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Dynamic mechanical spectroscopy (DMS) and differential scanning calorimetry (DSC) were
used to study the plastic crystalline region of several model n-alkane systems and a
commercial paraffin wax. Results indicate that DMS provides a valuable complement to
existing tools for locating plastic crystalline or rotator states and characterizing the
pre-melting region containing these mesophases. DMS measurements demonstrate that
the mechanical properties of plastic crystalline states in n-alkanes are difficult to isolate,
and that observed viscoelasticity surrounding the mesophases is in great part due to
transitions between phases, not the rotator phases themselves. This is indicated from DMS
curves that show the dynamic moduli of rotator phases are inhibited from achieving
equilibrium values due to the close proximity of successive transitions. Furthermore, study
of a system in which stability of a single rotator phase has been extended through strategic
blending of n-alkanes shows that dynamic mechanical properties return to near
pre-mesophase values when sufficient opportunity following a transition is provided. These
results demonstrate that many n-alkane blends can possess a short temperature interval
over which the material oscillates between Hookean and viscous behavior, controlling their
performance and possibly providing for new applications requiring changes in viscoelastic
properties in a narrow temperature span. C© 2001 Kluwer Academic Publishers

1. Introduction
A large fraction of the paraffin wax refined in the United
States is sold for use as a low-cost, protective coating
on boxes used to ship agricultural products. The draw-
back of this application is that wax-coated boxes are
non-recyclable. The presence of wax coatings in recy-
cle systems hinders production and diminishes product
quality [1]. The ineffectiveness of conventional tech-
niques at removing wax and the underlying mecha-
nisms via which it interferes with recycling processes
are not well understood, but are believed to be tied
to their unique mechanical properties. What is often
ignored when examining this problem is the novel phase
behavior demonstrated by paraffin waxes. Bracketed
between their isotropic liquid state and highly ordered
crystalline phase, there often exists a series of weakly
structured mesophases in which molecules in the crys-
tals have gained a rotational degree of freedom while
retaining their positional order. These states are referred
to as plastic crystalline or rotator phases, and they occur
at temperatures just above ambient where wax coat-
ings are recycled. As part of a larger project on the
development of environmentally benign materials, re-
search presented here investigates the viscoelastic be-
havior of commercial wax coatings and model n-alkane
compounds as a function of temperature using dynamic
mechanical spectroscopy (DMS). Results presented in-
dicate that the complex phase behavior of n-alkane sys-
tems can produce novel mechanical behavior in which

viscoelastic properties oscillate over a small tempera-
ture region prior to the melting transition. This study
also demonstrates the utility of DMS in identifying ro-
tator phases and transitions.

1.1. Structure and thermodynamic
properties of n-alkanes and n-alkane
blends

Macrocrystalline or paraffin waxes are colorless, odor-
less materials refined from paraffinic petroleum distil-
lates. They consist mainly of normal alkane oligomers
in the C18 to C30 carbon number range, and thus their
structure and properties are similar to those of n-
alkanes and n-alkane blends. Phase, property and struc-
tural information on these systems comes primarily
from a combination of calorimetry and x-ray diffrac-
tion. Differential scanning calorimetry (DSC) thermo-
grams show that upon heating, macrocrystalline waxes
undergo two prominent first order phase transitions
(Fig. 1). The higher temperature peak is the melting
transition. Most commercial paraffins melt at tempera-
tures between 40 and 60◦C depending on their carbon
number distribution, with higher carbon numbers pro-
ducing higher melt points. The low temperature tran-
sition has been identified as a solid-solid or polymor-
phic phase transition and the movement of the material
into its initial rotator phase. Five unique rotator phases
have been identified for n-alkanes, denoted R1 through
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Figure 1 Differential scanning calorimetry heating curve for a typical
paraffin wax showing two first order phase transitions. The first is a solid-
solid transition between the orthorhombic crystal and a rotator phase. The
second is the melting transition.

