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Particulate metal composites as backing for ultrasonic '
transducers for continuous non-destructive

measurements at moderate and high temperatures
R. Boubenia, E. Rosenkrantz, F. Despetis, P. Combette and, J-Y. Ferrandis.

Abstract—There is an increasing need for ultrasonic transducers
able to operate continuously at high temperatures in many
industrial sectors. Operating temperatures may be 600 °C and
higher. There isn’t any commercial solution to deal with such
applications and only few ultrasonic prototype probes exist. It is
therefore important to find new materials suitable for the
manufacture of high-temperature ultrasonic probes. One
important element of ultrasonic probes is the backing as it
enables the control of both sensitivity and bandwidth. The goal of
this paper is to explore the possibility of using particulate metal
composite as a high-temperature backing elements. Several tin-
tungsten composites with different tungsten volume fractions
were produced by uniaxial pressing. The backings were
characterized by ultrasonic spectroscopy. The backings have an
impedance ranging from 25 to 31 MRayl with attenuation at least
equal to 20 dB/cm and up to 191 dB/cm. In order to operate at
600 °C, a sample of Al/'W composite was produced. Its impedance
ranged from 8 to 10 MRayl with a mean attenuation of around
156 dB/cm at 4.5 MHz. The metallic composites therefore have
ultrasonic properties suitable for use as backing. Moreover, they
are relatively easy to manufacture. These are therefore very
interesting materials for high-temperature ultrasonic probe
applications.

Index Terms— Ultrasonic transducers, backing, metal composites,
high-temperature, tin-tungsten, aluminum-tungsten

L. INTRODUCTION
A. Context

Many industrial processes are carried out at high temperatures
and even under such conditions non-destructive testing is
imperative. However, it is of course much more difficult to
operate under these conditions.

As there are already commercial ultrasonic transducers for
applications <300 °C, we arbitrarily qualify as moderate
temperatures, the temperature range between 50° and 300 °C
and as high temperatures everything above the aforementioned
range. It should be noted that for most ultrasonic probe
manufacturers a temperature above 50 °C is considered to be a
high temperature.

Ultrasonic, non-destructive testing is one of the most widely
used and the need for and development of high-performance
ultrasonic probes that can operate at high temperatures is
increasing. For example, in the nuclear field for the control of
steam pipes [1], or for the inspection of safety devices which
for future 4th generation reactors must be carried out through
hot liquid, metal pipes (with 8 <300 °C when the reactor is
shut down and 6 up to around 600 °C when the reactor is in
operation [2]). Ultrasonic inspection at high temperatures is
also necessary in the oil industry for example for inspections
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of borehole cementation where conditions of measurement are
harsh with pressures around 1,400 bar and temperatures close
to 200 °C [3], as well as in the chemical or pharmaceutical
industry for inspection in discharge pipes or even, more
generally, for the overall monitoring of high-temperature
industrial processes (e.g. extrusion, forging process) [4]. There
are so many applications that it therefore makes sense to find
commercial solutions that partially address these issues.

B.  High temperature commercial ultrasonic transducers

Above 200 °C, Electromagnetic Acoustic Transducers
(EMAT) are the ultrasonic transducer most commonly used.
By operating without contact, the use of EMAT does not
suffer from the coupling problems inherent to the use of
piezoelectric transducers and allows control at temperatures up
to 600 °C. However, only electrically conductive materials can
be tested and, in comparison with piezoelectric transducers,
they have very a low efficiency [5]. Furthermore, most EMAT
operate with permanent magnets with low Curie points (e.g.
100-150°C) requiring active cooling, or using air-cored
electromagnet [6]

Most commercial solutions consist in not subjecting the active
elements of the probes to high temperatures by moving
measurement away using delay lines (generally made of clad
rods) and, if necessary, by cooling these delay lines or else the
assembly itself. Moreover, buffer rods induce systematically
non-desirable acoustic dispersion effects and cause spacing
problems. Furthermore, and despite this, measurements must
always be carried out in a relatively short time [7].

By selecting the proper materials, even with some epoxy
resins, and choosing suitable solders, the commercial
piezoelectric transducers are able to work up to about 200 °C
continuously. By adding delay lines, one can extend the
operating temperature and time of use, but even at these
moderate temperatures, because these probes contain polymer
and materials such as epoxy materials, their reliability and
durability are not very good. They suffer permanent damage
due to internal separation caused by the difference in thermal
expansion between each element of the probes, in particular
between the ceramic and polymer components. Furthermore,
even at moderate temperatures (about 200 °C), due to the fact
that all commercial transducers contain organic matter, none
are suitable for control purposes in a harsh nuclear
environment e.g. near a reactor in operation where neutronic
fluxes are high. However, this type of probe is of great interest
in experimental nuclear reactors [8, 9] to conduct research in
the general context of improving nuclear safety, optimizing
fuel use...
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Poor performance of commercial sensors at moderate
temperatures is still a significant obstacle in many applications
and no commercial ultrasonic transducers exits that can
operate continuously at the target temperatures range of 500—
600°C.

C. High-temperature prototype ultrasonic transducers

The difficulties when dealing with the manufacturing of high-
temperature, ultrasonic transducers lie not only in finding
materials (especially of the piezoelectric type) that can operate
at high temperatures, but also in finding compatibility between
materials and assembly techniques [1, 4]. At these
temperatures, the possible differences between the thermal
expansion coefficients induce significant stresses between the
various components of the probe which inevitably leads to
separation in the long term. This is why it is very important to
choose materials that are compatible with each other and to
find mechanical coupling solutions that can resist these
temperatures, especially temperature variations (during return
to room temperature, for example). Thus, the main problems
are, on the one hand, guarantecing mechanical resistance of
the various components of the probe with each other and also
ensuring the acoustic coupling of the probe with the material
to be tested (e.g. by using high-temperature, ultrasonic
coupling gel, dry coupling or brazed coupling for permanent
structural health monitoring applications). There are solutions
that partly address these issues, and therefore, prototypes of
ultrasound probes do exits which can operate continuously at
high temperatures [5, 10].

