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ABSTRACT

Background: This paper is Part 2 of a study on the scope of the ultrasonic Surface
Reflection Method (SRM). Part 1 deals with the theoretical conditions for a satisfactory
usage of this method. Objective: This second part validates the practical feasibility and
reliability of the SRM method by comparison with the conventional Transmission
Method (TM) in cases where the latter is applicable. Methods: Two experimental
devices (one for SRM and one for TM) are developed and measurements of shear and
bulk moduli are carried out at ultrasonic frequency (610 kHz) and at room temperature.
Results: The experimental conditions in terms of sample geometry, pulse characteristics
and interfacial transmission required to obtain a given accuracy on the measurement are
stated. The SRM is then validated against other experimental methods and is used to
determine the shear modulus of a carbon black filled neoprene at ambient temperature
(T = 21°C) and ultrasonic frequency. Conclusions: The benefit brought by this method
is well demonstrated: a unique measurement allows the determination of all the moduli
of a highly damping isotropic material (carbon black filled neoprene) not achievable by

other methods.

1. INTRODUCTION

Ultrasounds have been used since a long time to measure the mechanical properties of
materials. The most commonly used techniques are the Transmission Method (TM), the
Transmission in Water Bath Method (TWBM) and the Pulse-echo method (BRM).
These three methods and their respective advantages and limitations are described in

detail in Part 1. It has been proved that they do not apply in case of transverse waves in



rubber-like materials due to the too high attenuation [1, 2]. Another existing technique
is the Surface Reflexion Method (SRM) that has been first described by Mason et al. [3]
and O’Neil [4]. Since, this technique has rarely been applied as it presents difficulties of
experimental implementation [5-7]. In the Part 1 of this paper, it has been proved that
the SRM can only be applied if the reference material is adapted to the material to be
tested and if very high accuracy in the measurement of phase and amplitude of the two

waves is obtained.

The present paper describes the experimental conditions in terms of sample geometry,
pulse characteristics and interfacial transmission required to obtain a given accuracy on
the measurement. The SRM is then validated by comparison with the TM for an elastic
material (aluminium) and a viscoelastic material (carbon black filled neoprene). Finally,
it is used to determine the shear modulus of a carbon black filled neoprene at ambient

temperature (T = 21°C) and ultrasonic frequency.

2. EXPERIMENTAL SETUPS

Two ultrasonic measurement methods are used in this study. The first one is the
traditional TM. The corresponding experimental setup is illustrated in figure 1. Tests are
performed on two samples of different thicknesses (L and 2L) to eliminate the influence

of the transmission coefficient at interfaces between the transducers and the material.
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Figure 1. lllustration of the Transmission Method (TM).

Once the tests have been carried out, the ratio of the amplitudes of the two transmitted

waves (one for each sample thickness) U is computed using equation 1.

U =up/u, Eqg. 1
The attenuation value in the material is deduced from the ratio thus obtained and
modified by a coefficient taking into account the diffraction phenomenon (see section

3.2).

B _11 (H) - {B = 1 in near — field Eq. 2
=L B B = 0.5 in far — field

The phase celerity of the transmitted waves is also determined according to the usual

formula:

¢ =L/At Eq. 3

with At the difference of transit times between the two thicknesses.

The values of a and c are then used to calculate the desired measurands (either P-wave

moduli M’ and M” or shear moduli G’ and G”) according to equation 6 of Part 1.

The second ultrasonic method used here is the SRM that is illustrated in figure 2. This
method is based on the measurement of the ratio of the amplitude of the reflected wave
at the interface between two materials to the amplitude at the air interface. The two
materials are bonded together by means of cyanoacrylate glue under a loading of

40 kPa. The glue thickness obtained can be considered negligible (typically less than
0.03 mm) in front of the longitudinal and transverse wavelengths at 610 kHz (A; =

4.4 mm and A, = 2.3 mm).
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Figure 2. lllustration of the Surface Reflection Method (SRM).

