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Elastic wave mixing using an immersion method has shown effective monitoring and scanning capabil-
ities when applied to thermoplastic ageing, epoxy curing, and non-destructive testing. In water, excita-
tion and reception of waves do not require physical contact between the tools and the specimen,
making the acquisition of high-resolution C-scans possible. The nonlinear material parameters exhibit
a much higher sensitivity to the specimen state compared to linear ones. Thus, the nonlinear data for
polymethyl methacrylate (PMMA) have a 40% difference between zones of ‘‘young’’ and ‘‘aged’’ material,
while the linear data show no difference at all. Methodology and logistics of the immersion wave-mixing
method are discussed in detail. Monitoring of epoxy curing has also revealed a good sensitivity of the
method to this complex process including several characteristic stages, such as the time of maximal vis-
cosity, the gel time, and the vitrification time. These stages are independently verified in separate rheom-
etry measurements. The presented method allows for a number of possibilities: wave-mode and
frequency separations, elimination of surrounding medium influence, ‘‘steering’’ (scanning) a scattered
wave, controlling the location of the intersection volume, single-sided or double-sided measurements,
and operation in detector mode.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Elastic wave mixing can be used for nondestructive material
testing and monitoring. This possibility has emerged after an
immersion method was introduced recently in which an entire
measurement assembly is immersed in a water tub [1–3]. In water,
excitation and reception of waves occur without requiring physical
contact between the tools and the specimen, making possible the
acquisition of high-resolution C-scans [2]. The importance of the
wave-mixing method is emphasized by observations, reported in
this paper, showing that nonlinear material parameters have a
higher sensitivity to the specimen state compared to linear param-
eters. In keeping with these observations, we show that the detec-
tion of the physical ageing of thermoplastics [1,4,5] and epoxy
curing, e.g. [6–8], is higher when a nonlinear wave-mixing method
is used.

Elastic nonlinearity of different materials, including rock sam-
ples, has been observed for ultrasonic frequencies by many authors
[9–18]. In particular, it has been shown that the velocity of elastic
waves changes with static deformation and hydrostatic pressure.
This phenomenon, known as acousto-elasticity, is widely used for
measurements of third-order elastic constants in solids. Waves of
mixed frequencies as a result of nonlinear wave interaction have
also been reported [19–22]. The fundamental equations of nonlin-
ear elastic theory, by Murnaghan [23], effectively describe such
classical nonlinear phenomena as harmonics generation and reso-
nant wave scattering.

This paper presents experimental noncollinear wave mixing for
testing of polymers, and it is structured as follows: The opening
two sections are devoted to the logistics of the immersion wave-
mixing method, describing a hierarchy of observation-parameter
choices and various tradeoffs. Then, the aging process is studied
in two examples of thermoplastics: polymethyl methacrylate
(PMMA) and polyvinyl chloride (PVC). Changes in these materials
were monitored after erasing a previous thermo-history of the
polymer by heating. In other experiments, some, but not all, of
the thermoplastic samples were rejuvenated and then scanned
using linear and nonlinear techniques, revealing pronounced tran-
sition zones. Then we describe the monitoring of epoxy curing at
two different temperatures—a complex process with several char-
acteristic stages. This monitoring allowed us to detect these stages,
which were verified in separate rheometry measurements. In the
last experiment, we obtain a C-scan of an epoxy layer cured be-
tween two aluminium plates with naturally formed bubbles. The
obtained nonlinear image is found to have comparable information
to the information obtained by the linear ultrasonics technique.
eing in
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2. Noncollinear wave mixing

In isotropic nonlinear materials, described by the third order
elastic constants l, m, n or A, B, C [24], where can exist the resonant
conditions when two elastic waves can interact to generate scat-
tered waves with mixed (sum and difference) frequencies. The
equations

xr ¼ x1 �x2 ð1Þ
kr ¼ k1 � k2 ð2Þ

express these conditions, where frequencies x1, x2 and xr respec-
tively represent two initial waves and a resonant wave, and k1, k2,
and kr are their wave vectors. Even if the resonant conditions were
satisfied, the amplitude of the scattered wave might be zero for all
parameter combinations (polarization restriction). In Korneev et al.
[24] it is shown that only 10 out of 54 possible combinations of
compressional L, shear SV, and shear SH waves generate scattered
waves. Among the allowed combinations, two of them are collinear,
meaning that the two primary waves propagate in the same direc-
tion. Use of collinear waves for material testing is limited, because it
is technically difficult to generate them in an independent manner.
Interaction of waves propagating in exactly opposite directions is
possible for seven wave combinations [24].

