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Abstract. Harsh environment applications like nuclear plant safety or oil and gas
extraction need non-destructive testing methods to control the integramtioél

pats. Such inspections are commonly done by using ultrasonic Non Dearucti
Testing. However, it is difficult to design transducers for harsh emviemt due to

the lack of reliable data about material properties. For instance, acoustic properties
of frequently used thermoplastics and epoxies are poorly documemtdis paper,

a method for characterizing materials between 40°C and 180°C is presented.

The characterization is carried out in immersion in a heated tank full of
cooking oil. A transmission signal is obtained using two transduoee transmitter
and one receiver. This transmission signal is measured when & dangpesent
(perpendicular to the beam or not) or absent (reference case). Theliffénential
method compares the two signals, and permits to determine acoustic yyelocit
impedance and attenuation. Using relations between mechanical properties and
wave velocities, one can calculate mechanical properties like Youmgdulus and
Poisson’s ratio. The originality of the method comes from the allowed temperatu
range (up to 180°C).

Two widely used materials have been fully characterized:

- Rexolite 1422, often used to make wedges at ambient temperahise.
material is used as a validation for the method as the properties are quitaomell k
at room temperature. It has been measured from 40°C to 100°€ {14°C), as
shown below.

- Peek 1000, resistant to harsh environment such as high tempeaatlir
chemical environment. It has been measured from 40°C to 170°C (Tg€)150

1. Introduction / State of the art

Design of transducers requires a complete knowledge of material propedies
For high temperature transducers, it is moreover necessary to know the variation of those
properties with temperature. Those material properties are the speed and attenuation of both
longitudinal and shear waves. Those values are necessary to simulate the behaviour of each
of the transducer components in order to estimate the response of the whole transducer at
different temperatures before fabricating and testing

The characterization of acoustic properties can be made by several methods [5-8].
One of them is ultrasonic method, which uses sound to characterize solid materidls [9-13
It can be used in transmission [10, 11, 14] or in pulse-echo mode [9, 13]. Uthesly,
measures are made at ambient temperature. However, some authors used this method to
determine acoustic material properties at temperatures different from ambient [3, 4].
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The originality of the method presented here lies in the fact that the acoustic
characterization is made at different temperatures, from 40 to 180°C. In this paper, we used
the ultrasonic transmission technique to characterize the acoustic properties of solid
materials with temperature. The method presented here allows the determination of
longitudinal and shear wave speed and attenuation in solid medium. Results obtained for
Rexolite and PEEK will be presented.

2. Theory
2.1 Determination of sound velocity

Two ultrasonic transducers are immerged into a tank full of cooking oil, as shown in figure
1.
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Figure 1 : Experimental setup tis the thickness of the sample. d is the distance between the twonsducers.

Characterization is done in two steps:
- First, the measure is made without the sample. This measurement is the reference
case.
- Then the sample is added, and a new acquisition of the signal is made.
The determination of the difference of arrival times gives the speed of the longitudinal
waves in the sample. The reference case gives the time of arrival for oil gnlg T
seconds, defined like the distance d in m between transducer divided by the speeg,of oil V
in m/s at a given temperature.

When the sample of thickness t in m is added, and the distance d is kept constant,
the time of arrival for longitudinal wavesk; in s is defined as:
T _d-t t
longi — Voil
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Then, by combining those two equations, longitudinal wave velogity M m/s is
defined as:
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Where 8T is the difference of arrival times in s between the reference and the
measure with sample. One could see that the speed of longitudinal waves in the sample is
only determined by:

- The speed of ultrasound in oil,

- The difference of arrival times with a reference case, and

- The thickness of the sample.

This measure is independent of the distance, while it remains constant between the two
measures.

When a plane sound wave in a liquid strikes a plane interface of a solid under
oblique incidence, a reflected plane wave is generated, a longitudinal wave is refracted and
a mode converted shear wave is generated into the solid by mode conversion [14]. If the
angle of incidence is between the first and second critical angle, only shear waves are
generated inside the sample.

To characterize shear wave speed, the same method as before is used but the sample
is inclined as shown in figure 2, in order to produce only shear waves inside the sample.
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Figure 2 : Experimental setup for shear characterization

The speed of those shear waveg.in m/s is determined by (4), whefi is the
angle of incidence in radians, andd the distance travelled by the shear wave inside the
sample in m. Due to the presence of the angle, this distaditiets from t thickness of the
sample.

% _ Voil
shear —
1+ VoudT X VouoT _ 2 X cos 6 “)
to to 1

Like previously, this measure is not dependent of the distance between the
transducers. However, it stays dependent to the speed of oil.

