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ABSTRACT

The physical aging of amorphous polymers induces changes in material properties, which are challenging to detect in situ in industrial
settings. Here, we present a nondestructive nonlinear ultrasonic evaluation technique that enables localized measurements of the combined
effects of temperature and time in amorphous polymers, without needing to remove materials. The proposed technique is demonstrated
using commercial grade poly(vinyl chloride) samples and is supported by analysis of wave–material interactions. The results show that the
physical aging of the polymer is described by the Arrhenius equation with an effective activation energy of 103 kJ/mol over the analyzed
temperature range.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0102398

Amorphous solids are used widely in applications including
pharmacy,1,2 healthcare,3 structural engineering, and industrial
manufacturing,4–6 giving rise to a significant interest in characteriz-
ing their stability over time. It is already known that such solids
undergo slow structural relaxations, which are commonly described
as physical aging.1,7–9 This relaxation does not require any external
stimulus, in contrast to phenomena involved in mechanical, chemi-
cal, and photo-chemical aging. However, these small changes (for
example, less than 0.2% change in volumetric mass density of poly-
styrene, see Ref. 10) in materials’ properties are difficult to detect11

in situ in industrial settings, using conventional nondestructive
techniques, such as ultrasound in a linear regime.12 Our work, here,
now focuses on the development of a nonlinear ultrasonic evalua-
tion technique, which we demonstrate by measuring the physical
aging of the thermoplastic polymer, poly(vinyl chloride) (PVC),
commonly used in bulk,6,13–15 as a visco-hyper-elastic isotropic
amorphous polymer for pipes.16

A temperature interval bounded by Tb and Tg describes the range
over which physical aging occurs,17,18 see Fig. S1 of the supplementary
material, where Tb and Tg are the beta and glass transition tempera-
tures, respectively. It has also been shown that physical aging is possi-
ble below Tb,

19 the relaxation transition closest to the glass transition
temperature Tg of the polymer. The aging process within this regime is

governed by the Arrhenius equation6,18 given by KðTÞ ¼ Ae�Ea=RT ,
where A is the pre-exponential factor, K(T) is the rate of the process, T
is the absolute temperature for the process, Ea is the activation energy,
and R is the universal gas constant. Below Tb, all secondary motion is
frozen in polymers.17

In the case of PVC, Tb � �50 �C,7 while Tg is in the range of
80 �C.20,21 By knowing the activation energy Ea for such a polymer,
the Arrhenius equation enables us to predict the combined effect of
temperature and time for first-order kinetics.6

Previously, single values of the activation energy have been
reported for the physical aging of PVC.22–24 Vyazovkin et al.25 dis-
cusses ranges of PVC’s activation energy, indicating that its estimation
depends upon a number of factors including material composition,
the criterion monitored, and experimental factors, including the esti-
mation methods used.26

Historically, such estimation methods comprised only labora-
tory techniques,9 with limited applicability in industrial and field
settings, requiring complex instrumentation where analyses must
be performed ex situ. For example, differential scanning calorime-
try (DSC) is one of the principal sources of Tg data for many types
of materials,1 used to characterize physical aging. However, this
technique is not performed in industrial or field settings, as it
requires that each discrete data point is collected after a specific
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period of aging, to give an experimental measure of the enthalpy
recovery.27

Here, we now propose an ultrasonic evaluation technique, which
is truly nondestructive, enabling us to characterize physical aging in
amorphous thermoplastic polymers without a priori knowledge of the
material’s thermohistory. The technique is based on nonlinear ultra-
sonics, which has previously been shown to be sensitive to time of
polymer annealing, using both laboratory and field specimens.12,28 In
this work, which goes beyond the transmission mode used previ-
ously12 and also allows pulse-echo modes, we now demonstrate a tech-
nique that enables not only detection but also activation energy
measurement. Our methodology is suitable for measurements per-
formed in laboratory conditions but can also be used for localized eval-
uation of physical aging in thermoplastic polymers in the field and in
industrial settings including curved/cylindrical geometries,12 without
sampling or cutting specimens from engineering structures, after a
simple reconfiguration of the transducer geometries. The technique
can also be carried out for specific spatial volumes on the order of
cubic millimeters, through the thickness of a given engineering struc-
ture, enabling us to measure the effective activation energy in situ Ea,
thus defining the physical aging rate. In a similar way as for
ellipsometry-based techniques,27 this nonlinear ultrasonic method also
allows continuous monitoring of physical aging.

