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ABSTRACT: The effects of melt blending conditions on the
rheology, crystallization kinetics, and tensile properties of
phosphate glass/polyamide 12 hybrid systems were investi-
gated for the first time, to understand their complex process-
ing/structure/property relationships. Increasing amounts
of phosphate glass (Pglass) caused an increase in hybrid vis-
cosity. Hybrid viscosity was also affected by processing
(melt-mixing) speed and small-amplitude oscillatory shear
tests and scanning electron microscopy (SEM) were used for
a qualitative examination of the hybrid morphology. The
addition of Pglass caused a decrease in hybrid crystallinity
that was unaffected by processing (melt-mixing) speed. The
two-parameter Avrami equation was applied successfully to
the hybrid systems, and Pglass was found to nucleate the
growth of polyamide 12 crystals. The nucleation effect was
found to be dependent on concentration and processing his-
tory. The tensile properties of the hybrids were also studied,

and the Halpin–Tsai equation was applied to the results to
determine the maximum packing fraction of the Pglass.
These results provide a basis for the prediction of hybrid
mechanical properties for different Pglass concentrations
and processing histories. Further, because of their facile
processibility and desirable characteristics, such as the
strong physicochemical interaction between the hybrid com-
ponents and favorable viscoelasticity, these Pglass/polyam-
ide 12 hybrids can be used as model systems for exploring
feasibility of new routes for driving organic polymers and
inorganic Pglass to self-assemble into useful organic/inor-
ganic hybrid materials. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 105: 1297–1308, 2007
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INTRODUCTION

Polymer/polymer blending and polymer reinforce-
ment with inorganic fillers are two common methods
of creating new materials with tailored properties for
emerging applications. In the polymer industry, utili-
zation of the former approach (i.e., polymer/polymer
blending) has seen considerable growth over the past
20 years because of its relatively low cost as compared
with synthesizing a new polymer.1 As an additional
benefit, blending of two or more polymers can have
synergistic effects that can create a substantially better
material than the pure polymer components. How-
ever, the currently available commercial polymer
blend materials cannot satisfy the growing need for
new advanced materials. This need is being addressed
in part by inorganic/organic hybrid materials. Hybrid

materials are defined as synthetic materials that con-
tain both organic and inorganic components.2,3 They
can be further classified into systems derived from
monomers or miscible components, homogeneous
systems, and phase-separated or heterogeneous sys-
tems.2,3 A relatively unexplored class of heterogene-
ous hybrids are the phosphate glass/polymer hybrids.
These materials are mixtures of an ultra-low glass
transition (Tg) phosphate glass (Pglass) and an organic
polymer. Phosphate glasses that display both water
resistance and chemical durability are now readily
available.4,5 One such Pglass is tin fluorophosphate
glass with a Tg of � 1258C, which is known to be
extremely resistant to water and chemical degrada-
tion.6–8 With such a low Tg, it is possible to blend these
Pglasses with organic polymeric materials, using con-
ventional processing methodologies to yield hybrid
materials containing Pglass loadings of 60% by volume
or 90% by weight, thereby eliminating the intractable
viscosity problem inherent to conventional polymer
composites at high solid filler compositions. Because
both the organic polymer and Pglass components are
fluid during processing, it is possible to obtain a vari-
ety of morphologies and significant improvements in
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properties that are impossible to achieve from classical
polymer blends and composites.

Although Pglass/polymer hybrids are significantly
different from conventional polymer composites and
blends, a number of the theories developed for classi-
cal polymer composites and blends are conjectured to
be applicable to the present hybrid system. For
instance, it is widely accepted that the final properties
of a blend or mixture depend on the pure compo-
nents’ properties, composition, interfacial tension,
and morphology.1,9,10 In turn, the morphology of the
blend is influenced by the processing history of the
material. Microstructural evolution during processing
of a blend is a complex phenomenon that is not yet
fully understood. Lee and Han11 showed that by
increasing the processing temperature or the speed of
mixing, it was possible to achieve a stable morphology
in a short time. Other reported studies have found
that by increasing the mixing speed, a reduction in the
size of the dispersed phase is observed.12,13

During the physical compounding of a polymer
blend, another important process that affects the
final blend morphology is the breakup and coales-
cence of the dispersed phase. Droplet coalescence,
which may be responsible in part for the results
reported by Lee and Han, mentioned above, is
essentially a four-step process that initially involves
a pair of particles brought into close proximity with
each other. The pair of particles rotates together in
the flow field and is separated by a thin film. During
the particle rotation, the thin film drains away due
to viscous flow. If the film thickness is reduced suffi-
ciently, the particles can coalesce.14 The amount and
rate of coalescence that occurs is dependent on sev-
eral factors, including concentration, viscosity ratios,
shear rate, and size of the discrete phase.15,16