There are several reasons to use noncollinear wave mixing for
testing of materials. First, as will be shown below, some nonlinear
material properties can be much more sensitive to changes caused
by variations in temperature, aging, solidification etc., when com-
pared to the corresponding linear properties. Second, the nonlinear
resonant scattered waves can be easily extracted from the total
wave field by narrow-band filtering, because the target and initial
wave frequencies are different and pre-chosen. Third, the wave-
mixing conditions allow convenient placement of transducers in
different nonconflicting locations, making the entire installation
easy to assemble and operate.

In the first wave-mixing measurements [15,16], the wave reso-
nant conditions (interaction and scattering angles) were satisfied
by preparing the specimens with a special geometry in which
emitting as well as receiving transducers were glued to the speci-
men’s sides. This kind of measurement technique requires a labo-
rious preparation and is not flexible to changes in the model
(wave propagation velocities) or observation (angles and frequen-
cies) parameters. Some recently developed methods [1–3] with
both submerged specimens and transducers are nondestructive
and assume no physical contact between the specimen and mea-
surement devices. Fig. 1 shows a submerged wave-mixing tech-
nique scheme with two modifications, using either reflected or
transmitted scattered waves. For thick objects, the transmitted
Fig. 1. Pulse-echo and through-transmission arrangement of transducers for single-
side (a) and double-side (b) access measurements. Shown are the scattered wave
receiver R, the pump wave sources S1,2 having inclination angles h1,2. Red lines show
propagation paths of the resonant wave. Dashed lines mark the specularly reflected
pump waves. a is the interaction angle between the two pump waves.
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wave might be preferred, because the target scattered wave has
a shorter path (less attenuation) and can be better detected. The
advantage of the reflected wave scheme is in single-side-access
to the specimen.

Knowing the longitudinal and shear wave velocities in the spec-
imen, we can compute the incident angles of the sample boundary
for the pump waves from the resonant conditions, also taking into
account the angles of refraction on the water and specimen inter-
face. We choose the sets of initial frequencies and angles to gener-
ate the propagation of scattered waves perpendicular to the
interface, providing a maximum detectable signal above or below
the specimen. When the specimen is thick and the source angles
are inaccurately chosen, there is the risk that the scattered wave
signal will deflect significantly from where the wave would be ex-
pected to propagate. This deflection is stronger in single-side-ac-
cess measurements. Use of long, monochromatic primary signals
ensures narrow spectral peaks for the recorded traces and robust
detection of the scattered wave. The long signals also enable a cer-
tain misalignment of the pump wave sources in the vertical axis z
(see Fig. 1). The choice of primary frequencies should also allow
easy separation of the mixed frequencies from the primary waves
and their multiples.

For the submerged wave mixing, the most interesting interac-
tions are

(1) SV(x1) + L(x2) ? L(x1 + x2);
(2) SV(x1) + SV(x2) ? L(x1 + x2),

in which SV and L are the in-plane shear and longitudinal waves,
respectively. The corresponding nonlinear wave amplitude coeffi-
cients (with dimension length�3) are [24]:

W1 ¼
DL

2c3

sina
1þ d

½C1ð3dcþ 2qÞ þ C2qþ C3ðdcþ qÞ þ C5dc�

� DL

2c3

sina
1þ d

ðdcþ qÞm; ð3Þ

W2 ¼ DL
1þ d
2c2 ½C1 cos 2aþ C2 cos2 a� C3 sin2 a�

� DL
1þ d
2c2 m cos 2a; ð4Þ

where the following notations are used

q ¼ cos að2dc cos aþ 1þ 2c2d2Þ; ð5Þ

DL ¼ d=ð4pc2
LqÞðx1=crÞ3; ð6Þ

c ¼ cS=cL; ð7Þ

d ¼ x2=x1: ð8Þ

Parameter a is the wave interaction angle (see Fig. 1a), cL and cS

are the longitudinal and shear wave velocities in a medium,
respectively, q is the material density, cr is the nonlinear wave
velocity in a medium and in our case cr = cL. The constants Ci have
simple relations

C1 ¼ lþ A
4
; C2 ¼ kþ lþ A

4
þ B; C3 ¼

A
4
þ B; C4 ¼ Bþ 2C;

C5 ¼ kþ B; ð9Þ

with third order elastic constants and Lamé parameters k and l.
Both of the interactions considered here can be used in single-

sided or double-sided-access measurement modes using contact
or immersion ultrasonic measurement techniques, which allow
the generated longitudinal wave to strike the specimen and liquid
ng for measurement of dynamic processes in polymers: Physical ageing in
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Fig. 2. Amplitude function WT vs frequency ratio x2/x1 for SV(x1) + L(x2) ?
L(x1 + x2) wave mixing when the nonlinear wave strikes the specimen aluminium
� water (a), and PVC � water (b) interfaces perpendicularly. Also shown are
inclination angles h1 and h2 for the pump waves.