RV [2]. Paraffin waxes will pass through at least one of
these prior to melting. The movement between rotator
phases proceeds via thermally weak first and second
order phase transitions that are frequently missed with
DSC. Their identification often requires the use of spe-
cialized techniques such as adiabatic calorimetry [3].

Several crystallographic studies have been published
outlining structural information on the various phases
that exist for n-alkane systems [2, 4, 5]. Prior to its
solid-solid phase transition, paraffin waxes possess an
orthorhombic crystal structure. Molecules in this struc-
ture are on average in a staggered conformation and
arranged in a layered or lamella architecture in which
their long axes lie parallel to the layer normal. In this
state, the crystal possesses both positional and orienta-
tional order (rotation is inhibited by the close proximity
of the carbon-hydrogen bonds of adjacent crystal mem-
bers). With the onset of the solid-solid phase transition,
paraffin structures, depending on carbon number dis-
tribution, will move into one of several possible rotator
phase modifications. For most n-alkane systems this in-
volves a distortion of the low temperature orthorhom-
bic crystal structure. Here, the molecules retain their
lamella positions but gain a rotational degree of free-
dom about their long axes as the free volume of the
crystal increases. It is this loss of orientational order
that distinguishes plastic crystals from the crystalline
state. As the temperature is raised and the system moves
from its polymorphic transition towards the melt, the
crystal structure converts into a true hexagonal form.
This transition occurs in steps that are often difficult
to detect, with gradual changes in between the rotator
phases. Both small- and wide-angle x-ray diffraction
have been used to characterize all five n-alkane rotator
phases [2, 4, 5]. Differences in these phases are char-
acterized by changes in lattice constants corresponding
to increases in molecular spacing and collective angle

shifts. The details of which are beyond the scope of this
paper.

1.2. Dynamic mechanical spectroscopy
of the rotator phase region

Dynamic mechanical spectroscopy (DMS) is a famil-
iar measurement that is common to many materials
testing laboratories. It provides reliable and repro-
ducible information on the location of transitions and
has found considerable use in characterizing the vis-
coelastic properties of polymers as a function of tem-
perature and frequency. Simply stated, DMS involves
the introduction of an oscillatory deformation to a sam-
ple and measurement of the materials response to that
deformation. Three parameters are commonly used to
characterize the results, storage modulus, loss modulus
and the loss tangent [6, 7]. The storage modulus (E ′)
is a measure of the materials ability to store elastic en-
ergy and is often reported as a gauge of hardness. The
loss modulus (E ′′) measures the freedom of molecular
motion in a material, which is related to its flexibility.
Finally, the loss tangent is the ratio of these quanti-
ties (i.e., ratio of loss modulus to storage modulus, or
E ′′/E ′) and is often presented as the balance of viscous
to elastic behavior. The loss tangent gives an indication
of the cohesive strength of a material and is the quantity
used to identify changes in viscoelastic behavior, such
as a glass-rubber transition for a polymer [6, 8].