A longitudinal wave transducer (V 189-RB, 38.1 mm active diameter, 610 kHz central
frequency, Olympus Corporation, Tokyo, Japan) and a shear wave transducer (V 151-
RB, 25.4 mm active diameter, 610 kHz central frequency, Olympus Corporation,
Tokyo, Japan) were used to perform the experiments. A PXle-1073 waveform generator
card (National Instruments, Austin, Texas, USA) produced an electrical signal
transferred to the transducers. The received signal was averaged over 200 bursts to
enhance the signal-to-noise ratio. A LabVIEW® script allowed to control the ultrasonic

measurements.

The formulas for determining measurands are detailed in Part 1 of this article (section
2.2.2. equation 15). For both methods, the amplitude, phase and actual frequency values

are obtained by performing a Hilbert transform on the raw signal (see section 4.2.).

The coupling between the transducer and the sample is traditionally performed by
means of a couplant, the effect of which must be taken into account in the
measurements. The couplant thickness has a significant effect on the value of the
amplitude and phase of the transmitted wave. It is therefore imperative to perform echo

measurements on air and on the material to be characterised under conditions of



identical couplant thicknesses. However, it is difficult to control the initial couplant
thickness. To ensure that measurements are always made under similar conditions, a
pressure of 80 kPa is exerted for 12 hours on the transducer after mounting the device
(see figure 3). This time of 12 hours was determined from the flow equation of the
couplant (incompressible Newtonian fluid) between the transducer and the sample and

prior measurement of its viscosity (u = 835 Pa.s).
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Figure 3. lllustration of the setting up of the couplant.
According to Leider & Bird [8], the relation between the mean pressure exerted on the
couplant and its thickness h is:

3uR? dh Eq. 4
2h3 dt

Py = -

Where p represents the Newtonian viscosity.

Solving equation 4 gives the evolution of the couplant thickness as a function of time,

with the initial thickness h, as a parameter.

1 2(P Eqg.5
h(t) = ————,wherek = (P) a

1 3uR?
2xt + —
hy?

Figure 4 below considers four possible initial couplant thicknesses and presents their

evolution over time. The results indicate that it takes a minimum of 10 hours for the



initial coupling thickness to no longer have an influence: after this waiting time, the

obtained couplant thickness is identical whatever the initial conditions are.
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Figure 4. Time evolution of the couplant thickness for various initial thicknesses.

3. SETTINGS
3.1. Choice of reference material

The first part of this paper determines the reference material’s mechanical
characteristics to obtain a given error margin (typically 10% error on measurands when
considering a 1% error on the amplitude measurement). Part 1 indicates that the moduli
ratio of the acoustic impedances of the two materials in contact has to be close, typically
in the 0.6 to 1.6 range. In addition, this reference material must not be too damping in
order to reduce attenuation in the medium, thus preserving a sufficient signal amplitude.
Given these conditions, different types of materials are considered in order to determine

the most relevant one in the case at stake here, i.e. coupling with neoprene.

Different types of materials are considered as potential reference materials: metals, glass

or polymers. The acoustic properties of the selected materials are presented in table 1.



Table 1. Ultrasonic wave celerities of possible materials as reference material at ambient

temperature.

Material p (kg.m3) [cp(ms?) |cs(ms?t) | Reference
Aluminium | 2700 6260 3100 [9]

Glass 2500 5770 3392 [10]

Brass 8500 4430 2120 [11]

Steel 7800 5920 3280 [11]
PMMA 1180 2700 1125 [11]
PEEK 1285 2536 1086 [12]

PVC 1380 2350 1138 [13]

Since there are no values in the literature for the shear wave celerity in neoprene, it was
necessary to rely on the properties of a similar material (such as NBR) in order to obtain
an order of magnitude of the acoustic impedance of neoprene and thus determine the

most relevant reference material. Values found in the literature are presented in table 2.