Table 1
Material properties used in the nonlinear wave analysis.

Material k, GPa l, GPa l, GPa m, GPa n, GPa q, kg/m3

Aluminum 54.308 27.174 �281.5 �339 �416 2704
PVC 3.64 1.83 �33.43 �20.88 �15.86 1350
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interface perpendicularly. Interaction SV(x1) + SV(x2) ? L(x1 + x2)
between two shear waves appears most promising, because it has a
wave mode separation in this case. However, this interaction re-
quires a large angle between two interacting waves (usually more
than 120�), and thus it cannot be used for materials with low ultra-
sonic wave velocities, when a conventional immersion measure-
ment technique is employed. Both PMMA and PVC materials
used in our ageing experiments have low ultrasonic wave veloci-
ties and therefore we used the interaction SV(x1) + L(x2) ?
L(x1 + x2). In the epoxy cure experiments the other interaction
SV(x1) + SV(x2) ? L(x1 + x2) was used allowing the wave mode
separation. The use of both interactions in our experiments proved
their practical applicability in ultrasonic measurements. Note that
both chosen interactions are the functions of just one third-order
elastic constant m. Imaging and testing of the other two nonlinear
elastic constants l and n require other interactions.

Measurement techniques, based on wave interactions when a
nonlinear wave of difference frequency is generated, are limited
to double-side-access measurement mode.

Knowing the properties of a test specimen and using the analyt-
ical results obtained in Korneev et al. [24], we have developed a
procedure that enables to tune an acoustical channel for noncollin-
ear wave mixing. For example, the tuning procedure for the
through-transmission measurement case includes the following
steps:

(1) Prediction of nonlinear scattering coefficients W (Eqs. (3)
and (4)) for the two-plane elastic-wave interactions in an
allowed or selected frequency range;

(2) Calculation of possible combinations of inclination angles h1

and h2 for the pump wave sources (Fig. 1);
(3) Evaluation of transmission coefficients T1(h1) and T2(h2)

between a liquid and solid interface for Step 2;
(4) Calculation of nonlinear wave propagation angle a, which is

a function of the h1 angle (angle a is between the scattered
wave direction and surface normal of the test specimen);

(5) Calculation of the energy transmission coefficient T(a)
between a solid and liquid interface for Step 4;

(6) Calculation of the amplitude function WT = W � T1 � T2 � T;
(7) Estimation of the frequency range after setting a = 0, when

the nonlinear wave strikes the solid and water interface
perpendicularly.

(8) Fine tuning of h2 by maximization of the recorded scattered
energy.

An example of calculations is shown in Fig. 2 for aluminium
analyzed in [25] and PVC, when attenuation is not taken into
account. The material properties are listed in Table 1. Two different
noncollinear wave-mixing measurements are allowed in
aluminium when an immersion ultrasonic technique is used:
SV(x1) + L(x2) ? L(x1 + x2) (Fig. 2a) and SV(x1) + SV(x2) ?
L(x1 + x2) (Fig. 3). One noncollinear wave interaction case,
SV(x1) + L(x2) ? L(x1 + x2), is allowed in PVC according to results
obtained for aluminium when an immersion ultrasonic technique
is used (Fig. 2b). It means that the conventional ultrasonic immer-
sion technique enables to achieve conditions only for the
SV(x1) + L(x2) ? L(x1 + x2) interaction in PVC.

Analytical estimation of aluminium and PVC shows (Fig. 2) that
a higher (by two orders) amplitude of nonlinear wave is expected
in PVC. This is due to the higher nonlinearity of PVC and lower en-
ergy losses in transmissions of ultrasonic waves at water�PVC and
PVC�water interfaces. First, the critical angle is seen in WT predic-
tions for aluminium and PVC. For the case of aluminium, the
influence of the first critical angle is seen when the frequency ratio
x2/x1 is 1.06. The incident angle h2, at which the longitudinal
wave is generated in aluminium, is 12.82�, less than the first
Please cite this article in press as: A. Demčenko et al., Noncollinear wave mixin
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critical angle. Consequently, the ultrasonic wave energy is trans-
mitted from water to aluminium. The incident angle h1 at which
the shear wave is excited in aluminium is 13.52�, which corre-
sponds to the first critical angle in the specimen. Hence, no ultra-
sonic shear wave energy is generated in the solids, and coefficient
WT becomes 0. When the interaction occurs between two shear
waves (Fig. 3), both incident angles h1 and h2 are larger than the first
critical angle, so there is no local minimum in the WT curve.