Given the changes that occur in its structure and prop-
erties prior to melting, a paraffin wax would be expected
to provide a rich dynamic mechanical spectrum. A spec-
trum that is a manifestation of combined solid-rotator,
rotator-rotator and rotator-liquid transformations, all
occurring in a temperature span of less than 30◦C. Sur-
prisingly, it appears that little has been done in the way
of characterizing the dynamic mechanical properties of
n-alkane systems or, for that matter, any other material
within their plastic crystalline region. The limited in-
formation that is available on mechanical properties of
paraffins comes from blocking and needle penetration
studies, which indicate that waxes simply become softer
and in general demonstrate greater fluid-like behav-
ior following their initial solid-solid transition [9–11].
These observations are in agreement with early research
on plastic crystals that established their viscoelastic na-
ture with demonstrations of greatly enhanced ability to
yield and flow [12, 13]. Data presented here expands our
understanding of the rotator phase region in n-alkanes
showing it to be more complex than simply a region
of increasing fluid-like behavior. Measurements were
made on well-characterized model n-alkane systems as
well as a commercially available paraffin wax coating.
DMS identified known rotator phase transitions and in-
dicates that changes in the dynamic moduli are tied
primarily to phase transformations in n-alkane materi-
als. Thus, paraffin waxes possess viscoelastic properties
within temperature windows surrounding their phase
transitions separated by regions in which the storage
modulus and loss tangent have recovered partially or
fully.
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2. Experimental
2.1. Materials
Hydrocarbons n-heneicosane (C21H44) and n-tricosane
(C23H48) were purchased from Roper Thermals
(Clinton, CT). Purities were determined to be greater
than 99% by gas chromatography. A C21–C23 solid
solution (79:21 molar ratio) was prepared by co-
crystallization from the melt. X-ray diffraction con-
firmed that the blend was homogeneous, with no exist-
ing phase separation. The commercially available wax
used in this study was Chevron Refined Wax (Chevron,
San Francisco, CA), herein referred to as the commer-
cial wax. The sample arrived in a 1-pound block, which
was ground, labeled, and stored in glass jars for use
in testing. Carbon number distribution results indicate
that the wax is composed primarily of C18–C30 normal
alkanes (see Fig. 8).

2.2. Differential scanning calorimetry
measurements

A Perkin-Elmer (Norwalk, Canada) DSC 7 thermal
analyzer system controlled with Pyris Series software
was used for DSC measurements. The instrument was
calibrated for heat flow and temperature at 5◦C/min
using indium metal. An empty aluminum sample pan
was used as the reference. The DSC scans for the alka-
nes and wax were measured by weighing approximately
8–10 mg of the sample into an aluminum hermetically
sealable pan, and then placing the pan into the DSC’s
sample tray. The sample was heated at 5◦C/min from
10◦C to 60◦C and then cooled back to 10◦C at 5◦C/min.
The heating and cooling experiments were done under a
nitrogen atmosphere (30 mL/min). The solid-solid and
solid-liquid transition enthalpies were calculated from
the area under the peaks using the Pyris software.

2.3. Dynamic mechanical spectroscopy
measurements

The mechanical properties of the alkanes and wax
were investigated using a Perkin-Elmer DMA 7e ther-
mal analyzer system. Temperature calibration was
performed with water, indium and zinc standards at
a scan rate of 5◦C/min. Pyris Series software was
used to program the experiments and subsequently
carry out data analysis. The method utilized for the
DMS measurements involved a temperature scan from
10◦C to 60◦C at 5◦C/min using a parallel plate fix-
ture in compression. All experiments were normal-
ized to the dimensions of the sample (rectangular
bar, ∼6 mm long × 2 mm wide × 2 mm thick).
A frequency of 1.0 Hz, static stress of 2200 mN,
and a dynamic stress of 2000 mN were programmed.
Nitrogen was used to purge the system at a flow rate of
30 mL/min.

3. Results and discussion
This section reviews DSC and DMS results for several
n-alkane systems. Results for model systems are pre-
sented which include pure C21 and C23 n-alkanes and
a binary mixture of the two. These particular species

compose a significant fraction of most wax coatings,
and their blend produces rotator states that are stable
over broad temperature regions. Locations and struc-
tures of these phases have been established in crystal-
lographic and calorimetric studies. By matching DSC
results for our samples with those found previously,
the various rotator phases for the n-alkanes were iden-
tified and DMS was used to characterize their dy-
namic mechanical properties. As reviewed below, the
broad rotator phases provide significant information on
mesophase properties. Information that was previously
masked by property changes associated with surround-
ing transitions. In addition to the model systems, data is
also presented for a commercial paraffin wax contain-
ing a distribution of n-alkanes. This is a product that
is commonly used in coating applications. The com-
bination of DSC and DMS demonstrate the presence
of rotator phases that have a significant impact on the
mechanical properties of the material.

