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Abstract
Ultrasonic probes for high-temperature applications are provided with metallic wedges, which can withstand the contact with
the high temperature of the inspected structure. The ultrasonic signal travels within the wedge and gets reflected from its
boundaries, causing interference signals called “ghost echoes”. The current work presents an investigation of the additional
damping effect provided by porous sintered metal plates applied onto the surface of the wedge. In particular, the study
evaluates the effect of damping plate thickness on the interference signal level at different transmission frequencies. Damping
plates made of sintered metal SIKA-R 15 AX were attached to a wedge prototype made of steel 1.4301. The study revealed,
that the most effective thickness of damping plates in the selected frequency interval of 1 to 4 MHz is equal to 4 mm. The
evaluation of the interference signal has shown that the application of such damping plates to the wedge surface contributes
to an additional attenuation of an interference signal of 10 to 30 dB after 500 μs of signal propagation.
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1 Sound Absorption in an Ultrasonic Angle
Beam Probe. External Wedge Damping

Non-destructive testing with ultrasound aims to measure
and detect defects in parts by sending ultrasonic pulses into
the material with subsequent evaluation of the received sig-
nals reflected in the workpiece. For optimal evaluation in
many applications (e.g. to detect cracks perpendicular to the
surface), the transmission pulse must be emitted at a non-
normal angle into the workpiece surface [1]. The assembly
of the angle beam probes used in such applications con-
tains so-called angle wedges, which are usually made of
thermoplastic resin. However, many industrial applications
require ultrasonic measurement at elevated temperatures up
to 500 °C [2], which does not allow the simple use of polymer
components in the assembly of the measuring probes (the
commercially available ultrasonic probes [15] for elevated
temperatures use the wedge materials, which heat stability
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normally doesn’t exceed 200 °C). In these cases, the angle
wedges aremadeof high-temperature resistantmaterials (e.g.
stainless steel). Unfortunately, such a replacement of the
wedge material often deteriorates the quality of the ultra-
sonicmeasurement due to the relatively low sound absorption
of the temperature-resistant materials appropriate for use in
wedge production [3, 4]. According to Eq. 1, this is a result
of their high sound velocity:

α � ω2

2ρC3 (1)

where α is the amplitude absorption coefficient, C is the lon-
gitudinal speed of sound, ρ is a density and cyclic frequency
ω is equal to 2πf where f is the frequency of the wave [5].
The resulting low absorption of high-temperature resistant
wedges leads to measurement disturbances (so-called “ghost
echoes”) in the ultrasonic analysis due to internal reflection
and propagation of the interfering signals within the wedge
[6] (Fig. 1a. The elongated wedge designs [8] or delay lines
[16, 17] can simultaneously provide the ghost echo weaken-
ing and passive cooling of transducer. As reported by [20],
the ghost echos can be also eliminated by use of transmit-
receiver probes. However, the reported designs lead to a
crucial increase in transducer dimensions and production
costs.
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Fig. 1 Formation and propagation of an interfering signal inside the wedge of an angle beam ultrasonic probe: a wedge material with low sound
absorption; b weakening of the interfering signal in the wedge material with high sound absorption; c weakening of the interfering signal in wedge
material with low sound absorption using external damping

Besides the sound absorption, the interference signal can
be also weakened by scattering (e.g. by means of fine dis-
persed inhomogeneities within the propagation medium) [7].
However, the high internal scattering inside the wedge would
inevitably affect the transmitted signal as well (“4” in Fig. 1),
and thus, reduce the sensibility of the probe. One of the com-
mon ways to avoid such impairment is an external damping
[8] by means of attaching damping plates onto the surface of
the wedge (Fig. 1c).

As reported in [18; 19] the porosity of solids has a posi-
tive effect on attenuation of ultrasonic waves propagating in
material, whichmakes porous materials a promising solution
for the external wedge damping. Furthermore, the coupling
of the external damping to the wedge has to withstand ther-
mal gradients, therefore the damping material has to suit the
thermal expansion of the wedge. For this reason, the porous
medium of a similar nature to a wedge would assure the most
stable joining.