The main obstacle to the manufacture of high-temperature
ultrasound probes is therefore not finding piezoelectric
material able to operate at high temperatures as many such
materials exit. There are many applications where one finds
piezoelectric materials suitable for manufacture of high-
temperature ultrasonic transducers. As examples, some
accelerometers based on monocrystalline yttrium calcium
oxyborate (YCOB) [11] and surface acoustic wave probes
(SAW) using gallium orthophosphate (GaPOy) crystal [12],
both showed adequate thermal resistance up to 900 °C and
800 °C respectively. Piezoelectric films of AIN were
successfully used up to 1000 °C to monitor the manufacturing
processes for high-temperature ceramics [13]. One can note
that AIN is not a ferroelectric material and its limitation is due
to its fusion temperature. There are therefore many
ferroelectric/piezoelectric  materials  with  high  Curie
temperatures able to operate at moderate or high temperatures
[4, 5, 14-16]. Indeed, rule of thumb dictates that the operating
temperature of a ferroelectric piezoelectric material is about
2/3 of its Curie temperature due to the fact that the higher the
Curie temperature, the lower the electromechanical coupling
factors. Piezoelectric materials must therefore be chosen
carefully according to the operating temperature.

In his review, Kazys cites the following materials: bismuth
titanate Bi4Ti3012 (BIT); modified BIT; lead metaniobate;
BIT/PZT film (applied by sol-gel technology) as the most
suitable piezoelectric materials for operation at high
temperatures [5]. Nevertheless, because it has a very high
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Curie temperature with an acceptable coupling factor (TC =
1150 °C, kt =0.30 [17]) lithium niobate (LiNbO3) remains one
of the most commonly used piezoelectric materials despite the
fact that at 600 °C it begins to lose oxygen.

There are hence many ferroelectric/piezoelectric materials
possessing high Curie temperatures, but their piezoelectric
response is generally low in comparison to PZT ceramics
which remain suitable for many applications at moderate and
high temperatures e.g. PZT-5A (pz27 Ferroperm) and K15
(Pz46 Ferroperm) ceramics.

Some prototypes of ultrasound transducers exist using these
piezoelectric materials. For most structural health monitoring
(SHM) applications, ultrasonic sensors are glued on materials
under test. In addition to the difficulties associated with high
temperatures, the shape of the structures to be tested is
generally not flat and consequently existing soldering or
bonding solutions are unusable. To overcome these problems,
some authors propose depositing of the piezoelectric elements
directly on the test object either using CVD [13], spray coating
[18, 19] process or by sol-gel depositing. Several types of sol-
gel composites have been developed for applications in
various temperature ranges: PZT/PZT for temperatures up to
200 °C, BIT/PZT for temperatures up to 500 °C, and lithium
niobate/PZT for temperatures up to at least 800 °C [4]. Despite
the fact that there is no backing, sol-gel solutions produce
echoes with acceptable temporal resolutions. However, the
performance of these probes remains low and, above all, no
feedback is available concerning the durability of this type of
solution [5].

Recently, piezoelectric elements made of sodium bismuth
titanate (NBT, chemical formula Nao sBissTi4O1s, with a Curie
temperature of 650 °C) were deposited using the screen-
printing technique on 700 pm thick alumina plates [20].
Several ultrasonic sensors produced using this process have
successfully operated at up to 350 °C. As it is not only specific
to depositing on flat surfaces, this new technique appears to be
a good alternative to sol-gel solutions. It also seems very
promising because it allows depositing of successive layers
(electrodes, brazing and mechanical adaptation layers to
absorb stresses...) which would solve the main problems of
acoustic and mechanical coupling between the various
components of the probe. It is therefore also possible to
consider deposing on backings.

The previous discussions only concern acoustic solutions
involving an active element and an imposed front layer (thus
not optimized), the front layers being either the material to be
tested (as for SHM applications) or a protection layer. In fact,
there are very few high-temperature ultrasonic sensors with
optimized front matching layers and backings [21-24]

Parks et al tested three types of piezoelectric materials:
YCasO(BO3)3, LiNbO3, and AIN. They were studied for their
use in ultrasonic transducers with an objective to operate
55 hours at 550 °C. Sintered porous carbon-carbon composite
materials were used as backing. However, no particular care
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has been taken to optimize them or match the layer. This layer
was only intended to protect the piezoelectric element and the
sensor was encapsulated within a closed cylinder [21].

Amini et a/ have manufactured several ultrasonic transducers
based on lithium niobate crystals which have been soldered to
porous ceramics used as backing. Some tests were also carried
out using GaPO4, but no brazing alloys or adhesives were able
to bond the GaPO4 crystals with porous ceramics [23, 25].
This confirms that one of the main problems in the
manufacture of ultrasonic transducers dedicated to high-
temperature applications is creation of the mechanical
coupling. The authors paid attention to manufacture and
optimize the backing layers to achieve the desired simulated
performance. Porous ceramics (made of yttria-stabilized
zirconia— YSZ) were manufactured using polyethylene (PE)
spheres as pore-forming agents; the sphere diameter and
volume fraction enabled obtaining the desired attenuation and
acoustic impedance. These porous backings had acceptable
attenuation of around 20-60 dB/cm in the frequency range
1.5-4.5 MHz. However, this type of material is complicated to
manufacture (choice of blowing agents, sintering process, etc.)
and requires complex and expensive equipment, including
furnaces able to achieve very high temperatures for sintering
operations in a reducing atmosphere. Moreover, it is not easy
to bind them to piezoelectric materials even though they
possess thermal expansion coefficients relatively close to
those of the piezoelectric elements.

As it allows control of both frequency bandwidth and
sensitivity of the transducer, the backing is a key component
in ultrasonic probes. It is therefore very important to find new
backing materials suitable for high-temperature operation. To
do so, we chose to investigate the possible use of particulate
metal composites as backing elements.