Although the complex interplay between the pro-
cessing conditions, material parameters, and droplet
breakup and coalescence is not fully understood, by
systematically varying the blend concentration and
processing conditions such as melt-mixing speed (or
shear rate), one can begin to elucidate the complex
processing/structure/property relationships within a
blend. Applying this methodology to the Pglass/poly-
mer hybrids can provide the knowledge needed to tai-
lor the hybrid morphology and properties in unprece-
dented ways through carefully controlled processing
and, in turn, provide a basis for further theory develop-
ment and a better understanding of the behavior of
these materials. As these hybrids are an emerging class
of materials, only a handful of systems have been in-
vestigated.17–21 The present study extends the reported
prior work into Pglass/polyamide 12 hybrids, where
the physical and chemical interactions between ��OH
(from Pglass) and the ��NH2 (from polyamide 12)
chemical functional groups of the hybrid components
are significantly increased. The present work empha-

sizes the dependence of the rheological, crystalline,
and tensile properties on processing history and the re-
sultant morphology over a wide range of composi-
tions. To our knowledge, this is the first attempt to
study systematically the effect of varying processing
conditions on properties for these special hybrid mate-
rials. As part of our long-range research program in
this field, modern solid-state nuclear magnetic reso-
nance (NMR) methods are being used to provide use-
ful information on composition, nanometer-scale mix-
ing, and dynamics in the hybrid systems; the results
obtained will be reported elsewhere.22 The favorable
chemical interactions between the hybrid components
and their mixing in the liquid state will enhance the
mechanical properties of the Pglass/polyamide 12
hybrids for a number of applications, making the pres-
ent hybrid system useful model systems for exploring
feasibility of new processing routes for driving organic
polymers and inorganic phosphate glasses to self-
assemble into useful hybrid materials.

EXPERIMENTAL

The low Tg Pglass used in this study has a molar
composition of 50% SnF2 þ 20% SnO þ 30% P2O5, a
density of 3.75 g/mL, and a Tg of 125.78C. The Pglass
was synthesized in our laboratory using procedures
previously reported elsewhere.23 The tin fluoride and
tin oxide were supplied by Cerac (Milwaukee, WI)
and the ammonium phosphate was supplied by
Sigma-Aldrich (St. Louis, MO). The polyamide 12
(Vestamid1 L1700) was supplied by Degussa AG
(Düsseldorf, Germany). The density and melt flow
index of the polyamide 12 are 1.02 g/mL and 120 g/
10 min, respectively.

A ThermoHaake Polydrive1 melt mixer with rotor
roller blades was employed to melt-mix the hybrid
components thoroughly before fabrication (i.e., com-
pression and injection molding) of parts and test sam-
ples. The polyamide 12 and the Pglass were dried in a
vacuum oven before melt-mixing. The Polydrive1

mixer was preheated to 2208C for at least 20 min before
mixing in order to ensure that the instrument had
reached thermal equilibrium. Before any of the hybrid
components were added to the mixer, the instrument
was calibrated at the appropriate mixing speed. The
polyamide 12 was first added to the Polydrive1 mix-
ing bowl and allowed to mix for 5 min to yield a homo-
geneous melt. The Pglass was subsequently added in
the required amounts to the mixer and allowed to mix
for an additional 10 min. Hybrids containing 10%,
20%, 30%, 40%, and 50% by volume of Pglass were pre-
pared at rotor speeds of 50, 75, and 100 rpm. The
hybrid materials were collected in ‘‘chunks’’ from the
Polydrive1mixer for further processing.

Before further processing, the materials were dried
in a vacuum oven. A portion of the melt-mixed
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material was compression-molded into thin films for
differential scanning calorimetry (DSC) studies de-
scribed below. To conserve material, only hybrids
containing 10%, 30%, and 50% Pglass were pressed
into discs with a 25-mm diameter and 1.5-mm thick-
ness for rheological measurements.

A Tetrahedron1 Melt Press was used to prepare
the compression-molded samples. The press was
preheated to 2208C, and the hybrid material was
allowed to melt in the press before a load of 1,000
psi (6.895 MPa) was applied. The material was kept
at 2208C for 5 min before cooling to room tempera-
ture at 258C/min. The molding pressure was then
removed, and the samples were collected. Another
portion of the melt-mixed material from the Poly-
drive1 mixer was ground into fine particles for sub-
sequent injection molding, using an IKA1 A11 basic
laboratory mill. The fine particles were injection-
molded into either dog bone shapes (4.32 mm wide
and 1.55 mm thick with a gauge length of 28.70 mm)
or small rectangular bars, using a DACA Microinjec-
tor1 equipped with the appropriate mold. A mold
residence time of 10 s, a barrel temperature of 2208C,
and a mold temperature of 408C were used to obtain
test samples with reproducible properties and no
visible flaws.