However, the porosity of a damping material shell not
exceed extreme rates, because it inevitably decreases the
acoustical impedance [14] of the material, thus decreasing
the transmission into the external damping layer and elimi-
nating the damping effectivity.

A 1991 patented construction of a high-temperature-
resistant vertical ultrasonic transducer [11] utilizes the sinter-
metallic "SIKA-R 15 AX" from GKN Sinter Metals Filters
GmbH [9] as a backing body, showing a good backing per-
formance at 2 MHz. Thanks to its porous structure (approx.
40% porosity with a pore size distribution of 13 to 30 μm),
SIKA-R 15 AX may serve as a good scattering medium
for ultrasonic waves [10]. On the other hand, made of steel
1.4404, it appears to be a perfect joining partner for the
high-temperature stainless-steel wedge, being not only tem-
perature resistant up to 540 °C, but also able to withstand
intensive heating and cooling rates as well. Based on these
facts, it was decided to use the SIKA-R 15 AX as an exter-
nal damping material for the high temperature-resistant steel
wedge.

The current study aims to investigate the effectivity of
describedmaterial as an external damping aswell as to imple-
ment and test it on a steel wedge prototype.

2 Production of Laboratory Samples
for the Normal Beam Testing

The first investigation step was to evaluate the general ability
of the mentioned sintered material to dampen the ultrasonic
signals in order to identify the most suitable thickness of the
damping plates at normal incidence. Each laboratory sample
produced for this purpose (see Fig. 2c) consists of a damping
body (1) which is joined to a cylindrical front part (2) by
means of brazing paste [12]. The tested damping bodies have
a diameter of 20 mm and a thickness of 1, 2, 3, 6, 10, 15 and
21 mm, respectively. The front body has a length of 40 mm
by the same diameter.

The parts to be joined were clamped together with a paste
based onAg 156 braze alloy on the joining surface and placed
vertically in the furnace. A constant clamping force of 50 N
was applied bymeans of a ceramic high-temperature resistant
compression springmade of Si3N4. The brazing process took
place in a shielding gas furnace at a brazing temperature of
700 °C and a holding time of 30 min (see Fig. 2b). The
preliminary holding at 200 °C for 30 min served to evaporate
the flux residues before brazing. From 200 °C (when heating)
and up to 400° C (when cooling), the process took place in
the inert gas atmosphere (argon sweep 300 l/min).

3 Damping Effect at Normal Incidence

The damping effect of the sintered metal at normal inci-
dence was investigated at different frequencies, to determine
the most effective thickness of the damping plates for each
wavelength. For this purpose, a short longitudinal transmis-
sion pulse (frequencies 1, 2, and 4 MHz, piezo diameter
20mm)was irradiated into the front body through an incident
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Fig. 2 Manufacturing of a laboratory sample to examine the damping ability at normal incidence: a clamping for brazing; b temperature–time
diagram of the brazing process; c dimensions of the produced samples (exemplary in the photo-laboratory sample with 3 mm damping body)

surface on each of the prepared laboratory samples (Fig. 2c).
The corresponding sound level was evaluated as follows:

LDn� 10 lg
(
IDn

/
Ir
)
, (2)

with LDn is the evaluated received sound level of the respec-
tive laboratory sample with a damping body thickness of n
mm, IDn is sound intensity of the received signal in the sam-
ple with a damping body thickness of n mm (see Fig. 3a).
Since no absolute intensities were analyzed, the reference
intensity Ir served only for an optimal representation and did
not effect the evaluation results.

To investigate the effect of the damping material on direct
backwall reflections, the intensity fall between the first and
the second backwall echoes was calculated per wavelength
for each sample and frequency and comparedwith the respec-
tive value of an "undamped" sample (without a damping body
brazed on):

RDEDn � �LDn − �LD0 (3)

with RDEDn is the reflection damping effect of a damping
bodywith a thickness of nmm;�LDn and�LD0 are intensity
falls between the first and the second backwall echoes.