II. METAL COMPOSITE AS BACKING ELEMENTS FOR HIGH
TEMPERATURE OPERATION

A standard ultrasonic transducer is composed of three
elements. To begin with, an active element, such a solid
piezoelectric ceramic (PZT) or an epoxy/ceramic composite, is
used to generate an ultrasonic wave. It is worth noting that for
high-temperature applications, the active element is generally
a solid element such a PZT ceramic or a piezoelectric single
crystal. In order to inject as much sound power as possible, an
impedance matching layer is placed on the front face of the
probe. Finally, a backing layer is placed on the rear surface of
the piezoelectric element.

The simplest matching layer is a quarter-wave thick layer (at
the center frequency). For a thick airbacked piezoelectric
material (such as it can be considered as being semi-infinite)
the optimal matching layer impedance is equal to

\/ Z,XZ, whereby Z, and Zm are respectively the

acoustic impedance of the PZT and that of the material to be
tested. If one takes into account the thickness of the
piezoelectric material, the optimal matching layer impedance
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is equal to \3/ Z,X an [27]. For typical backings, the optimal
matching layer impedance is between these two values.
However, such a layer only allows the acoustic impedance to
be adapted near the center frequency of the transducer. By
using several matching layers, one can increase the injection
bandwidth and thus improve the temporal resolution by
reducing the emitted wave duration [26, 27].

By absorbing the acoustic energy radiated at the rear, the
backing reduces the ringing within the piezoelectric element,
thus increasing the transducer bandwidth [28]. It is worth
noting that it is also important to tune the electrical input of
transducers to control and improve the performance of
ultrasonic probes. We refer the reader to the works of Silk [29]
for a general discussion on the optimal design of ultrasonic
probes.

If the absorption of backing elements is too low, parasitic
back-wall echoes preventing satisfactory measurements occur
and will need to be eliminated. To do this, the rule of thumb is
that the backing must have around 40 to 100 dB absorption
depending on the transducer sensitivity. Here to have a
backing of acceptable size, one assumes that attenuation (over
the frequency bandwidth of the transducer) of around
10 dB/em is sufficient [22, 29 (p60)]. In this case, a 20 mm
thick backing meets this condition. Of course, if the
attenuation is greater than 10 dB/cm, the size of the backing
may be reduced (and thus that of the probes) and can be, for
some application, a major advantage, especially for SHM
applications where spacing problems are often encountered.

The simplest backing is air backing (with an impedance close
to zero), in this case all the energy is directed to the front of
the transducer. The sensitivity of the transducer is at a
maximum, but with a small bandwidth. Due to ringing within
the piezoelectric material, the duration of echoes is large [30].
When backing with air is used, the thickness of the air layer is
therefore not critical. The closer the impedance of the backing
is to the impedance of the piezoelectric, the more acoustic
energy is transmitted through it and absorbed. This has the
effect of damping the back-end signal from the ceramic
element and increasing the bandwidth, at the expense of
sensitivity however. A compromise must be made when
choosing the acoustic impedance of the backing [30, 31].

Backings are thus very attenuating materials made of
particulate composites or porous materials [29, 32]. Standard
composite backings contain a small amount of filler (randomly
distributed) in a polymer matrix. Such composites have a 0-3
connectivity pattern. Commonly, fillers such as tungsten, iron,
magnesium, aluminum and alumina are used to obtain a high
acoustic impedance. Porous material and fillers such as glass,
wood and cork are used for low acoustic impedance backings.

The greater the difference between the acoustic impedance of
the filler and the matrix, the more acoustic energy will be
absorbed by multiple scattering. For instance, if the filler is a
metal and the matrix is a polymer, then the fact that the
impedance of the inclusion is much higher than the matrix
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impedance, the metal acts as a scatterer. In porous materials
since the pores have a negligible acoustic impedance
compared to that of the matrix, it is the pores that act as
scatterers. The impedance ratio between the matrix and the
inclusions and the size and volume fraction of inclusions
enable the acoustic characteristics of the backing material to
be controlled and the desired characteristics obtained
(attenuation and impedance).

High-sensitivity transducers, in which the major part of the
energy is directed to the front surface of the transducer,
require low-acoustic impedance backings composed of porous
materials. For example, porous backings are produced by
compressing a mixture of metal and polymer, such as tungsten
with PMMA microspheres. The polymer is then removed by
burning in a furnace [32]. These porous backings also serve to
damp piezoelectric composites that have a much lower
acoustic impedance than solid piezoelectric.

To obtain transducers with greater damping, backings with a
higher acoustic impedance will be required. The most
common materials used are polymer-loaded metals, such
epoxy-tungsten composites. The impedance ratio is very high
and provides a high attenuation value between 40 dB/cm and
240 dB/cm for impedances ranging from 5 to 10 MRayl [32].
However, to obtain highly damped transducers, the acoustic
impedance of the backing must be close to the impedance of
the active elements. When using epoxy-tungsten composites, a
high-volume fraction of tungsten (up to 75%) is necessary
which subsequently produces a sedimentation phenomenon
the porosity of which is difficult to control.

To partially overcome these problems, backings were made by
mixing and compressing different types of polymer powders
with  metal powders e.g.  vinyl/tungsten [33],
polyvinyl/tungsten  [34], or  polymetacrylate/stainless
steel 303L [35]. However, there are still problems with
manufacturing reproducibility, especially for high-impedance
backings. To solve this problem, it has been proposed to use
three-phase metallic polymeric metal composites such as
PMMA/InPb/Al [35], or composites made only of metals [ 31,
36].

Sayers proposes to use tin, aluminum or copper composites
filled with tungsten inclusions [31]. This theoretical work
provides some estimates of acoustic impedance as a function
of the volume fraction of tungsten, but unfortunately no
estimate of attenuation. Rokhlin manufactured tin-tungsten
composites by uniaxial compression at room temperature and
220 °C [36]. For fine-tuning of the acoustic impedance, some
composites of three-metal powders (tin/iron/tungsten) were
produced. The effects of pressure and temperature were
studied. The main conclusion is that it is preferable to
compress at room temperature and a pressure of 5 kbar is
sufficient to obtain dense pellets up to 70% per mass of
tungsten. It is necessary to increase to 10 kbar in order to
obtain denser samples up to 90% per mass of tungsten. This
work contains very few acoustic results and only the
impedance values as a function of the compression value are
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given. It does not suggest that metal composites may be used
as backing material for high-temperature applications. As they
are limited only by their melting temperature, we chose to
continue and complete these works with the aim of using these
metal composites at high temperatures. The metal backings
can be used as a rear electrode or can be easily soldered to a
rear electrode. In addition, metallic materials have low thermal
expansion coefficients and correspond in reality to those of
electrodes. Most metallic materials are suitable for nuclear
applications.

