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ABSTRACT: Dynamic rheological data for paraffin wax
and its organoclay nanocomposites are reported. Dynamic
mechanical analysis of paraffin wax for temperatures rang-
ing from —40 to 55°C showed a decrease of several orders of
magnitude in the dynamic moduli and a significant shift to-
ward viscous behavior, which resulted from the occurrence
of two solid-solid phase transitions. In both the crystalline
and mesophase regions, the dispersion of organoclay plate-
lets in paraffin wax via ultrasonication increased the storage
modulus, whereas the effect on the loss modulus was
temperature-dependent. The melt rheology data of the
wax—clay nanocomposites at 70°C showed that the complex

viscosities increased monotonically with clay addition and
demonstrated shear-thinning behavior for frequencies
between 0.1 and 100 rad/s. The complex viscosity versus
angular frequency data were well fit by a power-law func-
tion for which the shear-thinning exponent provides a
gauge for the extent of clay exfoliation. The nanocomposites
exhibited low-frequency solid behavior, which indicated
good exfoliation of the organoclay in the wax matrix. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 108: 2564-2570, 2008
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INTRODUCTION

Paraffin (macrocrystalline) wax is a mixture of
hydrocarbons consisting mainly of normal alkanes
with carbon numbers that range from about 18 to 45.
As a low-cost petroleum byproduct, wax is attractive
as a raw material. However, it is quite weak and
brittle and, thus, is ill-suited for applications requir-
ing structural stability. In previous work,'? we
reported the tensile properties and structures of
nanocomposites produced through the intercalation
and exfoliation of organically modified clay in a
commercial paraffin wax. This was part of a research
effort to develop high-performance, low-cost barrier
coatings. These nanocomposites were shown to pos-
sess significantly greater stiffness and yield strength
relative to the pure wax for low organoclay loadings.
More impressive was the observation that their duc-
tility, as gauged by elongation at break, increased
nearly four-fold at 25°C. We also reported that
enhancements of the tensile properties diminished as
the wax-based materials thermally neared the lowest
temperature solid—solid phase transition for the par-
affin wax at about 30°C, upon which the wax
entered into its mesophase region. Accurate tensile
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measurements above these temperatures were not
possible due to the increased fluidity of the wax
matrix.

In this study, we investigated the viscoelastic
properties of paraffin wax and its organoclay nano-
composites over a broad temperature range that
included its low-temperature crystalline state, meso-
phase region, and melt. Because of its low molecular
weight and unusual phase behavior, the rheological
properties of paraffin wax are difficult to character-
ize, and there are few published studies on this
topic.>® We believe that this is the first study on the
dynamic rheological properties of paraffin wax and
its composites over a broad temperature range and
the first such study of an organoclay nanocomposite
generated with an oligomeric matrix. The results
indicate that strong interactions between the organo-
clay and wax matrices were retained in the meso-
phase region. It is also demonstrated that the melt
rheology curve may provide a method for gauging
the degree to which the organoclay is exfoliated in
generated composites.

EXPERIMENTAL
Materials

Paraffin wax (IGI 1230A) with a differential scanning
calorimetry (DSC) melting point of 53°C was sup-
plied by the International Group, Inc. (Toronto, Can-
ada). Cloisite 20A, a natural montmorillonite modi-
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fied with a quaternary ammonium salt, was obtained
from Southern Clay Products, Inc. (Gonzales, TX).
Wax—clay nanocomposites with clay concentrations
of 0.5, 1, 2, 3, and 5 wt % were prepared with an ul-
trasonic processor. The procedure was described in a
previous article." A wax—clay composite with 3 wt %
clay was also prepared by mixing with a magnetic
stirrer bar at a temperature above the melting point
of the wax.