The calculations show that for aluminium, a nonlinear wave of
higher amplitude is expected in the second wave-mixing case
when the frequency ratio x2/x1 < 1.6. As seen in Fig. 2a, within
the calculated frequency range (0.6 < x2/x1 < 2), the highest
amplitude of the nonlinear wave is expected when the frequency
ratio is the highest. But it may be practically difficult to use higher
frequency ratios (at MHz frequency range), because attenuation of
ultrasonic waves increases with frequency, and the beam-width of
resonant waves becomes very sharp. Therefore, the scattered wave
will be affected by any inhomogeneity in a specimen, and
especially in heterogeneous materials like rock and concrete. For
g for measurement of dynamic processes in polymers: Physical ageing in
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Fig. 4. Arrangement of ultrasonic transducers for the non-collinear wave mixing in
the through-transmission measurement mode. Dashed lines mark the specularly
reflected pump waves.

Table 2
Geometrical parameters used for the non-collinear wave mixing experiments.

Structure f1, MHz
[cycles]

f2, MHz
[cycles]

fr,
MHz

h1,
deg.

h2,
deg.

Dz1,
mm

Dz2,
mm

Dz,
mm

Dx,
mm

PVC 2 [40] 3 [40] 5 52 31 2 19 32 35
PMMA 2 [30] 3 [50] 5 36 25 15 20.5 32 30
Al-Ep-Al 4 [30] 6 [30] 10 22 15.5 18 22 80 21

Fig. 3. Amplitude function WT vs frequency ratio x2/x1 for SV(x1) + SV(x2) ?
L(x1 + x2) wave mixing in aluminium when the nonlinear wave strikes the
specimen and water interface perpendicularly. Also shown are inclination angles h1

and h2 for the pump waves.
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example, when the frequency of the scattered wave is 12 MHz in
the aluminium specimen, the beam-width of the scattered wave,
generated by an interaction volume of 5 mm radius, is less than
5� [26].

Since commercially available ultrasonic transducers of standard
frequencies are available, it is practical to choose the frequency ra-
tio of pump waves in such a way that both the performance of the
transducers and the sensitivity of the receiver to the nonlinear
wave stay high. With this in mind, we selected the frequency ratio
x2/x1 to be 1.5, and the corresponding frequencies of the pump
waves to be 6 MHz and 4 MHz, respectively. Further increase in
x2 can be affected by a higher attenuation of the pump and nonlin-
ear waves. A nonlinear wave of 10 MHz frequency has good sepa-
ration from the 4 MHz and 6 MHz harmonics of the pump waves.
Thus, the informative signal can be filtered easily from unwanted
harmonics in the raw acoustic signal.

In some cases, when measurements are limited to single-side-
access measurement mode, a signal-to-noise ratio can be increased
employing interaction between reflections of pump waves from
specimen bottom. The generated nonlinear wave will not lose en-
ergy during reflection from the specimen boundary. This option
may be useful for evaluation of heterogeneous materials.
3. Measurement setup

A typical arrangement of ultrasonic transducers for immersion
noncollinear wave-mixing measurements in the through-trans-
mission mode is shown in Fig. 4. The employed geometrical param-
eters are listed in Table 2, with the following notation: f1 and f2 are
the frequencies of the pump waves generated by sources S1 and S2,
respectively. The numbers of cycles used for pump wave genera-
tion are listed in brackets after the frequencies. Inclination angles
h1 and h2, as well as vertical offsets Dz1 and Dz2 are related to
the sources S1 and S2 respectively. Also shown are the distance
Dx between the pump wave sources, and the distance Dz between
receiver R and the specimen surface. Immersion planar broadband
transducers with 10 mm diameters were used for generation of the
pump waves. A planar broadband sensor with a 5 MHz central fre-
quency was used for signal reception in the physical ageing mon-
itoring experiments. For the epoxy curing monitoring, we used a
spherically focused broadband sensor with 10 MHz central fre-
quency. The received ultrasonic signals were amplified by a
20 dB preamplifier, digitized, and stored on a personal computer
Please cite this article in press as: A. Demčenko et al., Noncollinear wave mixi
thermoplastics and epoxy cure, Ultrasonics (2013), http://dx.doi.org/10.1016/j
for further analysis. The received signals were filtered using a nar-
rowband filter with a Kaiser window.

For evaluations of nonlinear wave signals we used a peak-to-
peak amplitude, energy, and change of time-of-flight. In an ideal
case, the peak-to-peak amplitude and energy of ultrasonic signals
would give similar results, but when an ultrasonic signal has a
complex wave-shape, the results may differ. Previous work has
shown that for the analysis of nonlinear wave signals, it is more
practical to evaluate the energy of signals [2]. When we can com-
pare the behavior of both parameters—the peak-to-peak amplitude
and energy—we present both of them.
4. Monitoring of physical ageing process in thermoplastics

For the physical ageing investigation in PMMA and PVC
plates (commercially available grades), we employed the
SV(x1) + L(x2) ? L(x1 + x2) wave-mixing process. The plate
thicknesses were 9 mm and 10 mm, respectively, and the in-plane
whole specimen size was �65 mm � 160 mm in both cases.