We have produced several tin/tungsten samples. We chose to
begin with the production of these composites because the
malleability of tin renders their manufacture relatively easy.
The samples were manufactured with relatively limited means:
a handcrafted die, a mixer and a press. We used two tungsten
granulometries in order to study the influence of the inclusion
size of tungsten on the acoustic properties of the samples. For
each sample, we measured the density and velocity from
which the impedance and attenuation are deduced. The
experimental values were compared to simple models. In
addition, the aim being to offer acoustic solutions for
applications up to 600°C, at the end of this paper we present a
preliminary test on a tungsten-aluminum sample.

I1I. METAL COMPOSITE MANUFACTURING TECHNIQUE
A. Backing specifications

The backing materials used for the present study are intended
to operate with the following piezoelectric elements (table 1):

Sommeriel | Nawors e empeatre (o) Mol cpoting
Pz27 (Ferroperm) PZT5A 350 230
Pz46 (Ferroperm) K15 650 500
X LiNbO3 (36° Y cut) 1150 600

Tablel: The three piezoelectric elements targeted, with the Curie
temperature and maximal operating temperature.

The backings must meet the following specifications. The
targeted operating frequency range is: 3—7 MHz. All the
acoustic properties were therefore measured over this range.
As already indicated above, the attenuation must be at least
equal to 10 dB/cm. To specify the ultrasonic impedance range
of backings, depending on which of the three piezoelectric
materials is used, several simulations were carried out using a
KLM model.

As a typical application, we chose to carry out a test in contact
of a steel element having an acoustic impedance of Zm = 45
MRayl. The model includes a quarter-wave layer with
impedance of Zf:\/m (whereby the subscript f stands

for front) and the electrical port is tuned with a generator
impedance equal to R =1/(C,-w,)- This electrical

matching provides a good compromise between the increase in
bandwidth and the decrease in sensitivity [37].
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The output pressure was calculated for different backing
impedance values Zb ranging from 0 MRayl to 35 MRayl in
steps of 5 MRayl. The applied voltage is one volt, one thus
obtains the transfer function (in Pa/Volt) from which one
deduces the central frequency and the fractional bandwidth of
the probe at -3 and -6 dB. We then defined a sensitivity
parameter (representative of the decrease in maximal output
pressure while the backing impedance increases) as follows.
As our aim is to design a backing element operating within
3 MHz and 7 MHz, the simulations were carried out for a
5 MHz central frequency, with the thickness of the piezo-
element being equal to a half wavelength at this frequency.
The results of simulations are reported in table 2. This table
also indicates the properties of piezoelectric materials required
for simulations:

LiNbO ,
Z =342 MRayl; p =4,64 g/lem3; v=7360 m/s; Q  =10%;
kt=0.48; €/€,=39;Qe=103

Z 5 (MRayl) 0 5 10 15 20 25 30 35

fc (MHz) 469 465 460 455 448 438 423 4.00

BW% @ -3dB 7678 80 84 89 9 106 119

BW% @ -6dB 109 111 112 117 123 132 144 160

S (%) 100 87 78 70 64 59 54 51
Pz27

Z =332 MRayl; p =7,70 g/lcm 3; v=4324 m/s; Q ,, = 74;
kt=0.469; &/¢,=1800; Q . =59

Z 5 (MRayl) 0 5 0 15 20 25 30 35

fc (MHz) 472 4,68 463 458 450 439 423 397

BW% @ -3dB 77 78 80 84 90 97 108 122

BW% @ -6dB 110 111 112 117 124 133 145 163

S% 100 87 77 70 63 58 54 51
Pz46

Zp=26,8 MRayl; p = 6,53 g/cm 3; v=4104 m/s; Q ,,= 4100;
kt=0.24; €/e,=39; Q. =250

Z  (MRayl) 0 5 10 15 20 25 30 35
fc (MHz) 477 472 466 457 443 420 385 x
BW% @ -3dB 76 77 80 86 95 108 126  x
BW% @ -6dB 110 111 114 121 131 147 168  «x
S (%) 100 84 73 65 58 53 50 x

Table 2: Impedance range of backings for the three chosen
piezoelectric elements. BW is the relative bandwidth and S the
sensitivity ratio to the maximal pressure for Zb=0 MRayl. Data is
available in [38-41]

As anticipated, one can note that, while the backing
impedance increases, the bandwidth increases at the expense
of sensitivity and it can be seen that the central frequency
shifts toward lower frequencies. It was noted that a backing
impedance between 20 MRayl and 30 MRayl resulted in a
transducer having a bandwidth, at -3 dB, between 89 and
108% for both the LiNbO3 and Pz27 materials. These results
are in agreement with those previously obtained [22].
Nevertheless, the output pressure is about 5 times greater for
Pz27 than for LiNbO3. Transducers based on Pz27 with Sn/W
backings materials would be very interesting for applications
below 230 °C. Above this value, one can use the piezoelectric
elements LiNbO3 and Pz46. Backing elements coupled with
Pz46 materials having an acoustic impedance between 15
MRayl and 25 MRayl would produce a signal with a
bandwidth of 86% to 108% at -3 dB. One notes that the
pressure with Pz46 is 18% lower than the pressure induced by
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the LiNbO3. These impedance values are in agreement with
an empirical rule for high bandwidth transducers which states
that backing must have an impedance between 60% and 80%
of the piezoelectric material impedance [29 (p39)].