3.1. Thermal characterization of n-alkanes
C21, C23 and a C21–C23 blend

One of the difficulties associated with characterizing
rotator phases of n-alkanes is their close proximity to
the melting transition. Typically, the temperature span
between the initial solid-solid phase transition and melt-
ing, the region containing the rotator phases, is less
than 30◦C. This means most of the region involves the
onset or completion of various first and second order
transitions, making it difficult to characterize any of
the phases present. For this reason, a binary mixture
of pure n-alkanes was selected for study. Chain length
mixing of normal alkanes can have a dramatic impact
on the range of rotator phase stability [14], and blends
of C21 and C23 n-alkanes provide broad temperature re-
gions over which the material is in a single rotator phase
[15]. The binary phase diagram for the mixture (Fig. 2,

Figure 2 Binary phase diagram for the n-heneicosane-n-tricosane (C21–
C23) system. A C21–C23 blend in a 79:21 molar ratio maximizes the
temperature range of stability for the rotator phases. Data reproduced
with permission from reference 15. (Copyright 1985 American Chemical
Society.)
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reproduced from reference 15) shows that manipulation
of the blend extends the temperature interval of rotator
phases. Composition at the maximum was selected for
study. It consists of a C21:C23 blend in a 79:21 molar
ratio giving a rotator phase that is stable for approx-
imately 19◦C. In addition to providing a convenient
region for study, use of this particular blend has an-
other advantage, its thermal transitions and molecular
structure have been characterized in previous publica-
tions. This offers a resource to confirm the locations of
transitions and allows for greater detail to be provided
on the phases identified.

Shown in Fig. 3 are the DSC heating thermograms
measured for C21 and C23 n-alkanes and the C21–C23
blend (herein referred to as C21, C23, and the blend).
Prior to their initial transition at low temperatures, all
of the n-alkane systems studied here possess an or-
thorhombic crystal structure. As described earlier, the

Figure 3 Differential scanning calorimetry heating curves for C21, C23,
and a C21–C23 blend (79:21 molar ratio). Arrows indicate the RI–RII

rotator phase transformation. Blending the alkanes leads to a significant
increase in the stability of the RI rotator phase.

molecules in this structure form a lamellar architecture
that is retained with modifications up through the melt-
ing transition. The first peaks on the thermograms are
the polymorphic transitions, which occur at 31.6, 40.2
and 22.1◦C for C21, C23 and the blend, respectively. For
both C21 and the blend, this is a crystal-R1 transition.
The R1 rotator phase is the most prevalent of all rotator
phase structures in n-alkanes. It is characterized by a
rectangular or distorted-hexagonal lattice organized in
a bilayer (ABA) stacking sequence [2]. This phase is
the only rotator structure observed for C21 whereas the
blend possesses an additional plastic crystalline state.
For C23, the solid-solid transition has been identified as
a crystal-RV transition. The RV rotator phase is similar
to the R1 phase, i.e., it involves finite distortion of the
crystal lattice and a bilayer stacking arrangement. In
addition, the molecules in the RV phase are tilted to-
ward their nearest neighbors [2]. Unlike the first order
transition between the ordered crystal and initial rota-
tor phase characteristic of all systems presented here,
movement from the RV to R1 phase found in C23 is
second order and has only been resolved via high sen-
sitivity recordings [2, 4]. The RV phase is apparently
short-lived in C23. It is reported that conversion from
the RV rotator phase into the R1 phase occurs just a
couple of degrees after the solid-solid transition. Sev-
eral previous studies do not identify the R1 phase [16],
with successful attempts utilizing adiabatic calorimetry
[2] and DSC at a scan rate of only 1.25 K/min [4]. The
existence of this transition was not evident in our DSC
and DMS work, although it may be concealed by the
crystal-RV transition.