First, a specimen was heated in boiled water for 10 min and
immediately quenched in an antifreeze liquid of temperature
T = �27 �C. The heating was above the glass transition temperature
Tg, thus erasing the previous thermo-history of the polymer. Then,
the quenched specimen was placed into a water bath, where the
nonlinear ultrasonic measurements were performed with a 30 s
sampling rate. A magnetic stirrer was used to maintain a uniform
room temperature distribution in the water bath: 18.3 ± 0.1 �C or
22.2 ± 0.2 �C for PMMA and PVC, respectively.

Fig. 5 shows typical curves sampled during the monitoring of
PMMA and PVC ageing. In the beginning, when the temperature
of the polymer is lower than that of water, a high nonlinear ultra-
sonic wave energy is measured in both polymers. An increase in
the energy of the nonlinear wave simultaneous with a decrease
in temperature was reported [2]. During the experiment, the spec-
imen temperature increases because of the heat exchange. There-
fore, the energy of the nonlinear ultrasonic wave decreases, with
this trend ending when the specimen temperature becomes equal
ng for measurement of dynamic processes in polymers: Physical ageing in
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Fig. 5. Measured nonlinear wave energy evolution during physical ageing process
in PMMA and PVC. Minima location shows when the specimen and water
temperatures become equivalent.
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to that of water. This temperature equilibrium is seen in Fig. 5,
when the energy of the nonlinear wave becomes lowest, which
was observed after about 9 min and 7.5 min for PMMA and PVC,
respectively. Further, the nonlinear wave energy starts to increase
due to the physical ageing in the polymers. The highest energy-in-
crease ratio is observed between 9 min and 100 min, signifying
that the ageing rate is also the highest in this range. As time pro-
gresses, the ageing slows down, especially for PMMA.

Typically, the physical ageing process is presented in a logarith-
mic time scale, as is done in Fig. 6. This figure shows the relative
changes in the energy of nonlinear waves DE = (E � E0)/
E0 � 100%, where E0 is the minimal measured magnitude (see
Fig. 5). The curves show that the ageing is faster in PMMA than
in PVC—in agreement with the reported results in [27].

The test curves (Figs. 5 and 6) show that the ageing process is
relatively complete for PMMA after about two hours, because the
energy of the nonlinear wave increases very slowly after this time.
This is not as apparent in Fig. 6, because of the logarithmic scale.
The shape of the measured curve for PMMA corresponds closely
to the theoretical shape-reported in [4], where it is shown that
the parametric curve obtains a sigmoidal shape. Knowing that tem-
perature accelerates physical ageing (and despite the fact that the
temperature was 4 �C higher than for PMMA), we observed that in
the PVC specimen, the ageing process was not completed in the
same time window as in the PMMA specimen.
Fig. 6. Measured dynamics of the physical ageing processes in PMMA and PVC.

Please cite this article in press as: A. Demčenko et al., Noncollinear wave mixin
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To illustrate the physical ageing influence on material proper-
ties, additional measurements were performed for the PMMA
and PVC specimens. Each specimen was prepared as follows:
One half of the plate was isolated from both sides, to protect
the specimens from heating as much as possible. After that,
the uncovered part was immersed in boiling water for 10 min,
to rejuvenate the material locally. Finally, the entire specimen
was immediately quenched in an antifreeze liquid at a tempera-
ture T = –27 �C. Then the specimens were scanned using linear
and nonlinear ultrasonics with a 1 mm step, along a central line.
The linear scanning was performed using a 5 MHz broadband
transducer in a pulse-echo mode employing single-pulse
excitation.

Scanning results for the PMMA plate are presented in Fig. 7. The
figure clearly shows a high nonlinear wave energy difference be-
tween the rejuvenated and unprocessed zones. In the measured
energy of the nonlinear wave, a transient zone is observed between
both the rejuvenated and nonrejuvenated plate parts. Obviously,
this transient zone was affected by water vapor as well as by heat
conduction from the immersed part. At the same time, the linear
ultrasonic measurement of the peak-to-peak amplitude shows
very little sensitivity to the physical ageing of PMMA. Moreover,
the transient zone is not seen in this data. A small linear trend, seen
in the linear measurements of time-of-flight, could be caused by a
specimen misalignment; and it is clearly seen that there is no cor-
relation between the nonlinear wave signal and the time-of-flight
of the linear ultrasonic signals.