An exemplary A-scan comparison and RDE calculation
for 3 mm damping body at 4 MHz is shown in Fig. 3.

Due to a cylindrical form of a laboratory sample, besides
the backwall echoes on the A-scan in Fig. 3, the repeating
secondary echoes arisingwith constant delays of about 5.3μs
(at ca. 18.8, 24.1 and 29.4 μs while the backwall echoes
locate at 13.5 and 27 μs). The mechanism of the formation
of the secondary echos lies in the wave conversion on the
side walls and is described in detail by [13].

The intensity fall between the backwall echoes as well as
reflection damping effect depending on the thickness of the
damping body and the transmission frequency are shown in
the diagram in Fig. 4.

As can be seen from diagrams in Fig. 4, all the thicknesses
of the damping body have a positive impact on the attenuation
of the backwall echoes, however, no uniform pattern can be
observed over different frequencies. While the RDE at 2 and
4 MHz increases with growing thickness up to approx. 0.25

Fig. 3 Effect of a 3 mm damping body on the first echoes at normal incidence: a A-Scan; b respective calculation of a reflection damping effect

123



Acoustics Australia

Fig. 4 Dependence of echo attenuation�L (a) and reflection damping effect RDE (b) on the thickness of the damping body at different transmission
frequencies

and 0.15 dB per wavelength at 3 and 2 mm respectively, the
damping effect at 1 MHz shows significant instability in the
range up to 6mm thickness followedby a continuous increase
with a growing thickness.

The acoustic attenuation value of the PMMA (Plexiglas),
measured by [21], is given in Fig. 4, a only as a benchmark,
since it may not include some local experimental factors such
as e.g. echo attenuation due to mode conversion on the side
walls of cylindrical laboratory sample or transmission losses
into the ultrasonic transducer. Moreover, the observed signif-
icant attenuation of direct reflections is a result of the signal
scattering and may allegedly have a lower effect on noise
attenuation on higher time of flight ranges. The reason for
this is that the scattering, effectively suppressing the single
echoes, may have a much smaller impact on more homoge-
neous noise level observed at higher time of flight.

To quantify the damping effect on a noise level on higher
time of flight ranges, the averaged signal level curves Lavg

were calculated for each sample and frequency up to 500 μs.
An example of the evaluation of the damping effect (“DE”)
for a 3 mm thick damping body at signal frequency 4 MHz
is represented in the diagram in Fig. 5.

Each curve in Fig. 5 depicts a moving average (averaging
interval±10 μs) of the corresponding sound level curve. To
determine the overall damping effect DE, the curves were
linearized in the range from 300 to 500 μs, so that the end
of each line is taken as the final height LDn(500). The dif-
ference between this value and the corresponding value of
the "undamped" sound level LD0(500) is considered to be
the damping effect DEDn of the respective damping body
thickness at the selected frequency (see formula 4).

DEDn � Lavg_D0(500)− Lavg_Dn(500) (4)

The damping effect depending on the thickness of the
damping body and the transmission frequency is shown in
the diagram in Fig. 6.

Fig. 5 Exemplary evaluation of the damping effect DE for a damping
body with 3 mm thickness

Fig. 6 Dependence of the damping effect DE on the thickness of the
damping body at different transmission frequencies (points—measure-
ment results; lines—estimated course)
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The diagram in Fig. 6 clearly shows that the selected
sinter-metallic material "SIKA-R 15 AX" has different
damping effects at different frequencies, where the highest
damping effect occurs at a signal frequency of 2 MHz. The
estimated damping effect at this frequency is up to approx.
19.8 dB, while 1 MHz and 4 MHz signals could only be
attenuated by a maximum of 13.5 and 10.6 dB, respectively.

Since the total attenuation of an ultrasonic signal includes
scattering in addition to material absorption, which, accord-
ing to Eq. 1, increases with increasing frequency, this could
theoretically explain the lower damping of the 1MHz signal.
However, since the values depicted in Fig. 6 are calculated as
the difference from the attenuation in the “undamped” spec-
imen (see Fig. 5), in which the corresponding absorption
of the stainless steel after 500 μs of propagation is already
included, it can be concluded, that the observed dependence
(Fig. 6) is due to differences in scattering.