It should be noted that a backing impedance between 5 and 15
MRayl would allow manufacturing of transducers with a
higher sensitivity and an acceptable bandwidth of about 80%.
This type of backing can be achieved with Al/W materials.

B.  Manufacturing process

To establish the manufacturing protocol, we first made seven
samples with pure white tin. The characteristics of the tin
powder are as follows: 99.5% purity, average grain size equal
to 149 um, theoretical density equal to 7.265 g/cm?®. These
samples were also used to determine the ultrasonic attenuation
of a pure tin matrix.

The samples were manufactured by uniaxial double action
compression which provides a more homogeneous
compression gradient within the pellet than simple action
compression [42]. The desired quantity of tin powder is
introduced into a die with an interior diameter of 16 mm. This
diameter has been chosen to allow acoustic characterization of
the samples by ensuring the entire acoustic beam passes
through them.

The samples were loaded for unidirectional axial compression
using a universal test apparatus enabling control of the
displacement rate. The applied load was measured with a
loading cell with a maximum load of 25 T with an accuracy of
around 10 kg. There are three main parameters to be
controlled during compression: pressure, compression speed
and temperature. The compression speed must be slow enough
to enable rearranging of powder grains at the beginning of the
compression process. The pressure must be sufficient to attain
plastic deformation within the whole pellet in order to densify
the samples and obtain samples of good mechanical resistance.
However, during axial compression, lateral deformation
occurs and the higher the pressure, the higher the radial stress,
making it difficult to eject the pellet from the die. Samples are
often damaged or broken at this stage. A compromise must
therefore be found. We tested several compression
configurations at various speeds, pressures and temperatures
(25 °C-100 °C). Finally, the manufacturing protocol used is as
follows:

*  Compression force 80 kN.

*  Compression speed 0.1 mm/min.

*  Room temperature.

Compression is stopped when the load attains 80 kN,
corresponding to a pressure of around 4 kbar. According to
former works [36], this pressure enables densification of
pellets up to 60% per volume of tungsten. We have found no
interest in maintaining the load, but we repeat the compression
process three times while allowing the mechanical stresses
time to relax between each compression.
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Using the same protocol as for the tin samples, we produced
17 tin/tungsten samples with two different powder grain sizes
for tungsten with volume fractions of tungsten ranging from
5% to 30%. The first tungsten powder had a grain size Gl
ranging from 44 pm to 74 um and the second G2 ranging from
1499 um to 250 um. To determine the manufacturing
reproducibility, we manufactured two samples for each
volume fraction, except for the 30% volume fraction for which
three samples were made. Indeed, the more the volume
fraction increases the more difficult it becomes to manufacture
samples. The samples with a volume fraction equal to 30% are
good indicators of process reproducibility.

To determine the amount of powder to be weighed, we set the
final thickness of samples at 4 mm. The thickness must be
sufficient to enable separation of two back wall echoes. The
mass of tungsten and tin being respectively: =5 .5V

and Mmgy=psy(1—68)V s whereby, pw and psny are

respectively the theoretical density of tungsten and tin. V is
the volume of samples 4 mm thick and 16 mm in diameter
whereas & is the volume fraction of tungsten. The
characteristics of the sample are listed in table 3.

IV. CHARACTERIZATION OF BACKING MATERIALS

A. Density and volume fraction estimation

The density of samples was measured using the double
weighing method. Based on the density, one deduces the
compactness (C) and the actual tungsten volume fraction (9).

The mean experimental density of the seven tin pellets is equal
to 7.233 g.cm™ and the mean compactness ratio equal to
99.56%. The relative difference with the theoretical value
(equal to 7.265 g.cm™) is 0.44%, which is negligible. The
compactness is defined below.

The experimental density values of tin-tungsten samples were
compared with the theoretical density given by the following
relation:

p=0py+(1-06)pgy (1)
d is the theoretical (desired) volume fraction of tungsten, pw is
the theoretical value of tungsten density equal to 19.3 g.cm™
and ps~ is the theoretical value of white tin density equal to
7.265 g.cm. The results are shown in figure 1. One notes a
very good correlation between the theoretical values and the
experimental values with a relative error of less than 1%
except for the sample G2-15%-A where the relative error is

around 3%; this sample has a compactness ratio equal to
96.1%.
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Figl: Comparison between theoretical and experimental density as a
function of the volume fraction of tungsten a) 44-74 um b) 149-250
um. For clarity uncertainty bars was not added, the uncertainty
corresponds to the size of the data points.

The actual value of the volume fraction of tungsten is given by
the following relation:

_ loexp _IOSN ) C
5EXP_ Pw = Psn @)

whereby C= /o is the compactness, pep is the
y pexp p p p p

experimental density and p is the theoretical density given by
eq. (1). The value of compactness and actual volume fractions
are reported in table 3. The uncertainty at 95% confidence in
the density, compactness and volume fraction is equal to
0.2%. The compactness and actual volume fraction are
reported in table 3.

The compactness C is one criterion which makes it possible to
determine whether or not a sample has been correctly
compressed. All samples have a compactness ratio greater
than 99% (except the sample G2-15%-A with C = 96.1%) and
thus the actual tungsten volume fraction corresponds to 0.4%
of the specified value. For the sample G2-15%-A, the
discrepancy between the volume fraction is 4%, but remains
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acceptable. Therefore, we will use the theoretical volume
fraction to refer to the samples.