All tested samples were dried for at least 48 h or
until constant weight was achieved in a vacuum
oven before testing. The morphology of the hybrids
was examined using a FEI Quanta1 200 scanning
electron microscope (SEM). Cross sections of the
injection-molded bars and compression-molded discs
were mounted onto aluminum posts, cryotomed,
and gold sputtered before being examined by SEM.
Rheological characterization was performed using a
strain controlled ARES1 rheometer. Testing was per-
formed at 1958C to ensure a viscosity that was
within the limits of the instrument. Higher tempera-
tures gave viscosities too low to be measured reli-
ably by the rheometer. A strain sweep was per-
formed on each composition that was examined to
determine the linear viscoelastic region. The linear
viscoelastic region varied with composition and,
therefore, linear strain amplitudes of 1%, 0.5%, and
0.1% were used for the 10%, 30%, and 50% Pglass
hybrid systems, respectively, in the frequency sweep
experiments. Several small-amplitude oscillatory
shear measurements were then performed on each
sample to ensure reproducibility; the mean results
are similar to those reported in this article. Liquid
nitrogen-cooled Perkin-Elmer Pyris Diamond1 DSC
was used to measure the crystalline properties of the
hybrids. An Alliance RT/101 Material Testing Sys-
tem was used to investigate the tensile properties of
the hybrids. The dog bone samples were conditioned
in ambient conditions for 1 week prior to testing and
the samples were deformed at a rate of 5.08 mm/min.

Five samples were tested at each composition, and
the values were averaged to obtain the final results
reported in this article.

RESULTS AND DISCUSSION

Morphology

It has been previously shown that as-prepared
(‘‘chunk’’) material from the Polydrive1 mixer dis-
plays a decrease in Pglass particle size with increas-
ing mixer rotor speed (or shear rate), which is con-
sistent with theory.24,25 However, the effect of rotor
speed on morphology becomes more complicated
upon injection or compression molding of the melt-
mixed (‘‘chunk’’) material due to shear-induced coa-
lescence and breakup. This effect is clearly seen in
micrographs of the injection-molded samples (Fig. 1).
Note that the Pglass content increases in volume
percentage (vol %) from top to bottom of Figure 1
with the 10% Pglass/polyamide 12 hybrid as the
first row [Fig. 1(a)–(c)] and the 50% Pglass/polyam-
ide 12 hybrid as the last row [Fig. 1(g)–(i)]. Addition-
ally, the Polydrive1 melt-mixing speed increases
from left to right as depicted in Figure 1. The 10
vol % hybrid displays small droplets of Pglass dis-
persed in the polyamide 12 matrix. This morphology
is maintained regardless of the mixing speed used. If
one considers only the hybrids prepared at 50 rpm,
it is clearly evident that the droplet morphology is
maintained over the whole range of hybrid composi-
tions studied. However, it is easily seen in Figure 1
that as the volume of Pglass is increased, larger
Pglass droplets are formed and there is visual evi-
dence of coalescence in the micrographs. When the
processing speed is increased to either 75 or 100 rpm,
the effect of coalescence becomes more pronounced.
For hybrids prepared at these higher speeds, large
agglomerations of Pglass are seen starting at 20 vol %
Pglass (not shown). As the Pglass content is increased
further, the Pglass agglomerations continue to get
larger, eventually forming a co-continuous or inter-
penetrating network-like morphology. This behavior
is consistent with reported theoretical scaling models
for droplet coalescence, which predict that small
droplets are more likely to coalesce than large drop-
lets and that increasing the volume fraction of the
droplets increases the coalescence rate.13

It is noteworthy that when the hybrid materials are
compression-molded, the morphology differs from
that of injection-molded samples depicted in Figure 1.
The observed morphologies of the compression-
molded samples are shown in Figure 2; the 10%
Pglass/polymer hybrid is in the first row [Fig. 2(a)–
(c)], the 30% Pglass/polymer hybrid is in the second
row [Fig. 2(d)–(f)], and the 50% Pglass/polymer
hybrid is in the last row [Fig. 2(g)–(i)], while the speed
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at which the hybrids were melt-mixed in the Poly-
drive1 mixer increases going from column I to col-
umn III, as indicated. The differences in morphology
between compression-molded (Fig. 1) and injection-
molded (Fig. 2) samples become more prominent as
the concentration of Pglass increases in the hybrids.
The 10 vol % Pglass/polymer hybrid samples show a
droplet type morphology that is similar to that of the
injection-molded samples, with some slight evidence
of coalescence. As the vol % of Pglass is increased to
30%, the droplet morphology is maintained, but there
is an increasing amount of Pglass droplet coalescence.
When this sample is compared with the injection-
molded sample already discussed, it is easy to see that