Table 2. Ultrasonic wave celerities and attenuation coefficients of material similar to

neoprene for a frequency of 2 MHz at T = 21°C (extrapolated from Nolle [14]).

Material | p (kg.m?3) | cp(Mm.s?) |oap (Np.m™) [ Cs(Ms?) | ag (Np.m™)

NBR 1060 2000 368 1000 3300

In the case of a progressive plane wave, the acoustic impedance is determined by
equation 6 (from equations 6 and 8 in Part 1). Attenuation is assumed to be negligible

for reference materials.



L Eq. 6

1+ ()
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Figure 5 represents the impedance moduli ratios of the two materials considered

(potential reference material and rubber-like material). The obtained results show that
metals and glass are not suitable as reference materials since their ratios are not in the
optimal range between 0.6 and 1.6. Note that in Mason [3] and O'Neil's study [4], the
reference material is fused quartz (glass-like material), which explains their choice to

use oblique incidence to increase the accuracy of the measurement.

On the other hand, some polymers considered (PMMA, PEEK and PVC) all have ratios
in the optimal zone. The final choice of reference material is PMMA, as this material is
available, inexpensive and above all transparent. Fortunately, this transparency allows a
first visual verification of the quality of the bonding between the reference material and

the material to be tested.

Glass Z PEEK Glass . PEEK

Brass PVC Brass PVC

Aluminium Steel

Aluminium Steel

Longitudinal waves Shear waves

Figure 5. Impedance moduli ratio between rubberlike material and reference materials
at ambient temperature. The grey area represents the range of impedance ratios

required.



3.2. Practical conditions

It has been shown that, in order to be applied, SRM requires a very high measurement
accuracy on the amplitude and phase of the reflected wave in permanent regime.
Although TM is less sensitive to measurement accuracy (see Part 1), the same approach
to sample sizing has been adopted for both methods. To achieve this high accuracy
requirement, the number of periods of the emitted wave train and the dimensions of the
samples for reference material and material to be characterised need to be precisely

specified.

In a first step, the minimum number of periods of the emitted wave train will be
estimated. As indicated in Part 1 of this paper, the resolution of the wave propagation
equation in a continuous medium is carried out by considering the steady state regime
reached. Nevertheless, the exact solution of the equation for viscoelastic materials has a
transient term. Hence, the amplitude and phase of the reflected wave have to be
determined after the transient term has become negligible in comparison with the steady

state.

The ratio between the transient term and the amplitude of the steady state is given by
equation 7 at given pulsation  and at a given relaxation time t (See Appendice for

details).

exp(— wt/r) ) Eq. 7
= withr = ot
1+r2

Q)

Figure 6 represents the evolution of y at a given number of periods of the emitted wave

train in function of r.
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Figure 6. Evolution of y at a given number of periods of the emitted wave train in

function of r

It has been considered that, in the worst case, the influence of the transient term does
not distort the measure of the steady state below 2%. This condition is reached for an
emitted wave train containing three periods and, at least, one additional period has to be
appended for amplitude and phase estimation. Thus, a minimum of four periods is
required to achieve desired accuracy. According to the effective thicknesses of our
samples, it is suggested that the number of periods of the emitted wave train
corresponds to the maximum number of periods respecting the conditions of non-

overlapping, conditions which are detailed below.

In a second step, the dimensions of the samples will be specified in order to avoid the

overlapping of the signal of interest with secondary echoes.

Amongst the most noticeable secondary echoes are:

¢ The backing echo: all transducers own a backing material through which a backward

wave propagates, reflects at the back of the transducer and finally re-reaches the

11



piezoelectric membrane. This echo changes in amplitude and localisation in function
of temperature. Although the amplitude of this echo is weak and is usually neglected,
it has to be taken into account if the signal itself is of low amplitude.

¢ The second echo corresponds to two travels forward and back through the reference
material.

