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ABSTRACT
Physical aging refers to the structural
relaxation of glassy materials towards their
metastable equilibrium state, inducing
changes in almost all physical properties. In
this paper, we demonstrate how timeresolved rheometry can be used to analyze
the time evolution of viscoelastic properties
during physical aging. In the experimental
section, the effects of temperature,
crystallinity and polymer modification on the
physical aging of bitumen are investigated,
and the application of the time-aging time
superposition principle is demonstrated.

properties during physical aging is monitored
by performing a series of creep and recovery
tests at increasing aging times. The measured
creep data is then often analyzed by means of
the time-aging time superposition principle.
In this paper, we describe a novel
methodology for analyzing the effect of
physical aging on the viscoelastic behavior of
glassy materials. Our approach is based on
time-resolved rheometry (TRR), a technique
that is generally used for the rheological
characterization of transient (time-evolving)
materials. The TRR technique provides
various advantages over the traditional
Struik’s protocol:
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INTRODUCTION
Glasses are inherently out-of-equilibrium
systems evolving slowly toward their
equilibrium state in a process called physical
aging.1 Physical aging is driven by the
attempt to achieve equilibrium density
through configurational rearrangements on a
molecular scale,2 and it is accompanied by
changes in almost all physical properties both
at macrostructural (bulk) and microstructural
(molecular) scale.
Among various other characterization
techniques
(dilatometry,
differential
scanning calorimetry, different spectroscopic
and scattering techniques, etc.), physical
aging can be conveniently studied by
rheology. In the widely used Struik’s
protocol , the time evolution of viscoelastic
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More comprehensive description of
viscoelastic properties at different time
scales
The measurement data is typically more
accurate (less noisy)
The consistency of the measurement data
can be checked by means of the KramersKronig relation8:
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The evolution of rheological properties
during physical aging can be monitored
continuously
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In the following section, we briefly
review the fundamentals of time-resolved
rheometry as relevant for the present study.
DEFINITIONS IN TIME-RESOLVED
RHEOMETRY
The term “mutation” is used as a general
expression for the changes that affect the
molecular mobility, and hence the relaxation
patterns of the investigated material.9 The
mutation time τmu is defined as the
characteristic time for the rate of change in
the material:7
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The change is not measured directly but
indirectly through the property of interest g,
which has to be specified for each type of
experiment. τmu is defined as the time which
is required for a (1/e)-change of property g at
the instantaneous rate of change ∂g/∂t.
Furthermore, the mutation number Nmu is
defined as the ratio between the experimental
time Δt and the mutation time τmu:10
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The mutation number estimates the relative
change of a property g during the
measurement of a single data point.
It is usually desirable to investigate
transient samples specifically by dynamic
oscillatory
experiments
since
the
experimental time is shorter than in
comparable steady experiments and different
relaxation modes can be studied almost
independently of each other.9 The
experimental time Δt in this type of
measurement is defined by the time required
by the rheometer to take a data point at a
specified angular frequency ω:
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Following Eq. (2), mutation times referring
to the storage modulus (g = G’) and loss
modulus (g = G’’) can be written as:
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and, consequently, the corresponding
mutation numbers are defined as:
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The sample can be considered quasistable when the mutation number for both G’
and G’’ is sufficiently small, typically Nmu <
0.1.11 It is also worth noting that usually G’
changes more rapidly than G’’ in transient
materials, and therefore N’mu > N’’mu.7,9
EXPERIMENTAL
Materials
Physical aging of bitumen is known to
have a major impact on the low-temperature
cracking of asphalt pavements.12,13 Hence, in
the experimental part of this study, we
investigate physical aging in various
bituminous binders. To study the effect of
crystallinity, physical aging in semicrystalline and non-crystalline bitumen
samples is compared. In addition, in order to
assess the effect of polymer modification on
physical aging, bitumen modified with
different amounts (0-10 wt%) of styrenebutadiene-styrene (SBS) triblock copolymer
is investigated. Further details of the
investigated bituminous binders can be found
elsewhere.14,15
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Rheological characterization
Small-diameter parallel plate rheometry16
was used to measure the rheological
properties of the bituminous binders near and
below the glass transition temperature (Tg). A
stress-controlled Malvern Kinexus Pro
rheometer was equipped with 4-mm diameter
parallel plate geometry, and a Peltier plate
and active hood were used to control the
temperature of the test specimen within ±0.1
K. To avoid moisture uptake and ice
formation in the test specimen, the Peltier
hood was purged with dry nitrogen gas.
Time-resolved data were obtained by cyclic
frequency sweep (CFS) experiments . The
frequency range from 62.8 to 0.628 rad/s was
repeatedly scanned while keeping the
temperature constant. The strain amplitude
was kept low (γ0 = 0.01-0.03 % depending on
the measurement temperature) in order to
ensure linear viscoelastic material response
and to ensure that physical aging is not
influenced by mechanical rejuvenation.
Moreover, the normal force control of the
rheometer was enabled to avoid the build-up
of thermal stresses in the test specimen upon
cooling. For each CFS experiment, a new test
specimen was prepared above Tg and then
quenched to the measurement temperature at
a cooling rate of approximately 10 K/min. All
measurement data were corrected for
torsional instrument compliance as described
by Schröter et al.17 and Laukkanen16.

metastable equilibrium glassy state (i.e.
physical aging ceases).