With a purpose to evaluate the scattering behavior at dif-
ferent frequencies, the respective wavelengths were defined
and weighed with the structure of the sintered material. Due
to the strong scattering of the material, the precise measure-
ment of its longitudinal speed of sound was complicated and
revealed only approximate values of about 2000 m/s, which
results in wavelength evaluation of approx. 2000, 1000, and
500 μm for 1, 2, and 4 MHz signals respectively.

Although the pore size of damping material was given as
13…30 μm, the metallographic study (Fig. 7) has shown,
that along the fine pores under 100 μm, there are many
larger irregularities (marked in yellow) in the pore distri-
bution which have the comparable size with the evaluated
wavelengths.

Thus, it can be assumed, that the inhomogeneities present
in the used material are too coarse for a shorter wavelength

(4 MHz signal frequency), so that the individual pores act
as relatively large reflective surfaces (schematic in Fig. 8a)
being unable to provide optimal scattering. However, in the
case of a 1 MHz signal, the wavelength is so large relative to
the pore size that the wave can propagate through such a fine-
grained structure with relatively little attenuation (Fig. 8c).

Therefore, for an optimum damping effect, the suitable
pore size of a damping material has to be adjusted separately
for each frequency.

Contrary to the assumption that the increasing thickness
of a damping body would continuously lead to an increase
in the damping effect, the diagram in Fig. 6 shows that the
damping effect increases at all frequencies only up to a cer-
tain thickness, followed by a slower decrease afterward. This
can be explained by the return of the wave components from
the damping body, which then interfere with the remaining
signal components propagating in the forward body. Thus,
the specific damping body thickness can lead to a favorable
interference pattern, if the wave interference results in addi-
tional weakening of the interference signal. The diagram in
Fig. 6 shows which thickness ranges of the damping body
can be considered suitable for the different transmission fre-
quencies. Ifwe define the suitability criterion so that damping
effect is at the most 1 dB lower than the maximum damping
(dashed lines in Fig. 6), the suitable thickness ranges are as
follows:

– 2,9 to 6,4 mm for 1 MHz (DEmax ~13,5 dB at approx.
5 mm)

– 2,4 to 6,2 mm for 2 MHz (DEmax ~19,8 dB at approx.
4 mm)

– 2,4 to 6,3 mm for 4 MHz (DEmax ~10,6 dB at approx.
3 mm)

Fig. 7 Metallographic study of the damping material

Fig. 8 Scattering Effectivity of the sound waves depending on the size of the inhomogeneities in the damping layer (a damping material too coarse;
b suitable damping material; c damping material too fine)
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4 Damping Effect on theMetallic Wedge
Prototype

The next step was to verify and evaluate the effectiveness of
the sintered metal cover plates as external acoustic damping
on a wedge body.

For this purpose, a prototype of the high-temperature-
resistant ultrasonic wedge made of stainless steel 1.4301
(Fig. 9a; wedge width 20 mm) was provided with damping
plates on all surfaces except for the incident and transmission
ones (see Fig. 9a).

In contrast to a normal incidence, the waves in the wedge
transmit into the damping plates under different angles, pro-
ducing in addition shear components (see Fig. 10). However,

due to the velocity differences between the wedge and damp-
ing material (for approx. longitudinal sound velocity in the
damping material, see chapter 3), the transmitting angles are
significantly lower than the incident ones (see Fig. 10).