¢ The pressure wave echoes when using a shear wave transducer: all shear wave
transducers emit a non-negligible fraction of pressure wave.

e The bottom echoes: the wave transmitted at the interface reflects at the back of the
tested material.

¢ The potential conversions at the interface between the two materials: longitudinal
waves may be partially converted into transverse waves due to interfacial roughness

or/and to unplanarity of the incident wave.

The conditions on the transit time of interest in function of the others characteristic
times for the two considered methods (TM and SRM) are respectively summarised in
tables 3 and 4. The minimum sample thicknesses for a frequency of 610 kHz complying
with all non-overlapping conditions for the two methods under consideration is

synthesised in table 5.

Table 3. Conditions on the transit time of interest in function of the others

characteristic times for TM.

Type of echo Non-overlapping condition
Second echo tm > te Ortys > te
Pressure echo (for shear waves) tmt — tm1 > te

12



et Is the transit time of the first echo:

e Subscripts | and t respectively refer to longitudinal and transverse waves

e Subscripts 1 and 2 respectively refer to reference material and material to be

characterised

e t, is the transit time of the backing echo

e t, isthe pulse duration

Table 4. Conditions on the transit time of interest in function of the others

characteristic times for SRM.

Type of echo Non-overlapping condition
Backing echo tmi1 >t + te
Second echo tm1 > te

Pressure echo (for shear waves)

tmt,l - tml,l > te

Bottom echo

tml,2 > te

Conversion echo

tmt,l - tm1,1 > Zte

Table 5. Minimum sample thicknesses for a frequency of 610 kHz complying with all

non-overlapping conditions for the two methods under consideration.

Material Thickness for SRM Thickness for TM
PMMA L; >1,8cm L>1cm
Aluminium L, >2cm L>2cm
Neoprene L, > 0,6 cm L>0,6cm

13



The last aspect for dimensioning the samples is the shape of the beam emitted by the

transducer according to the Rayleigh diffraction theory. In the near-field, the mean wave

intensity is constant. At the contrary, in the far-field, the intensity decreases with the

square of the distance to the transducer, which has to be taken into account for the

determination of the attenuation coefficient in TM. Near-field lengths x, for the three

considered materials at a frequency of 610 kHz are given in table 6.

Table 6. Near-field lengths for the three considered materials (frequency of 610 kHz).

Material Longitudinal wave Shear wave

PMMA Xc = 8cm Xc =7cm
Aluminium X = 3,5cm X, = 3 cm
Neoprene X, =11,5cm Xc =11 cm

Taking into consideration the values in tables 5 and 6, the final sample thicknesses are

presented in table 7. For the sake of simplicity, the two sample thicknesses required for

TM are in near-field for PMMA and neoprene, and in far-field for aluminium, the

conditions of minimum thickness and near-field length being incompatible.

Table 7. Effective sample thicknesses for a frequency of 610 kHz.

Material Thickness for SRM Thickness for TM
PMMA L; =5cm L=1,5cm
Aluminium L, =4,5cm L=4,5cm
Neoprene L, =1,5cm L=15cm

14



4. RESULTS

Tests are performed using ultrasonic pressure and shear transducers. The emission
frequency is 610 kHz, which corresponds to the centre frequency of the transducers

used. All experiments are carried out at constant temperature (T =21 + 0.1 °C).
4.1. Experimental determination of the reference material characteristics

The determination of PMMA characteristics is performed using the TM. Results in
terms of celerities and attenuation coefficients for longitudinal and transverse waves are
respectively presented in figures 7 and 8. The values obtained are consistent with those

found in the literature.