more Pglass droplet coalescence occurs during injec-
tion molding for this 30% Pglass/polymer hybrid
composition. The 50% Pglass/polymer hybrids dis-
play a very different morphology to an extent that
depends on the rotor speed (or shear rate) used to
melt-mix the hybrid in the Polydrive1 mixer. For
example, the hybrid sample melt-mixed at 50 rpm
shows a significant degree of Pglass droplet coales-
cence, but there are still a large number of small drop-
lets in the system, as Figure 2 shows. The 50% Pglass/
polymer hybrids melt-mixed at 75 rpm and 100 rpm
display large agglomerated structures that are typical
of co-continuous type morphologies. The morphology
corresponding to the sample melt-mixed at 75 rpm is

Figure 1 SEMs of injection-molded Pglass/polyamide 12 hybrids that were premixed at different melt-mixing speeds
indicated.
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finer and more connected than that of the sample
melt-mixed at 100 rpm.

The observed differences in morphology between
compression-molded and injection-molded samples
can be rationalized based on the different amount of
shear and mold residence (heating) time experienced
by the material during the different molding proc-
esses with varying melt deformation environment
and histories. During compression molding, the ma-
terial is subjected to relatively lower shear and more
mold residence time at elevated temperature with
respect to injection molding. While the lower shear
rate the material experiences during compression
molding will decrease the capillary number and
should in theory favor coalescence, the longer mold
residence time at elevated temperature provides

more time for the material to relax and change the
shear-induced morphology.

Viscoelasticity

By examining these materials using small-amplitude
oscillatory shear flow experiments, the morphology
of the hybrids and its influence on viscoelastic prop-
erties can be further probed. Figure 3 shows the
complex viscosity of compression-molded hybrids as
a function of frequency for all the Polydrive1 melt-
mixing speeds used in this study. Regardless of Poly-
drive1 melt-mixing speed used, the complex vis-
cosity is shown to increase with increasing Pglass
content, consistent with Taylor’s theory.26 More in-
formation concerning the effect of the Polydrive1

Figure 2 SEMs of compression-molded Pglass/polyamide 12 hybrids that were premixed at different melt-mixing speeds
indicated.
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melt-mixing speed on the rheology of these materials
can be seen in Figure 4, which compares the fre-
quency dependence of storage modulus for the indi-
vidual hybrid compositions that were melt-mixed at
the different speeds indicated. It has been shown
that storage modulus increases with decreasing
dispersed phase size.9 In Figure 4(a), the hybrids
containing 10 vol % Pglass that were prepared at
75 rpm and 100 rpm show similar storage moduli,
implying that these two hybrids have similar micro-
structures. A similar trend is shown in Figure 4(b)
for the 30 vol % Pglass compositions prepared at
75 rpm and 100 rpm. In addition, the dispersed

phase in these hybrids is observed to be smaller than
that of the hybrids prepared at 50 rpm. The small
Pglass droplet sizes, which dominate the rheology of
these systems, were measured and found to be con-
sistent with the analysis of the frequency dependence
of the storage modulus as shown in Table I.

The observed trend in the viscoelastic material
functions of the hybrids with low Pglass concentra-
tion hybrids (10% and 30% Pglass) discussed above
changes when the 50% Pglass/polymer hybrid was
examined. The 50% Pglass/polymer hybrid prepared
using a Polydrive1 mixer at 50 rpm displays the
highest storage modulus, while the hybrid prepared

Figure 3 Complex viscosity of typical hybrids as a function of frequency for hybrids that were premixed at melt-mixing
speeds of 50 rpm (a), 75 rpm (b), and 100 rpm (c).
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at 75 rpm displays the lowest modulus as in Figure
4(c). These results can be explained by examining
the corresponding micrographs of these materials.
The 50% Pglass/polymer hybrid prepared at 50 rpm
[Fig. 2(g)] displays some large coalesced structures,
but most of the Pglass is dispersed as discrete drop-
lets; the result is that this material has the highest
storage modulus. The 50% Pglass/polymer hybrid
prepared at 100 rpm hybrid [Fig. 2(h)] shows indi-
vidual, large Pglass structures, while the 50%
Pglass/polymer hybrid prepared at 75 rpm hybrid
[Fig. 2(i)] shows a relatively finer, but more intercon-
nected, Pglass phase morphology. This intercon-

nected Pglass phase structure would act as a single
large dispersed domain, and thereby causing the
lowest storage modulus. A full rheological analysis

Figure 4 Frequency dependence of storage modulus for: (a) 10 vol % Pglass hybrid, (b) 30 vol % Pglass hybrid, and (c)
50 vol % Pglass hybrid, all prepared at different melt-mixing speeds.