Characterization of the materials

The phase transitions of paraffin wax were studied
with a TA Instruments (New Castle, DE) Q1000 differ-
ential scanning calorimeter. Thermograms were
obtained under a helium atmosphere over a tempera-
ture range of 15-65°C with heating/cooling rates of
10°C/min. The first heating, first cooling, and second
heating cycles were collected. X-ray diffraction (XRD)
was carried out on a Scintag (Cupertino, CA) XDS
2000 0/0 goniometer with a 2.2-kW sealed copper
X-ray source and a solid-solid detector. Crushed
wax was added to a copper sample holder (25 mm
X 25 mm X 1 mm) to fill the inscribed circle (diameter
= 10 mm, depth = 0.5 mm). The sample holder with
wax in it was then heated on a hot plate to allow the
wax to melt. Excess molten wax was removed by
absorbtion with tissue paper. After they were cooled
to room temperature, wax samples were scanned with
a 20 range of 1.5-30°. The temperature of the samples
was raised at a rate of 0.5°C/min to obtain scans for
temperatures of 25, 30, 32, 33, 35, 37, and 39°C.

Three geometries and two rheometers were used
to collect rheological data for the paraffin wax and
its organoclay nanocomposites. For solid samples,
dynamic shear measurements were conducted on an
ARES rheometer with air-bearing motor and a 2K
force rebalance transducer (TA Instruments, New Cas-
tle, DE). Below 36°C, where the wax was in its low-
temperature crystalline state, rectangular specimens
(ca. 2§ in. long, 1 in. wide, and 7 in. thick) were mea-
sured with torsion rectangular geometry. Throughout
the mesophase region for the wax, from about 36 to
55°C, parallel plate (8 mm diameter) geometry was
used. A strain sweep was performed for each sample
at 1 rad/s to obtain the linear viscoelastic region.
Temperature ramps were conducted at a ramping
rate of 3°C/min and an angular frequency (®) of 1.0
rad/s. Strain frequency sweeps were collected from
100 to 0.1 rad/s at —50 and 40°C. Dynamic shear
measurements were also conducted on the molten
wax—clay nanocomposites with a TA Instruments
AR-G2 instrument with parallel plates with a diame-
ter of 40 mm. Strain (nanocomposites) sweeps were
conducted on each sample to identify the linear
viscoelastic region, and dynamic frequency sweeps
were conducted at 70°C from 100 to 0.1 rad/s.

RESULTS AND DISCUSSION

Phase behavior of paraffin wax and its
nanocomposites

Paraffin waxes demonstrate complex phase behavior.
Between fully ordered crystalline states and isotropic
liquid phases, waxes possess several layered plastic
crystalline mesophases, in which molecules retain
positional order on gaining a rotational degree of
freedom about their long axes. These states are com-
mon for normal alkane mixtures including paraffin
waxes and are often referred to as rotator phases and
premelting states given the increased rotational free-
dom and thermal location just before the melting
points, respectively. The structures of rotator phases
in individual and binary mixtures of normal alkanes
have been examined extensively with thermal analy-
sis and X-ray scattering, which have identified five
distinct rotator phases involving spacing and tilt
modifications to the low-temperature crystal struc-
ture.” ™ In contrast, the rotator phases of real wax
systems have been studied little primarily because of
their complexity in composition.'**¢

Figure 1 shows the DSC scan of the commercial
paraffin wax used throughout this study. The scans
shown are the cooling and second heating cycles.
For the heating cycle, the lower temperature transi-
tion that began at about 22.9°C, with a peak at
approximately 33.5°C, corresponded to the premelt-
ing solid-solid transition. The higher temperature
transition, with a peak at 53.2°C, was the melting
transition. The cooling cycle revealed two solid-solid
transitions with peak temperatures of 29.5 and
32.7°C. The phase transitions of the paraffin wax
were further examined with XRD. Figure 2 shows
the overlay of XRD scans for the paraffin wax
obtained at a series of different temperatures. At
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Figure 1 DSC scans of the paraffin wax: second heating
(top) and cooling (bottom).
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Figure 2 XRD scans of the paraffin wax at various
temperatures.

