testing of the

Pglass/polyamide 6 hybrids

Volume

percent

polyamide 6

in hybrid

Young’s

modulus

(MPa)

Strain at

break (%)

Energy to

break (MJ/m3)

100 1053752 177733 102720

99 539725 211719 103712

98 523719 190712 8375

95 472723 288746 81724

90 558736 249717 62.176
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Fig. 23. Temperature dependence of the dielectric loss for the

pure components and the 10 vol.% Pglass/polyamide 6 hybrid.
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mid-temperature range relaxation (i.e., b-relaxation)
is more complicated and a number of opinions on
their molecular origins are reported in the literature.
For example, Frank et al. attributes the b-relaxation
to the movement of more extended –CH2 segments
as well as motions of the amide groups [126]. These
motions are exacerbated by the presence of water in
the system. Laredo et al [127] reported that the
b-relaxation is due solely to firmly bound water that
is often present in polyamides despite drying that
can be completely eliminated only by extremely
rigorous drying procedures. In the research mono-
graph by McCrum and Williams [129], the dielectric
b-relaxation was attributed to –NH2 and –OH chain
end group movements by some research groups,
while other researchers attributed it to the motion
of a water–polymer complex. In the current
work reviewed here, the effect of water on the
b-relaxation is considered to be negligible due to the
initial drying procedure that was performed on the
materials prior to testing. If any small amount of
water remained in the materials, it was firmly bound
water. Additionally, similar amounts of bound
water should be present in all tested samples,
thereby making direct comparison of results possi-
ble. The a-relaxation (the highest temperature
relaxation) is connected with the onset of large-
scale motions of the chain segments in the vicinity of
the Tg. The pure Pglass only displays a single
relaxation, which is not seen in the isochronal graph
due to the high conductivity of the pure Pglass at
elevated temperatures. The 10 vol% Pglass/poly-
amide 6 hybrid also displays an increase in
permittivity at elevated temperatures, but this
should not be confused with its a-relaxation process,
which is clearly evidenced by the peak at approxi-
mately 75 1C. However, this a-relaxation process
can be clearly seen in isothermal graphs, as will be
discussed later. This relaxation in the pure Pglass,
which we label as the a-relaxation, is similar to the
dipole losses observed for polymers, but is most
likely due to separated ion pairs [130]. From Fig. 23,
it is easily observed that the hybrid’s a-relaxation
occurs at a lower temperature than either of the
pure components, indicating a physiochemical
interaction between the hybrid components. In
addition, the hybrid displays a single a-relaxation
which seems to indicate that the Pglass domains are
not large enough to contribute to the appearance of
a fourth relaxation in the hybrid. The appearance of
a single Tg is often used as a criteria for miscibility
in classical polymer blend systems where the blend

Tg is typically between that of the pure components
[100,110,131,132].

While the appearance of a single Tg in the hybrid
suggests partial miscibility, the temperature reduc-
tion of the Tg is not explained in the miscible
polymer blend literature. Similarly, the b-relaxation
of the hybrid appears at a reduced temperature
when compared to that of the pure polyamide 6.
However, the g-relaxation remains relatively un-
affected. These effects are more clearly observed in
isothermal curves as shown in Fig. 24. Fig. 24a
displays the dielectric loss as a function of frequency
at �40 1C for the pure polyamide 6 and the 10 vol%
Pglass hybrid. The pure Pglass was omitted in Fig.
24a because it shows no relaxation at this tempera-
ture. Although the g-relaxations of the pure poly-
amide 6 and the hybrid are almost identical, the b-
relaxation of the hybrid has shifted to a significantly
higher frequency and has almost become a shoulder
in the hybrid’s g-relaxation. In Fig. 24b, the
dielectric loss as a function of frequency is shown
for both pure components as well as the hybrid at
the relatively higher temperature of 80 1C, which is
in the range of the a-relaxation process. At this
temperature, one can see that the polyamide 6
shows a b-relaxation process with a maximum
frequency (fmax) of about 3� 105Hz. In addition,
the a-relaxation process of the polyamide 6 appears
with an fmax of around 102Hz. For the Pglass, the a-
relaxation appears at an fmax of 5Hz. On the other
hand, only one relaxation process, the a-relaxation,
is observed for the hybrid at fmaxE7� 102Hz. The
b-relaxation process of the hybrid has shifted to a
higher frequency that is outside the range of
equipment used for the measurement. Further, it
is noteworthy that the observed height of the
a-relaxation process in the hybrid is below that of
either of the pure components.