8samplesGl: C (%) p (g/cmd) 3 (%) <v> (m/s) Z (Mrayl)
44-74 um
G1-5%-B 99.39 7.817 4.97 3211 25.10
G1-7%-A 99.38 8.055 6.96 3166 25.50
G1-7%-B 100.0 8.110 7.00 3166 25.68
G1-10%-A 100.0 8.468 10.00 3136 26.56
G1-10%-B 99.13 8.393 9.91 3136 26.32
G1-30%-A 99.35 10.802 29.80 3099 33.48
G1-30%-B 99.64 10.834 29.89 3099 33.57
G1-30%-C 99.70 10.840 29.91 3099 33.59
9samplesG2: C (%) p (g/cm?3) 3 (%) <v> (m/s) Z (Mrayl)
149-250 pm

G2-5%-A 99.58 7.831 4.979 3212 25.15
G2-5%-B 99.57 7.831 4.978 3212 25.15
G2-10%-A 100.0 8.478 10.01 3166 26.84
G2-10%-B 99.60 8.432 9.960 3166 26.70
G2-15%-A 96.10 8.714 14.42 3177 27.68
G2-15%-B 99.84 9.053 14.98 3177 28.76
G2-30%-A 99.56 10.825 29.87 2951 31.94
G2-30%-B 99.71 10.841 29.91 2951 31.99
G2-30%-C 99.84 10.856 29.95 2951 32.04

Table 3:Characteristics of samples; G1 corresponds to a grain size
of 44-74 um and G2 of 149-250 um. Each sample name indicates
the specified volume fraction. The uncertainty at 95% of confidence
is equal to 0.09% for C and p, 0.1% for 6 and 1% for velocity and
impedance.

A. Ultrasonic characterization

Attenuation and velocity were measured as a function of the
transmission frequency using the spectroscopic insertion and
substitution method. A first reference signal is acquired in
water, the test specimen is inserted and the transmitted signal
is acquired. The spectrum of the acoustic transfer function is
calculated (from the spectra of the two signals) whereby its
phase allows deduction of the speed of sound and its
amplitude the attenuation. This method is well described in
literature, refer to [43-45] for example. The velocity is
therefore deduced from the phase @ (f), but is known to within
+k27 (k being an integer). The intercept of ® (f) at f= 0
allows correction of this phase ambiguity [46]. This method
appeared more robust than the method consisting of circularly
time shifting the signals [44]. The effects of diffraction were
corrected using the method describes in [47]

Due to the small diameter of samples (16 mm) and in order for
the acoustic field to go entirely through the test specimens, we
used probes with an active element diameter of 6 mm and with
a beam diameter, at -6 dB, equal to 1.54 mm. The test
specimens were then placed in the focal zone (the focal zone
extending from N-1/3 N to N+2/3 N with N=a%/2, a being the
radius and A the wave length), at the beginning of the far field.
Finally, the experiment was aligned by maximizing the
reflected echoes.

We used two 5 MHz central frequency probes provided by
Sonaxis Cie (Besangon - France). The emitter was excited
with a five cycles tone-burst signal at several central
frequencies: 3.5 MHz, 5 MHz and 6 MHz. This procedure
enabled characterization of the test specimens from 3 MHz to

7

7 MHz without using other couples of probes thus avoiding
issues due to misalignment. Furthermore, the electric
excitation by tone-burst appeared to be more efficient than
pulse excitation and rendered measurement with very high
attenuating samples possible. This is not possible with pulse
excitation. The measurement uncertainties are about 0.5% on
velocity and attenuation at 95% confidence.

1. Ultrasonic results for pure tin samples.

We first measured the attenuation and velocity of the dense tin
matrix material. The average attenuation for the seven tin
samples is shown in Fig. 2

22
* experimental data ///-
2 [—a+tb*f*4 0
-~ -Predition bounds @ 95 % L )

3 4 5 6 7
f (MHz)
Fig 2: Average attenuation of pure white tin pellets as a function of
the frequency.

We fitted the attenuation curve with the following model:

a(f)=a+b-f* with « in dB/em and f in MHz, and
a=1.176 (1.147, 1.205) and b=2.805.10" (2.578.10%
3.031.10™); the 95% confidence limits are in brackets. The
adjusted R-square of the fit is 0.9053. The attenuation
therefore depends on the fourth power of frequency that agrees
with the Rayleigh theory [48]. The attenuation of tin is small
and negligible in comparison with most other backing
materials and the attenuation is mainly due to the multiple-
scattering effects.

The dependence of the speed of sound with the frequency was
found to be negligible. The mean speed of sound in a pure tin
pellet is equal to 3270 m/s + 4 m/s. The theoretical value is
equal to 3300 m/s, i.e. a relative difference less than 1%.

2. Samples with granulometry between 44-74 um

Figure 3 shows the attenuation of the 2 samples at 7% and the
3 samples at 30% for grain size G1l. For sake of clarity, the
results are only presented for the two extreme limits of the
volume fraction. One observes a good manufacturing
reproducibility. As the more the volume fraction increases, the
more it becomes difficult to manufacture samples, the
dispersion is greater for the volume fraction of 30%. Indeed,
the greater the volume fraction, the more grains there will be,
especially for the small grain size. For this reason, the
apparent viscosity of the powder mixture increases and the
mixing processes become harder to perform. Moreover, there
are more surfaces of contact between grains of tungsten and
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tin which renders mechanical cohesion more difficult.
Reproducibility remains good even faced with these
phenomena. We will therefore now present the mean
attenuation and mean velocity of each volume fraction (Fig 4
and 5).
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Fig 3. attenuation of 7% (2 samples) and 30% (3 samples) samples
for the grain G1. The uncertainty in this case is the uncertainty of the
spectroscopic method equal to 1 %.

Figures 4 and 5 shown respectively the mean attenuation and
mean velocity for the samples with granularity G1 over
3 MHz to 7 MHz. Each curve results from the average data
value (attenuation and velocity respectively) for each volume
fraction; with the exception of the 5%, for which there is only
one sample. Hence, the uncertainties take into account the
uncertainty of ultrasonic measurements and the manufacturing
reproducibility (equal to 1% both on velocity and attenuation),
except for the 5% sample where only measurement
uncertainty is taken into account.

60

44-74 pm -
$5% 7% & 10% I 30% HHUI“
7 it
i HHHHHHHHH
1
—  t3piffid
£40F
S
om
i)
=30
S
kS
= | q}q}
§20 o
) & g8 EZ®
= ®
10 ®®@ & EEEEEEEEE
%@e@@@@@®g§§%§gggg®gaga =
585888888 6
0 ‘ ‘ |
3 4 - : 7

Frequency (MHz)
Fig 4: Mean attenuation as a function of the frequency of tin-
tungsten samples for granularity G1.
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Fig 5: Mean velocity as a function of frequency of tin-tungsten
samples for granularity G1.