2.2 Determination of ultrasonic wave attenuation

Using this method, it is also possible to determine the attenuation of ultrasonic
waves in solid materials by comparing the amplitude of received signal with (A V)



and without sample @ in V). The longitudinal coefficient of attenuatiogng in dB/m is
defined as:

(5)

Qrongi = ot T T X logqo
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In normal incidence, at the first interface (medium 1 to medium 2), the transmission
coefficient in amplitude 1 without unit is defined as:
2% Z,

=~ 6
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Symmetrically, the transmission coefficient in amplitude at the second integface T
(medium 2 to medium 1) is defined as:
2X Z,

T,, =
A7+

()

There, one can see that it is necessary to determine the acoustic impedance Z in
MRayl of the sample and of cooking oil according to the definition of acoustic impedance
defined by (10):

Z=pX Vlongi (8)

To determine acoustic impedance, it is necessary to determine the specific glensity
in kg/m® of sample and cooking oil. For the cooking oil, it has been measured using a
pychometer at different temperatures. For the sample, either the measure is made in
laboratory if the shape of the sample allows it, or the values are extracted from literature.
As the samples are solid, variation of specific density is relatively small with temperature,
and will be considered constant in calculations to come.

The coefficient of attenuation for shear wavespear in dB/m can also be
determined by the same method, by inclining the sample. Moreover, the transmission
coefficients are also dependent of this incmeangle. Taking this into account, one
obtains formula (9). &earin the amplitude of received signal with sample inclined, in V
anday IS the coefficért of attenuation in oil in dB/m.

2

4 20 Tip X Tpy X Ay,
Ashear = Apjp + \/1 — ( shear X sin 91) X a X lOglO ( 12 21 Oll) (9)
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Figure 2 shows that the beam is deviated by the inclined sample. The deviation D in
m of the beam due to the passage into the inclined sample is determined by (10):
t X Siﬂ(@l — 62)
= (10)
cos(6;)

Considering a sample of thickness 1 cm, and a transversal velocity of 1200 m/s,
with an incidee angle of 45 °, and a speed of waves in oil of 1000 m/s, D is equal to
1.91mm.

The probe diameter is 10 mm, and the angle of divergence of the beam it emits (at
6 dB) is equal to 3 °. Considering the distance between transducers (usually 300 mm), the
beam radius (at -6 dB) when it impacts the receiver is larger than 10 mm (calculus gives
15 mm).



In consequence, the deviation of the beam due to travel inside inclined sample can
be neglected. However, it is important to note that this method gives only a maximum value
of the shear wave attenuation coefficient, and not the exact one. For longitudinal
attenuation coefficient, the coefficient is exact.

2.3 0il calibration

The oil we used was cooking oil (hydrogenated coconut oil). It is commercialized
under the name of vegetaline by Unilever Nederland. It is considered that this oil does not
degrade with temperature cycles, so a calibration has been made. The speed and attenuation
of longitudinal waves (no shear waves in liquid) in cooking oil have been measured
precisely.

To measure the speed of longitudinal waves in cooking oil, the trandddistance
d has been divided by the time of travel. This measure has been made for several distances
at each temperature, and the mean has been calculated. Those measures have been repeated
for all temperatures. The results are presented in figure 3.
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Figure 3 : Speed of ultrasonic waves versus temperature in cookingd.d he square fit gives
Speed = 292.7B* T2 - 3.41895 * T + 1465.656
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It is considered that amplitude decreases exponentially with distance. Working with
acoustic decibels the attenuation ofegjj in dB/m can then be defined by formula (11):
A20 X log1o(Aoir)
11
% Ad (1)

Aoy = —1

A is the amplitude of the signal in V at a distance d in m for a given temperature.
The same calculus is made for each temperature and the curve of figure 4 is obtained.
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Figure 4 : Attenuation of ultrasonic waves (@2.3 MHz) in cooking oil wsus temperature. The square fit gives
Attenuation = 1.068E® * T2 - 3.972E* *T + 4.102E?
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The attenuation of cooking oil is quite low, but not negligible for low attenuation
materials. It decreases with temperature. For those measures, it has been supposed that the
ultrasonic beam shape modification due to distance and temperature could be neglected.

3. Experimental results and discussion

Two immersion-type homemade high temperature transducers with center
frequency of 2.3 MHz have been used. The transmitting transducer was driven by a pulser
(Panametrics 5900 PR) that produced short duration pulses of 8 pJ with a repetition rate of
200 Hz and 5@ electrical damping. The signal from the receiving transducer was sampled
using an oscilloscope (Agilent technologies DSO5014A), which has an adjustable digital
delay for triggering the sampling window. Each sampling window coedal®00 data
points, and results of the average of 1024 measures. The data were saved in a text file and
were treated by a python code. Oil bath temperature has been set stable during 1 h before
all measures, to avoid temperature gradient in the tank (Memmert OB 45). Temperature of
the bath was controlled by Pt100 temperature sensor (1 °C temperature set accuracy and +
0.5°C for temperature fluctuation). The temperature of oil was measured with a
thermocouple type K.