It is possible to model these molecular relaxations
using the well-known phenomenological Havrilia-
k–Negami (HN) equation with an added ionic
conductivity term as shown below [129,133–135a,b]

��ðoÞ ¼ �0 � i�00

¼ � i
s0
�0o

� �
þ
X3
k¼1

D�k

1þ ðiotkÞ
akð Þ

bk
þ �1k

" #
.

ð9Þ

In this equation, e* is the complex dielectric
constant. The energy storage per cycle and the
energy loss or absorption per cycle are represented
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by e0 and e00, respectively. s0 is the dc conductivity, e0
is the permittivity of free space (8.854 pF/m), o is
the angular frequency and i is equivalent to �11/2.
Dek is the strength of the kth relaxation, eNk is the

high-frequency relative permittivity of the kth
relaxation, and tk is the characteristic relaxation
time of the kth component. The exponents a and
b are distribution parameters that describe the
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symmetric and asymmetric broadening of the
relaxation time distribution function, respectively.
When a ¼ 1, the HN equation reduces to the
Davidson–Cole expression and when b ¼ 1, the
Cole–Cole function is obtained. In the special case
of a and b both being equal to unity, the Debye
equation is obtained. The fit is quite good and the
characteristic relaxation time for each relaxation
process can be extracted [135b]. Table 9 displays the
fit parameters of the HN equation to the a-
relaxation of the pure Pglass, pure polyamide 6,
and the hybrid at 80 1C (data of Fig. 24b).

The temperature dependence of the characteristic
relaxation times of the Tg-like relaxations (i.e.,
a-relaxations) can then be described using the
following Volger–Fulcher–Tammann (VFT) equa-
tion [136]:

tðTÞ ¼ t0 exp
Ea

kBðT � TV Þ

� �
. (10)

In the VFT equation, kB is the Boltzmann
constant, Ea is apparent (temperature-dependent)
activation energy, TV is a hypothetical temperature
at which segmental motions are frozen-in, and t0 is
a hypothetical relaxation time at infinite tempera-
ture. Fig. 25 displays the characteristic relaxation
time as a function of inverse temperature. The solid
lines represent fits of the data to the VFT equation
and Table 10 displays the fitting parameters.
Obviously, the figure shows that addition of Pglass
to the polyamide 6 accelerates the a-relaxation of
the polymer chains. In turn, the hybrid displays
lower apparent activation energy as compared to
that of the pure components. It is noteworthy that
reduction of a polymer blend’s Tg and its apparent
activation energy are often attributed to partial
miscibility of the pure components in polymer
blends [121,122]. A similar mechanism is considered
to be operating in the current hybrid system. The
Pglass seems to accelerate the motions of long chain
segments of polyamide 6 in the Pglass/polyamide 6
hybrid, but it (Pglass) is unable to significantly

impact very short (i.e., approximately two –CH2

units) motions.
The origin of the observed glass transition

temperature behavior is believed to be due to the
partial miscibility of the pure components in the
solid state. While previously reported experimental
evidence has shown that polyamide 6 and Pglass are
miscible in the liquid (melt) state, the DRS
investigations performed on these materials suggest
partial miscibility in the solid state. TEM investiga-
tions of the hybrid material display a two-phase
microstructure with the Pglass being distributed as
droplets in the polymer matrix (Fig. 26). Size
analysis of the micrograph reveals an average
particle size of 53075 nm, with the smallest
observed particle being 7072 nm in size. The
TEM also shows the spherulites (lamella) of the
crystalline structure of the polyamide 6 matrix.