The ultrasonic scans for the PVC plate are shown in Fig. 8.
The nonlinear wave energy exhibits a pronounced difference
(relative change is up to 230%) between rejuvenated and non-
rejuvenated zones. This difference could be caused not only
by physical ageing, but also by the effects of ageing combined
with thermal expansion. Mechanical measurements of plate
thickness and ultrasonic measurements of the time-of-flight
for ultrasonic waves confirmed that plate thickness increased
locally by about 0.1 mm after heating in the boiling water. This
conforms with test data for thermal expansion reported in [27],
which show that heating above �75 �C results in a drastic (and
probably partially irreversible) ‘‘jump’’ in PVC volume, whereas
the thermal expansion of PMMA is still relatively low. Thus, we
believe that the linear ultrasonics detected different zones in
the PVC not because of its sensitivity to material properties,
but due to thermal expansion and probable water absorp-
tion—in accord with previous studies [1,28], which demon-
strated that the linear ultrasonics is insensitive to the
physical ageing of PVC.
Fig. 7. Measured physical ageing state in PMMA plate using nonlinear and linear
ultrasonics; one central line was scanned along the specimen.

g for measurement of dynamic processes in polymers: Physical ageing in
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Fig. 8. Physical ageing state in PVC plate using nonlinear and linear ultrasonics.

Fig. 9. Dynamics of the nonlinear ultrasonic signal parameters during epoxy curing
at 24.3 �C (a) and 40 �C (b). The parameters are scaled by their maxima and centred.
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5. Monitoring of epoxy curing

Epoxy curing processes are well studied with linear ultrasonic
measurement techniques (for example, see reported works [6–
8,29–33]). The linear ultrasonic technique is shown to be applicable
for monitoring of thin (about 0.5 mm) epoxy layers [33] and for
detection of the gelation time (when a viscous liquid transforms into
an elastic gel) [31,32,34]. However, there is insufficient information
about detection of the vitrification time (when the mobility of reac-
tive groups vanishes) [35]. In this section, we present a nonlinear
ultrasonic measurement technique that enables us to monitor epoxy
curing in a thin layer, with robust detection of the typical points
(gelation and vitrification). A verification and explanation of the
ultrasonic measurement results are presented in the next section.

To monitor isothermal epoxy curing, we used the
SV(x1) + SV(x2) ? L(x1 + x2) wave-mixing process. The epoxy we
employed was a typical commercial system comprising 3/4 of
Araldite� LY1564SP resin and 1/4 of XB3486 hardener, by mass
[36]. The components were degassed for 20 min after mixing, and
then the mix was directly (with only a 5–10 min delay) used for
the tests. In the rheometry tests reported in the next section, the
preparations required more time, and the delay was about 20 min.

The prepared epoxy was spread on a 4 mm thick aluminium
plate and then covered by a second identical aluminium plate.
(To provide a uniform thickness for the epoxy layer, a 0.2 mm thick
double-sided tape was placed to form a 1 cm wide barrier on the
sides of the plate). Then, the aluminium plates were fixed (using
bolts) and sealed (using a tacky ‘‘gum’’) to isolate the epoxy from
water. Finally, the specimen was placed in a water bath under an
acoustic channel adjusted for mixing the ultrasonic waves in a sin-
gle 4 mm thick aluminium plate.

Arrangement of the ultrasonic transducers and specimen was
chosen in such a way that the central beams of pump waves would
intersect in the epoxy layer. Because of this arrangement and finite
beam width (which was of the same order as the pump wave-
transducer diameters), the following three volumes (where the
nonlinear wave interactions occurred) could be separated:

(1) Volume 1 in the upper aluminium layer. The interaction of
pump waves occurred without the influence of epoxy. Con-
sequently, a constant amount of nonlinear wave energy
was generated.

(2) Volume 2 in the epoxy layer. The nonlinear wave was either
not generated or very poorly generated, because the wave-
interaction conditions for aluminium were chosen.

(3) Volume 3 in the lower layer of aluminium. The resulting
amount of nonlinear wave energy in this volume was
expected to be strongly dependent on the epoxy-layer
Please cite this article in press as: A. Demčenko et al., Noncollinear wave mixi
thermoplastics and epoxy cure, Ultrasonics (2013), http://dx.doi.org/10.1016/j
properties. Because of changes in the longitudinal and
shear-wave velocities during epoxy curing, transmission
and refraction of ultrasonic waves varied between the epoxy
and aluminium interfaces. Hence, the synchronistic condi-
tions of wave interaction were not completely fulfilled (i.e.,
generation of the nonlinear wave was ineffective). Moreover,
these conditions varied, owing to changes in the acoustic
properties of epoxy. Therefore, the amount of the generated
wave energy varied considerably in this volume.

Monitoring of the curing process was performed at 24.3 �C or at
40 �C with a 30 s sampling rate. Three parameters of the nonlinear
ultrasonic wave were analyzed: the peak-to-peak amplitude, en-
ergy, and group time-of-flight of signal. The time-of-flight for the
nonlinear signal was determined using the first measurement sig-
nal as the reference.