Prior to melting, C23 and the blend both undergo an
additional transition. This is a RI-RII phase change that
occurs at 43.8◦C for C23 and 38.2◦C for the blend. RII
has an average hexagonal symmetry often described as
rhombohedral with a hexagonal subcell possessing tri-
layer (ABC) stacking [15]. Due to the small amount of
heat consumed by transitions between rotator phases
such as RI-RII (<1 J/g), they often go undetected by
DSC. As discussed below, DMS has greater sensitivity
for rotator phase transitions. Thus, as is the case for de-
termining glass transition temperatures for many amor-
phous polymers, it appears a mechanical approach may
be better suited for identifying the locations of these
transitions. Finally, the melting transitions for C21, C23
and the blend occur at 40.4, 48.2 and 41.7◦C, respec-
tively. The location of these transitions as well as the
others identified are in agreement with those reported
elsewhere [2, 17].

In addition to providing information on the locations
of various transitions, thermodynamic quantities can be
extracted from the DSC thermograms. The solid-solid
and melting transition enthalpies calculated from the
heating curves are 54 J/g and 150 J/g for C21, 72 J/g
and 160 J/g for C23, and 29 J/g and 160 J/g for the blend.
These values are consistent with those published for the
pure alkanes [17] and paraffin waxes [18]. Heat capacity
(Cp) is simply the derivative of the heat flow in the DSC
thermograms. As was reported in several previous stud-
ies, the heat capacity shows an anomalous climb after
the solid-solid transition [2, 4]. Also obtainable from
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Figure 4 Relative specific entropy (arbitrary zero at 280 K) as a function
of temperature for the C21–C23 alkane blend. TO−RI = orthorhombic (O)
crystal-RI transition, TRI−RII = RI–RII transition, and TM = melting tran-
sition. Data reproduced with permission from reference 15. (Copyright
1985 American Chemical Society.)

the thermograms are specific entropy values. Similar
to heat capacity, specific entropy shows an unusual
climb between the solid-solid and melting transitions.
Fig. 4 is a plot of the relative specific entropy for the
C21–C23 blend that was reproduced from a paper that
also analyzed this particular n-alkane system [15]. The
figure demonstrates that the entropy rises rapidly with
increasing temperature within the mesophase region
and clearly shows the development of the transitions
previously identified.

3.2. Dynamic mechanical spectroscopy of
the n-alkanes and alkane blend

DMS curves for the n-alkanes are given in Figs. 5
and 6. All dynamic mechanical measurements pre-
sented cover a temperature range that begins in the
materials ordered crystalline phase, passes through its
rotator phase region, and ends following melting. No
significant changes were observed before or after the
temperature boundaries given. Fig. 5 shows the results
for C21. At initial temperatures, a negligible loss and
high storage modulus combine to produce a small loss
tangent meaning the material demonstrates little fluid-
like behavior. This was found for all n-alkane systems
tested below their solid-solid transition. The initial stor-
age modulus for C21 is close to 60 MPa. This is similar
to values reported for materials containing paraffin wax
such as hot melt adhesives [8]. As it moves into the
solid-solid (crystal-RI) transition, starting thermally at
about 25◦C, there is a sharp drop in the storage modu-
lus. This is accompanied by a moderate increase in the
loss modulus and loss tangent indicating the material’s
becoming more viscoelastic. Increasing viscoelasticity
of n-alkane systems as they move into their plastic crys-
talline states is consistent with the mechanical behav-
ior reported in past studies [9–11]. However, the data

Figure 5 Dynamic mechanical heating curves for the C21 pure alkane.

is unusual in that an odd break appears on the storage
modulus curve as it decreases, occurring at the same
temperature as a local maximum in the loss tangent.
Given that the break in the curve is located near the end
of the crystal-RI transition beginning thermally around
33◦C, we propose that it is an indication of a recovery in
the mechanical properties that is interrupted by the on-
set of the melting (RI-melt) transition. In other words,
the crystal-RI and RI-melt transitions are convoluted
by their broad temperature span and close proximity,
which masks the dynamic mechanical properties of the
rotator phase. Examining Fig. 6, DMS data for C23, the
same conclusion can be drawn. The actual properties of
the rotator phases are never observed due to the overlap
of successive transitions. In this case, three transitions
are evident from the storage modulus local minimums
and loss tangent local maximums, at 42, 44 and 48◦C.
These correspond to the locations of the crystal-RV (RI),
RI-RII and RII-melt transitions, respectively. The only
transition not observed with DMS is again the RV-RI
transition for C23.