Although TEM can observe nanoscale particles,
new advanced NMR methods can be reliably used
to estimate the size and amount of Pglass that is
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Table 9

Fit parameters of the HN equation of the a-relaxation of the pure

components and the 10 vol.% Pglass/polyamide 6 hybrid at 80 1C

Volume percent Pglass a b De

0 0.8489 0.6162 25.58

10 1 0.3239 11.02

100 0.8506 1 15.17

0.0022

102

101

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

320340360380400420440

τ 
(s

)

1/T (K-1)

Polyamide 6

10 vol. % Pglass Hybrid

Pglass

VFT fit 

T (K)

0.00320.00300.00280.00260.0024

Fig. 25. The characteristic relaxation times of the a-relaxation of

the pure components and 10 vol.% Pglass/polyamide 6 hybrid as

a function of temperature (solid lines represent fits of the VFT

equation).

Table 10

Fit parameters of the VFT equation

Pglass Hybrid Polyamide 6

to (s) 4.003� 10�10 2.201� 10�12 3.194� 10�12

Ea (eV) 0.3040 0.2218 0.2853

T0 (K) 170.4 231.3 201.3

K. Urman, J.U. Otaigbe / Prog. Polym. Sci. 32 (2007) 1462–14981488



Author's personal copy

distributed within a few nanometers (i.e. the
molecular level) of polyamide 6 chains [137].
The HARDSHIP pulse sequence, which measures
the dephasing of 31P in the glass by matrix 1H, has
been successfully used to investigate the partial
miscibility of the polyamide 6 and the Pglass [138a].
The HARDSHIP pulse sequence alternates RE-
DOR (Rotational Echo DOuble Resonance) hetero-
nuclear recoupling for �0.15ms with periods of
homonuclear dipolar dephasing that are flanked by
canceling 901 pulses. The heteronuclear evolution of
the weakly coupled protons is refocused within two
rotation periods. As desired, little HARDSHIP
dephasing is observed in the pure Pglass, while
REDOR dephasing is fast due to the 1H dispersed in
the Pglass. In the hybrid material, quantitative
1H–31P HARDSHIP after a long (50 or 200 s)
recycle delay and 901-pulse excitation (squares)
shows fast initial dephasing by the polyamide
protons, indicative of phosphates in intimate con-
tact with the polyamide 6 matrix (Fig. 27). The
plateau of 75% shows that the amount of Pglass
within 0.7 nm from the polyamide matrix is 25% of
the total. We conjecture that the partial miscibility
of the Pglass in the polymer matrix affects the
relaxations of the polyamide 6 chains similar to that

observed for polymers filled with nano-sized fillers.
The Pglass that is distributed on the molecular level
reduces the intermolecular hydrogen bonding of the
polyamide 6 chains. In turn, this disrupts the
network of long chains that are hydrogen bonded,
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Fig. 26. TEM micrograph of the 10 vol.% Pglass/polyamide 6 hybrid.

Fig. 27. 1H–31P HARDSHIP NMR data for determining the size

and fraction of Pglass nanoparticles in the 10% Pglass/polyamide

6 (PA) hybrids. Data obtained on the pure Pglass, as well as
1H–31P REDOR dephasing curves, are shown for reference.

Some HARDSHIP data were obtained after 901-pulse 31P

excitation, with recycle delays of 5 s (open triangles), 50 s (open

squares), and 200 s (filled squares, quantitative).
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thereby creating the possibility of independent chain
movement which results in an acceleration of long
range segmental motions observed by both DMA
and DRS techniques already discussed.

In a recent preliminary study, quasi-elastic
neutron scattering (QENS) was used to probe the
underlying structure and its formation for the
Pglass/polyamide 6 hybrid [138b]. Fig. 28 shows
the mean-square displacements of hydrogen atoms
(/U2S) as a function of temperature obtained from
QENS of 0, 1 and 10% Pglass/Polyamide 6 hybrid.
Enhanced average hydrogen mobility with added
1% Pglass is clearly seen from the change of the
slope at a certain temperature, resulting in a more
flexible dynamics. The behavior of added 10% glass
is different, in both /U2S and the slopes, suggesting
that the dynamics of the hydrogen atoms is not
enhanced until above �150 1C (Loong C.-L.,
Otaigbe J.U., 2005, unpublished work). There
appears to be a change in the rate of increasing
/U2S near the glass-transition point. These pre-
liminary QENS data are very encouraging and
interesting; and found to be in good qualitative
agreement with the NMR and rheology data
already discussed.