Our nondestructive technique is implemented in the following
three steps, involving: first, the measurement of the initial state of the
polymer; second, localized rejuvenation of the polymer or estimation
of baseline properties; and finally, the measurement of the polymer
response without thermal history.

The first and third steps are identical except that the ultrasonic
responses from the specimen are measured before and after the era-
sure of the thermal history (step 2).

It has previously been shown that nonlinear ultrasonics is more
sensitive to physical aging than linear ultrasound.12,28 We use a classi-
cal parametric wave mixing method29,30 based upon the interaction of
two initial waves. The classical wave mixing conditions fulfill the laws
of momentum and energy conservation, accordingly,

k ¼ k16k2;
x ¼ x16x2;

(1)

where k is the wave vector at the combined frequency with the corre-
sponding wavenumber k ¼ 2pð f16f2Þ=c, c is the nonlinear wave
velocity, k1;2 are the wave vectors of two initial waves with the corre-
sponding wavenumbers k1;2 ¼ 2pf1;2=c1;2, and c1;2 are the longitudi-

nal cl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkþ 2lÞ=q

p
or transverse ct ¼

ffiffiffiffiffiffiffiffiffiffi
2l=q

p
wave velocities of

the interacting waves. x ¼ 2pð f1 6 f2Þ and x1;2 ¼ 2pð f1;2Þ are the
angular frequencies of the nonlinear and initial waves, respectively.
These resonance conditions enable us to calculate the angle a between
two interacting waves for the selected frequencies. Figure 1 shows an
example that depicts a submerged ultrasonic setup, as would be
required for inspection of water mains piping, analyzed by using
parametric wave mixing. We consider ultrasonic signals at the sum
frequency. In this report, for completeness, we demonstrated both the
pulse-echo (receiver R1) and through-transmission (receiver R2) mea-
surement modes. The pulse-echo mode requires only single-side access
of the sample, utilizing the reflection from the bottom surface, which
is advantageous in in situ industrial settings where measurements are

being made in the field, e.g., evaluating the integrity of pipes from their
inner side using a mobile autonomous device.31

The intensity of the nonlinear ultrasonic signal depends upon the
linear (k and l) and nonlinear (l, m, and n in Murnaghan notation32)
elastic material properties, as well as upon the interaction volume V.
Using submersion ultrasonics, as might be required for pipe inspec-
tion, and employing the classical wave interactions at the sum fre-
quency, the polymer’s physical aging was evaluated from changes in
the third order elastic constant m only.29 The remaining two elastic
constants l and n are not involved in the nonlinear interaction for the
parametric wave mixing configuration selected, allowing other config-
urations for sensing of other phenomena simultaneously.

The sensitivity of the physical aging changes observed in the non-
linear mode contrasts greatly with that obtained using linear elastic
properties (where the very small changes in k, l, and the volumetric
mass density q greatly limit the measurement methods).12,28,33

The simplest way to estimate the thermohistory of a polymer is
to measure the response from an un-aged specimen as a reference.
However, it is practically impossible to maintain engineering struc-
tures or their parts in the un-aged state or uniformly aged at controlled
conditions. Consequently, samples from different parts of the structure
under study are often rejuvenated.