25°C, the paraffin wax possessed an orthorhombic
phase. When the temperature was increased to 30°C,
a high-temperature orthorhombic rotator phase ap-
peared, which coexists with the low-temperature
orthorhombic phase. With increasing temperature,
there was greater conversion from the low-tempera-
ture orthorhombic phase to the high-temperature
orthorhombic rotator phase. Further heating resulted
in greater distortion in the basal plane until, at 37°C,
a hexagonal rotator phase was reached before the
melting transition. These observations are consistent
with those reported by Craig and coworkers'*'* in
two recent articles, which explained the existence of
the low- and high-temperature orthorhombic phases
as due to preordering among the crystallizing nor-
mal alkanes. They proposed that n-alkanes of similar
chain lengths crystallize as pockets of like-sized
molecules clustering within homogeneous wax crys-
tallites. As the temperature reaches the first rotator
phase transition, molecular heterogeneous regions
are induced into the rotator state, whereas the pock-
ets of like-sized molecules are more stable and will
remain in the low-temperature orthorhombic state
and enter the orthorhombic rotator phase only after
higher temperatures are reached.

As demonstrated in a subsequent section of this
article, movement of the paraffin wax into its rotator
phases substantially changed its mechanical proper-
ties. Changes in the dynamic mechanical properties
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in the crystalline and mesophase regions, the rheo-
logical properties in the melt, and the influence of
clay on these properties are examined later.

Dynamic mechanical analysis of the paraffin wax
and its nanocomposites

Dynamic mechanical analysis was used to study the
paraffin wax in both the low-temperature crystalline
state with rectangular torsion bars and the rotator
phase region with 8-mm parallel plates. The differ-
ent geometries were used to optimize the accuracy
of the measurements. A superimposed temperature
sweep at 1 rad/s from —40 to 55°C for the pure par-
affin wax is shown in Figure 3(a). In the plot, three
regions are noted: the low-temperature crystalline
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Figure 3 (a) Temperature dependence of G’ and G” for a
commercial paraffin wax measured at a frequency of
1 rad/s. Data collected with rectangular torsion bars
are indicated by solid points, whereas those obtained with
8-mm parallel plates are indicated by open points. (b)
Frequency dependence of the dynamic moduli for pure
paraffin wax measured at temperatures of —50 and 40°C.
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Figure 4 Temperature dependence of G’ (solid symbols)
and G” (open symbols) collected at a frequency of 1 rad/s
for (M,J) pure paraffin wax and wax nanocomposites
with organoclay concentrations of (®,0) 1 and (A,A)
3 wt %.

region (zone I); the mesophase region (zone II),
which contains the rotator phases; and the isotropic
liquid or melt region (zone III). As expected, on tran-
sitioning into the mesophase region, the dynamic
moduli dropped sharply. The storage modulus (G')
decreased from 7 X 10° Pa at —40°C to below 10° Pa
at 40°C, and the loss modulus (G”) decreased from
3 X 10”7 to 2 X 10° Pa over the same temperature
span. When the temperature was further increased
to about 50°C, another sharp drop in both moduli
was observed due to the onset of melting.

In addition to the sharp decrease in both G” and
G’ as paraffin wax entered the rotator phase region,
there was a change in the relative magnitude of
these quantities, which indicated an increase in the
viscoelastic behavior. In the crystalline region (zone
I), G’ was significantly larger than G”, which showed
predominantly elastic behavior. On entrance to the
mesophase region (zone II), G” was similar but
slightly larger than G’, which indicated a significant
increase in the viscous behavior of the wax. The
change in the viscoelasticity from the crystalline to
the rotator phase could also been seen from the fre-
quency sweeps [see Fig. 3(b)] of the paraffin wax
obtained at —50°C (crystalline phase) and 40°C (rota-
tor phase). At —50°C, G’ values were predominant
over G’ values over the entire frequency range
measured. At 40°C, the wax was solidlike at high
frequencies and liquidlike at low frequencies, with a
crossover occurring (G’ = G”) at about 2 rad/s.

Figure 4 compares the dynamic moduli as a func-
tion of temperature collected at 1 rad/s for the par-
affin wax and its nanocomposites with highly exfoli-
ated organoclay concentrations of 1 and 3 wt %. The
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addition of clay increased G’ for all of the tempera-
tures tested. For G”, the influence of clay was tem-
perature-dependent. At sufficiently low temperatures
(<—10°C), increasing clay concentrations reduced
G”, but for temperatures near the mesophase transi-
tion and throughout the premelting region, clay
raised G”. Figure 4(a) enlarges the G” plot for tem-
peratures ranging from —30 to 20°C. In this isolated
region, the change in the dependence of the G” val-
ues on clay content with temperature could be
clearly seen. A narrowing of the phase transition
peak with the addition of clay was also observed.
Inset b demonstrates that the exfoliated clay had a
significant impact on G’ and G” within the meso-
phase region.