TABLE I
Particle Size Distribution for Select Pglass/Polyamide 12

Hybrids Prepared at Different Melt-Mixing Speeds

Melt-mixing
speed (rpm)

Mean particle
size of 10 vol %

Pglass hybrid (mm)

Mean particle
size of 30 vol %

Pglass hybrid (mm)

50 3.37 6 0.64 1.71 6 0.36
75 2.10 6 0.54 1.18 6 0.31

100 2.00 6 0.92 1.24 6 0.38
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of these Pglass/polyamide 12 hybrids is beyond the
scope of this paper and will be explored in a future
manuscript to be published elsewhere. However, the
current work reported in this article has shown
conclusive experimental evidence that melt-mixing
speed as used here affects both the final morphology
and the rheological properties of these uniquematerials.

Crystalline properties

As a polymeric material is melt-processed to pro-
duce a part, it undergoes a transition from the melt
(or liquid) to a solid state. Polyamide 12 is a semi-
crystalline material and will form crystals during
this transition from liquid to solid state. As the
amount of crystallinity and the speed at which the
crystals form impact the final properties of a poly-
meric material, it is important to understand the
effect of Polydrive1 melt-mixing speed on these
parameters. Percentage crystallinity is usually deter-
mined by dividing the observed heat of fusion by
the standard heat of fusion for the material. The per-
centage crystallinity of the hybrid materials was esti-
mated using a slightly modified equation, i.e.,

Xc ¼
ðo�DHobsÞ

DHo
f

; (1)

where DHobs is the heat of fusion observed in the
DSC experiment, DHo

f is the standard heat of fusion
of a 100% crystalline polyamide 12, and o is the
weight percentage (wt %) of polyamide 12 in the
hybrid. The o term of this equation was added to
account for the fact that polyamide 12 is the only
crystallizable component of the hybrid. Table II sum-
marizes the percentage crystallinity that was deter-
mined for these hybrids. A value of 95 J/g was used
as the standard heat of fusion for pure polyamide
12.27 The observed heat of fusion was obtained from
a DSC temperature scan at a heating rate of 108C/
min. It can be seen in Table II that as the content of
Pglass is increased, the crystallinity of the system
decreases. This experimental observation is consist-
ent with reported studies on Pglass/LDPE and
Pglass/Polyamide 6 hybrid systems, where it was

shown that the Pglass inhibited crystallite forma-
tion.19,28,29 It is believed that the Pglass is acting sim-
ilarly in the hybrid system of the present study and
is a common feature of hybrid systems. The effect of
melt-mixing speed on the percentage crystallinity is
negligibly small. There appears to be a slight
increase (approximately 1%) in the overall crystallin-
ity when comparing the hybrids prepared at Poly-
drive1 mixing speed of 50 rpm with that prepared
at 75 rpm and 100 rpm. The slight increase in the
overall crystallinity just mentioned could be within
the accuracy of the DSC instrument.

Although the percentage crystallinity of the hybrid
was unaffected by the Polydrive1 melt-mixing speed,
the rate at which the crystals grow and how they grow
was impacted. The two parameter Avrami equation
was used to describe the crystallization kinetics of
these systems as it has been used successfully by many
different researchers on many different systems,
including polyamide 12.30–32 The Avrami equation
[eq. (2)] describes the percentage crystallinity of a sys-
tem as a function of time, t, and temperature, T:

Xcðt;TÞ ¼ 1� exp½�ðktÞn�; (2)

where Xc is the degree of crystallinity and k and n are
constants. The constant k is the propagation rate con-
stant of the crystal, and it has units of reciprocal sec-
onds, while n is a dimensionless number that depends
on the nucleation, geometry, and control of the growth
process of the crystal. For the isothermal tests, the sam-
ple was heated to 2208C, where it was held for 3.5 min
to eliminate previous thermal history. The sample was
then quenched to 1608C, where it was held for 17 min.
For the Pglass/polyamide 12 hybrid system, only
measurements performed at 1608C displayed iso-
therms that were suitable for Avrami analysis. Other
temperatures were examined, but the crystallization
peak was either unobservable or very broad. The
results of these tests are summarized in Table III.