5. Unanswered questions and plausible solutions

The work reviewed in this article has demon-
strated that new TFP glass/polymer hybrids can be

developed with unprecedented properties and struc-
tures, if the interactions between the Pglass and the
polymer are carefully chosen and the processing
conditions are controlled. These scientifically inter-
esting materials have a lot of promise industrially,
but many fundamental science questions remain
that need to be addressed before these materials can
achieve their full technological potential. Some of
these questions and potential approaches to addres-
sing them are now presented in an effort to guide
future experimental studies and theory development
on the relatively little-studied hybrid Pglass/polymer
materials.

It has been shown that the addition of Pglass to a
semicrystalline polymer causes a reduction in the
percent crystallinity of the polymer. This unique
property of Pglass hybrids has been determined to
be an experimental fact. However, the origin of the
decreased crystallinity is not presently understood,
and awaits further experimentation. The crystalline
properties of the constituent homopolymers in a
classical polymer blend have been extensively
studied and reported in the literature [139–144].
One source of reduced crystallinity in classical
polymer blends was ascribed to confined crystal-
lization of polyamide 6 in a PS matrix. Polyamide 6
that was confined on the nanometer size scale had
its crystallinity severely reduced [145]. While the
case of reduced crystallinity due to confinement may
be operating in the current Pglass/polymer hybrids
at very high Pglass concentrations, it is more likely
that some other mechanism may be contributing to
this observed phenomenon. Light can be shed on
this phenomenon using X-ray diffraction techni-
ques. By using small angle X-ray scattering (SAXS),
it will be possible to see if some fraction of the
Pglass is residing inside the polymer spherulites,
which would result in an increased long period of
the crystallized chains. Further studies of the
growth process could be carried out by applying
the Lauritzen–Hoffman equation to the hybrid
systems [104,142]. The Lauritzen–Hoffman equa-
tion is defined as shown below

ln G þ
U�

RðTc � T1Þ
¼ ln G0 �

Kg

TcðDTÞf
. (11)

where G is the crystal growth rate, G0 is a
preexponential factor, U* is the activation energy
for transporting the polymer chain segments to the
crystallization site, R is the gas constant, TN is a
temperature below which polymer motion ceases,
DT is the degree of supercooling, f is a correction
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Fig. 28. The mean-square displacements of hydrogen atoms in

Pglass/polymer 6 hybrids showing an enhanced mobility and

differences in both /U2S and the slopes.
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factor, and Kg is the nucleation constant. The
variable f is defined below

f ¼
2Tc

ðT0
m þ TcÞ

, (12)

where Tc is the crystallization temperature and Tm
0

is the equilibrium melting point. The nucleation
constant is also defined in terms of other variables
as shown below

Kg ¼
nb0sseT0

m

Dhf kB

. (13)

In this equation, n is dependent on the crystal-
lization regime, b0 is the molecular thickness, s is
the lateral surface free energy, se is the end-surface
free energy, Dhf is the heat of fusion per unit
volume, and kB is the Boltzmann constant. Using
these equations, it may be possible to determine the
energy required to form a crystal structure in the
presence of Pglass. This should provide further
insight into the origin of the reduced crystallinity of
the hybrid systems. Other X-ray diffraction studies
utilizing wide angle X-ray diffraction (WAXD)
techniques can be used to determine any influence
of Pglass on the crystallographic structure of the
polymer, i.e. inducing polymorphism in the polymer
crystals [146,147].