In the practical implementation of construction and maintenance
of engineered structures, objects contain elements made by different
factories, which use different recipes and conditions in their produc-
tion of polymer elements, so samples of materials must be obtained
from all non-identical parts. Sampling from the surface of an object
can often be readily performed, but these samples generally do not
represent the actual system with high fidelity, as they interact with the
surrounding environment or/and atmospheric conditions,34,35 leading
to limited insight (as is the case for microindentation hardness evalua-
tion36). For example, aging rates are different in the bulk of the

FIG. 1. Measurement setup and coordinate system for parametric wave mixing in
submersion ultrasonics, using classical nonlinear wave interactions for localized
contactless sensing within the volume V. a is the interaction angle between the two
waves excited by sources T1 and T2. This configuration only requires planar align-
ment of the transducers, which is carried out manually here but could be automated
with a phased array (for example, see Sec. SIII of the supplementary material).
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material, compared to its surfaces (see Ref. 10). To minimize the influ-
ence of uncontrolled conditions, specimens below surfaces are prefera-
ble, but sampling these from the bulk is usually detrimental to the
structure’s integrity.

Here, we demonstrate a localized acoustic rejuvenation method
for the estimation of the baseline thermohistory of the polymer. This
draws upon our knowledge that the viscoelasticity of an amorphous
polymer enables efficient transfer of acoustic energy to heat, without
direct contact between the ultrasonic transducer and specimen.
Moreover, such ultrasonic heating can be controlled both spatially and
temporally without damaging the polymer specimens.37 Figure 2
shows such an ultrasonic setup for the localized rejuvenation of ther-
moplastic polymers, where a spherically focused transducer is used to
generate longitudinal waves which heat the polymer above Tg. The
heated material below Tg experiences an “accelerated” aging at the
increased temperature, although, over the short duration of active
heating, such processes were negligible and were discounted (in our
work, theating ¼ 10 s).

The interaction between the polymer and ultrasound leads to
absorption of the longitudinal waves, which depends upon38 (1) sub-
chain motions between polymer chain entanglements generally
described by “Rouse”-like motions and (2) entanglement effects which
become dominant in a low frequency range (�1MHz). The heat is
generated from viscous sliding and shearing of polymer chains at the
molecular level.39

The temperature profile as a function of time can be analyzed
using the following equation:40,41

qC
@T
@t
¼ jr2T þ Q; (2)

where C is the specific heat capacity, t is the time, j is the thermal con-
ductivity, Q is the heat generation due to the viscous absorption of
ultrasound which, for a monochromatic or quasi-monochromatic
wave with a center frequency f0, is

40,42

Q ¼ 2aðf0;TÞIðTÞ; (3)

where aðf0;TÞ is the wave attenuation coefficient at the frequency f0
and temperature T, and I(T) is the temperature dependent wave
intensity43

IðTÞ ¼ 2p2f 20 qðTÞcðf0;TÞju0j2; (4)

where cðf0;TÞ is the wave velocity and u0 is the amplitude of wave
displacement.

Equation (3) shows that the heat generation depends upon mate-
rial parameters (including the wave velocity, its attenuation, and the
volumetric material density) which are all temperature depen-
dent.42,44,45 It is already known that the attenuation of ultrasound
waves increases with temperature, so the polymer heating becomes
more efficient at higher temperatures (see Ref. 42). This enables an
efficient rejuvenation of the polymer, above Tg. It is useful to note that
the system allows for other sources for heating (e.g., a laser). However,
such configurations would need further alignment that is not required
when using ultrasound.

In polymers, the first-order kinetics6 depend upon the activation
energy Ea that can be calculated as the gradient of the Arrhenius
coordinates.46

Given the dependence of the physical aging rate upon tempera-
ture T, isothermal measurements of an ultrasonic response at different
temperatures, see Fig. S2 of the supplementary material, enable us to
create an experimental master curve, which shows the aging rate vs
temperature. The activation energy is found by minimizing the follow-
ing objective function:

min
1
2

X
ðKðTÞ � KeðTÞÞ2

� �
; (5)

where KeðTÞ is the measured aging rate (proportional to the third
order elastic constantm).

Experimental conditions, configuration of the setup, and material
properties are presented in Sec. SIII of the supplementary material.