2800 10000
At * em = = =m m [15]
® [16]
2600 4 * [17]
1000+ [18]
— Experimental
o 24001 'E. -"
: a 1004
£ 3 o "
o -
2200 S g .
| o [16] 104
| & [17] A *
20004 | (18] )
| Experimental
04 . 1 .
10° 10° 107 10° 10° 107
f (Hz) f (Hz)
(@) (b)

Figure 8. Longitudinal wave celerity (a) and attenuation (b) in PMMA as a function

of frequency at room temperature.
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Figure 9. Transverse wave celerity (a) and attenuation (b) in PMMA as a function of

frequency at room temperature.

Using equation 6 of Part 1, the values of the various moduli sought are summarised in

table 8. The results are compared with values obtained by a non-ultrasonic method

based on time-temperature superposition [20].

Table 9. Values of the various moduli for PMMA.

Method SRM Broadband Viscoelasticity Spectrometer [20]
G’ 2.28 +0.08 GPa 1.9 GPa
G” 27 £ 3 MPa 36 MPa
K’ 5.8+ 0.5 GPa Spectrometer not suitable
K” 24 £ 10 MPa Spectrometer not suitable
E 6.05 = 0.25 GPa Spectrometer not suitable

16



4.2. Validation

In order to validate the SRM, two types of materials are tested: an elastic material
(aluminium) and a viscoelastic material (carbon black filled neoprene). In both cases,
the reference material used is PMMA. Two types of ultrasonic waves are used here:
longitudinal waves (to determine the P-wave moduli M’ and M”) and transverse waves
(to determine the shear moduli G’ and G”). The experimental values obtained with

SRM are compared with those obtained during transmission tests when possible.

The results for aluminium are synthesised in Table 9. The values are consistent for

modules M" and G'. It can be noted that the error is higher when using SRM than with
TM, which was expected based on the findings in Part 1. For the M" and G" modules,
the values obtained are no longer meaningful due to the very high error obtained with

SRM. Once again, these results were expected since aluminium is an elastic material.

Table 10. P-wave and shear moduli obtained for aluminium with the two considered

methods.
Method M’ (GPa) M” (GPa) | G’ (GPa) G” (GPa)
™ 112+15 1.37+0.09 |26.75+0.24 | 0.0007 £ 0.007
SRM 120+ 12 0.72+ 20 29+ 35 0.34+18.1
[9] 106 26

The results for neoprene (only for longitudinal waves) are presented in table 10. The
values of M' and M" found with the two methods are consistent and the error obtained

with the SRM is, this time, quite acceptable.

17



Table 11. P-wave moduli obtained for neoprene with the two considered methods.

Method M’ (GPa) M” (GPa)
™ 3.95+0.09 0.35+0.02
SRM 4.04 +0.23 0.31+0.03

4.2. Determination of the shear mechanical properties of neoprene

After the SRM has been validated, it is applied to determine the shear moduli of carbon
black filled neoprene at constant temperature (T =21 + 0.1 °C) and at a 610 kHz
frequency. The recorded raw signals are provided in figure 9. On this graph, the green
frame indicates the time range over which the Hilbert transform of the signals is
performed. This transform provides an evaluation of the phase, amplitude and frequency
of each signal, as shown in figure 10. As can be seen, the main characteristics of the
signals (phase difference, amplitudes and frequencies) are constant over the observation
window. Thus, the various moduli are calculated and presented in table 11 in
comparison with values from the literature for materials of similar behaviour (computed
using master curves based on DMA measurements or based on supersonic wave
measurements). The values obtained are of the same order of magnitude as those found
in the literature. The differences observed can be explained by the variability of the

materials compared as well as frequency and temperature conditions.

18
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Figure 10. Evolution of the echo’s amplitude as a function of time (transverse wave).
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Table 11. Comparison of values from the literature and obtained experimental values.