Other areas of fundamental interest include the
high degree of interaction between polyamide 6 and
Pglass. While it was experimentally determined that
polyamide 6 and Pglass may form a single phase in
the melt, a phase diagram has still not been
constructed for this hybrid. Unfortunately, this
hybrid is opaque even at elevated temperatures,
which precludes the use of well-established simple
cloud point measurements to determine the phase
diagram. However, there are alternative methods
reported in the literature that may be useful. By
using temperature resolved X-ray diffraction peaks,
it is possible to monitor the phase change in
polymer blends [148–150]. Essentially, the appear-
ance or disappearance of an ordered phase over a
range of temperatures is effectively monitored using
its diffraction peak. This experimental scheme
should be quite effective for the hybrid systems
because the Pglass should scatter differently than
the organic polymer chains.

Further understanding of the phase behavior of
these hybrid materials could be generated by
studying the effect of shear on both the interaction
parameter and the phase diagram. It is well known
that shear can have a dramatic effect on the

miscibility of polymer blends [151–156]. While it
may be possible to use rheology to examine this
effect, it will be much more instructive to follow the
phase behavior using in situ rheo-SAXS/WAXD
(i.e., rheo-small angle X-ray and rheo-wide angle
X-ray techniques). Rheo-SAXS and rheo-WAXD
techniques have been utilized by several researchers
to determine the effect of shear on crystal structure
and the crystallization process of several polymers
and polymer blends [157,158]. It should be possible
to apply the rheo-SAXS/rheo-WAXD techniques to
monitor the dissolution of the Pglass inside the
polyamide 6 matrix and to determine the effect of
shear upon the phase diagram of the hybrids. Rheo-
SANS (i.e., rheo-small-angle neutron scattering)
techniques can be used in a similar manner.
Researchers have used rheo-SANS to determine
the effect of shear on orientation of polymer clay
solutions and on the morphology of micellar
networks [159,160]. It should be possible to use
small angle neutron scattering to determine the
effective w interaction parameter of a polymer blend
using the equation shown below [161,162]:

S�1ðqÞ ¼
1

N1f1S1ðqÞ
þ

1

N2f2S2ðqÞ
� 2weff . (14)

In Eq. (14), N1,2 is the number of segments in the
chains of either polymer 1 or 2, f1,2 is the volume
fraction of component 1 or 2, S1,2(q) are the form
factors of either component, S�1(q) is the structure
factor of a binary blend, and weff is the effective w
interaction parameter between the components.
Combining this equation with established rheo-
SANS techniques reported in the literature, it
should be possible to directly calculate the effect
of shear on the w interaction parameter between the
Pglass and the polyamide 6, making it possible to
prepare Pglass/polymer hybrids with prescribed
levels of miscibility or interaction between the pure
hybrid components.

In addition to understanding the phase behavior
of the Pglass/polyamide 6 hybrids, it is crucial to
determine the molecular origin of this interaction. A
variety of approaches will be needed to address this
point. One approach might be to change the
polymer matrix from polyamide 6 to another
polymer of equal polarity. If melt miscibility is not
observed for the new Pglass/polymer combination,
then it is the amide functionality that is responsible
for the high degree of interaction observed for the
Pglass/polyamide 6 hybrids. It will also be instruc-
tive to change the composition of the Pglass. By
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mixing the new Pglass compositions with polyamide
6 and determining the w interaction parameter for
each new hybrid, the effect of Pglass composition on
miscibility will be elucidated. These techniques will
provide a comprehensive understanding of the
interactions between Pglass and polyamide 6.

Another important area of future research inter-
est in this field is the generation of a wholly miscible
hybrid system. Achieving a completely miscible
system should generate unprecedented properties
that are wholly unique to Pglass/polymer such as
deformable (i.e., flexible) optical and gas/liquid
barrier films hybrids. A useful starting point to
determine which polymers may be miscible with
Pglass is to explore polymers that are soluble in
hydrochloric acid (HCl). These polymers include
acrylimides, pectin, chitosan, hydroxypropyl
methylcellulose, poly(2-vinyl pyridine), and poly
(allyl alcohol) [105]. Because HCl can dissolve pure
Pglass, there should be good compatibility with the
polymers that can also dissolve in HCl. However, if
this is not the case, the study may still open up the
exciting possibility of preparing hybrids using a
solvent casting method not presently available.
Solvent-cast films will be very useful for studying
equilibrium properties and generating new and
unique hybrid morphologies and thin films, making
the hybrids widely applicable in aggressive environ-
ments where current polymer thin films are not
useable. If a miscible Pglass/polymer hybrid can be
found, many pure polymer and pure glass replace-
ment applications for the hybrids will become
available or new ones with enhanced benefits may
be invented. Conceptually, it may even be possible
to use block copolymers, with one block being
miscible with Pglass, to perform self directed
assembly of nanostructured hybrids, where the
Pglass is confined solely to one phase.