Figure 3 shows amplitude C-scan images from nonlinear and lin-
ear ultrasonic measurements in the pulse-echo and through-
transmission modes, when a localized ultrasonic rejuvenation was
used to erase the thermal history of PVC specimens. The amplitude of
the nonlinear ultrasonic signal was calculated from filtered signals. A
finite impulse response narrow-band bandpass filter with a center fre-
quency at 5MHz was used to process the signals. The data were nor-
malized for each experiment individually, in order to compare
experimental results, using the following expression:

A ¼ A0 �minðArÞ
maxðArÞ �minðArÞ

; (6)

where A0 is the peak-to-peak amplitude matrix of the whole C-scan
data, Ar is the reference peak-to-peak amplitude data of the C-scan,
excluding the locally rejuvenated area. The normalization with respect
to the background (non-rejuvenated area) enables us to highlight var-
iations of the ultrasonic signals for the different experiments.

The results show a complex ultrasonic response, see Figs.
3(a)–3(c), in which the linear through-transmission experiment results
represent the simplest amplitude of the ultrasonic signal distribution
in the specimen, see Fig. 3(d), as in agreement with the previously
reported results. The amplitude of the linear signal decreased due to
the rejuvenation of PVC.28 The C-scan image shows that a vertical

FIG. 2. Schematic diagram of the experimental setup for localized ultrasonic rejuve-
nation of thermoplastic polymers using a spherically focused transducer which gen-
erated high intensity focused ultrasound (HIFU).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 072202 (2022); doi: 10.1063/5.0102398 121, 072202-3

VC Author(s) 2022

https://www.scitation.org/doi/suppl/10.1063/5.0102398
https://www.scitation.org/doi/suppl/10.1063/5.0102398
https://scitation.org/journal/apl


projection of the locally rejuvenated volume, which acts as a shadow
for the ultrasonic signals, is close to circle. This is in good agreement
with a thermogram, see Fig. S5 of the supplementary material, which
shows a peak temperature T¼ 50 �C on the surface of the specimen
after it is removed from water.

In the pulse-echo mode, see Fig. 3(a), the signs of the amplitudes
are inversed, so an increase in the amplitude must be considered in the
evaluation of the physical aging in PVC, while it is given as a decrease
in the through-transmission experiments [see Fig. 3(b)]. In the nonlin-
ear ultrasonic experiments, the locally rejuvenated volume serves as an
inhomogeneity with a boundary, which acts as an interface between
the rejuvenated and non-rejuvenated media. During the scanning
measurements, the boundary of the rejuvenated volume is partially
included inside the interaction volume V, see Fig. 1, for each scanning
position, making nonlinear interactions between the two initial waves
weaker, resulting in the decrease in the signal amplitudes as seen in
Fig. 3(a). The nonlinear interactions under imperfect resonance condi-
tions are discussed in Ref. 47.

The linear ultrasonic pulse-echo mode results depicted in Fig.
3(c) show sharp changes in the signals amplitudes (see Fig. S6 of the
supplementary material for the signals). Assuming a spherical shape
for the locally rejuvenated volume, see Fig. 4, when the ultrasonic
transducer is positioned above an apex of the sphere, the sphere serves
as a double lens for the ultrasonic waves. In this case, the ultrasonic

signals have a higher amplitude. When the transducer is pointing to a
side of the sphere, the beam divergence results in higher losses, gener-
ating ultrasonic signals with lower amplitudes. The results depicted in
the C-scan image [Fig. 3(c)] do not show the symmetric circular distri-
bution of the amplitudes that is expected for a spherical volume due to
the complex shape of the rejuvenated volume.

Figure 5 shows C-scan images after rejuvenation of the polymer
specimen in the furnace (T ¼ 90 � C and t¼ 1 h) and quenching in
the antifreeze fluid (T ¼ �34 � C). The results do not contain resid-
uals of the localized rejuvenation, confirming a thorough erasure of
the thermal history using the ultrasonic waves. Note that heating and
quenching of the polymer induce residual stresses in specimens48,49

which could also affect ultrasonic response from the materials. The
potential impact of residual stress in PVC was examined employing an
acoustoelasticity analysis.50 When the residual stress r11 ¼ 10 MPa,6

the maximum wave velocity changes are 30 and 5 m/s for the longitu-
dinal and transverse (vertical polarization) waves, respectively. These
changes are dependent on the wave propagation direction. The limited
impact of residual stress is also consistent with the fact that time-of-
flight ultrasonic signals do not indicate any localized variation (see
Fig. S7 in the supplementary material).