Figure 6 Dynamic mechanical heating curves for the C23 pure alkane.

4163



Figure 7 Dynamic mechanical heating curves for the C21–C23 alkane
blend.

The significance of the hypothesis presented above
is not that materials demonstrate viscoelastic behav-
ior during phase transitions. Loss tangent is frequently
used to identify various phase transitions in polymers.
Although there is little information available on the
analysis of polymorphic transitions using DMS, the
molecular freedom that exists during these changes
should result in an identifiable peak in the loss tangent.
What is significant is the implication that the rotator
phases themselves may not be the fluid-like states they
are believed to be. From Figs. 5 and 6, it is impossible
to determine if this is correct. For these species, rotator
phases are present over short temperature spans, thus
the DMS curves mix and the properties of the actual ro-
tator phases are never characterized. Attempts to isolate
these properties by slowing down heating rates indicate
little or no narrowing of transitions. This led to the use
of the n-alkane blend.

As discussed, the mixing of C21 and C23 at the 79:21
molar ratio produces an R1 rotator phase that is stable
for extended temperatures. As shown in Fig. 7, the im-
pact of broadening the rotator phase in DMS curves is
significant. At initial temperatures, the storage modulus
is approximately 32 MPa. This is lower than what was
observed for C21 and C23, and our data indicates that
a lower initial storage modulus is typical with blended
n-alkanes. Upon heating, the blend moves into its first
transition, the crystal-R1 phase change occurring ther-
mally at approximately 20◦C. During this transition,
the storage modulus drops sharply to a local minimum
of about 20 MPa at 23◦C, which corresponds to a local
maximum in the loss tangent. This is the same behav-
ior seen for C21 and C23. However, coming out of the
transition, the storage modulus climbs sharply towards
a local maximum of about 31 MPa close to its value
prior to the transition, a climb that is accompanied by
decreases in the loss tangent back to its initial value.
Thus, it appears extending the R1 rotator phase pro-
vides for a greater view of its mechanical properties, and
the results indicate that this plastic crystalline state has
similar viscoelastic properties as the low temperature
ordered phase. The next transition, RI-RII, is close

enough to the melting transition, RII-melt, that the re-
covery of the mechanical properties is negligible, but
the transitions are evident from both the storage mod-
ulus and loss tangent.

In summary, the results found with DMS for the n-
alkanes are significant for a couple of reasons. First,
they demonstrate the effectiveness of dynamic mechan-
ical spectroscopy at determining the transitions that oc-
cur through the rotator phase region. To the best of our
knowledge, DMS has not been previously used for this
application, and proves to be a valuable complement
to DSC for identifying these phases. Second, findings
here indicate that the plastic crystalline or rotator states
in n-alkane systems may not possess soft, fluid-like
mechanical properties. Although we were only able to
demonstrate the recovery of the storage modulus for
the RI rotator phase of the C21–C23 binary mixture,
the movement towards at least a partial recovery of me-
chanical properties following all of the phase transitions
is evident. Results indicate that the reported viscoelastic
behavior of some plastic crystalline phases may simply
be tied to the transitions that surround them and not the
actual mesophases.

3.3. Thermal and mechanical analysis of a
commercial wax

In this section we characterize the thermal and dynamic
mechanical properties of a commercially available
paraffin wax, Chevron Refined Wax. This particular
product is commonly used in the coating of corrugated
boxes. Commercial paraffin waxes are composed of
a broad distribution of n-alkanes as well as a small
amount of various residual non-normal hydrocarbons.
Thermal behavior of a given wax will depend primarily
on its carbon number distribution. Fig. 8 is the distribu-
tion measured using GC-MS showing that the carbon