Test data for the 24.3 �C case are presented in Fig. 9a; they
clearly show three typical points, seen at 1.3 h, 6.7 h (10 h) and
20 h. The first peak at 1.3 h is well indicated by all three parame-
ters. The measured minimum at 6.7 h is clearly indicated by the
nonlinear wave peak-to-peak amplitude and energy. However, in
the time-of-flight curve, this peak has shifted further and is situ-
ated at about 10 h. Fig. 9 shows that a small deviation occurred
(different slopes) between the peak-to-peak amplitude and energy
curves within the time interval 10–20 h. The third typical point (at
about 20 h) is not easily determined in the curves, but the time-of-
flight curve has a clear change of phase at this point. The measured
ng for measurement of dynamic processes in polymers: Physical ageing in
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energy and peak-to-peak amplitude tend to become constant after
passing this point.

Fig. 10 shows typical nonlinear ultrasonic signals at the charac-
teristic points discussed above. The signals are scaled by the max-
imum amplitude of the signal measured at 20 h. We see here that
the informative signal duration becomes shorter during the curing
process, which indicates solidification of the epoxy.

Test data for the 40 �C case are presented in Fig. 9b. Clearly, the
curing process has been accelerated by the higher temperature in
comparison with the 24.3 �C case. The initial linear decrease in en-
ergy and amplitude was caused by the lower initial temperature of
the specimen. These results agree very well with the measurement
results for physical ageing in PMMA and PVC (see Fig. 5). The fol-
lowing characteristic points can be derived from Fig. 9b: 0.3 h,
2.8 h (3.9 h) and 7.8 h. However, the first point (0.3 h) is not so well
pronounced in this measurement as before for the 24.3 �C case.
This point is now seen only indirectly, as a local inflection of the
curves.
Fig. 10. Typical nonlinear ultrasonic signals during epoxy curing at 24.3 �C:
minimum viscosity point (a), gelation point (b) and vitrification point (c).

Fig. 11. Cure monitoring usin
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Note that these ultrasonic measurements were performed in a
large water bath, without a forced control of temperature, which
changed slightly during the day-night cycle. This change caused
small ‘‘jumps’’ in the curves, seen, for example, in Fig. 9a between
25 h and 37 h.

6. Verification of epoxy curing by rheometry

An alternative cure characterization was performed using an
Anton Paar�MCR501 parallel plate rheometer. This test method is
widely used for this purpose (for example, see [37]), and its results
can easily be interpreted in rheologic terms (viscosity, damping,
etc.).

First, a 26 mm diameter ring was mounted on the bottom plate
and partially filled with a 3–4 mm epoxy layer. Then, a 25 mm
diameter top plate was sunk into this ring until it contacted the
epoxy. After closing the chamber and setting the gained tempera-
ture, the shear viscosity was measured at a 1 Hz frequency and a
1.8� amplitude of rotational oscillations.

Results for 25 �C are shown in Figs. 11 and 12, while Fig. 13
shows results for the 40 �C case. Fig. 12 depicts a zoomed part of
Fig. 11, showing details of the low-signal behavior (similar curves
are not shown for 40 �C case from Fig. 13, since no local changes
are seen in the quite smooth curves). The following characteristic
points can be observed in these figures, enabling a better under-
standing of their physical backgrounds:

(1) The first extremum, point A, corresponds to the minimum
viscosity, which obviously occurs not directly after mixing
of the resin and hardener, but (due to inertia in the chemical
processes) is postponed for some time: about 2 h at 25 �C.
This effect is not visible in the 40 �C test conditions; in the
25 �C case, it roughly corresponds to 1.3 h, noted above
when discussing Fig. 9a.

(2) After a while, at point B, �4 h at 25 �C, the reaction rate
increases. This is seen as a minor local maximum of viscosity
or a minor local minimum of the damping factor (then it
starts to grow rapidly), and the onset of the loss modulus
growth, again for the 25 �C case only. Point B is not detected
for the 40 �C case, likely owing to the absence of any reac-
tion-rate change in this case.
g rheometry, 25 �C case.
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Fig. 12. Cure monitoring using rheometry, 25 �C case (zoomed).

Fig. 14. Amplitude C-scan image, by the linear ultrasonic measurement.
Fig. 15. Energy C-scan image, by the nonlinear ultrasonic measurement.