The calculated value of n for the pure polyamide
12 is consistent with reported values for pure poly-
amide 12.33 The growth factor is relatively unaf-
fected by the melt-mixing speed for hybrids with
� 20% Pglass concentration. These hybrids, except
for the 10% Pglass/polymer prepared at 50 rpm, dis-
played n values of > 3.43. Values of n > 3.43 are
indicative of athermal nucleation, with three-dimen-
sional growth in a sheaf-like geometry.34 The 10%
Pglass/polymer hybrid prepared at 50 rpm dis-
played an n value of 2.86, indicating that the shape
of the crystal changed from a sheaf to a sphere. It is
likely that the consistently poor isotherm at the test
temperature observed for the composition just men-
tioned is the cause of the deviation of the n value.
The remaining hybrids that were prepared at 50 rpm
were all observed to display an n value greater than

TABLE II
Percentage Crystallinity of Pglass/Polyamide 12 Hybrids

Prepared at Different Melt-Mixing Speeds

Vol % polymer 50 rpm Xc 75 rpm Xc 100 rpm Xc

100% 54% 6 1.98% 54% 6 1.98% 54% 6 1.98%
90% 28% 6 0.32% 27% 6 1.11% 29% 6 0.33%
80% 16% 6 1.74% 16% 6 0.80% 15% 6 0.57%
70% 8% 6 0.19% 9% 6 0.17% 9% 6 0.17%
60% 4% 6 0.12% 5% 6 0.05% 5% 6 0.07%
50% 3% 6 0.22% 3% 6 0.06% 3% 6 0.26%
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3.5 that corresponds to no change in the growth pro-
cess. As the melt-mixing speed is increased to
75 rpm, the growth of the crystals in the 50 vol %
Pglass/polymer hybrid is impacted. This last hybrid
composition has an n value approaching 3, which
again indicates a shift to a more spherical growth
like geometry. As the melt-mixing speed was further
increased to 100 rpm, the n value changes at rela-
tively low Pglass concentrations. At 30 vol % Pglass
concentration in the hybrid, the n value is changed
to 3.10, and it reduces further as the Pglass concen-
tration is increased. For the 50 vol % Pglass/polymer
hybrid, the n value indicates another change in the
growth process to two-dimensional growth in a cir-
cular geometry. The opacity of the Pglass hybrids
prevented visual confirmation of the growth factors
through polarized light microscopy.

The growth rate of the crystals was also affected
by composition and melt-mixing speed. In general,
the Pglass acts as a nucleating agent for the growth
of the polymer crystals. In contrast to typical nucle-
ating agents, Pglass merely accelerates the growth of
the crystals; it does not induce the formation of new
crystals. The nucleating effect of the Pglass was
reported by Guschl and colleagues19,28 for low-den-
sity polyethylene and polypropylene hybrid systems.
However, the nucleation effect of the Pglass is
affected by its concentration in the Pglass/polyam-
ide 12 hybrid systems. The melt-mixing speed also
impacts the growth rate. In both hybrids prepared at
50 rpm and 75 rpm, the Pglass causes a nucleation
effect that reaches its maximum at a Pglass concen-
tration of 20 vol %. As the Pglass concentration is
increased further, the growth rate slows down
slightly. When the melt-mixing speed is increased to
100 rpm, the growth rate does not reach a maximum
at 20 vol % Pglass, but continues to increase with
increasing Pglass content in the hybrids. In sum-
mary, the crystalline properties of the Pglass/poly-
amide 12 hybrids described above suggest that melt-
mixing speed as used in this study does not signifi-
cantly affect the overall crystallinity of the hybrid
material. However, the shape and growth rate of the
crystals is greatly impacted by the melt-mixing

speed of the material, thereby leading to the conclu-
sion that the amorphous Pglass phase in the hybrids
greatly influences the growth of the polyamide 12
crystals in the hybrid systems studied. These crystal-
linity results also suggest that any observed influence
of the melt-mixing speed on the hybrid mechanical
properties (discussed below) can be ascribed solely to
the overall morphology of the hybrid material.

Tensile properties

Mechanical properties play a large role in determin-
ing if a material can be used for a certain applica-
tion. The mechanical properties of a polymer blend
depend on the individual component properties,
blend composition, and on the final morphology of
the material. Polymer composite properties depend
on factors such as the type of filler, concentration of
filler, and how the filler is arranged in the material,
i.e., packing fraction. The Pglass/polymer hybrids of
the present study fit in between these two types of
polymeric materials. As already discussed, the mode
of Pglass dispersion inside the polymer matrix of the
hybrids encompasses a number of different morphol-
ogies similar to that reported for typical polymer
blends. However, the Pglass phase after solidifica-
tion of the hybrid is a rigid inorganic glass at room
temperature in remarkable contrast to classical poly-
mer blends. By systematically investigating the effect
of melt-mixing speed on the hybrid tensile proper-
ties, the processing/structure/property relationship
of this important class of polymeric materials can be
understood. This understanding is crucial to control-
ling the fabrication of Pglass/polymer hybrid parts
with reproducible properties for a number of appli-
cations.