Thus, the first wave incidents into the damping plates,
which allegedly contribute the significant impact on the over-
all scattering, will produce the waves at following angles:

θRS1 � arcsin

(
CWT

CWL
· sin(θI P1)

)
� 23.3 (5)

θRP1 � θRP1 � 45 (6)

θI S2 � θRS1 � 23.3 (7)

Fig. 9 Prototype of a high temperature resistant ultrasonic wedge: a wedge dimensions; b photo of a wedge without external damping; c photo of
the wedge with damping plates

Fig. 10 First wave interactions at the damped surfaces in the wedge prototype

Fig. 11 Step-by-step attachment of the damping plates: a wedge prototype without damping (placing area for the transducer – in red); b laterally
dampened wedge prototype; c laterally and frontally dampened wedge prototype; d fully dampened wedge prototype (lateral, frontal and on the
top)
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Fig. 12 Damping effect of the sintermetallic plates (all sides damped) on the signal propagating in the wedge at 1 (a), 2 (b) and 4 MHz (c)

θI P3 � 90◦ − θRP1 � 45 (8)

θT S2 � arcsin

(
CDT

CWT
· sin(θI S2)

)
� 7.4◦� θT S3 (9)

θT P2 � arcsin

(
CDL

CWT
· sin(θI S2)

)
� 13.6◦� θT P3 (10)
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Fig. 13 Received signal level after different steps of attaching the damping plates to the wedge prototype

Table 1 Effect of attaching the damping plates on different wedge sur-
faces on the interference signal level after 500 μs propagation

1 MHz 2 MHz 4 MHz

DEL 12.1 dB 13.0 dB 6.4 dB

DEF − 3.4 dB 7.5 dB 22.9 dB

DET − 0.9 dB 6.0 dB 1.0 dB

DELFT 7.8 dB 26.5 dB 30.3 dB

with θ are the angles of incidence, transmission and reflec-
tion (“I”, “T” and “R” as the first index respectively) of plane
and shear waves (“P” and “S” as the second index); CWL and
CWT are longitudinal and transversal velocities in the wedge;
as well as CDL and CDT are these for the damping material
respectively.

Therefore, at least the first transmissions shown in Fig. 10
propagate in the damping material at the angle of 13,6° for
longitudinal transmission, whichmakes their time of flight in
the damping plate only approx. 3% longer then by a normal
incidence (cos−1(13,6°) � 1,03). Thus, based on the inves-
tigation of the thickness dependence of the damping effect
(see Chapter 3), the 4 mm thickness, described as a best suit-
able for a normal incidence, has been implemented in the
prototype damping as well.

The investigation of the damping effect on the wedge pro-
totype is analogous to the normal sound incidence described
in chapter 3. The incidence was transferred to a wedge with
the same probes (1, 2 and 4 MHz, piezo diameter 20 mm) in
the center of the surface of the wedge (red in Fig. 11a).

Since placing the damping plates on different wedge sur-
faces can contribute differently to the resulting damping
effect, the damping plates were placed step by step (Fig. 11,
brazing process analogous to Chapter 3) and the sound level
was measured each time, to evaluate the individual damping
effects of each surface.

The A-scans showing the effect of the damping plates on
ghost echoes in the wedge as well as on the noise level at

Fig. 14 Schematic comparison of a " − 20 dB" sound beam spread of
different frequencies in stainless steel related to the specified wedge
width of 20 mm (speed of sound 6010 m/s [13])

higher time of flight by different frequencies can be observed
in Fig. 12.

As can be seen in Fig. 12, at all of the studied frequencies
the damping plates have a noticeable effect both on the ghost
echos at shorter time of flight and on the noise attenuation
at higher time of flight ranges. However, the most effective
damping can be observed at 2 and 4 MHz.

The effect of the damping of each wedge surface at 500μs
of the respective wedge surface using aberaged sound level
curves was calculated as follows:

DEL � Lavg_0(500) − Lavg_L(500) (11)

DEF � Lavg_L(500) − Lavg_LF(500) (12)

DET � Lavg_LF(500) − Lavg_LFT(500) (13)
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Fig. 15 Experimental setup for evaluation of the damping effect on the signal noise ratio (a wedge without damping; b damped wedge)

DELFT � Lavg_0(500) − Lavg_LFT(500) (14)

where L avg_0(500), L avg_L(500), L avg_LF(500) and L

avg_LFT(500) are the averaged received signal levels after
500μs propagation in the respectively dampenedwedge pro-
totype (see Fig. 13 a, b, c and d respectively); while DEL,
DEF, DET and DELFT are the effects of the lateral, frontal
and top damping, respectively.