Fig. 13. Cure monitoring using rheometry, 40 �C case.
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(3) The following extremum, point C, is the onset of gelation; it
occurs at about 7 h at 25 �C or 2.7 h at 40 �C. At this moment,
the storage modulus reaches its local maximum, and the
Please cite this article in press as: A. Demčenko et al., Noncollinear wave mixi
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damping-factor rate becomes yet higher. This feature corre-
sponds well to the 6.7 h and 2.8 h points noted above when
discussing Fig. 9.
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(4) The next extremum, point D, occurring at about 10–11 h at
25 �C or 4 h at 40 �C, is the peak of gelation and, therefore,
of the damping factor as well. Afterwards, the damping abil-
ity of the material vanishes rapidly. All other rheometry
variables start to increase in magnitude, also very rapidly.
Point D is also visible in Fig. 9 (10 h or 3.9 h estimated for
25 �C and 40 �C cases, respectively).

(5) The last extremum is the onset of vitrification, point E, at
about 17 h for 25 �C or 8 h for 40 �C. The rheometry is auto-
matically stopped at this stage, due to exceeding the allow-
able torsional moment. When the specimens are then taken
out of the machine, they appear completely solidified. This
final point also agrees well with the vitrification times
derived from Fig. 9 (roughly 20 h or 7.8 h, respectively).

7. C-scanning experiments

The key issue of this research is the comparison of the linear
and nonlinear ultrasonic measurement techniques with applica-
tion to a non-destructive evaluation in a three-layered structure.
Currently, there is too little information about those investigations
in which nonlinear and immersion-ultrasonic-measurement tech-
niques are used.

To approach this, we used two 4 mm thick aluminium plates
bonded with the same epoxy resin. When the epoxy cure was com-
pleted at room temperature, the specimen was placed in a water
bath, and C-scanning was performed at 1 mm steps in x and y
directions, using both linear and nonlinear ultrasonic techniques.
The linear pulse-echo measurements employed a spherically fo-
cused 10 MHz transducer. The nonlinear scanning was performed
using the same arrangement of ultrasonic transducers as in the
epoxy cure monitoring discussed above, i.e. employing the interac-
tion SV(x1) + SV(x2) ? L(x1 + x2).

A peak-to-peak amplitude C-scan image, given by the linear
ultrasonic measurement, is presented in Fig. 14. The nonlinear
ultrasonic results are presented in Fig. 15 for the same specimen.
Bubbles (naturally appearing during the epoxy cure) are seen as
the low-amplitude spots (Figs. 14 and 15). The bubbles are not as
prominent in the nonlinear ultrasonics C-scan image in compari-
son with Fig. 14. This can be explained by a better focused beam
during the pulse-echo scanning. Actually, an elongation of inhomo-
geneity dimensions during the nonlinear ultrasonics scanning is
similar to situation when Lamb waves are used to visualize the
imperfections [38]. Therefore, forming of high resolution ultrasonic
images (with a resolution of a few millimetres or parts of millime-
tre) can be complicated using the noncollinear wave mixing
technique.
8. Conclusions

Nonlinear immersion ultrasonic-measurement techniques are
presented in this study, with applications for monitoring the mate-
rial transformations in polymers. We demonstrate that the nonlin-
ear ultrasonics, based on noncollinear wave mixing, can be very
sensitive to small changes in materials—changes that are hardly
detectible (or undetectable) using linear ultrasonic-measurement
techniques. The nonlinear technique can be used for contactless
in situ monitoring of dynamic material properties, as well as for
non-destructive testing.

The most remarkable results are obtained for the physical age-
ing processes in thermoplastics (PMMA and PVC). The ageing is
well detected by the nonlinear ultrasonic technique, while the lin-
ear technique is insensitive to physical ageing. For example, the
nonlinear data for PMMA show a 40% difference between zones
of ‘‘young’’ and ‘‘aged’’ material, whereas the linear data show no
Please cite this article in press as: A. Demčenko et al., Noncollinear wave mixin
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difference at all. For PVC, while the linear ultrasonics indicates a
45% difference (presumably caused by an irreversible thermal
expansion of the material), the nonlinear ultrasonics shows as
much as a 230% difference.

The nonlinear ultrasonic method is also shown to effectively de-
tect the main characteristics of the epoxy cure process: the time of
maximal viscosity, the gel time, and the vitrification time. These
results agree closely with those obtained using a conventional par-
allel-plate DMA method.

Finally, a simple test demonstrates the ability of the nonlinear
ultrasonic technique for a non-destructive testing with results
comparable with the linear ultrasonic technique. However, the
nonlinear technique seems to provide a lower spatial resolution
to imperfections in the specimen geometry. (This disadvantage
can be minimized by using more dedicated pump wave sources).

Possible advantages offered by the presented nonlinear ultra-
sonic technique include: (a) the wave-mode and frequency separa-
tions, (b) elimination of surrounding medium influence, (c)
steering (scanning) the scattered wave and controlling the inter-
section volume location, (d) single or double-sided measurements,
and (e) operating in the detector mode (for example, no informa-
tive signal excitation until the material properties are
homogenous).
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