The use of a small granulometry enables fine control of the
ultrasonic properties. As expected, the attenuation increases
slowly as the volume fraction increases from 5 to 10%.
However, for the 30% backings, there is an important increase
in attenuation. This is probably due to non-perfect contacts at
tin-tungsten interfaces. Only this volume fraction allows
exceeding attenuation values of 10 dB/cm. It is therefore
necessary to use a larger grain size.

As expected, as the volume fraction increases, one observes a
monotonic decrease in velocity. The variation of velocity with
frequency is of the same order of magnitude as the
uncertainty and may therefore be considered negligible
(around 1% or about 30 m.s™'"). One therefore assumes that the
velocity is constant over the frequency range and the average
velocity (for each volume fraction) was used for modeling.
The fact that the velocity is independent of the frequency
allows us to use static models such as the Reuss model to
compute the theoretical velocity and together with the density
(eq. 1) obtain the theoretical impedance (refer to the next
section).

3. Samples with granulometry between 149 and 250um
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Fig 6: Attenuation of 5% (2 samples) and 30% (3 samples) samples
for grain size G2. The uncertainty is around 1%.

Figure 6 shows the attenuation of the 2 samples at 5% and the
3 samples at 30% for grain size G2. As for grain size G1, for
sake of clarity, the results are only presented for the two
extreme limits of the volume fraction. One observes again a
good manufacturing reproducibility. Nevertheless, as for grain
size G1, the data for & = 30% is more dispersed. The
uncertainty is therefore mainly due to the manufacturing
reproducibility.
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Fig 7: Mean attenuation as a function of frequency of tin-tungsten
for granularity G2.

3300

32507{HHHHHHHHHHH}

AT

3150 } ? f
L 149250 ym

$ 5% % 10% ¢ 15% 2 30%
3000 {
2950 - { %

Ut HHISHHES

2850 L L L ]
3 4 5 6 7

Frequency (MHz)

Velocity (m/s)
w w
=Y
(1) D
o Lo

Fig 8: Mean velocity as a function of frequency of tin-tungsten
samples for granularity G2.

Figures 7 and 8 show respectively the mean attenuation and
the mean velocity for the samples with granularity G2 over
3MHz to 7 MHz. As was the case for the smaller grain
size G1, the average attenuation and velocity is used for each
volume fraction. Again, the uncertainties take into account the
uncertainty on both the ultrasonic measurements and the
manufacturing reproducibility. One observes a monotonic
increase in attenuation from 5% to 30% per volume of
tungsten. The attenuation is always greater than 10 dB/cm so
all samples meet the first condition.

It can be seen that the variation in velocity is negligible over
the frequency range and the average value can therefore again
be used. Although the mean velocity value of the 15% samples
is too high compared to the expected value, all velocity values

9

are, taking into account the uncertainties, in agreement with
the model (Fig. 9). Only the mean velocity of the 30% samples
is too low, but with a relative error of 5% this is still
acceptable.

V. DiscusSION

When the composite materials have a simple geometric
condition such as iso-strain or iso-stress, the elastic moduli
can be estimated based on rule-of-mixtures. Two typical rule-
of-mixture models of elastic moduli are Voigt and Reuss
models [49]. The iso-strain approach is known as the Voigt
modulus that gives the upper limit of elastic moduli and the
iso-stress approach is known as the Reuss modulus and gives
the lower limit of elastic moduli. Elastic moduli of composite
materials with (0-3) connectivity patterns for such backing
materials are well modeled by the Reuss model [32]. The
Reuss model enables prediction as follows:

MW.MSn
((1_5)'MW+ 5'M5n>

M, My and Mg, are respectively the longitudinal modulus of
the backing, tungsten and tin and are defined as follows:

M,=A +2u, withx standing for B, W or Sn;
Ax and i are the corresponding Lamé coefficients. They are
equal to:

d=poc,, and @ =poc;
whereby cy, is the compression wave velocity and cys is the
shear wave speed. For tin ¢, = 3270 m/s and ¢, = 1700 m/s
whereas ¢, =5200 m/s and c; = 2900 m/s for the tungsten [40,
41] . Knowing the density of the backing using equations 1
and 3 one obtains the longitudinal speed and impedance:

M
c;\/(TB) @)
and  Zz=p-c,={(Mzp) (5)

One can now compare the experimental values of speed and
impedance with the theoretical values.

Mg= 3)

Figure 9 shows the comparison between the mean
experimental velocities and the velocity calculated using the
Reuss model. It can be seen that there is a very good
agreement for both grain sizes G1 and G2. However, although
the mean velocity of the three samples G2-30 % (A, B and C)
is 100 m/s too low, it still remains an acceptable error at
around 5% and, as already said, all the more so, as it is harder
to manufacture higher volume fraction samples.
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As the velocity is in accordance with the model and the
density is well predicted, then the impedance can also be well
predicted as shown in figure 10. We are therefore able to
manufacture new backing materials with the required
properties. The mean attenuation and impedance of G2
samples are reported in table 4 at 3 MHz, 5 MHz and 7 MHz,
and for four volume fractions.

3=5% 5 =10% 3=15% 3 =30%
dB/cm MRayl dB/cm MRayl dB/cm MRayl dB/cm MRayl
f=3MHz 10 11 40 57
f=5MHz 17 25.15 31 26.77 68 28.22 98 31.99
(25.26) (26.82) (28.42) (33.64)
f=7MHz 23 55 105 191

Table4: Mean attenuation and mean impedance of samples made of
G2 at 3 MHz, 5 MHz and 7 MHz for 6 = 5, 10, 15 and 30%. The
theoretical impedance is in brackets.