Figure 5 shows typical stress/strain curves for the
Pglass/polyamide 12 hybrid materials studied. The
pure polyamide 12 displays typical polymer behav-
ior with a clearly defined yield stress. As Pglass is
added to the system, the yield stress disappears and
the curves begin to resemble that of brittle solids.
Table IV shows the effect of melt-mixing speed on

TABLE III
Avrami Parameters for Pglass/Polyamide 12 Hybrids Prepared

at Different Melt-Mixing Speeds

Vol %
glass

50 rpm 75 rpm 100 rpm

Slope (n) k (s�1) Slope (n) k (s�1) Slope (n) k (s�1)

0 5.03 1.67� 10�11 5.03 1.67 � 10�11 5.03 1.67 � 10�11

10 2.86 6.28 � 10�8 3.85 3.41 � 10�9 3.43 2.19 � 10�8

20 3.55 2.63 � 10�8 3.50 1.07 � 10�7 3.50 2.09 � 10�7

30 3.94 1.99 � 10�9 3.70 7.02 � 10�9 3.10 1.48 � 10�6

40 3.93 5.22 � 10�9 3.99 7.47 � 10�9 2.64 1.03 � 10�5

50 4.58 3.50 � 10�10 3.24 5.03 � 10�9 2.35 1.2 � 10�5
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strain at break. The hybrids melt-mixed in the Poly-
drive1 at 50 rpm display the highest strain at break
for all the hybrid compositions while the hybrids
melt-mixed at 100 rpm display the lowest strain at
break for compositions containing less than 20 vol %
Pglass. The observed trend changes at the higher
Pglass concentrations, where the hybrids melt-mixed
at 100 rpm have ultimate strains approaching that of
the hybrids melt-mixed at 50 rpm. While the hybrids
melt-mixed at 75 rpm tended to exhibit the lowest
strain at break, they also tended to have the highest
modulus of the materials as can be seen in Figure 6.

While it is clear from the preceding discussion
that the hybrid materials melt-mixed at 75 rpm are
best for high stiffness applications and the hybrids
melt-mixed at 50 rpm and 100 rpm show a slightly
lower stiffness and more strain at break, it is more
important to be able to predict the behavior of these
materials from the properties of the hybrid compo-
nents. The Halpin–Tsai equation [eq. (3)] is a useful
relationship used by many researchers to accurately

predict the modulus of a polymer reinforced by a
rigid filler:35

Ec ¼ Em

1þ ABff

1� Bcff

 !
; (3)

where Ec is the predicted modulus of the composite,
Em is the modulus of the polymer matrix, and jf is
the volume fraction of filler in the system. The con-
stant A accounts for the Poisson’s ratio of the matrix
and the geometry of the filler. In the case of spheri-
cal fillers A is expressed as shown in eq. (4), where
nm is the Poisson’s ratio of the matrix:

A ¼ 7� 5nm
8� 10nm

: (4)

The constant B depends on the relative moduli of the
filler (Ef) and matrix phases and is defined in eq. (5):

B ¼

Ef

Em
� 1

Ef

Em
þ A

: (5)

The factor c can be approximated by eq. (6),
assuming the modulus of the filler is significantly
greater than that of the polymer and if the Einstein
coefficient is much greater than 1.0:

c ¼ 1 ¼ fm

p
½pff þ ð1� pÞfm�: (6)

In eq. (6), p is the maximum packing fraction of the
filler. The Poisson’s ratio is one of the unknown vari-
ables in the preceding equations. A polymer above its
Tg is often assumed to have a Poisson ratio of 0.5.36

However, the polyamide 12 is below its Tg at room
temperature. An effective Poisson’s ratio can be calcu-
lated for a filled system as shown in eq. (7):37

ne ¼ nm �
2ðnm � nf Þð1� n2mÞ

½ff ð1� nm � 2n2mÞ þ ð1þ nmÞ�
ff ; (7)

Figure 5 Typical stress/strain curves for Pglass/polyam-
ide 12 hybrids.

TABLE IV
Strain at Break for Pglass/Polyamide 12 Hybrids

Prepared at Different Melt-Mixing Speeds

Vol %
Pglass

Strain at break (%)