As already mentioned, Pglass/polymer hybrids
are a unique and interesting class of materials that
shows some promise of industrial importance or
that is simply interesting from a scientific point of
view. However, additional work remains to be done
in this field to facilitate a better understanding of
these hybrid materials. The aforementioned ideas
suggest a few of the new and exciting directions that
this field can be taken. Further, extensive investiga-
tions into the structure and properties of Pglass/
polymer hybrids will allow them to fulfill their
maximum technological potential, and may open up
new vistas of advanced materials research. Because
of their facile synthesis and desirable characteristics,

the hybrid materials are expected to be excellent
model systems for exploring feasibility of new
routes for driving inorganic glasses and organic
polymers to self-assemble into useful materials.

6. Concluding remarks and outlook

In this article, we have reviewed the current state
of research into the scientifically interesting and
industrially useful Pglass/polymer hybrid materials
with enhanced benefits such as favorable rheological
characteristics and tunable microstructure and
properties to prescribed macromolecular structure
and function. These unique materials have an
incredible amount of potential and show promise
to help fulfill the ever increasing demand for new,
advanced materials. The hybrids described here all
contain polymers that were chosen because of their
commercial importance and their relative simple
and well-characterized intrinsic macromolecular
structure and function. These special hybrid materi-
als belong to a class of materials that bridge the gap
between conventional polymer composites and
polymer blends. Because the inorganic phosphate
glass is a liquid over a range of temperatures
suitable for conventional polymer processing meth-
odologies, these hybrid materials display a wide
range of tunable morphologies that are impossible to
achieve with other rigid inorganic fillers (e.g.,
borosilicate glass) using available methods. Addi-
tionally, the liquid nature of the Pglass at elevated
temperatures allows for the fabrication of hybrids
containing up to 60 vol% Pglass (i.e., �90wt%
Pglass), thereby overcoming the intractable viscosity
problem inherent to traditional polymer composites
containing comparable concentrations of conven-
tional solid fillers. Due to the wide range of size
scales (i.e., from nanometer to micrometer) avail-
able to the Pglass phase of the hybrids through
carefully controlled processing parameters and
hybrid compositions, a large amount of surface
area is available for interaction between the Pglass
and the polymer phases. By controlling the interac-
tions between the inorganic Pglass and the organic
polymer phases, new materials with unprecedented
properties have been achieved as already described.

We have demonstrated that Pglass/polymer hy-
brids with a high degree of interaction display
previously unobserved properties that may make
them useful for inventing a whole range of applica-
tions. The unexpected, counterintuitive results dis-
cussed in this review article are thought to be
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remarkable and will provide useful guidelines to
future experimental studies and theory development
that explicitly takes into account the special Pglass/
polymer interactions, miscibility, and microstruc-
ture evolution of the little-studied Pglass/polymer
hybrid materials. Because of their facile synthesis
and desirable characteristics, the current hybrid
systems are expected to be excellent model systems
for exploring feasibility of new routes for driving
inorganic glasses and organic polymers to self-
assemble into useful materials with improved
properties. Conceptually, it may even be possible
to use block copolymers, with one block being
miscible with Pglass, to perform self-directed
assembly of nanostructured hybrids, where the
Pglass is confined solely to one phase. Therefore,
it is likely that increased research attention will
be focused in the future on these complex but
important materials.

Acknowledgements

We would like to thank the US National Science
Foundation Division of Materials Research (Grant
Numbers NSF-DMR #97-33350 and #03-09115)
and the Office of International Science and En-
gineering (Grant Number NSF-OISE #0436384) for
funding, and K.U. thanks the Hearin Foundation
for fellowship support. We thank Professor Hans
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