The sound level curves as well as the resulting damping
effects calculated at different frequencies are shown in the
diagrams in Fig. 13 and listed in Table. 1.

According to Table. 1 and the diagrams in Fig. 13, at lower
frequencies, lateral damping is more important, while frontal
damping gains importance at 4 MHz. The obvious reason is
the different spreadof the soundbeamat different frequencies
(see Fig. 14).

Since the sound beam opening angle decreases with
increasing frequency, most of the sound energy of the high-
frequency signal falls on the front and topof thewedge,which
means that the frontal and top damping ismore effective. Lat-
eral damping is most effective for the wider 1 MHz sound
beam since the propagating ultrasonic signal reaches the lat-
eral wedge surfaces very quickly and with a relatively high
sound pressure. According to Table. 1, the effect of the upper
and frontal attenuation on the total descent of a 1MHz signal
even results in negative values. This is probably the conse-
quence of the stepwise brazing process: the already existing
brazing layers on the wedge sides were remelted during the
subsequent brazing steps, which could worsen the effect of
the lateral damping due to the deterioration of the remelted
joint quality.

With a purpose to estimate the effect of the damping plates
on a signal-to-noise ratio, the wedge prototype was coupled
to the calibration block (see Fig. 15).

Comparative A-scans of respective backwall signal detec-
tion at different frequencies are shown in Fig. 16.

As can be seen from Fig. 16, the damping plates, in addi-
tion to the suppression of ghost echoes, increase the echo
height of the main signal as well as decrease the noise level.
The evaluation of the respective SNR is represented in Table.
1.

5 Conclusions

In the present study, the ability of sintered metal material to
attenuate the ultrasonic interference signals in a temperature-
resistant stainless steel ultrasonicwedge from the outsidewas
investigated. The described method seems to be an effective
solution to reduce the interference signals propagating in the
wedge. Therefore, the described external damping technique
can significantly improve the measurement quality in high-
temperature-resistant ultrasonic probes.

The investigation of the damping of ultrasonic signals at
normal incidence has shown that the sintered metal layers
with the thicknesses from 3 to 5 mm brazed on the surface of
a metal body can cause a significant weakening of the prop-
agating ultrasonic signal for the frequency range from 1 to
4MHz. In addition, the measurements show that the selected
damping material most effectively affects the propagation of
the 2 MHz signal. At lower and higher frequencies, adjust-
ing the grain size and porosity of the damping material can
provide more effective external ultrasonic damping.

Implementation of the investigated damping technique on
an industrial high temperature resistant stainless steel wedge
prototype has shown that attaching the 4 mm thick damping
plates to the surfaces of the prototype can reduce the level
of the interfering “ghost signals” propagating in the wedge
by up to 30 dB after 500 μs time of flight. In addition, the
investigation showed that at low frequencies attaching the
damping plates to the side surfaces of the wedge is most
effective,while for a high-frequency signal damping the front
of the wedge is more important.
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Fig. 16 Evaluation of a backwall reflection on the calibration block using the wedge without (a, b and c for 1, 2 and 4 MHz respectively) and with
the external damping (d, e and f for 1, 2, and 4 MHz respectively)

However, in short time of flight range, especially for
4 MHz, the damping plates have the most impact on the sup-
pression of ghost echoes rather than on the noise level (see

Fig. 16 andTable. 2). The reason is that the noise reduction by
use of the external damping has a cumulative effect, becom-
ing more noticeable with increasing time of flight (Fig. 12),
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Table 2 Evaluation of a
signal-to-noise ratio of the test
on the calibration block

1 MHz 2 MHz 4 MHz

Without
damping

With
damping

Without
damping

With
damping

Without
damping

With
damping

Signal [%] 54.5 68.5 64.2 89.3 69.2 70.4

Noise [%] 4.6 2.3 1.9 1.5 1.5 1.5

SNR [dB] 21.5 29.5 30.6 35.5 33.3 33.4

which can be very useful, particularly in ultrasonic flowmea-
surement.
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