50 rpm 75 rpm 100 rpm

0 318.34 6 46.10 318.34 6 46.10 318.34 6 46.10
10 159.11 6 65.37 113.93 6 64.06 13.21 6 8.15
20 8.23 6 0.97 5.00 6 0.49 4.34 6 0.49
30 2.68 6 0.51 1.63 6 0.26 2.69 6 0.36
40 1.56 6 0.13 0.84 6 0.10 1.30 6 0.22
50 0.76 6 0.23 0.60 6 0.04 0.94 6 0.14
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where nf is the Poisson’s ratio of the filler. All the
quantities in eq. (3), except for the packing fraction,
are known or can be calculated using the above equa-
tions and measured values of 0.655 GPa and 29.29 GPa
for the matrix (polyamide 12) and filler (Pglass) mod-
uli, respectively. The Poisson’s ratio for the pure poly-
amide 12 and the Pglass are 0.35 and 0.25, respec-
tively.38 By systematically varying the unknown pack-
ing fraction, the theoretical (calculated) modulus of
the hybrid can be brought within 2% of the measured
hybrid modulus. The packing fractions used to
achieve such a result are shown in Table V. The
10 vol % Pglass hybrids all display packing fractions
that have physical meanings corresponding to face-
centered cubic packing (50 rpm hybrid), simple cubic
packing (75 rpm hybrid), and random close packing,
agglomerated (100 rpm) respectively.35 The 20 vol %
melt-mixed at 50 rpm hybrid displays a packing frac-
tion that corresponds to a filler distribution that is ran-
dom close packing, nonagglomerated. The packing
fraction values of the other hybrids fall between 0.355
and 0.49. By using weighted averages of the calculated
packing fractions, it should be possible to accurately
calculate a modulus for any polyamide 12 hybrid that
contains 10–50 vol % Pglass prepared at any speed
between 50 and 100 rpm. The weighted packing frac-
tion averages just mentioned are thought to be reason-
able estimates of the unknown packing fractions of
the actual complex heterogeneous structures (agglom-
erated/nonagglomerated randomly packed) of the
hybrids already discussed.

The novel hybrid materials of this study are known
to exhibit complex interpenetrating and co-continuous
microstructures unrealizable in conventional mineral
filler reinforced polymers as already discussed. At
ambient conditions, the hybrids are comprised of very
rigid inorganic Pglass phase and a relatively weak,

viscoelastic organic polymer phase. As a result, the
difference between the stiffness of the individual con-
stituent phases can be several orders of magnitude.
Furthermore, because of the partial miscibility of the
constituent phases, the local properties can vary in a
nontrivial manner across the interfaces.3,22,29 It is pre-
cisely a combination of all these factors that brings
about the interesting and advantageous properties of
the present hybrids. But it is also the same factors that
make it so difficult to develop accurate theoretical
equations for predicting the properties of the hybrids.

It is noteworthy that accurate rational models have
been developed for predicting elastic properties of
two-phase composites with spherical, ellipsoidal and
infinitely long cylindrical inclusions.39 However, in
most cases this rational theoretical analysis has been
limited to the domain of dilute filler concentrations,
where one can effectively neglect the interactions
between the inclusions. Recently, a generic finite-ele-
ment based approach for predicting the behavior and
properties of multi-phase materials composed of ani-
sotropic, arbitrarily shaped and oriented phases has
been reported by Gusev and colleagues.40,41 In a future
proposed research, the finite element procedure of
Gusev will be extended to allow for the rational com-

Figure 6 Young’s modulus for Pglass/polyamide 12 hybrids melt-mixed at different speeds.

TABLE V
Packing Fractions of Different Pglass/Polyamide 12
Hybrids Prepared at Different Melt-Mixing Speeds

Vol %
Pglass

Packing fraction

50 rpm 75 rpm 100 rpm

10% 0.7405 0.5236 0.37
20% 0.632 0.49 0.49
30% 0.42 0.385 0.39
40% 0.38 0.355 0.46
50% 0.465 0.375 0.47
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puter-aided design of novel Pglass/polymer hybrid
systems.

CONCLUSIONS

Phosphate glass/polymer hybrids belong to an extra-
ordinary and relatively new class of materials that
combines the benefits of conventional polymer blends
and glass-filled composites. While the full utility of
these materials has yet to be realized, important steps
in fully understanding these materials are being taken.
This study is the first attempt to elucidate a process-
ing/structure/ property relationship for the Pglass/
polyamide 12 hybrid materials. By studying the effect
of melt-mixing speed on the liquid state, via rheology;
the transition between liquid and solid states, via
crystallization properties; and solid state physical
properties, this study will be useful to understand
the complex interplay of the hybrid morphology and
properties during processing. This study revealed an
increase in hybrid viscosity with increasing Pglass
concentration. As expected, the effect of processing
conditions, which dramatically affects morphology,
also impacted the rheology of individual composi-
tions. It was also determined that melt-mixing speed
did not affect the overall crystallinity of the hybrid
systems, but it played a large role in determining
the crystallization parameters of the material. Fur-
ther, we were able to elucidate the effect of melt-
mixing speed on the hybrid tensile properties. The
Halpin–Tsai equation was successfully applied to
these materials, providing a foundation for predict-
ing the final properties of hybrids based on the
hybrid component properties and processing condi-
tions. Although Pglass/polymer hybrids have not
realized their full technological potential, further
studies that detail their unique properties will allow
these scientifically interesting and industrially useful
materials to bridge the gap between currently avail-
able materials and new material needs.
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