Figure 8 Carbon number distribution for the normal alkanes found in
the commercial wax. (Paraffin waxes used as coatings are composed
primarily of C18–C30 n-alkanes. The levels of non-normal and cyclic
alkanes and polymeric additives are small and not shown in this figure.)
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numbers range from C18–C30 with a majority of the
n-alkanes falling between C21 and C26. (Although it
should be stressed that carbon number can vary from
batch to batch thus affecting properties.) The DSC ther-
mogram for this wax is shown in Fig. 9. As with the
model n-alkane systems, the solid-solid and melting
transitions are evident. There also appears to be another
transition, likely an R-R transition, just after movement
into the rotator phase. Analysis of x-ray diffraction pat-
terns for this wax indicates that much like the alkane
blend, the first solid-solid transition is a phase change
from the low temperature orthorhombic crystal to the
RI rotator modification. The second, less endothermic
transition was confirmed to be due to the RI-RII transfor-
mation. Recent studies on the phase diagrams of alkane
mixtures suggest that the width of the distribution of
chain lengths dramatically influences where the tran-
sitions occur [14]. In this case, the distribution spans
approximately 10 carbon atoms and results in rotator
phases that are very close to one another. Crystal-rotator
and rotator-liquid transition enthalpies calculated from
the DSC heating curve are 37 J/g and 150 J/g, respec-
tively, and are consistent with those reported for paraffin
waxes.

DMS data for the commercial wax is given in Fig. 10.
As discussed, the solid-solid transition and first transi-
tion between rotator phases occur very close to each
other as shown by DSC. However, only one transition
is clear from the DMS data, although there does appear
to be a shoulder present on the loss modulus curve cen-
tered at the correct temperature, i.e., 35–36◦C. There-
fore, the first major transition clearly detectable with
DMS is a combination of the crystal-RI and RI-RII
phase changes ending at 39◦C. This particular blend of
n-alkanes produces a single rotator phase that is stable
over an extended temperature region providing space
for the storage modulus and loss tangent to make sig-
nificant progress towards an equilibrium value before
the next transition. (It should be noted that the scales
on the loss tangent ordinate have been changed from

Figure 9 Differential scanning calorimetry heating curve for the com-
mercial wax.

Figure 10 Dynamic mechanical heating curves for the commercial wax.

earlier plots due to a significantly smaller loss tangent
prior to melting for the commercial wax. This behavior
is representative of all commercial waxes tested.) The
curves demonstrate that the mechanical properties of
the RII phase for the commercial wax appear to be re-
turning towards that of the pre-plastic crystalline state,
an observation that was made possible by the extended
rotator phase stability. The climb in the storage modu-
lus and decrease in the loss tangent are interrupted by
one final R-R transition. The transition appears to oc-
cur at 48◦C and is evident from a small shoulder on the
loss tangent curve and a peak in the loss modulus as
they move towards their values for the melt. This tran-
sition was not detected using DSC, but x-ray diffraction
confirmed that a minor structural change is occurring
at this temperature. The carbon number distribution of
this wax and available literature on the rotator phases
of individual alkanes suggests it may be a RII-RIV
transformation.

4. Conclusions
Data presented here indicates that the mechanical prop-
erties of the plastic crystalline states of n-alkane sys-
tems are complex. It appears that the viscoelastic be-
havior of rotator states may actually be governed by the
transitions between phases and not the phases them-
selves. This conclusion is based on dynamic mechan-
ical spectroscopy data for an n-alkane system show-
ing that a broadening of the temperature range over
which a single rotator phase is stable results in move-
ment towards mechanical properties similar to its low
temperature crystalline state. Thus, it is possible the
fluid-like behavior reported for some plastic crystalline
materials is actually a result of the convolution of
successive transitions that give the appearance of a
steadily increasing loss tangent following the solid-
solid transition. From a practical standpoint, control
over viscoelastic properties by phase transitions opens
up the potential for new applications in which proper-
ties can be engineered to change over a few degrees
(e.g., a switchable material). Changes in viscoelastic
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properties are known to influence colloidal behavior
and may be used in controlling comminution, aggrega-
tion and deposition mechanisms.
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