VL. Aluminum tungsten backing.

The main limitation of tin-tungsten materials is their operating
temperature which is limited by the fusion temperature of tin
(232 °C). They also have high impedance values which are
indeed suitable for high-damped probes, but to increase the
sensitivity of probes, especially at high temperatures, it is
important to have materials with a lower impedance. To
achieve this, one can use other metals with lower impedance
values such as aluminum (17.33 MRayl) as matrix material for
example. Moreover, contrasts between inclusion and matrix
material can be expected with an increase in attenuation due to
the increase in impedance. Figure 11 shows the expected
impedance values of such composites; one can expect to cover
an interesting range from 17 to 25 MRayl, but this impedance
range can be reduced by increasing porosity. To do this, one
could simply reduce the compression force.

35
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Fig 11: Expected values of impedance for Al/W composite as a
function of the volume fraction.

We thus produced an aluminum sample with 5% per volume
of tungsten, but only compressed at 40 kN (i.e. p = 2 kbar for a
sample of 16mm in diameter). The compression
characteristics are the following:

*  grain size G1: 44-74 um,
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*  compression load =40 kN,

*  compression speed = 0.1 mm/min,
e thickness = 4.3 mm,

e diameter =16.1 mm,

*  volume fraction & = 5%.

As was the case for the tin-tungsten samples, we measured the
density (p = 3.244 g/cm? corresponding to a compactness ratio
of C =91.89%) and deduced the actual volume fraction which
is equal to & = 4.59%. With compactness equal to 91.9%, it is
normal not to have an actual volume fraction equal to that
expected. Indeed, the volume of air is not negligible and this is
why the thickness is higher than expected (4.3 mm for 4 mm
expected).

We then measured the attenuation and velocity and calculated
the impedance; both are shown in figure 12. Since porosity
reduces density and increases attenuation, a sample with a
very high attenuation (greater than 138 dB/cm) and a lower
impedance ranging from 8 MRayl and 10 MRayl between
3.5 MHz and 6 MHz was obtained. Moreover, it may be noted
that the impedance is not constant due to dispersion of the
velocity, which is not negligible as the multiple scattering
effects are higher. In this case, due to the very high
attenuation, the maximum characterization frequency is
6 MHz.
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Fig 12: a) Attenuation and b) acoustic impedance of the Al-W
composite versus frequency.

By compressing at a lower pressure, one obtained a sample
with a lower impedance, but perhaps also with a lower
mechanical strength. To test its temperature resistance, the
sample was annealed for 12 hours at 550 °C. No defects were
detected and furthermore, we did not notice any decrease in
porosity and therefore no sintering (Figure 13).

a) A 5

Fig 13: SEM image of the Al/W(5%) sample a) before annealing and
b) after 12 hours of annealing at 500°C

VIL CONCLUSION AND PERSPECTIVE

Metal composite materials are limited only by their fusion
temperature. With careful selection, they can therefore be used
as backing elements in high-temperature applications.
Furthermore, they have similar thermal expansion coefficients
to those of electrodes which makes this material suitable for
ultrasonic probe manufacturing by reducing the stress at the
backing/piezoelectric interface. The metal composites are
made by mixing two metal powders, the first being the matrix
material and the second the inclusions. Seventeen tin-tungsten
composites were manufactured; eight with a tungsten powder
with a grain size of 44-74 pm and nine with a grain size of
149-250 pm. The density of each sample was measured and
compared with the theoretical density, with compactness
higher than 99% (except for only one sample with C =
96.51%), an excellent agreement was noted with the
theoretical density values.
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Attenuation and velocity were measured, between 3 MHz and
7 MHz, in transmission using the ultrasonic spectroscopy
method. The impedance of each sample was then deduced.
The agreement between experimental values and those
obtained with the Reuss’s model is excellent.

When larger grains are used (because for a specified volume
fraction, there will be fewer grains), homogeneity problems
could occur, but no such problems were encountered.
Moreover, only the largest grain size G2 provides a backing
with adapted attenuation (>10 dB/cm), and this regardless of
the volume fraction. The attenuation is therefore all the more
important as the grain size increases in exactly the same way
as for polymer-based backings [32].

Recent works showed that porous ceramics can be used as
acoustic backing for high-temperature applications [22, 24,
25]. The volume fraction and the pore size enable control of
the attenuation and impedance of these backing materials. The
impedance of these materials ranges from 20 MRayl to 34
MRayl for a porosity between 30% and 10%. Between
1.5 MHz and 4.5 MHz, the attenuation is between 20 dB/cm
and 60 dB/cm. At 3 MHz, the attenuation ranges from
5dB/em to 25 dB/cm and at 4.5 MHz, the attenuation is
between 5 dB/cm and 40 dB/cm for a pore size between
96 um and 160 um. The acoustic properties of these materials
are good and they are suitable for operation at temperatures as
high as 800°C. However, they are difficult to manufacture.

The impedance of tin-tungsten backings is between 25 MRayl
and 31 MRayl for a volume fraction of tungsten ranging from
5% to 30%. At 3 MHz, the attenuation is between 10 dB/cm
and 57 dB/cm and at 4.5 MHz, the attenuation is between
15 dB/cm and 85 dB/cm. They therefore have an impedance
comparable with that of porous backings, but with a higher
attenuation. However, they are limited to operation at a
moderate temperature of around 230 °C. The main goal of this
paper was to examine the ability of using metal composites for
high-temperature applications. We carried out the study with
Sn-W composites because of the tin malleability allowing easy
compression for such composites. However, there are a lot of
other metallic powders that could be used as matrix material in
order to control the impedance, attenuation and, of course, the
operating temperature. We therefore produced a sample of Al-
W with a volume of tungsten of 5%. By compressing it at a
relatively low pressure (2 kbar), we obtained a sample with a
porosity of about 9% allowing us to obtain an impedance
between 8 and 10 MRayl and an average attenuation of about
156 dB/cm at 4.5 MHz. It should be noted that aluminum has
malleability and ductility that allows it to be compressed
relatively easily.

Finally, in this work, we did not take many precautions when
compressing the samples although there are simple actions
which may be applied to improve the manufacturing process
such as incorporating plasticizers or operation under a slight
vacuum. These improvements should be adopted in future
experiment.
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