Melt rheology of the clay nanocomposites

Figure 5 shows the dynamic strain sweeps for the
wax nanocomposites at three different clay loadings
and at a fixed temperature of 70°C, which was
approximately 20°C above the melting point of the
wax. Because of instrument limitation, the data on
pure wax could not be reliably obtained. Large lin-
ear viscoelastic regions were observed for the nano-
composites in which G’ was independent of the
strain. There was a reduction in the linear region for
the 5 wt % clay concentration nanocomposite. Strain
amplitudes of 1% were used to collect frequency
sweeps for all of the nanocomposite samples. Figure 6
shows logarithmic plots of the complex viscosity (n*)
versus ® at 70°C. The m* values of the nanocompo-
sites increased monotonically with organoclay load-
ing. All of the samples demonstrated shear-thinning
behavior at low frequencies. The nanocomposite
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Figure 5 Dynamic strain sweeps for wax nanocomposites
containing various concentrations of organoclay. The data
were collected at a temperature of 70°C and at a frequency
of 1 rad/s.
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Figure 6 Frequency dependence of n* for wax nanocom-
posites with various organoclay concentrations.

with 0.5 wt % clay showed a plateau region at high
frequencies where the clay platelets were unable to
follow the shear-induced disturbance, and the dy-
namics were then controlled by the liquid wax
itself.'®

The shear-thinning region was fit well by an em-
pirical power-law expression of the following form:

n’ = Ao" 1)

where A and n are fitting constants. Exponent #,
extracted from linear fits of the low-frequency data,
is listed next to the curves in Figure 6. This term is
often referred to as the shear-thinning exponent. Val-
ues for the wax nanocomposites with several differ-
ent organoclay concentrations were all close to —1.
Wagener et al.'” reported that the shear-thinning
exponent can be used to compare the degree of exfo-
liation of clay platelets in a polymer matrix. They
concluded that well-exfoliated samples display a
higher magnitude of n, whereas the absence of exfo-
liation results in n values closer to zero. The fact that
the value of n was independent of clay concentration
indicated the good exfoliation of clay up to 5 wt %,
the highest concentration used in this study.

To further investigate the relationship between the
shear-thinning exponent and the degree of exfolia-
tion of organoclay in the paraffin wax matrix, sam-
ples containing 3% organoclay were melt-processed
with both sonication with an ultrasonic processor
and simple stirring with a magnetic stirring bar.
Tensile tests for the samples carried out at 25°C
showed modulus, yield strength, and percentage
elongation at break values for the sonicated and
stirred samples of 95 MPa, 0.8 MPa, and 41% and
68 MPa, 0.9 MPa, and 26%, respectively. Both sam-
ples demonstrated significant improvements over
the pure paraffin wax, for which values of 61.4 MPa,
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WANG, CALHOUN, AND SEVERTSON

n=-10.95

10 puesssuEm AEEEEEEEEEEEEREEENE

sonicated

stirred

Dynamic Moduli (Pa)
Complex Viscosity (Pa s)
;=
T

Frequency (rad/s)

Figure 7 Frequency dependence of (M,(J) G, (®,0) G,
and (A,A) m* for wax nanocomposites containing 3 wt %
organoclay prepared via sonication (solid symbols) and
stirring (open symbols).

0.77 MPa, and 12%, respectively, were obtained. The
greater stiffness and ductility for the sonicated sam-
ple were attributable to the higher degree of exfolia-
tion. (It was shown previously that this preparation
technique involving sonication provides for good
dispersion and exfoliation of the organoclay in the
wax matrix."”?) Figure 7 compares m* of the stirred
and sonicated composite samples. The differences
were substantial. The sonicated mixture exhibited
greater shear-thinning behavior than the stirred sam-
ple, and fits of the data with eq. (1) resulted in an n
value of —0.73 for the stirred sample, whereas the
value for the sonicated sample (n = —0.95) was sig-
nificantly lower and close to —1. Also shown in the
figure are the G’ and G” values for the two samples.
For the sonicated sample, G’ was greater than G” for
the entire frequency range tested, whereas this was
the case only for low frequencies with the stirred
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Figure 8 XRD scans of wax nanocomposites prepared by
stirring and sonication. A scan of the organoclay is also
shown.
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Figure 9 Frequency dependence of dynamic moduli
for wax nanocomposites containing various organoclay
concentrations.