3.1 Rexolite 1422

A cylinder of rexolite 1422 (cross linked polystyrene) from Ensinger UK with a diameter of
80 mm and thickness 10 mm was characterized. The specific density given by the supplier
is 1.05 £ 0.01. Speed and attenuation have been measured and are presented in the
following figures. It has been characterized from 40 to 100 °C to stay under the glass
transition temperature.

Rexolite is a usual material for making wedges for contact NDT transducers.
However, acoustic properties are just partially known. Supplier gives a longitudinal wave
speed of 2350 m/s and a shear wave speed of 1150 m/s, at ambient temperature. By
interpolating the data shown in figure 5, we obtained a longitudinal speed of 2340 m/s and
a shear wave speed of 1140 m/s at ambient temperature. Taking into account errors of
measurement, our measures are in good agreement swifilier’s one at ambient
temperature.

Attenuation is not given by the supplier, but Wang and Cao measured it at 30 MHz
and ambient temperature [2]. They obtained a longitudinal coefficient of attenuation of
1.1 dB/mm at 30 MHz. Considering that the variation of this coefficient with frequency is
linear, it gives an attenuation coefficient of 0.084 dB/mm at 2.3 MHz. By interpolating the
data shown in figure 5, we obtainad attenuation coefficient for longitudinal waves of
approximately 0.15 dB/mm. The orders of magnitude are in good agreement. However, our
value is slightly higher. This difference could come from:

- Material supplier

- Measurement method

- Calculus of transmission coefficients

- Wetting of oll

The behaviour of rexolite is constant with temperature from 40 to 100°C. However,
it seems that above 90 °C, shear wave attenuation seems to slightly increase, which could
be the beginning of the glass transition phenomémhgr 113 °C).



Waves velocities in rexolite

between 40 and 100°C at 2.30MHz
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Figure 5 : Waves velocities and attenuation in rexolite between 4Mhd 100 °C

3.2PEEK

A plate of ketroff 1000 PEEK (polyether ether ketone) from Quadrant Europe with
dimension 150*100*8.65 mm (8.65 is the thickness). The specific density given by supplier
is 1.31. Speed and attenuation have been measured and are presented in figure 6.

Carlson et al [4] obtained a longitudinal spe#@555 m/s at 5 MHz and 37 °C. At
40°C, we obtained 2540m/s which is in good agreement (speed is constant with frequency)
For attenuation also, the results are pretty consistent. Carlson gives an attenuation
coefficient for longitudinal of 0.38 dB/mm at 37 °C and 5 MHz. Our measure gives
0.2 dB/mm at 40 °C and 2.3 MHz. At 5 MHz, considering the variation of attenuation
coefficient as linear, our attenuation coefficient is approximately 0.4 dB/mm, which is in
good agreement withdtlson’s value, considering the errors. There is no measure at 180 °C
due to a too high attenuation in tested material.

The behaviour of the material strongly changes around 150°C. This change is
probably due to the glass transition phenomenon (glass transition temperature is estimated
at 143°C according to the supplier). The speed decrease is stronger, and the attenuation
increase above the glass transition, which is in good accordance with this phenomenon.
Even if it has not been studied here, those values depend on the thermal story of the sample.
Indeed, PEEK is a semi-crystalline material and its degree of crystallisation varies with
thermal treatment, which impacts its mechanical properties



Waves velocities in PEEK
between 40 and 17‘0°C at 2. BDMHz
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Figure 6 : Wave speed and attenuation in PEEK at 2.3 MHz bew®en 40 and 170 °C

4. Conclusion

In this paper, we presented an improvement of the ultrasonic transmission
technique, in order to characterize acoustical properties from 40 to 180 °C. This method
presents several advantages. It is non-destructive and eljmited preparation of the
sample. Ultrasonic velocity and attenuation can be obtained for both longitudinal and shear
waves. As this method is relative, it is independent of the configuration if it remains
unchanged during all measurensent

Rexolite and PEEK, two materials commonly used in ultrasonic transducer
fabrication have been characterized. As we know, this is the first time those materials have
been fully characterized at different temperatures.

The obtained values showed a good agreement with literature ones, measured at
room temperature. Some differences with literature were observed for attenuation and some
justifications were proposed.
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