7

Figure 1. Evolution of frequency-dependent
(a) dynamic moduli and (b) loss tangent in
semi-crystalline bitumen during physical
aging at Tg = -23.9 °C.

RESULTS AND DISCUSSION
Fig. 1 shows CFS data for a semicrystalline bitumen sample (melting enthalpy
ΔHm = 7.1 J/g) measured at the nominal glass
transition temperature of -23.9 °C. Physical
aging is observed to result in a significant
increase in stiffness and elasticity. Similarly
to many polymer glasses18–22, the storage
modulus increases linearly with the
logarithm of aging time at the early stages of
physical aging. After about 105 s (≈28 h), the
viscoelastic response becomes independent
of the aging time as the sample reaches a

Mutation numbers corresponding to the
CFS data of Fig. 1 were calculated, and it was
observed that N’mu >> N’’mu at all aging
times. Sample mutation is fastest duirng the
early stages of physical aging, but still N’mu <
0.0023 even at the lowest oscillation
frequency of 0.628 rad/s. We thus conclude
that the sample can be considered quasistable during the experimental time, hence
confirming the validity of the measured CFS
data.
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The application of the time-aging time
superposition principle to the analysis of CFS
data is illustrated in Fig. 2. Fig. 2(a) shows
the
frequency-dependent
viscoelastic
response of semi-crystalline bitumen at
different stages of physical aging,
interpolated from the CFS data of Fig. 1.
These frequency sweep curves are then
shifted horizontally to obtain the master
curves in Fig. 2(b). The excellent overlap of
the curves confirms the validity of the timeaging
time
superposition
principle.
Furthermore, the validity of the measured

viscoelastic response is verified by fitting the
generalized Maxwell model to the
measurement data; this confirms that the
Kramers-Kronig relation (Eq. (1)) is
satisfied.23
Time-aging time shift factors ate are
obtained
from
the
master
curve
1,6
construction.
A linear trend is often
observed in the plot of log ate vs. log te, the
slope being defined as the aging shift rate:1
K=

L log PQR
.
L log 9R

(7)

Fig. 2. Application of the time-aging time superposition principle to the CFS data of Fig. 1.
(a) Interpolated frequency sweep response at different stages of physical aging. (b) Master
curves obtained by horizontally shifting the frequency sweep data of part (a). The dashed lines
represent the fits of the generalized Maxwell model. (c) Aging time shift factors obtained from
the construction of master curves in part (b).
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As shown in Fig. 2(c), µ is roughly 0.60 when
the semi-crystalline bitumen is aged at its
nominal Tg. Similarly to Fig. 1, the plateauing
of this curve indicates that physical aging
ceases after approximately 10 s (≈ 28 h).
We performed CFS experiments at
various temperatures in the vicinity of the
nominal glass transition temperature (Tg-10
K ≤ T ≤ Tg+10 K) and observed that physical
aging occurs both above and below the
nominal Tg of the semi-crystalline bitumen.
This is in contrast to the general view that
physical aging takes place only below Tg.1
The
observed
unusual
temperature
dependence of physical aging can be
attributed to the broad glass transition of
bitumen, as it was observed by differential
scanning calorimetry (DSC) that the glass
transition region of this bitumen sample
extends beyond the experimental temperature
range of this study (Tg-10 K ≤ T ≤ Tg+10 K).
The rate of physical aging is observed to be
highest at the nominal Tg (µ ≈ 0.60), while
physical aging gradually slows down above
and below Tg (µ ≈ 0.40 both at Tg-10 K and
Tg+10 K).
Our results show that physical aging is
much less significant in non-crystalline
bitumen (ΔH = 0.0 J/g), as expected based
on previous studies . It may be speculated
that crystalline fractions hasten the formation
of rigid amorphous phase at low
temperatures, hence making physical aging
more severe in semi-crystalline bitumen.
Finally, we observe that SBS polymer
modification has a major impact on the
physical aging of bitumen. The time-aging
time superposition is found to be valid, but in
addition to horizontal shifts, also vertical
shifts need to be applied in the construction
of master curves when bitumen is modified
with large amounts (≥7 wt%) of SBS.
Considering our previous observations on the
morphology of SBS modified bitumen, we
attribute the occurrence of the vertical shifts
to the formation of continuous SBS-rich
network structure in bitumen.

CONCLUSION
We have demonstrated that time-resolved
rheometry is a powerful tool for analyzing
the evolution of viscoelastic properties
during physical aging. The effects of
temperature, crystallinity and polymer
modification on the physical aging of
bitumen have been successfully quantified,
demonstrating the sensitivity of this
technique. In the future, we expect to see this
technique applied to the physical aging
characterization of various types of glassforming systems.
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