sample, which possessed a crossover point. The
degree of exfoliation could not be confirmed for
these samples with XRD. This is demonstrated in
Figure 8, which shows the XRD scans for a 20 range
of 1.5-30°. The clay signal was absent in the scans
for both the sonicated and stirred samples, even
though the rheology data and our previous transmis-
sion electron microscopy results indicated a signifi-
cant difference in the degree of exfoliation between
the two samples. Thus, melt rheology may provide a
useful technique for gauging the extent of exfoliation
in the wax matrix, as was demonstrated for polymer
matrices.'®

A comparison of the frequency dependence of
dynamic moduli for the nanocomposites measured
at 70°C is shown in Figure 9. There was a monotonic
increase in the dynamic moduli with increasing clay
content. The nanocomposites all showed solidlike
behavior at low frequencies. For the polymer nano-
composites, the low-frequency solidlike behavior
was also observed and attributed to the physical
jamming or percolation of the exfoliated/interacted
clay network."®' Tt was suggested that beyond a
critical clay loading, the percolation threshold, the
clay layers or tactoids are unable to rotate freely
and, thus, prevent polymer chains from completely
relaxing at low frequencies, which results in solidlike
behaviors.”® It has also been reported that exfoliated
nanocomposites showed percolation behaviors at
lower clay concentrations than intercalated nanocom-
posite systems.”"** The fact that the wax/clay nano-
composites exhibited a low-frequency solid behavior

at clay concentrations as low as 0.5 wt % indicated a
good exfoliation of the clay, as previously revealed
by transmission electron microscopy.’ With increas-
ing clay content, the onset of frequency dependence
was shifted to higher frequency values. The nano-
composites with lower clay loadings, 0.5 and 2 wt %,
approached a crossover at high frequencies. When
the clay concentration increased to 5 wt %, there
was a solidlike response with nearly frequency-inde-
pendent G’ and G” values over all of the frequencies
tested. The parallel G’ and G” values with G’ > G’
indicated a gel-like structure due to network for-
mation from the well-dispersed silicate layers.”>**
Gelling was indeed observed when we tried to
remelt the wax nanocomposites at clay concentra-
tions of greater than 3 wt %.

CONCLUSIONS

Paraffin wax is an inexpensive petroleum byproduct
that is soft, weak, and brittle and, thus, provides lim-
ited performance when exposed to even small loads
in service. In addition, the wax often possesses rota-
tor phases and softens near room temperature,
which further limits its potential applications. It was
shown in a previous work that clay addition signifi-
cantly improved the mechanical properties of wax.
In this study, the viscoelastic behavior of wax and
its nanocomposites were examined over a broad
temperature range, where accurate tensile measure-
ments were not possible, which provided insight
into the mechanism by which nanodisperse clays
interact with an oligomeric matrix to produce
uncommon enhancements in properties.

Dynamic mechanical analysis showed that the
wax softened significantly and was more viscoelastic
in its premelting region. The exfoliation of the orga-
noclay increased G’ and decreased G” in the low-
temperature crystalline phase, while increasing both
dynamic moduli in the mesophase region. This
result means that the reinforcing effect of clay was
retained in the mesophase region. The rheological
study of molten nanocomposites showed a large
increase in m* with clay addition. These nanocompo-
site samples demonstrated shear-thinning behavior,
and m* versus o data were fit well by a power-law
function, where the shear-thinning constant was
strongly related to the degree of exfoliation of clay,
which was difficult to obtain via XRD. The molten
samples demonstrated low-frequency solidlike be-
haviors; this was consistent with the good exfoliation
obtained by ultrasonic processing. Melt rheology
data for the nanocomposites provided important in-
formation on wax-layered silicate interactions and
the structure-property relationship in nanocompo-
sites and may also offer a useful gauge of the extent
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to which an organoclay has been exfoliated and dis-
persed in wax matrices.
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