Method SRM DMA DMA DMA SRM
Reference This study | [21] [22] [23] [24]
Material Carbon Carbon Carbon Silica filled | Silica filled
black filled | black filled | black filled | (30 phr) Styrene
Neoprene (40 phr) (20 phr) Styrene Butadiene
Styrene Natural Butadiene Rubber
Butadiene Rubber Rubber
Rubber
f (kHz) 610 1000 1000 1000 600
T (°C) 21 30 25
G’ (MPa) 121 +15 90
G” (MPa) 14110 75
M’ (GPa) 4+0.255
M” (MPa) 310 50
tan(8) = M"/M’ | 0.08 £0.02 0.08
K’ (GPa) 3.88+0.24
K” (MPa) 122 + 40
E’ (MPa) 359 +45 219 387
E” (MPa) 305 + 45 227 387

From these moduli, it is possible to recalculate shear wave celerities and attenuations

(see table 12). These values enable us to demonstrate that TM is indeed not suitable for
this type of material. The high value obtained for attenuation would imply, for a sample

thickness of 1.5 cm, to be able to measure an amplitude ratio of the order of 9e-45

20



(equation 2), which is impossible in practice. In order to obtain a measurable amplitude

ratio, the thickness of the sample should be of the order of 1 mm. However, this weak

thickness introduces other drawbacks. Indeed, as indicated in section 3.2., an emitted

wave train with a minimum of three periods is required to reach a steady state regime.

In view of the shear wave velocity and frequency considered, this would imply a

minimum sample thickness of 2 mm, which is inconsistent with the maximum value of

1 mm found previously.

Table 12. Phase velocity and attenuation obtained during experiments on neoprene for

a frequency of 610 kHz at room temperature.

Transverse waves

Longitudinal waves

Cs (m.s?)

as (Np.m™)

cp (M.s?)

ap (Np.m™)

400 = 17

6760 + 495

1698 + 52

87 +16

Moreover, each shear transducer also emits a small fraction of pressure waves (see

section 3.2.). For the used transducer, the ratio (experimental value) between the emitted

amplitudes of pressure waves and shear waves is 0.03.

Based on the celerity and attenuation values obtained during the tests, it is possible to

rebuild the theoretical signal received by a shear transducer (see figure 11) after transit

through a one millimetre thick sample. It appears that it is difficult to determine the

transit time of the shear wave, since it is drowned in the middle of the pressure wave

with, in addition, a much weaker amplitude.
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Figure 12. Evolution of the theoretical signal received by a shear transducer after

transit through a one millimetre thick sample

5. CONCLUSION

The objective of this study was twofold: on the one hand, to provide all the practical
conditions for the implementation of SRM, and on the other hand, to measure the high

frequency shear moduli of an elastomer at room temperature.

In order to correctly dimension and configure the measuring system, three physical
phenomena have to be considered. Firstly, the duration of the transient phase must be
taken into account in the case of a viscoelastic solid: calculations prove that an emitted
wave train with three periods is needed to ensure that a quasi steady state regime is
reached. Secondly, the sample thicknesses should be chosen so as to avoid the
overlapping of the different echoes occurring. Finally, the waiting time and the load
applied to the couplant must be such that a reproducible couplant thickness can be
obtained regardless of its initial thickness. This analysis of the optimal conditions for

the application of the SRM allowed measurements to be performed with satisfactory

22



accuracy. It appears that SRM can be used to determine all the modules of a highly

damping isotropic material.
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APPENDIX

The duration of the transient term is equivalent to the relaxation time of the viscoelastic
material. It is well known that for polymer materials it exists a large range of relaxation

times and in consequence a large range of transient term durations. A generalized
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Maxwell model often represents this behaviour. Let us consider the i branch of the

Maxwell model, the associated stress is solution of equation A.1:

O; = Die_T_i et_i—dt,

t (b tde Equation A.1
f w dt’

Where t; = % N, € and D; respectively represents the relaxation time, the viscosity, the

deformation and the associated modulus of the i branch.

Considering a sinusoidal deformation starting at t=0, the solution of equation A.1 is:

Equation A.2
r:2 r r _t
o; =D msm(wt) + 172 cos(wt) — 112 e T
permanent term transient term
With r = wr;
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