The nonlinear ultrasonic responses from rejuvenated and
quenched PVC specimens were measured at three different annealing
temperatures: 24, 26, and 28 �C. The measurements were performed

FIG. 3. Amplitude C-scan images of locally rejuvenated PVC specimens: nonlinear ultrasonic experiments in the pulse-echo (a) and through-transmission (b) modes and linear
ultrasonic measurements in the pulse-echo (c) and through-transmission modes (d).
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at 5 s sampling rate, and three measurements were conducted at each
temperature point. The ultrasonic signals were filtered using a finite
impulse response narrow-band bandpass filter with a center frequency
at 6.25MHz. The energy of the filtered signals was calculated from the

experimental data, to estimate the gradient (Fig. S2 of the supplemen-
tary material).

Experimental gradients at the different temperatures are listed in
Table I. The activation energy Ea was calculated by minimizing the
objective function presented in Eq. (5), as 103 kJ/mol. The coefficient
of determination of the data plot in the Arrhenius coordinates is 0.999,
providing confidence in the experimental results. A Monte Carlo anal-
ysis was used to estimate standard deviation of the result. 10M itera-
tions were made varying randomly the gradient values within a range
of the mean value of the standard deviations listed in Table I. A nor-
mal distribution was assumed in the analysis. The analysis shows that
the standard deviation of the effective activation energy is 646 kJ/mol.
The measured value is consistent with reported results21 which show
that the energy Ea varies in the range of 60–150 kJ/mol, while the
actual value depends on multiple factors.26

We propose that future experimental work may involve exploring
reference methods that corroborate our measured values although we
also note that at present the standardization of current techniques21–24

present challenges in providing reproducible reference measurements.
Our long-term aim is to position our methodology as the gold-
standard within the suite of analytical technique used to characterize
polymer aging.

FIG. 4. Representation of pulse-echo ultrasonic wave propagation through the
locally rejuvenated volume in the polymer, in the model case where the volume is
spherical.

FIG. 5. Amplitude C-scan images of fully rejuvenated PVC specimens: nonlinear ultrasonic experiments in the pulse-echo (a) and through-transmission (b) modes and linear
ultrasonic measurements in the pulse-echo (c) and through-transmission modes (d). The amplitude variations of ultrasonic signals are due to the small inclination of the
specimen.
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A truly nondestructive, ultrasonic evaluation technique for the mea-
surement of physical aging in amorphous thermoplastic polymers was
presented in this study. In contrast to other methods used to sense physi-
cal aging, our technique enables localized in situ evaluation of polymers
both in laboratory and industrial settings without the need for cutting
specimens from engineering structures. The proposed nonlinear ultra-
sonic method was used to evaluate the combined effect of temperature
and time on the first-order kinetics of commercial grade PVC specimens,
showing that (i) physical aging is governed by the activation energy
(measured as 103kJ/mol in the temperature range of 24–28 �C) and that
(ii) the process is described by the Arrhenius equation.

Our technique has the potential to recover temporal information
from thermoplastic polymers when in-service conditions are known
or controlled. This information is extremely valuable for prognostic
maintenance and health monitoring of engineering infrastructure,
leading to more sustainable processes.

Our proposed ultrasonic rejuvenation technique can not only
erase the thermohistory of polymers but it could also be used to form
composite structures from a bulk monolithic material. For example,
layered structures can be formed at specific zones of engineering infra-
structure components to maintain desired properties and could also
be structured into phononic lattices encoded into the infrastructure to
enhance structure health monitoring signals.

In the future, our technique could be used to enable explorations
of acoustic interaction with amorphous polymers and soft tissues
(such as living cells in microfluidic systems)51–55 including their non-
linear responses. This could open new applications complementing
methods such as differential scanning calorimetry, to understand spa-
tial distribution of material properties, by using a locally rejuvenated
volume of the polymer.

See the supplementary material for free volume concept, isother-
mal nonlinear ultrasonic response, experimental conditions and
material properties, thermogram, ultrasonic signals, and time-of-flight
C-scan image in detail.
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